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Abstract 

 

The plant defensin NaD1 is a small cysteine-rich peptide that has potent antifungal activity 

against pathogens of plants. Its mechanism of action has been partially defined against the 

plant pathogen Fusarium oxysporum f. sp. vasinfectum (Fov). It has a three step mechanism 

which involves binding to the hyphal cell wall, disruption of the plasma membrane and 

entry into the cytoplasm, where reactive oxygen species are produced. 

 

The primary aim of this thesis was to evaluate whether NaD1 has potential for the treatment 

of human fungal diseases and to shed more light on the mechanism of action. This study 

revealed that NaD1 inhibits the growth of a number of fungal pathogens which affect 

human health, including Candida albicans, which can cause invasive infections of mucosal 

tissues, and species of Cryptococcus and Aspergillus, which can cause meningitis and infect 

the lungs. NaD1's activity against yeast allowed the use of several experimental techniques 

to which yeast cells are more amenable than filamentous fungi, including time-lapse 

microscopy and flow cytometry. Furthermore, libraries of mutants and advanced genomic 

data are available. This led to the discovery that NaD1's three step mechanism of action 

initially observed in Fov is conserved in C. albicans, so findings in yeast are also likely to 

apply to filamentous fungal species.  

 

Using confocal microscopy, cellular inhibitors and deletion mutants it was revealed that 

NaD1 enters the cytoplasm of C. albicans, and most likely does so by endocytosis. After 

entering the cytoplasm, retrograde transport is not required for NaD1's antifungal activity. 

Screening of a partial C. albicans deletion mutant library revealed that the high-osmolarity 

glycerol stress response pathway protects the yeast from the deleterious effects of NaD1. 

The role of various stress pathways in enhancing tolerance to antifungal peptides and 

fungicides was reviewed and led to the hypothesis that manipulation of these stress 

response pathways could be used to enhance the activity of antifungal molecules.  
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Introduction 
With the appearance of fungicide and drug resistance, fungal disease is an ever increasing 

burden in agriculture and human health. Fungal pathogens are responsible for significant 

damage and loss of many important agricultural crops (Fisher et al., 2012; Gao et al., 2000).  

 

A number of fungal pathogens are also responsible for human illness, particularly in 

immunocompromised individuals. With an increase in HIV/AIDS, diabetes, chemotherapy, 

transplantation and immune suppressive therapy, the incidence of fatal fungal infections is 

on the rise (Brown et al., 2012; Koselj-Kajtna et al., 2001; Latge & Calderone, 2002; Wanke 

et al., 2000). Human pathogens that are particularly common and dangerous to 

immunocompromised hosts are Candida, Aspergillus and Cryptococcus species (Brown et 

al., 2012; Latge & Calderone, 2002). Unfortunately, there are limitations to the use of the 

current therapeutics, with issues of resistance (Eliopoulos et al., 2002; Sanglard, 2002), 

toxicity and cost (Wong-Beringer & Kriengkauykiat, 2003).  

 

The need for novel approaches to treat and prevent fungal disease in both plant and 

mammalian systems, has led to evaluation of the potential of antimicrobial peptides as 

therapeutic agents. Mammals and plants naturally express a number of antimicrobial 

peptides (AMPs) as part of their innate immune system. These peptides can display 

antifungal, antibacterial and insecticidal activities (Brandenburg et al., 2012; Peters et al., 

2010; Theis & Stahl, 2004). Several antimicrobial peptides are currently in clinical trial for 

treatment of human disease. Examples include the frog skin antimicrobial peptide 

Magainin, which is in clinical trial for the treatment of diabetic foot ulcers, and Novexatin, 

a cationic antimicrobial peptide being trialled for the treatment of fungal infections of 

toenails (Fox, 2013).  

 

Human AMPs include α- and β-defensins, histatins and cathlecidins (Pasupuleti et al., 2012; 

Smet & Contreras, 2005; van der Weerden et al., 2013; Wiesner & Vilcinskas, 2010; 

Zasloff, 2002). Plants express many families of antimicrobial peptides including thionins, 

heveins, knottins, lipid transfer proteins, chitinases, glucanases, snakins, protease inhibitors 

and defensins (Garcia-Olmedo et al., 1998; Theis & Stahl, 2004; van der Weerden et al., 

2013). The plant defensins, in particular, have significant activity against fungal pathogens, 

and are being trialed in the protection of transgenic crops (Gao et al., 2000; Gaspar et al., 

2014; Kaur et al., 2011; Terras et al., 1995).  
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This thesis will focus on a plant defensin and its mechanism of action in inhibition of fungal 

growth. Plant defensins are a particularly interesting subset of peptides, as they display a 

wide range of biological activities and mechanisms. These peptides are small (~5 kDa), 

basic proteins, that are produced by many plant tissues, including seeds, leaves, flowers 

and fruit (Lay & Anderson, 2005). They share a common tertiary structure, with a triple-

stranded anti-parallel β-sheet and an α-helix stabilised by four disulphide bonds (Figure 

0.1A). This structure, a cysteine-stabilised αβ motif, is highly stable to extremes in pH and 

temperature (Figure 0.1B) (Janssen et al., 2003; Lay et al., 2003a). However, the secondary 

structures are highly variable, with only eight cysteine residues, an aromatic residue at 

position 11, two glycine residues at positions 13 and 34 and a glutamic acid at position 29 

(relative to RsAFP2 from Raphanus sativa) being conserved (Figure 0.1B) (Lay et al., 

2003b; van der Weerden & Anderson, 2012b). 

 

The plant defensins can been divided into two classes based on their precursor structure 

(Lay & Anderson, 2005). The class I defensins consist of a mature defensin domain, as well 

an endoplasmic reticulum (ER) signal sequence (Lay et al., 2003a) (Figure 0.1C). Well 

characterised examples of this class are the R. sativus defensins RsAFP1 and RsAFP2, the 

Medicago sativa defensin MsDef1 (also known as alfAFP) and the Dahlia merckii defensin 

DmAMP1 (Gao et al., 2000; Terras et al., 1992; Thevissen et al., 1996). Class II defensins 

contain an ER signal sequence, a mature defensin domain and an additional C-terminal pro-

peptide (CTPP) of 27-33 amino acids (Lay et al., 2003a) (Figure 0.1C). This class includes 

defensins from several solanaceous plants, including NaD1 from Nicotiana alata, PhD1 

and PhD2 from Petunia hybrida and TPP3 from Lycopersicon esculentum (Lay et al., 

2003a; Milligan & Gasser, 1995). To date, only two class II defensins from species outside 

the solanaceous family have been found; HaDef1 from sunflower Helianthus annus roots 

and ZmESR6 from Zea mays (Balandin et al., 2005; de Zélicourt et al., 2007). The CTPP 

functions as a vacuolar targeting signal and also has a role in detoxification of the peptide 

in the plant cells (Lay et al., 2014; Lay et al., 2003a). 
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Figure 0.1  The secondary and tertiary structure of plant defensins 

(A) The three-dimensional structure of the plant defensins NaD1 (PDB: 1MR4) and RsAFP1 (PDB: 1AYJ). Each contain an α-helix, shown in red. The three β-strands are shown in 

blue. Both structures also contain four disulphide bonds. (B) Class I defensins have an ER signal and a defensin domain. Class II defensins also have an additional CTPP. Both classes 

are processed to leave only the mature defensin domain. Disulphide bond connectivity is also shown for the mature defensin. (C) An alignment of the amino acid sequence of several 

plant defensins. A red arrow denotes the end of the ER signal sequence. The mature defensin domain begins at residues 30 and ends at position 86, which is represented by a black 

arrow. The C-terminal propeptide (CTPP) is shown from position 87 onwards. Disulphide bond connectivity of the mature defensin domain is also shown below. The top six sequences 

represent class II defensins, which contain a CTPP. The remainder are class I defensins.  
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Plant defensins are generally antimicrobial. The best characterised have antifungal activity, 

although some target bacteria or insects (Lay & Anderson, 2005; van der Weerden et al., 

2013). The level of antifungal activity can differ greatly between defensins, and also varies 

depending on the test pathogen (Spelbrink et al., 2004). Plant defensins also have different 

targets and mechanisms of actions (van der Weerden et al., 2013; Vriens et al., 2014). 

However, the mechanisms of action has only been studied for a small number of plant 

defensins and those that have been studied have not had their mechanisms fully defined. 

The most well characterised plant defensins and their identified mechanisms are shown in 

Table 0.1.  
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Table 0.1 Identified mechanisms of plant defensins 
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The functional residues of the plant defensins lie (at least in part) in the exposed loop 

regions of their three-dimensional structure. De Samblanx and co-workers (1997) reported 

that the activity of the defensin RsAFP2 is dependent on the residues Phe40, Tyr38 

(corresponding to Loop 5 of NaD1, Figure 0.2) and Thr10, all of which lie within exposed 

loops of the protein. A substitution at these positions with the corresponding residues from 

a defensin which lacks antifungal activity, sIα2, reduced the antifungal activity of RsAFP2 

against the pathogen Fusarium culmorum. This was confirmed by substitutions at these 

positions with alanine residues, which also reduced activity (De Samblanx et al., 1997). 

The importance of exposed loops was also studied by Lin and co-workers (2007) who 

swapped the functional loop of the α-amylase inhibitor VrD1 with the equivalent loop of 

the protein VrD2. Native VrD2 had no α-amylase inhibitory activity. However chimeric 

VrD2, containing the VrD1 loop, did have inhibitory activity against α-amylase from the 

insect species Tenebrio molitor (Lin et al., 2007). Although the loop is essential for 

antifungal activity the interacting partner in the fungal cell has not been defined for most 

defensins. The exceptions are MtDef4 and NaD1. MtDef4 binding to phosphatidic acid 

(PA) and entry into Fusarium graminearum cells is dependent on the β2-β3 loop (Loop 5 

of NaD1, Figure 0.2) of the protein (Sagaram et al., 2013). This loop (or more specifically 

residue R40 within this loop) is also essential for NaD1 induced growth inhibition of 

Fusarium oxysporum f. sp. vasinfectum (Fov) and binding to phosphoinositides (Poon et 

al., 2014). 

 

 

 

 

Figure 0.2 Loop regions of the plant defensin NaD1 

NaD1’s amino acid sequence is shown with the cysteines in red and the disulphide bond connectivity 

below. Blue arrows show the section of NaD1’s sequence which form β-strands in the tertiary structure. 

The red rectangle represents the α-helix. The areas corresponding to the loop regions of NaD1 (Loop 1A 

to Loop 7) are shown above (van der Weerden & Anderson, 2012a).  
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The aim of this thesis was to determine whether the plant defensin NaD1 has the potential 

to be used as a therapeutic for treatment of fungal disease in humans. All of the work on its 

spectrum of antifungal activity and mechanism of action has been conducted with plant 

pathogens. The known mechanisms of NaD1’s action against plant pathogens is described 

below.  

 

The action of NaD1 on fungal pathogens involves binding to the fungal cell wall, 

permeabilisation of the plasma membrane and accumulation in the cytoplasm (van der 

Weerden et al., 2008). The fluorescent dye SYTOX green, which is unable to enter intact 

hyphae, has been used to confirm the involvement of the cell wall and plasma membrane 

in the action of NaD1. SYTOX green enters the cytoplasm of Fov hyphae after NaD1 

treatment, indicating that membrane permeabilisation has occurred (van der Weerden et al., 

2008).  

 
Removal of the hyphal cell wall abolishes NaD1’s ability to permeabilise the plasma 

membrane. Treatment of Fov hyphae with β-glucanase or proteinase K prior to NaD1 

treatment blocks SYTOX green uptake (van der Weerden et al., 2010). Furthermore, 

analysis of solubilised cell wall fractions with α-NaD1 antibody indicated that NaD1 binds 

to the cell wall of Fov hyphae (van der Weerden et al., 2008). 

 

At the plasma membrane, NaD1 is hypothesised to bind to phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2). NaD1 binds to PI(4,5)P2 on lipid strips and also binds to PI(4,5)P2 

in a bilayer (based on binding to PI(4,5)P2 containing liposomes) (Poon et al., 2014).  

This confirms that plant defensins act though different mechanisms, as three plant defensins 

have been found to bind to different lipids (PI(4,5)P2 for NaD1, M(IP)2C for DmAMP1 and 

GlcCer for RsAFP2). 
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NaD1 induced cell death does not simply involve leakage of cytoplasmic contents. Imaging 

of fluorescently labelled NaD1 revealed that NaD1 enters the cytoplasm of Fov hyphae, 

before the cytoplasm develops a granular appearance (van der Weerden, 2007). 

Immunogold labelling was also used to confirm that NaD1 enters the cytoplasm of Fov 

hyphae (van der Weerden et al., 2008). In Chapter 3 of this thesis, I also describe uptake of 

fluorescently labelled NaD1 into C. albicans. Permeabilisation kinetic assays give further 

evidence supporting the hypothesis that NaD1 does not act simply through membrane 

permeabilisation. The rate of membrane permeabilisation by NaD1 is delayed when 

compared to the peptides CP29 and BMAP-28, which are considered to be pore forming 

peptides. CP29 and BMAP-28 cause rapid uptake of SYTOX green into Fov hyphae, 

whereas there is a 15 min delay between NaD1 treatment and detection of SYTOX green 

uptake (van der Weerden et al., 2010). Together this data indicates that the action of NaD1 

is not due to permeabilisation of the plasma membrane alone, but requires action within the 

cell.  

 

Many of the details regarding the mechanism of action of the plant defensin NaD1 still 

remain unknown. NaD1’s ability to inhibit human pathogens has not been investigated. Nor 

has NaD1’s primary target or the method of uptake into fungal cells been identified. The 

likelihood of fungal resistance to NaD1 has also not been studied. To answer these 

unknowns, C. albicans was used as model organism, because it is a major pathogen in 

humans and there are extensive genetic resources available to assist in the identification of 

NaD1’s targets.  

 

Investigation revealed that NaD1 inhibits several important human fungal pathogens, 

including C. albicans and species of Aspergillus and Cryptococcus (Chapter 2 of this 

thesis). In Chapter 3 of this thesis, I show that NaD1’s mechanism of action against human 

fungal pathogens involves binding to the fungal cell wall, permeabilisation of the plasma 

membrane and accumulation in the cytoplasm. I also show that uptake of NaD1 into the 

fungal cytoplasm is likely to be through endocytosis. Screening of a partial C. albicans 

deletion library led to the discovery that C. albicans requires the high-osmolarity glycerol 

(HOG) stress response pathway for tolerance of NaD1 (This work is described in Chapter 

4 of this thesis and has been published) (Hayes et al., 2013) (Appendix AI). In contrast, 

NaD2 (another defensin isolated from N. alata) and DmAMP1 (from D. merckii) activate 

both the HOG pathway and the CWI pathway in C. albicans (Chapter 5 of this thesis). 
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Tolerance of C. albicans to the radish defensin RsAFP2 also requires the CWI pathway 

(Thevissen et al., 2012). 

 

Upon further search of the literature it became apparent that stress signalling pathways have 

an essential role in protecting pathogens against the deleterious effects of antifungal agents. 

Along with NaD1, NAD2, RsAFP2 and DmAMP1, many antimicrobial peptides and 

chemical fungicides activate different stress response pathways, leading to the production 

of molecules that protect cells against osmotic, oxidative and cell wall stress. Most 

interestingly, the pathways activated differ according to the antifungal therapy and may 

hint at the mechanism of antifungal activity. Thus the literature review for this thesis is 

focused on fungal stress response pathways and their involvement in tolerance to antifungal 

peptides and chemical fungicides. This review has been published in Cellular and 

Molecular Life Sciences (Hayes et al., 2014) and incorporates data from later sections of 

this thesis (particularly Chapter 4 and Chapter 5).  I have written all of this literature review 

with mentoring by my supervisors.   
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This literature review has been published in Cellular and Molecular Life Sciences: 

 

Hayes BME, Anderson MA, Traven A, van der Weerden NL, Bleackley MR (2014) 

Activation of stress signalling pathways enhances tolerance of fungi to chemical fungicides 

and antifungal proteins. Cell Mol Life Sci 71: 2651-2666 

 

Due to copyright, the review has been excluded from this version of the thesis. 
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2.1 Introduction 

The innate immune system in eukaryotes is the first line of defence against potential 

pathogens, such as bacteria and fungi. Innate immune molecules, also known as 

antimicrobial peptides (AMPs), are an important part of this defence. To date, the APD2 

antimicrobial peptide database contains 2400 peptides that have been identified from 

numerous sources, such as from plants, animals and fungi (Wang et al., 2009a). Most plant 

peptides are active against fungal pathogens, which is understandable given that fungal 

species are major pathogens of plants (Strange & Scott, 2005). In contrast, most mammalian 

peptides have been reported to have antibacterial activity and little is known about their 

role in preventing fungal infections. The best characterised antifungal peptides from 

humans are the salivary histatins (Oppenheirn et al., 1988). Human defensins HNP1, HNP2, 

hβD2 and hβD3 have also been reported to be active against the pathogen  

C. albicans (Lupetti et al., 2002). It is likely that humans have other innate immunity 

molecules involved in protection from fungal disease that have not been characterised. 

Despite the existence of human peptides with antifungal activity, fungal disease is 

becoming increasingly problematic to human health. This has arisen from the exponential 

increase in the number of patients who have become immunocompromised due to cancer 

treatments, organ transplantation or HIV (Brown et al., 2012; Koselj-Kajtna et al., 2001; 

Latge & Calderone, 2002; Wanke et al., 2000). Invasive fungal infections contribute 

significantly to mortality rates among these patients (Brown et al., 2012; Menzin et al., 

2009). The mortality rate of infection with species of Aspergillus can reach as high as 95%. 

For infection by Cryptococcus or Candida species mortality rates can be as high as 70-75% 

(Brown et al., 2012).The aim of this Chapter is to examine the antifungal activity of AMPs, 

of both plant and animal origin, against human fungal pathogens to assess their potential 

application in treatment of fungal infections in humans (particularly the 

immunocompromised).  
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Three fungal genera, Aspergillus, Cryptococcus and Candida, were chosen for this work 

because they are of particular concern to humans. Each genus is described briefly below.  

 
The yeast Candida albicans is the most common cause of fungal infection in humans.  

C. albicans is a dimorphic fungus, with both a yeast and hyphal form. It is part of the normal 

flora of the skin, gastrointestinal and urinary tracts, but can become pathogenic in 

immunocompromised individuals. While mucosal infections are rarely fatal, systemic 

infections are life threatening (Berman & Sudbery, 2002) with mortality rates as high as 

75% reported for Candida infections (Brown et al., 2012). 

 

The most troublesome member of the Cryptococcus species is Cryptococcus neoformans. 

The incidence of infection by this pathogen has surged with the increase in HIV/AIDS and 

immunosuppressive therapies (Brown et al., 2012; Idnurm et al., 2005). Among 

immunosuppressed patients, C. neoformans mortality rates can be up to 70% (Brown et al., 

2012; Butts & Krysan, 2012). C. neoformans has specific virulence factors which differ 

from most fungi. These include the ability to produce melanin and the formation of a 

polysaccharide capsule. The capsule is a protective barrier that can also impede 

phagocytosis, as well as inhibiting the production of cytokines and complement (Bose et 

al., 2003; Idnurm et al., 2005). 

 

Aspergillus species are filamentous fungi which also cause severe infections in 

immunosuppressed patients. The overall mortality rate from invasive infection is up to 58% 

and can reach 90% when the central nervous system is infected. The most common 

Aspergillus infections are caused by Aspergillus fumigatus, Aspergillus flavus, Aspergillus 

niger and Aspergillus terreus (Patterson, 2005). 
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In this Chapter I examined the activity of a number of antimicrobial peptides of both plant 

and animal origin against C. albicans, Cryptococcus and Aspergillus species. The 

antimicrobial peptides tested and their origin are listed in Table 2.1. They are also described 

in detail in the following section. 

 
NaD1 is a class II plant defensin isolated from the flowers of N. alata. Defensins were 

described in detail in the Introduction of this thesis. Plant defensins are small, basic 

proteins, which are present in most plant tissues. They have a highly stable structure, due 

to the presence of four disulphide bonds (Lay & Anderson, 2005). HXP4 is a variant of 

NaD1 that has improved antifungal activity against several plant pathogens. HXP4 was 

created by incorporating Loop 1B of NaD2 (a class I defensin also isolated from the flowers 

of N. alata) into the NaD1 sequence (van der Weerden & Anderson, 2012a) (Figure 2.1). 

Refer to Figure 0.2 for the location of all loops in the NaD1 sequence. 

 

 

 

 

Figure 2.1 NaD1, NaD2 and HXP4 

(A) Alignment of the mature defensin sequence of NaD1, NaD2 and HXP4. HXP4 was generated by 

swapping Loop 1B of NaD2 into NaD1. Loop 1B is highlighted in green and cysteine are red. Disulphide 

bond connectivity is also shown. (B) The three-dimensional structure of NaD1 (PDB: 1MR4), with Loop 

1B shown with an arrow.  
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Table 2.1 Antimicrobial peptides used in antifungal assays against human pathogens 

Protein sequences of antimicrobial peptides. Cysteine residues are shown in red.  
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The second class of peptides, the cathelicidins, are mammalian antimicrobial peptides.  

They were originally grouped based on the presence of an N-terminal prosequence which 

has high homology to the bovine peptide cathelin. The precursor protein is expressed with 

the cathelin-like domain, which is then cleaved off leaving a mature, cationic antimicrobial 

peptide (Figure 2.2A) (Zanetti, 2004). The precursor of the cathelicidin peptide Bac5 is 

stored in bovine neutrophil granules and is released and processed to the mature peptide 

upon infection or inflammation (Scocchi et al., 1992; Zanetti, 2004; Zanetti et al., 1991). 

Mature cathelicidin peptides are highly variable in length and structure (Figure 2.2B and 

C) (Ramanathan et al., 2002; Zanetti, 2004). Three cathelicidin peptides were tested in this 

study, the bovine peptides BMAP-28 and bactenecin and a synthetic variant of bactenecin 

called Bac2a. Bactenecin is a 12 amino acid cathelicidin with a loop structure held in place 

by a single disulphide bond. It is produced by bovine neutrophils and is primarily active 

against gram-negative bacteria including: Escherichia coli, Pseudomonas aeruginosa and 

Salmonella typhimurium (Wu & Hancock, 1999b). A derivative of bactenecin, called 

Bac2a, is a synthetic linearised form of bactenecin which has acquired activity against 

gram-positive bacteria (Wu & Hancock, 1999a). The antifungal activity of these two 

peptides has not been reported apart from the observation that Bac2a permeabilises 

membranes of Fov in vitro (van der Weerden et al., 2010). BMAP-28 is another cathelicidin 

from cows which forms an amphipathic α-helical structure. It is active against several gram-

positive and gram-negative bacteria, as well as C. albicans, C. neoformans and Fov 

(Skerlavaj et al., 1996; van der Weerden et al., 2010).  
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Figure 2.2 Cathelicidin processing and structure 

(A) The cathelicidin precursor protein consists of a cathelin-like domain and a cathelicidin peptide 

sequence. This precursor protein is processed to the mature cathelicidin peptide. The three-dimensional 

solution structure of (B) the human cathelicidin LL-37 (PDB: 2K60) (Wang, 2008) and (C) the pig 

cathelicidin protegrin 1 (PDB: 1PG1) (Fahrner et al., 1996) are also shown.  

 

 

The peptide CP29 is a synthetic 26 amino acid α-helical peptide produced by combining 

the N-terminal region of the silkmoth antibacterial peptide cecropin A with the N-terminal 

α-helix of the bee venom peptide, melittin. This peptide permeabilises bacterial membranes 

(Friedrich et al., 2000). It also inhibits the growth of the fungal plant pathogen Fov and 

rapidly permeabilises the fungal membrane (van der Weerden et al., 2010). Its activity on 

human pathogens has not been investigated. 
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Human beta-defensin 2 (hβD2) is produced by human epithelial cells (Ganz, 2003).  

It consists of a triple-stranded anti-parallel β-sheet and three disulphide bonds (Figure 2.3). 

Human defensins are primarily antibacterial and are part of the human innate immune 

response (Ganz, 2003; Schröder & Harder, 1999). However, antifungal activity has been 

reported for hβD2 against several Candida species and A. fumigatus (Feng et al., 2005; 

Okamoto et al., 2004). Up-regulation of hβD2 mRNA has also been observed in response 

to treatment of a human keratinocyte cell line with T. rubrum or C. albicans and cultured 

human bronchial epithelial cells with A. fumigatus (Alekseeva et al., 2009; Ishikawa et al., 

2009). 

 

 

 

 

Figure 2.3 The structure of hβD2 

The three-dimensional structure of human β-defensin 2 (PDB: 1FQQ) (Sawai et al., 2001). 

 

 

The last peptide, histatin 5, is a cationic, histidine-rich protein which is present in human 

saliva. It is 24 amino acids long (3 kDa) and is produced after cleavage of the 4 kDa  

histatin 3 protein (Figure 2.4) (Oppenheirn et al., 1988; Perinpanayagam et al., 1995; 

Sabatini & Azen, 1989; Troxler et al., 1990). Histatin 5 kills the yeast C. albicans and does 

so with a lower lethal dose concentration than histatin 3 (LD50’s of 1.8 µM and 9.2 µM, 

respectively) (Edgerton et al., 1998; Xu et al., 1991). Histatin 5’s mechanism of action has 

been well studied in C. albicans (Edgerton et al., 1998; Helmerhorst et al., 1999; 

Koshlukova et al., 1999; Vylkova et al., 2007). 
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Figure 2.4 The amino acid sequences of histatin 3 and histatin 5  

The 24 amino acid peptide histatin 5 is produced from histatin 3. The amino acid sequence corresponding 

to histatin 5 is in blue. The cleavage site is represented by an arrow.  

 

 

As part of the research for this Chapter, I also determined whether NaD1 can act 

synergistically with other antimicrobial peptides and proteinase inhibitors against human 

pathogens. This was initiated due to observations of synergy between NaD1 and several 

proteinase inhibitors and chemical fungicides against plant fungal pathogens (Anderson et 

al., 2009; McKenna, 2012). Synergy describes the phenomena where the combined effect 

of two molecules is greater than the expected effect if their individual activities are simply 

added. For example, the combination of 0.5 µM NaD1 and 3 µM of the protease inhibitor 

bovine pancreatic trypsin inhibitor (BPTI) resulted in much greater growth inhibition of  

F. graminearum than was expected by adding the growth inhibition observed by those 

concentrations of each peptide alone (McKenna, 2012). Synergy values (or inhibition 

differences) were calculated using Limpel’s Formula, which is described in Section 2.2.9. 

 

NaD1 synergy with human and mammalian AMPs has not been investigated and may prove 

to be a viable method to increase killing of human fungal pathogens. Synergy may also 

reduce the development of resistance through utilisation of antifungal peptides with 

differing mechanisms of action. 
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2.2 Materials and Methods 

2.2.1 NaD1 extraction from N. alata flowers 

2.2.1.1 Acid extraction and heat treatment 

N. alata flowers were collected and subjected to acid extraction, essentially as described by 

van der Weerden et al, (2008). The flowers were ground to a fine powder using liquid 

nitrogen and a mortar and pestle before sulphuric acid (50 mM, 4 mL/ g of fresh flowers) 

was added. The mixture was then homogenised further in an Ultra-Turrax homogenizer for 

5 min, before it was stirred for 1 h at 4°C. The mixture was filtered through Miracloth 

(Merck Millipore) and clarified by centrifugation at 25,000 × g (15 min, 4°C).  

The supernatant was adjusted to pH 7.0 with 5 M NaOH and was stirred overnight at 4°C. 

Insoluble material was then removed by centrifugation at 25,000 × g for 15 min (4°C).  

The supernatant was boiled for 10 min, allowed to cool to room temperature and centrifuged 

(25,000 × g, 15 min, 4°C). The supernatant was adjusted to pH 6.0 with 1 M HCl and 

buffered with 1 M potassium phosphate buffer (pH 6.0) to a final concentration of 10 mM 

before ion exchange chromatography on SP-Sepharose.  

  

2.2.1.2 Cation exchange chromatography on SP-Sepharose 

The extract from the N. alata flowers was applied to an SP-Sepharose cation exchange 

column (approximately 5 mL bead volume/ L of extract, GE healthcare) that had been 

equilibrated with 10 mM phosphate buffer (pH 6.0, 20 column volumes). Unbound proteins 

were removed by washing with the same buffer. Bound proteins were eluted with 10 mM 

potassium phosphate buffer (pH 6.0) containing 500 mM NaCl. Ten fractions of 

approximately 8 mL were collected. The presence of protein in the elution fractions was 

confirmed using Coomassie Blue. Fractions (30 μL) were spotted onto blotting paper 

(Whatman, 3 mm), which was immersed in Coomassie Blue (0.2% w/v Coomassie Brilliant 

Blue R-250 in 20% ethanol and 7% acetic acid, Sigma). The blotting paper was destained 

in water.  
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2.2.1.3 Reversed-phase high performance liquid chromatography 

RP-HPLC was performed using a 1200 series HPLC (Agilent Technologies) fitted with a 

semi-prep column (Zorbax 300SB-C8, 4.6 × 150 mm, flow rate of 1 mL/min, Agilent 

Technologies). The sample was loaded in 100% buffer A (0.1% trifluoroacetic acid) and 

proteins were eluted using a 40 min linear gradient from 0–100% buffer B (60% 

acetonitrile, 0.089% trifluoroacetic acid). Proteins were detected by monitoring absorbance 

at 215 nm. The collected proteins were lyophilised (Dynavac FD5 freeze dryer) and 

dissolved in 200 μL of sterile milliQ water. Protein concentration was determined using a 

bicinchoninic acid (BCA) protein assay (Pierce) with BSA as the standard protein.  

 

2.2.2 Expression of histatin 5 in Rosetta gami cells 

2.2.2.1 Incorporation of DNA encoding histatin 5 into pHUE plasmid 

Primers were designed for amplification of DNA encoding histatin 5 and insertion into the 

pHUE plasmid (Catanzariti et al., 2004) using a modified site-directed mutagenesis by 

inverse PCR protocol (originally described in Hemsley et al. (1989)). As the histatin 5 

coding sequence is relatively short, primers were designed that included the histatin 5 

sequence, so that the entire pHUE plasmid could be amplified and the histatin 5 coding 

sequence could be incorporated into the vector in a single PCR (Figure 2.5). Each primer 

consisted of 15 bases homologous to the pHUE plasmid (either side of the MCS) and half 

of the histatin 5 sequence (37 bases in primer 1, 38 bases in primer 2). Care was taken to 

ensure that the histatin 5 coding sequence was in frame with the DNA encoding ubiquitin 

and the SacI cleavage site. Each primer also contained a 5’ phosphate for ligation of the 

linear plasmid into a circular plasmid after PCR (Figure 2.5). 
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Figure 2.5 Primer design for incorporation of the histatin 5 coding sequence into the 

pHUE plasmid 

Each primer was designed to contain 15 bases homologous to the pHUE plasmid and half the sequence 

encoding histatin 5 (37 or 38 bases). Five prime phosphates were included in the primers to facilitate 

cyclisation of the linear pHUE plasmid after PCR. 

 

 

The primer sequences were as follows: 

Primer 1        ATTCCATGAAAAGCATCATTCACATCGAGGCTATTGAGAGCTCGGTACCGTC 

Primer 2        TTTCTTTTATACCCATGATGTCTCTTTGCATGTGAATCTCCACCGCGGAGGCG 

Underlined sections are homologous to the pHUE multiple cloning site. The section in bold 

represents the SacI restriction enzyme site. 

 

PCR was performed with Phusion polymerase. Reactions contained 2× Phusion master mix 

(Thermo Fisher), 2 μL of 10 µM primers (1 and 2), 10 ng of pHUE plasmid template 

(purified from E. coli XL1-Blue cells using the Wizard Plus SV miniprep DNA Purification 

kit, Promega) and water to a total volume of 50 μL. The PCR conditions were 98°C for  

5 min, 30 cycles of 98°C for 30 sec, 66°C for 1 min and 72°C for 3 min, and then 72°C for 

10 min. Amplified DNA was separated on a 1% agarose gel and DNA of the appropriate 

size was excised and purified using a Wizard SV PCR purification kit (Promega) according 
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to the manufacturer’s instructions. Amplified linear product (12 μL) was circularised by 

incubating at 4°C overnight with 3 μL of T4 ligase (New England Biolabs) and 3 μL of T4 

ligase buffer (New England Biolabs). This ligation mix was used for transformation of 

Rosetta gami cells. 

 

2.2.2.2 Transformation of pHUE-histatin 5 into Rosetta gami B cells 

The plasmid was transformed into Rosetta gami cells by adding 4 µL of the ligation mixture 

(Section 2.2.2.1) to 20 μL cells in a 1.5 mL Eppendorf tube and incubating on ice for  

30 min. The cells were heat shocked at 42°C for 30 sec and then immediately placed on 

ice. Luria Bertani (LB) broth (250 μL) was then added and the cells were allowed to recover 

during shaking for 1 h at 37°C. Cells (approximately 100 µL) were plated onto agar 

containing kanamycin (15 μg/mL), chloramphenicol (34 μg/mL), ampicillin (50 μg/mL) 

and tetracycline (10 μg/mL) and incubated overnight at 37°C.  

 

Colonies with the correct insert were identified by PCR. A scraping from each colony was 

placed in a reaction mix containing 12.5 µL 2× GoTaq master mix (Promega), 4 µL of  

10 µM Fw (5’ GGCCGCACTCTCTCAGACTAC) and Rv (5’ CTCAAGACCCGTTTAG 

AGG) primers and water to 25 µL. The PCR conditions were 94°C for 5 min, 20 cycles of 

94°C for 30 sec, 46°C for 30sec and 72°C for 1 min, followed by 72°C for 5 min. Amplified 

DNA was separated on a 1.2% agarose gel. Plasmid DNA from colonies which were PCR 

positive was also sent for sequencing. Plasmids were purified from overnight cultures  

(5 mL LB with 50 µg/mL ampicillin, 37°C) using the Wizard Plus SV miniprep DNA 

Purification kit (Promega) and were sequenced by the Australian Genomic Research 

Facility (AGRF, Melbourne, Australia) using the Fw and Rv primers from above. 

 

2.2.2.3 Expression of histatin 5 

Histatin 5 was expressed in Rosetta gami B cells essentially as described in the 

QIAexpressionest manual (Qiagen, 2003). A Rosetta gami B colony transformed with 

pHUE-histatin 5 was used to inoculate 5 mL of 2× yeast tryptone (2YT) broth containing 

kanamycin, chloramphenicol, ampicillin and tetracycline (concentrations as in Section 

2.2.2.2). Cultures were incubated at 37°C, overnight with constant shaking (180 rpm) and 

were then used to inoculate 2× 500 mL 2YT (with antibiotics) in 2 L baffled flasks.  

Cultures were grown at 37°C with constant shaking (180 rpm) until they reached an OD600 
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of 0.6-0.8. Cells were then induced with 0.5 mM IPTG and were grown for a further 3 h. 

Cells were collected by centrifugation (13,000 rpm, 10 min, 4°C) and the pellet was 

resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl and 10 mM imidazole, 

25 mL/L) before being frozen at -80°C overnight. Cells were thawed and sonicated on ice 

(3× 1 min, with 2 min intervals). The sample was then centrifuged at 12,000 rpm for  

15 min and the supernatant was transferred to a new tube. The supernatant was added to  

4 mL of pre-equilibrated Ni-NTA beads (Amintra) in a 50 mL tube and placed on a circular 

mixer at room temperature for 30 min. The beads were then transferred to a column and 

were washed with 10 column volumes of lysis buffer followed by 10 column volumes of 

wash buffer (100 mM Tris-HCl pH 8.0, 600 mM NaCl and 40 mM imidazole).  

Proteins were eluted at room temperature in four column volumes of elution buffer over 20 

min (100 mM Tris-HCl pH 8.0, 600 mM NaCl and 500 mM imidazole). The eluate was 

collected in 1 mL aliquots and checked for protein using Coomassie Blue (See Section 

2.2.1.2). Fractions with protein were pooled and dialysed against dialysis buffer  

(50 mM Tris-HCl pH 8.0, 300 mM NaCl, 500 mL) for 20 h at 4°C with 3,500 MWCO 

tubing (Spectrum laboratories). Fresh dialysis buffer was added after 16 h. The protein was 

cleaved from the His-Ubiquitin tag by addition of 1 mM DTT together with 100 μg of 

Usp2-cc enzyme (Baker et al., 2005) followed by incubation on a circular mixer for 3 h at 

RT. The histatin 5 was purified away from His-Ubiquitin using a RP-HPLC (1200 series 

HPLC, ZORBAX 300SB-C8 column, flow rate 3 ml/min, Agilent Technologies) with a  

40 min linear gradient of 0–100% buffer B (60% acetonitrile, 0.089% trifluoroacetic acid). 

The collected proteins were lyophilised (Dynavac FD5 freeze dryer) and dissolved in sterile 

milliQ water. Protein concentration was determined using a bicinchoninic acid (BCA) 

protein assay (Pierce) with BSA as the standard protein.  

 

2.2.3 Source of the other antimicrobial peptide stocks 

The peptides bactenecin, Bac2a, CP29 and BMAP-28 were synthesised by GL Biochem 

(Shanghai) or GenScript (USA). Their sequences are as follows:   

 

 

Bactenecin (RLCRIVVIRVCR)     (Wu & Hancock, 1999b) 

Bac2a (RLARIVVIRVAR)      (Wu & Hancock, 1999a) 

CP29 (KWKSFIKKLTTAVKKVLTTGLPALIS)   (Friedrich et al., 2000) 

BMAP-28 (GGLRSLGRKILRAWKKYGPIIVPIIRI) (Skerlavaj et al., 1996) 
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NaD2 was purified from N. alata flowers as described in Section 2.2.1. NaCys2 was 

expressed using the pHUE system by Dr Simon Poon (La Trobe University). BPTI was 

purchased from Amresco. HXP4 was created by Dr Nicole van der Weerden (La Trobe 

University) using mutagenesis and was expressed in Pichia pastoris GS115 (Life 

Technologies). The human β-defensin 2 and DmAMP1 coding sequences were ordered 

from GenScript and were also expressed in the Pichia system.   

 

2.2.3.1 Protein expression in Pichia pastoris  

DNA fragments encoding HXP4 and DmAMP1 were purchased from GenScript 

(Piscataway, NJ, USA) for insertion into the pPIC9 vector (Life Technologies) via NotI and 

XhoI restriction sites. The ligated pPIC9 vector was transformed into electrocompetent  

P. pastoris GS115 cells (Life Technologies). The pPIC9 vector, Pichia transformation and 

expression are described in the Pichia expression kit user manual (Invitrogen, 2010). 

 

For expression of protein, 25 mL of buffered minimal glycerol (BMG, 100 mM potassium 

phosphate pH 6.0, 1.34% yeast nitrogen base, 5% biotin and 1% glycerol) in a 250 mL flask 

was inoculated with a scraping of cells from a glycerol stock and incubated overnight at 

30°C. This 25 mL culture was then used to inoculate 200 mL of BMG in a  

1 L baffled flask, prior to another overnight incubation at 30°C. Cells were collected by 

centrifugation at 1500 × g (10 min) and were resuspended in 800 mL of buffered minimal 

methanol (BMM, 100 mM potassium phosphate pH 6.0, 1.34% yeast nitrogen base,  

5% biotin and 0.5% methanol). The culture was divided into two 2 L baffled flasks and the 

incubation was continued for 48 h at 28°C, with the addition of 2 mL of 100% methanol 

after 24 h. After 48 h, the culture was centrifuged for 15 min at 10,000 rpm and the 

supernatant was collected. The supernatant (~ 800 mL) was diluted two-fold with milliQ 

water and adjusted to pH 6.0 with 5 M KOH, before all the diluted supernatant was 

subjected to cation exchange chromatography on an SP-Sepharose column (10 mL bead 

volume, GE Healthcare). For the cation exchange chromatography method see Section 

2.2.1.2. Following cation exchange chromatography, fractions containing protein were 

subjected to analysis by SDS-PAGE and RP-HPLC (see Section 2.2.1.3). Protein 

concentration was determined using a BCA protein assay (Pierce).  
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2.2.4 Fungal strains 

2.2.4.1 Filamentous fungi 

A. niger (5181), A. flavus (2001, 5310, and 5311) and Aspergillus paraciticus (4467, 4469, 

4470) spores (kind gift from Associate Professor Dee Carter, University of Sydney) were 

grown on half-strength potato dextrose agar plates (PDA, Becton Dickson) for 14 days.  

 

2.2.4.2 Yeast 

Cryptococcus gattii (WM276, R265 and Bal 11) and C. neoformans (JEC20, JEC21 and 

H99) strains (kind gift from Associate Professor Dee Carter, University of Sydney) were 

obtained from glycerol stocks and were grown in yeast peptone dextrose (YPD) medium 

for 24 h at 30°C. C. albicans DAY185 (kind gift from Dr Ana Traven, Monash University) 

(Davis et al., 2000) was streaked onto YPD agar from a glycerol stock. A scraping was then 

taken from plates and added to YPD broth. Overnight cultures were incubated at 30°C  

(250 rpm).  

 

2.2.5 Fungal growth inhibition assays 

Growth inhibition assays were performed essentially as described in Broekaert et al. (1990). 

 

For Aspergillus assays, spores were collected by flooding plates with 20 mL of half-strength 

potato dextrose broth (PDB, Becton Dickinson). This spore suspension was removed from 

the plate and centrifuged at 14,000 rpm for 15 min to collect the spores. The spores were 

resuspended in approximately 1 mL of half-strength PDB and counted using a 

haemocytometer. Spores were then diluted to a final concentration of 5 × 104 spores/mL in 

half-strength PDB. For Cryptococcus growth inhibition assays, cells (20 µL) were counted 

with a haemocytometer and diluted to 1.5 × 106 cells/mL in half-strength PDB.  

For C. albicans inhibition assays, cells (20 µL) were counted with a haemocytometer and 

diluted to 5 × 103 cells/mL in half-strength PDB.  
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Test proteins were serially diluted, to a final volume of 20 µL and added to the wells of a 

96 well microtitre plate (Greiner) by a TECAN Evo100 liquid handling robot in triplicate 

(three wells on one plate) before diluted spores or cells (80 L) were added to the wells. 

Growth was monitored by measuring absorbance at 595 nm, in a SpectraMAX M5e plate 

reader (Molecular Devices), using the 9 well-scan. Measurements were taken before and 

after 24 h incubation at 25°C for Aspergillus and 30°C for Candida and Cryptococcus.  

For NaD1 activity against C. albicans at 37°C, plates were prepared as above, but were 

incubated at 37°C for 24 h before absorbance at 595 nm was measured. The C. albicans 

DAY185 strain was used when testing the activity of NaD1 in serum. Protein (10 μL) was 

added to 10 μL of fetal calf serum (FCS, 50 % in half-strength PDB) and added to 80 μL 

of cells (5 × 103 cells/mL in half-strength PDB) to give a final concentration of 5 % serum. 

The C. albicans DAY185 strain was also used when testing NaD1’s activity in different 

media. The cells were grown overnight in YPD (5 mL, 30°C) and then diluted to 5 × 103 

cells/mL in half-strength PDB, full-strength PDB or YPD media. Cells (80 μL) were then 

added to 20 μL of the test protein in a microtitre plate and incubated overnight at 30°C 

before measuring the optical density at 595 nm. 

 

The effect of bovine serum albumin (BSA) on the activity of CP29 was tested by serial 

dilution of 10 µL of CP29 down a 96 well microtitre plate, with a top final concentration 

of 10 μM CP29. BSA (10 mg/mL, Promega) was added to give final concentrations of  

0, 0.25, 0.5 or 1 μg/μL (10 μL added per well). C. albicans DAY185 (80 μL, 5000 cells/mL) 

was then added and plates were incubated overnight at 30°C.  

 

The effect of Mg2+ and Ca2+ on the activity of NaD1 was tested by adding 10 μL of 

magnesium chloride (MgCl2) or calcium chloride (CaCl2) to a microtitre plate (Greiner) to 

a top final concentration of 1 mM or 10 mM. NaD1 (50 μM, 10 μL) and 80 μL of  

C. albicans (5 × 103 cells/mL) were added. The plate was incubated overnight at 30°C 

before absorbance was measured at 595 nm.  
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2.2.6 C. albicans growth curve in half-strength PDB 

For the C. albicans growth curve, an overnight culture of DAY185 was diluted to an OD600 

of 0.2 with half-strength PDB. Cells were then incubated at 30°C (250 rpm) and OD600 was 

measured every hour. The doubling time of the DAY185 cells was calculated using the 

formula: 

 

 

2	 	
	 	– 	 	

	

   t = time (hours) 
   a = optical density at beginning of time period 
   b = optical density at end of time period 
       (Rieg et al., 1999) 
 

 

2.2.7 C. albicans survival assays 

C. albicans DAY185 overnight cultures were diluted to an OD600 of 0.3 in half-strength 

PDB and incubated for 5 h (30°C, 250 rpm). After incubation the cells were diluted to an 

OD600 of 1.0. Cells were then treated with NaD1 (2, 3.5, 5, 10, 20 or 50 µM) for 15 min,  

30 min or 1 h (30°C, 250 rpm). Each treatment was diluted 1/1000 and 1/10,000 in sterile 

milliQ water and 20 µL of each dilution was placed on YPD agar (four treatments per plate). 

Plates were then tilted to allow the drop to spread down the plate. Colonies were counted 

after incubation overnight at 30°C. Each count was multiplied by the dilution factor and 

compared to a no-treatment control. 

 

2.2.8 Permeabilisation kinetics (SYTOX) assay 

Permeabilisation assays were performed essentially as described in van der Weerden et al. 

(2010). C. albicans DAY185 cells were grown overnight in 5 mL of YPD (250 rpm, 30°C). 

Cells were then diluted to an OD600 of 0.4 with half-strength PDB. SYTOX green (2 μL of 

a 5 mM stock, Life Technologies) was added to 10 mL of the diluted C. albicans cells.  

The test proteins (10 µL of 20 μM or 0 μM) were added to the wells of a black, flat-

bottomed, 96 well microtitre plate (Nunc) in triplicate. The cell and SYTOX mixture  

(90 μL) was added to the plate just prior to measurement of fluorescence every  

2 min for 3 h with excitation at 488 nm and emission at 538 nm. The kinetics run was 

performed in a SpectraMAX M5e plate reader (Molecular Devices).  
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2.2.9 Synergy assays  

Antifungal assays were used to determine if there was synergistic action between NaD1 

and various antimicrobial peptides, protease inhibitors and amphotericin B (Sigma).  

The assay was performed as described by Anderson et al. (2009). Spores and yeast cells 

were prepared as in Section 2.2.5. Assays were performed in 96 well microtitre plates 

(Greiner) and dilutions were prepared using a TECAN Evo100 liquid handling robot.  

NaD1 (10 μL of a 10× stock) was serially diluted four times down a microtitre plate.  

A second test protein (10 μL of a 10× stock) was serially diluted six times across the plate 

(Figure 2.6). The final protein volume after addition of both NaD1 and the test protein was 

20 μL. The top concentration of NaD1 and the protein of interest that was used differed 

depending on the pathogen, and were chosen based on the IC50 of the individual proteins 

against each pathogen.  

 

 

 

 

Figure 2.6 Protein dilutions for synergy assays 

Synergy assays were performed in 96 well microtitre plates. NaD1 was serially diluted down the plate and 

a test protein was diluted across the plate. Each well contained the two proteins, protein and water or water 

only.  
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Fungi (80 μL in half-strength PDB) were added to the plates. The following cell 

concentrations were used: Aspergillus spores (5 × 104 spores/mL), Cryptococcus cells  

(1.5 × 106 cells/mL) or C. albicans cells (5000 cells/mL). The plates were incubated for  

24 h at 25°C for Aspergillus and at 30°C for yeast and fungal growth was determined by 

measuring absorbance at 595 nm (SpectraMAX M5e plate reader, Molecular Devices). 

Synergy was calculated using Limpel’s formula (Richer, 1987). 

 

Limpel’s Formula:  

	 	 	–	
100

	

Ee = expected inhibition 
x = inhibition by protein 1 
y = inhibition by protein 2 
   

 

 

Synergy is defined as the difference between the expected (Ee) and observed (Io) 

inhibitions.  

 

	 	  

 

Synergy has occurred when the observed inhibition of fungal growth is greater than the 

expected growth if the antifungal activities of individual proteins were working additively.  

 

The level of synergy observed was further divided into no synergy, low, medium, high and 

very high synergy categories as a method of comparison (Table 2.2).  

 

 

Table 2.2 Levels of synergy  

Inhibition difference (Io-Ee) and the corresponding levels of synergy (McKenna, 2012). 
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2.3 Results 

2.3.1 NaD1 activity against C. albicans 

NaD1 was tested against C. albicans in a range of media to determine whether it inhibits 

growth. NaD1 had substantial antifungal activity against the pathogen in half-strength PDB 

and PDB, but was not active in YPD, a high nutrient medium (Figure 2.7).  

 

 

 

 

Figure 2.7 The growth of C. albicans DAY185 in different media 

(A) IC50 values ± SD (from at least three biological replicates) for the activity of NaD1 against C. albicans 

DAY185 after fungal inhibition assays were performed in half-strength PDB, full-strength PDB and YPD. 

(B) Growth inhibition of DAY185 by NaD1 in half-strength PDB. Data is relative to a no-protein control. 

Error bars represent SEM (n=6). 
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C. albicans had a doubling time of 2.13 hours (SEM 0.66, n=3) in half-strength PDB.  

A growth curve of DAY185 in half-strength PDB is shown in Figure 2.8. All subsequent 

growth inhibition assays were performed with half-strength PDB. 

 

 

 

 

Figure 2.8 The growth of C. albicans DAY185 over six hours in half-strength PDB 

DAY185 has a doubling time of approximately 2 h when grown in half-strength PDB. Data is a 

representative example from three independent experiments. 
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Yeast cell survival assays were conducted to determine whether NaD1 is fungicidal or 

fungistatic. C. albicans DAY185 cells were incubated with varying concentrations of NaD1 

for 15 min, 30 min or 60 min before plating onto YPD agar. There was a significant 

reduction in the number of viable cells at all three time points, indicating that NaD1 is 

fungicidal. The level of cell death was dependent on NaD1 concentration. The length of 

incubation had no significant effect on the amount of cell death (Figure 2.9). 

 

 

 

 

Figure 2.9 The survival of C. albicans DAY185 after treatment with NaD1  

Percentage of C. albicans DAY185 cells surviving after exposure to various concentrations of NaD1 for 

15 min, 30 min or 60 min. Data is relative to a no-protein control. Error bars represent SEM (n=3). 
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2.3.2 Effect of antimicrobial peptides on the growth of C. albicans DAY185 

Five additional antimicrobial peptides were screened for activity against C. albicans 

DAY185 cells. NaD1, HXP4 and Bac2a were the most effective at inhibiting the growth of  

C. albicans DAY185, with IC50’s of 2 μM for all three peptides. CP29 and bactenecin had 

less activity, with IC50 values of 3.9 μM and 3.2 μM, respectively. BMAP-28 was the least 

effective peptide with an IC50 value of 8.8 μM. 

 

 

 

 

Figure 2.10 The effect of NaD1, HXP4, bactenecin, Bac2a, BMAP-28 and CP29 on the 

growth of C. albicans  

(A) Growth inhibition of DAY185 cells in the presence of various concentrations of the antimicrobial 

peptides NaD1 ( ), HXP4 ( ), bactenecin ( ), Bac2a ( ), BMAP-28 ( ) and CP29 ( ). Data is 

shown relative to a no-protein control. Error bars represent SEM (n=4). (B) The IC50 for each peptide is in 

bold ± standard deviation (n=4).  
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2.3.3 Effect of temperature on the activity of NaD1 against C. albicans 

The growth inhibitory activity of NaD1 against C. albicans DAY185 at 37°C was compared 

to growth at 30°C. NaD1 had a similar effect on growth at both these temperatures (Figure 

2.11).  

 

 

 

 

Figure 2.11 The activity of NaD1 against C. albicans DAY185 at 30°C and 37°C 

NaD1 was added to DAY185 in half-strength PDB and the cells were grown at 30°C or 37°C. NaD1 was 

equally effective at both temperatures. Data is relative to a no-protein control. Error bars represent SEM 

(n=3). 
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2.3.4 Effect of Mg2+ and Ca2+ on NaD1’s activity against C. albicans 

The growth inhibitory activity of NaD1 against plant pathogens is negatively impacted by 

divalent cations, with Ca2+ being more effective at blocking growth inhibition than Mg2+ 

(van der Weerden, 2007). This led to the question of whether divalent cations also diminish 

the activity of NaD1 against C. albicans. The complete growth inhibition obtained with  

5 µM NaD1 in the absence of divalent cations was abolished by 1 mM Ca2+ and 10 mM 

Mg2+ (Figure 2.12). 

 

 

 

 

Figure 2.12 The effect of Mg2+ and Ca2+ on the activity of NaD1 against C. albicans 

C. albicans DAY185 was treated with 5 μM NaD1 in the presence and absence of (A) Mg2+ or (B) Ca2+. 

Data are shown as percentage growth relative to no-NaD1 controls. Error bars represent SEM (n=3). 
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2.3.5 Kinetics of C. albicans permeabilisation by NaD1 

The rate at which NaD1 permeabilises the plasma membrane of C. albicans was observed 

using SYTOX green, which fluoresces in the presence of nucleic acids. Thus, it only 

fluoresces when it has entered cells when the plasma membrane has been compromised. 

The fluorescence emission from SYTOX green was monitored over a 3 h time period after 

addition of the fluorophore and the test proteins to C. albicans cells. The peptides CP29 

and BMAP-28 were included as positive controls as they rapidly permeabilise the plasma 

membrane. Addition of these peptides to the cells led to a rapid increase in SYTOX green 

fluorescence (Figure 2.13). In contrast, NaD1 induced membrane permeabilisation was 

slower, and only began after a 40 min delay (Figure 2.13).  

 

 

 

 

Figure 2.13 The rate of permeabilisation of the plasma membrane of C. albicans by 

NaD1, CP29 and BMAP-28 

C. albicans DAY185 cells were treated with 20 μM NaD1, CP29 or BMAP-28 in the presence of the 

nucleic acid binding dye SYTOX green. The increase in fluorescence is related to membrane 

permeabilisation and SYTOX green entry into the cell. A no-protein control was included for comparison. 

Fluorescence was monitored over 3 h with reads every 2 min. Data are shown relative to the t=0 reading. 

Data are a representative example of three independent experiments. 
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2.3.6 The effect of serum on the activity of antifungal peptides against C. albicans 

The inhibitory activity of some antimicrobial peptides is reduced in the presence of serum 

(Johansson et al., 1998; Maisetta et al., 2008). Thus, the activity of NaD1, CP29 and Bac2a 

on C. albicans was tested in the presence of serum. 

 

NaD1 was active in the presence of 5% fetal calf serum. However, the activity was about 

two-fold lower than the serum free control (an IC50 of about 4.5 µM in serum compared to  

2.5 µM of the no-serum control) (Figure 2.14A). NaD1’s activity was reduced further when 

the serum was heat inactivated (IC50 of about 10 µM) (Figure 2.14D). 

 

In contrast, the activity of CP29 increased in the presence of 5% fetal calf serum, with an 

IC50 of 2.5 μM compared to 4 μM for the no-serum control (Figure 2.14B). Furthermore the 

activity of CP29 was the same in heat-inactivated or untreated serum (IC50 of about  

2.5 µM) (Figure 2.14E). An increase in antifungal activity also occurred when bovine 

serum albumin (BSA) was added to the CP29 antifungal assay (Figure 2.15).  

 

The activity of Bac2a was not affected by 5% serum. The IC50 was about 2 µM in both  

5% serum and the serum free control (Figure 2.14C) but was two-fold lower in heat-

inactivated serum compared to the untreated serum control (IC50 of about 4 µM) (Figure 

2.14F). 
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Figure 2.14 The effect of serum on the activity of NaD1, CP29 and Bac2a against  

C. albicans 

C. albicans DAY185 was incubated with various concentrations of (A) NaD1, (B) CP29 or (C) Bac2a in 

the presence or of 5% fetal calf serum or a serum free control (0% serum). The activity of NaD1 in 5% 

serum was reduced compared to the serum free control, whereas the activity of CP29 and Bac2a was higher 

or unaffected by 5% serum. DAY185 was also incubated with (D) NaD1, (E) CP29 or (F) Bac2a in the 

presence of 5% fetal calf serum that had or had not been heat inactivated. NaD1 and Bac2a were more 

active in untreated serum. The IC50 of CP29 was about 2.5 µM in both heat inactivated and untreated serum. 

Data are relative to a no-protein control. Error bars represent SEM (n=4).  
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Figure 2.15 The effect of bovine serum albumin on the growth inhibitory activity of 

CP29  

DAY185 cells were incubated with 5 μM CP29 in the presence of various concentrations of bovine serum 

albumin (BSA). The antifungal activity of CP29 was significantly higher at all BSA concentrations tested. 

Data are relative to a no-protein control. Error bars represent SEM (n=3). 
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2.3.7 Activity of antifungal peptides against a range of human fungal pathogens 

Six antimicrobial peptides were tested for antifungal activity against human pathogens. The 

pathogens included three strains of C. neoformans (JEC20, JEC21 and H99), three strains 

of C. gattii (WM276, R265 and Bal 11), one strain of A. niger (5181), three strains of 

A. flavus (5310, 5311 and 2001), and three strains of A. paraciticus (4470, 4467 and 4469).  

 

2.3.7.1 Cryptococcus species 

The activity of six peptides against C. neoformans is presented in Figure 2.16. Bac2a was 

the most effective peptide against JEC20 (IC50 0.3μM) and JEC21 (IC50 0.8 μM), but had 

less activity against H99 (IC50 2.2 μM). NaD1 and its variant HXP4 had similar activity 

against JEC20 (IC50’s of 0.9 and 1.1 μM respectively) but HXP4 was more effective against 

JEC21 and H99. Bactenecin, BMAP-28 and CP29 were the least effective at inhibiting the 

growth of all three C. neoformans isolates. C. neoformans JEC20 was the most sensitive 

isolate, with the lowest IC50 values with all antimicrobial peptides.  

 
All three C. gattii strains were similar in their susceptibility to AFPs (Figure 2.17).   

NaD1, HXP4 and Bac2a were the most active peptides, and had similar IC50 values across 

all the three pathogens (IC50’s of 1.3 to 2.5 μM). Bactenecin was the next most effective 

peptide with IC50’s of between 3.7 and 3.8 μM. NaD1 was more effective than HXP4 

against all three C. gattii strains. BMAP-28 and CP29 were particularly ineffective against 

these strains, with IC50 values higher than 5 μM (the highest concentration tested) apart 

from CP29 against strain Bal 11 with an IC50 of 3.6 μM. 

 

Overall, the C. neoformans strains were more sensitive to the AFPs than the C. gattii strains.  
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Figure 2.16 The effect of various antimicrobial peptides on the growth of three  

C. neoformans isolates  

(A) Growth inhibition of C. neoformans JEC20, JEC21 and H99 in the presence of various concentrations 

of the antimicrobial peptides NaD1 ( ), HXP4 ( ), bactenecin ( ), Bac2a ( ), BMAP-28 ( ) and 

CP29 ( ). The two most effective peptides for each strain are highlighted in grey. Data are shown relative 

to a no-protein control. Error bars represent SEM (n=3). (B) The IC50 for each peptide is shown in bold ± 

standard deviation (n=3).  
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Figure 2.17 The effect of various antimicrobial peptides on the growth of three C. gattii 

isolates  

(A) Growth inhibition of C. gattii WM276, R265 and Bal11 in the presence of various concentrations of 

the antimicrobial peptides NaD1 ( ), HXP4 ( ), bactenecin ( ), Bac2a ( ), BMAP-28 ( ) and 

CP29 ( ). The two most effective peptides for each strain are highlighted in grey. Data are shown relative 

to a no-protein control. Error bars represent SEM (n=3). (B) The IC50 for each peptide is shown in bold ± 

standard deviation (n=3).  
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2.3.7.2 Aspergillus species 

The activity of the peptides against A. niger is presented in Figure 2.18. Bac2a was the most 

active peptide, with an IC50 of 0.8 μM, followed by NaD1 and its variant HXP4 which had 

IC50 values of 2.1 and 2.2 μM, respectively. CP29 and bactenecin were the least effective, 

with IC50 values greater than 10 μM. 

 

 

 

 

Figure 2.18 The effect of various antimicrobial peptides on the growth of A. niger  

(A) Growth inhibition of A. niger 5181 in the presence of various concentrations of the antimicrobial 

peptides NaD1 ( ), HXP4 ( ), bactenecin ( ), Bac2a ( ), BMAP-28 ( ) and CP29 ( ). The two 

most effective peptides are highlighted in grey. Data are shown relative to a no-protein control. Error bars 

represent SEM (n=3). (B) The IC50 for each peptide is shown in bold ± standard deviation (n=3).  
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Figure 2.19  has the relative activity of the six peptides against three A. flavus strains.  

A. flavus was not as susceptible to AMPs as the other fungal species. Bac2a was the most 

effective at inhibiting the growth of these pathogens with IC50’s between 1.6 and 2.1 μM. 

HXP4, the variant of NaD1, was the next best performer with IC50’s between 2.8 and  

3.5 µM. In contrast, NaD1 had low activity against the three A. flavus strains tested, with 

IC50 values greater than 10 μM. Like NaD1, bactenecin, CP29 and BMAP-28 were 

relatively ineffective in inhibiting the growth of all three pathogens. 

 

Activity against the three A. paraciticus strains is presented in Figure 2.20. Bac2a had the 

highest inhibitory activity, followed by NaD1 and HXP4, with IC50 values below 5 μM in 

all cases. Strain 4469 was significantly more sensitive to all the peptides compared to the 

other two isolates. For example, bactenecin, BMAP-28 and CP29 had no activity below  

10 μM against strains 4470 and 4467, whereas they had IC50 values below 2 μM against 

strain 4469. 
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Figure 2.19 The effect of various antimicrobial peptides on the growth of three A. flavus 

isolates  

(A) Growth inhibition of A. flavus 5310, 5311 and 2001 in the presence of various concentrations of the 

antimicrobial peptides NaD1 1 ( ), HXP4 ( ), bactenecin ( ), Bac2a ( ), BMAP-28 ( ) and CP29 

( ). The two most effective peptides for each strain are highlighted in grey. Data are shown relative to a 

no-protein control. Error bars represent SEM (n=3). (B) The IC50 for each peptide is shown in bold ± 

standard deviation (n=3).  
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Figure 2.20 The effect of various antimicrobial peptides on the growth of three A. 

paraciticus isolates 

(A) Growth inhibition of A. paraciticus 4470, 4467 and 4469 in the presence of various concentrations of 

the antimicrobial peptides NaD1 ( ), HXP4 ( ), bactenecin ( ), Bac2a ( ), BMAP-28 ( ) and 

CP29 ( ). The two most effective peptides for each strain are highlighted in grey. Data are shown relative 

to a no-protein control. Error bars represent SEM (n=3). (B) The IC50 for each peptide is shown in bold ± 

standard deviation (n=3).  
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2.3.7.3 Summary of AMP inhibitory activity against Cryptococcus and Aspergillus 

strains 

Overall, the most sensitive of the Aspergillus strains tested was A. paraciticus 4469.  

This isolate was the only pathogen that was inhibited by all peptides tested with IC50 values 

less than 10 μM. Bac2a was consistently the most active peptide against all pathogens. 

Overall, bactenecin, BMAP-28 and CP29 were the least active peptides with IC50 values of 

greater than 10 μM in most cases. NaD1 had significant activity, with IC50 values less than 

5 μM, against A. niger and A. paraciticus. However, A. flavus was more resistant to NaD1, 

despite retaining its sensitivity to the NaD1 variant HXP4 (Figure 2.18 - Figure 2.20). 

 

2.3.8 Synergistic activity of NaD1 with protease inhibitors and AMPs against human 

fungal pathogens 

Certain proteinase inhibitors and defensins significantly enhance the activity of NaD1 and 

HXP4 against a range of plant pathogens (Anderson et al., 2009; McKenna, 2012).  

The aim of the following section was to identify molecules that act in synergy with NaD1 

against human pathogens. NaD1 was tested in combination with a series of other antifungal 

molecules against the human fungal pathogens C. gattii R265, A. niger 5181, A. flavus 5310 

and C. albicans DAY185. C. gattii R265 was chosen to represent the Cryptococcus species 

because it had intermediate sensitivity to NaD1 (see Figure 2.16, Figure 2.17).  

The sensitivity of the Aspergillus species to NaD1 ranged from sensitive (A. niger 5181) to 

resistant (three A. flavus species), so a representative of each of these species was chosen 

for synergy assays.  The levels of synergy were classified (as low, medium, high or very 

high) as described in Table 2.2. Occasionally low concentrations of peptides result in 

negative percentage inhibition values, possibly due to the peptides promoting growth by 

acting as a protein source. In these cases, negative values were adjusted to 0% growth 

inhibition before expected inhibition values (Ee) and inhibition differences (ID) were 

calculated. Also note that some assays were performed on different days and with different 

NaD1 stocks, so the IC50 values for NaD1 alone can vary. However, the overall patterns of 

synergy were consistent across three independent experiments. 
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2.3.8.1 NaD1 activity in combination with the antimicrobial peptides bactenecin and 

Bac2a, and the protease inhibitors BPTI and NaCys2 against various fungal pathogens 

2.3.8.1.1 Synergy assays with C. gattii R265 

When combined with a sub-inhibitory concentration of NaD1 (1 μM), bactenecin inhibited 

growth of C. gattii R265 at a concentration that was much lower than the concentration 

required for the same level of inhibition when NaD1 was not present (Figure 2.21).  

For example, when used on its own, bactenecin did not inhibit the growth of C. gattii at  

1 µM. However, when combined with NaD1 (1 μM) growth was inhibited by 76.2%.  

According to Limpel’s formula, the bactenecin and NaD1 combination produced high 

levels of synergy, with inhibition difference (ID) values of 65.4 and 53.3 at 1 μM and  

0.5 μM bactenecin, respectively (Figure 2.21A and B). 

 

Bac2a also acted in synergy with NaD1 against C. gattii R265. For example, 1 μM Bac2a 

did not inhibit the growth of C. gattii R265, but in the presence of 1 µM NaD1, growth 

inhibition rose to 83%. The Bac2a and NaD1 combination against C. gattii R265 resulted 

high levels of synergy at 0.25 µM, 0.5 μM and 1 μM Bac2a (Figure 2.21C and D). 

 

Bovine pancreatic trypsin inhibitor (BPTI) also displayed synergy with NaD1 at low 

concentrations. BPTI alone at 0.313 μM did not inhibit growth but in combination with  

1 μM NaD1 the observed growth inhibition was 76.5%. The combination of BPTI and 

NaD1 resulted in high levels of synergy at 0.313 μM and 0.625 μM BPTI (Figure 2.22A 

and B) 

 

The protease inhibitor NaCys2, a cystatin from N. alata, also acted in synergy with NaD1. 

NaCys2 alone at 5 µM did not inhibit growth but in combination with 1µM NaD1 the 

observed growth inhibition of 83.1%. The combination of NaCys2 and NaD1 resulted in 

high levels of synergy at 2.5 µM and 5 µM NaCys2 (Figure 2.22C and D). 
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Figure 2.21 Synergy between NaD1 and two AMPs against C.  gattii R265 

Growth inhibition of C. gattii R265 in the presence of 1 μM NaD1 only, peptide only and NaD1 and peptide 

combined for (A) bactenecin and (C) Bac2a at multiple concentrations. Data are relative to a no-protein 

control. Data are a representative example from three independent experiments. Error bars represent 

standard deviation from two replicates. Synergy between the peptides and NaD1 was calculated using 

Limpel’s formula and is shown for various concentrations of (B) bactenecin and (D) Bac2a. Concentrations 

of peptide that produced high or very high synergy with NaD1 are shaded in grey. The expected and 

observed inhibitions are also shown.  
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Figure 2.22 Synergy between NaD1 and two protease inhibitors against C. gattii R265 

Growth inhibition of C. gattii R265 in the presence of 1 μM NaD1 only, peptide only and NaD1 and peptide 

combined for (A) BPTI and (C) NaCys2 at multiple concentrations. Data are relative to a no-protein 

control. Data are a representative example from three independent experiments. Error bars represent 

standard deviation from two replicates. Synergy between the peptides and NaD1 was calculated using 

Limpel’s formula and is shown for various concentrations of (B) BPTI and (D) NaCys2. Concentrations of 

peptide that produced high or very high synergy with NaD1 are shaded in grey. The expected and observed 

inhibitions are also shown. 
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2.3.8.1.2 Synergy assays with A. niger and A. flavus 5310 

Bactenecin alone had low activity against the filamentous fungus A. niger 5181 (IC50 > 10 

μM, Figure 2.18). However, bactenecin acted in synergy with NaD1 against this pathogen.  

For example, the combination of 2.5 μM bactenecin and 2.5 μM NaD1, led to 49.5% growth 

inhibition, compared to an expected inhibition of 22.1% if their activity was additive. 

According to Limpel’s formula, the combination of bactenecin and NaD1 resulted in low 

(at 2.5 µM bactenecin) and medium (at 5 µM bactenecin) levels of synergy (Figure 2.23A 

and B). There was no synergy between bactenecin and NaD1 against A. flavus 5310 at the 

concentrations tested (Figure 2.24A and B). Synergy was also not observed when the 

concentration of NaD1 was increased to 5 µM (data not shown). 

 

The Bac2a and NaD1 combination was synergistic against both A. niger 5181 and A. flavus 

5310. For example, at 1.25 μM Bac2a there was no growth inhibition of A. niger 5181.  

Yet, in the presence of 2.5 µM NaD1 the observed growth inhibition was 79.3%.  

The combination of Bac2a and NaD1 resulted in high synergy values (at 0.625 µM, 1.25 

µM and 2.5 µM) (Figure 2.23C and D). Bac2a also displayed synergy with 2.5 μM NaD1 

against the more resistant Aspergillus strain A. flavus 5310. According to Limpel’s formula 

the combination of NaD1 and Bac2a resulted in high synergy values at 1.25 µM and  

2.5 µM Bac2a (Figure 2.24C and D). 
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Figure 2.23 Synergy between NaD1 and two AMPs against A. niger 5181  

Growth inhibition of A. niger 5181 in the presence of 2.5 μM NaD1 only, peptide only and NaD1 and 

peptide combined for (A) bactenecin and (C) Bac2a at multiple concentrations. Data are relative to a  

no-protein control. Data are a representative example from three independent experiments. Error bars 

represent standard deviation from two replicates. Synergy between the peptides and NaD1 was calculated 

using Limpel’s formula and is shown for various concentrations of (B) bactenecin and (D) Bac2a. 

Concentrations of peptide that produced high or very high synergy with NaD1 are shaded in grey.  

The expected and observed inhibitions are also shown. 
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Figure 2.24 Synergy of NaD1 with two AMPs against A. flavus 5310 

Growth inhibition of A. flavus 5310 in the presence of 2.5 μM NaD1 only, peptide only and NaD1 and 

peptide combined for (A) bactenecin and (C) Bac2a at multiple concentrations. Data are from one 

representative experiment. Error bars represent standard deviation from two replicates. Synergy between 

the peptides and NaD1 was calculated using Limpel’s formula and is shown for various concentrations of 

(B) bactenecin and (D) Bac2a. Concentrations that displayed high or very high synergy with NaD1 are 

shaded in grey. The percentage inhibition expected to be purely additive and the observed percentage 

inhibition are also shown.  
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The serine protease inhibitor BPTI produced synergy when combined with NaD1 in the 

growth assays with A. niger 5181 and A. flavus 5310. At 2.5 µM, BPTI alone had no effect 

on the growth of A. niger 5181, but in the presence of 2.5 µM NaD1 the observed growth 

inhibition was 88.1% (compared to an expected inhibition of 15.8%). There was high or 

very high synergy values at all tested concentrations (0.313 µM to 5 µM BPTI) (Figure 

2.25A and B). The combination of BPTI and NaD1 was also synergistic against A. flavus 

5310. This peptide combination resulted in high synergy values at three BPTI 

concentrations (1.25 µM, 2.5 µM and 5 µM) (Figure 2.26A and B). 

 

The cysteine protease inhibitor NaCys2 also displayed synergy with NaD1 against both 

Aspergillus pathogens. NaCys2 had no to very low inhibitory activity at any of the tested 

concentrations, but it enhanced the antifungal activity of NaD1. The combination of 5 µM 

NaCys2 and 2.5 µM NaD1 led to 91% growth inhibition of A. niger 5181, which was 

substantially higher than the expected inhibition of 9.9%. The combination of NaD1 and 

NaCys2 resulted a very high synergy value at 5 µM NaCys2 and a high level of synergy at 

2.5 µM (Figure 2.25C and D). NaCys2 also displayed synergy with NaD1 in growth assays 

with A. flavus 5310. However, only medium (at 1.25 µM NaCys2) and low levels of 

synergy were obtained.  
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Figure 2.25 Synergy between NaD1 and two protease inhibitors against A. niger 5181 

Growth inhibition of A. niger 5181 in the presence of 2.5 μM NaD1 only, peptide only and NaD1 and 

peptide combined for (A) BPTI and (C) NaCys2 at multiple concentrations. Data are relative to a no-protein 

control. Data are a representative example from three independent experiments. Error bars represent 

standard deviation from two replicates. Synergy between the peptides and NaD1 was calculated using 

Limpel’s formula and is shown for various concentrations of (B) BPTI and (D) NaCys2. Concentrations of 

peptide that produced high or very high synergy with NaD1 are shaded in grey. The expected and observed 

inhibitions are also shown. 
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Figure 2.26 Synergy between NaD1 and two protease inhibitors against A. flavus 5310 

Growth inhibition of A. flavus 5310 in the presence of 2.5 μM (BPTI) or 5 μM (NaCys2) NaD1 only, 

peptide only and NaD1 and peptide combined for (A) BPTI and (C) NaCys2 at multiple concentrations. 

Data are relative to a no-protein control. Data are a representative example from three independent 

experiments. Error bars represent standard deviation from two replicates. Synergy between the peptides 

and NaD1 was calculated using Limpel’s formula and is shown for various concentrations of (B) BPTI and 

(D) NaCys2. Concentrations of peptide that produced high or very high synergy with NaD1 are shaded in 

grey. The expected and observed inhibitions are also shown. 
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2.3.8.1.3 Synergy assays with C. albicans 

Both bactenecin and Bac2a displayed synergy with 1 μM NaD1 against the human pathogen 

C. albicans. The combination of bactenecin and NaD1 resulted in high synergy values at  

1 µM and 2 µM bactenecin (Figure 2.27A and B). Similarly, the combination of Bac2a and 

NaD1 resulted in synergy. However, Bac2a displayed high levels of synergy with NaD1 at 

lower concentrations than bactenecin (high synergy at 0.5 µM and 1 µM Bac2a) (Figure 

2.27C and D).  

 

Both protease inhibitors were also synergistic with NaD1 against C. albicans.  

The combination of BPTI and NaD1 resulted in high levels of synergy at 1.25 µM, 2.5 µM 

and 5 µM BPTI (Figure 2.28A and B). The combination of NaCys2 and NaD1 gave high 

synergy values at three NaCys2 concentrations (1.25 µM, 2.5 µM and 5 µM) (Figure 2.28C 

and D). 
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Figure 2.27 Synergy between NaD1 and two AMPs against C. albicans DAY185 

Growth inhibition of C. albicans DAY185 in the presence of 1 μM NaD1 only, peptide only and NaD1 and 

peptide combined for (A) bactenecin and (C) Bac2a at multiple concentrations. Data are relative to a  

no-protein control. Data are a representative example from three independent experiments. Error bars 

represent standard deviation from two replicates. Synergy between the peptides and NaD1 was calculated 

using Limpel’s formula and is shown for various concentrations of (B) bactenecin and (D) Bac2a. 

Concentrations of peptide that produced high or very high synergy with NaD1 are shaded in grey.  

The expected and observed inhibitions are also shown. 
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Figure 2.28 Synergy between NaD1 and two protease inhibitors against C. albicans  

Growth inhibition of C. albicans DAY185 in the presence of 2.5 μM NaD1 only, peptide only and NaD1 

and peptide combined for (A) BPTI and (C) NaCys2 at multiple concentrations. Data are relative to a  

no-protein control. Data are a representative example from three independent experiments. Error bars 

represent standard deviation from two replicates. Synergy between the peptides and NaD1 was calculated 

using Limpel’s formula and is shown for various concentrations of (B) BPTI and (D) NaCys2. 

Concentrations of peptide that produced high or very high synergy with NaD1 are shaded in grey.  

The expected and observed inhibitions are also shown. 
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2.3.8.2 Synergy of NaD1 and two other plant defensins against C. albicans  

The class II defensin NaD1 was tested for synergy with two class I plant defensins.  

The first defensin was DmAMP1 from D. merckii. The second peptide was NaD2, from the 

ornamental tobacco N. alata. These two class I defensins were chosen because they are 

likely to have different mechanisms of action (van der Weerden et al., 2013). Both defensins 

were tested in combination with 2.5 μM NaD1 against the pathogen C. albicans DAY185.  

 

According to Limpel’s formula, the combination of 0.625 µM DmAMP1 and 2.5 µM NaD1 

resulted in an inhibition difference value of 43.2 (Figure 2.29A and B). NaD2 was also 

highly synergistic in combination with NaD1 at two concentrations. High levels of synergy 

were observed at 1.25 µM and 2.5 µM NaD2 (Figure 2.29C and D). 
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Figure 2.29 Synergy between NaD1 and two plant defensins against C. albicans  

Growth inhibition of C. albicans DAY185 in the presence of 2.5 μM NaD1 only, peptide only and NaD1 

and peptide combined for (A) DmAMP1 and (C) NaD2 at multiple concentrations. Data are relative to a 

no-protein control. Data are a representative example from three independent experiments. Error bars 

represent standard deviation from two replicates. Synergy between the peptides and NaD1 was calculated 

using Limpel’s formula and is shown for various concentrations of (B) DmAMP1 and (D) NaD2. 

Concentrations of peptide that produced high or very high synergy with NaD1 are shaded in grey.  

The expected and observed inhibitions are also shown. 
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2.3.8.3 Synergy of NaD1 with two human antifungal peptides against C. albicans 

NaD1 was tested for synergy with the human antifungal peptides hβD2 and histatin 5 

against the human pathogen C. albicans. According to Limpel’s formula, NaD1 at 2.5 µM 

produced high synergy values with 2 µM and 4 µM histatin 5 (Figure 2.30A and B).  

NaD1 at 2.5 µM was also highly synergistic with 0.625, 1.25 and 2.5 µM of human defensin 

hβD2 (Figure 2.30C and D).  
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Figure 2.30 Synergy between NaD1 and two human AFPs against C. albicans  

Growth inhibition of C. albicans DAY185 in the presence of 2.5 μM NaD1 only, peptide only and NaD1 

and peptide combined for (A) histatin 5 and (C) hβD2 at multiple concentrations. Data are relative to a  

no-protein control. Data are a representative example from three independent experiments. Error bars 

represent standard deviation from two replicates. Synergy between the peptides and NaD1 was calculated 

using Limpel’s formula and is shown for various concentrations of (B) histatin 5 and (D) hβD2. 

Concentrations of peptide that produced high or very high synergy with NaD1 are shaded in grey.  

The expected and observed inhibitions are also shown. 
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2.3.8.4 Synergy between NaD1 and the chemical fungicide amphotericin B against  

C. albicans 

Lastly, NaD1 was tested for synergy with an antifungal chemical that is currently in use in 

the clinic. The chemical fungicide amphotericin B was tested at various concentrations in 

combination with 1.25 μM NaD1 against the pathogen C. albicans. Synergy was observed 

when C. albicans was treated with the combination of amphotericin B and NaD1.  

However, only low and medium synergy values were obtained (at 0.25 µg/mL and  

0.5 µg/mL, respectively) (Figure 2.31). 

 

 

 

 

Figure 2.31 Synergy between NaD1 and amphotericin B against C. albicans 

(A) Growth inhibition of C. albicans DAY185 in the presence of 1.25 μM NaD1 only, amphotericin B only 

and NaD1 and amphotericin B combined at multiple concentrations. Data are relative to a no-protein 

control. Data are a representative example from three independent experiments. Error bars represent 

standard deviation from two replicates. (B) Synergy between amphotericin B and NaD1 was calculated 

using Limpel’s formula and is shown for various concentrations of amphotericin B. Concentrations of 

amphotericin B that produced high or very high synergy with NaD1 are shaded in grey. The expected and 

observed inhibitions are also shown. 
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2.4 Discussion 

In this study I wanted to evaluate the potential of NaD1’s use as a therapeutic treatment for 

human fungal disease. The first step in doing so was to investigate NaD1’s antifungal 

activity against human fungal pathogens. NaD1 was initially reported to have activity 

against several filamentous plant pathogens. At this time it was also reported that NaD1 

had little activity against the yeast C. albicans and Saccharomyces cerevisiae, although it 

was active against the filamentous species Aspergillus nidulans (van der Weerden et al., 

2008). Considering that the yeast species were resistant, but filamentous pathogens were 

sensitive to NaD1, it was questioned whether NaD1 acts specifically on filamentous fungi. 

Some AFPs have been reported to have preferential activity for one fungal morphology 

over the other. For example, cathelicidin peptides (including BMAP-27 and BMAP-28, 

protegrin 1 and indolicidin) have activity against yeast but greatly reduced antifungal 

activity against filamentous fungi (Benincasa et al., 2006). For this reason, both filamentous 

and yeast pathogens of humans were tested for sensitivity to NaD1.  

 

The growth media and starting cell density used in inhibition assays have a marked effect 

on antifungal activity. All subsequent fungal inhibition assays were performed with half-

strength PDB, a medium that is regularly used for growth of plant fungal pathogens, so a 

better comparison could be made between the activity of NaD1 against filamentous plant 

and human pathogens.  Starting cell densities were chosen that were consistent with those 

used in previously published studies for each pathogen. For example, the filamentous 

Aspergillus species were tested at 5×104 spores/mL, to be consistent with our already 

published method for filamentous plant pathogens.  

 

C. albicans was retested with this new method and NaD1 had activity against this pathogen 

with an IC50 of 2.3 μM (Figure 2.7). I have also recently reported that NaD1 is active against 

the yeast S. cerevisiae (Hayes et al., 2013). It is possible that the difference in NaD1’s 

inhibitory activity in YPD and half-strength PDB is due to the increased growth rate in 

YPD. If cells multiply faster, the number of cells that replicate before succumbing to 

NaD1’s effects may increase and continue to increase exponentially over following 

generations. Conversely, the slower growth in half-strength PDB could mean that are less 

likely to replicate before coming in contact with NaD1 and will not be able to continue 

contributing to the following generations.  In half-strength PDB medium the doubling time 

of C. albicans cells was approximately 2 h (Figure 2.8). This was slightly slower than the 
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1.5 h doubling time observed when C. albicans cells were grown in YPD with uridine 

(Nobile & Mitchell, 2009). Considering that C. albicans cell death was observed within 15 

min of NaD1 treatment in survival assays (Figure 2.9), this hypothesis is unlikely.  

Instead, a component of YPD media may reduce NaD1’s ability to inhibit fungal growth.  

 

As well as C. albicans, I also tested the ability of NaD1 to inhibit human pathogens in the 

Cryptococcus and Aspergillus genera. NaD1 inhibited the growth of all the Cryptococcus 

strains, as well as A. niger and A. paraciticus (Section 2.3.7). However, the A. flavus strains 

were not inhibited by NaD1 at the tested concentrations. In contrast, the peptides Bac2a 

and HXP4 inhibited the growth of these NaD1 resistant strains (Figure 2.19).  

 

Bac2a and HXP4, as well as the pore forming peptides CP29 and BMAP-28, were also 

tested against the other human fungal pathogens (peptides reviewed in Section 2.1).  

The peptides, except BMAP-28, have not been well characterised for their activity against 

fungi. They were chosen to represent a range of antifungal mechanisms. The purpose of 

screening many peptides, particularly those with differing mechanisms, is for selection of 

peptides for combinatorial use. Peptides with differing mechanisms may prove to be 

effective in synergy and may help reduce the possibility of resistance occurring to a 

particular mechanism.  

 

Bac2a consistently had the best antifungal activity against the tested pathogens, with the 

exception of C. neoformans H99, which was considerably more resistant to Bac2a than any 

of the other C. neoformans strains (Figure 2.16). Bac2a was also significantly more 

effective than its parent peptide, bactenecin, against all the tested pathogens (Section 2.3.7).  

That is, removal of the disulphide bond to create a linear peptide produces a better 

antifungal molecule. This is unusual, as removing the disulphide bond and structure usually 

abolishes antimicrobial activity of peptides, including NaD1 (Tamamura et al., 1993; van 

der Weerden et al., 2008).  

 

NaD1 was generally the second most effective peptide against Cryptococcus yeast strains, 

with the exception of C. neoformans JEC21 and H99 to which HXP4 was the most effective 

(Section 2.3.7.1). These peptides had the same activity against the yeast C. albicans  

(Figure 2.10). These results were interesting, considering HXP4 is more active than NaD1 

against filamentous plant pathogens in the Fusarium genus (personal communication, Dr 

Nicole van der Weerden, La Trobe University) and also against the filamentous strains 
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tested in this study (except A. niger 5181) (Section 2.3.7.2). HXP4 may be a better 

antifungal peptide than NaD1 against filamentous pathogens, but not yeast. If this is true, 

it may be due to differences in targets on the cell surface. Yeast and hyphal cell walls have 

different compositions (Bartnicki-Garcia, 1968; Bowman & Free, 2006). If HXP4’s target 

on the cell wall is in lower abundance in yeast, this could result in decreased HXP4 binding 

and lower susceptibility. However, a much larger screen of yeast and filamentous pathogens 

would be required to confirm this. Alternatively, other differences in the mechanisms of 

action of NaD1 and HXP4 could also contribute to this.  

 

The linear peptides, CP29 and BMAP-28, were active against the C. neoformans strains 

(although less than bactenecin, Bac2a, NaD1 or HXP4) but had little or no activity against 

C. gattii and Aspergillus (with the exception of A. paraciticus 4469 which was significantly 

more sensitive to all peptides tested) (Section 2.3.7). CP29 also displayed activity against 

C. albicans, although less so than NaD1 and Bac2a (Figure 2.10). In contrast, BMAP-28 

was the least active of the peptides against C. albicans (Figure 2.10). This is consistent with 

the report that BMAP-28 was generally less active against C. albicans strains than  

17 C. neoformans strains tested (Benincasa et al., 2006). Also consistent with this thesis, 

Benincasa and co-workers found BMAP-28 had low activity against filamentous 

pathogens, including species of Aspergillus (Benincasa et al., 2006). However, there were 

two exceptions, A. paraciticus 4469 and also A. niger 5181, which were inhibited by this 

peptide (Section 2.3.7.2).  
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In general, the Aspergillus species were the most resistant to the antimicrobial peptides. 

However, NaD1 has previously been reported to have activity against A. nidulans with an 

IC50 of 0.8 μM (van der Weerden et al., 2008). The A. paraciticus 4469 strain was also 

significantly more sensitive to NaD1 and the other antimicrobial peptides. This variance 

between activities against pathogens in the same genus may present an obstacle in treatment 

of disease, as the species and even strain may need to be identified to make an informed 

decision on the best course of treatment.  

 

I was also interested in investigating the ability of NaD1 to act in synergy with other 

antimicrobial peptides. Synergy is when the combined activity of two peptides is greater 

than that expected from addition of their individual activities. Exploiting this synergistic 

activity may allow great reductions in the concentrations of peptides required to inhibit 

fungal pathogens. By choosing peptides with differing mechanisms of action, it may also 

be possible to reduce the emergence of resistant strains. NaD1 was tested in synergy with 

Bac2a and bactenecin and two protease inhibitors NaCys2 and bovine pancreatic trypsin 

inhibitor (BPTI) against Cryptococcus species, Aspergillus species and C. albicans. NaD1 

was used for synergy assays, rather than HXP4, as native NaD1 could be readily purified 

from flowers in the quantities required, whereas production of HXP4 was much more time 

consuming and yields were low. Protease inhibitors increase the activity of NaD1 against 

the plant pathogen F. graminearum (McKenna, 2012). One possible explanation for this 

effect is that NaD1 treatment makes the cell surface of fungi more permeable to other 

peptides which can than enter the cells and aid in inhibiting growth. This has been shown 

for the protease inhibitor NaCys1, where confocal microscopy was used to monitor uptake 

of fluorescently tagged NaCys1 with and without NaD1 treatment. NaCys1 entered  the 

cytoplasm of F. graminearum hyphae only in the presence of NaD1 (McKenna, 2012). 

Protease inhibitors are expressed in plants as part of the defence mechanism against insects 

and fungi (Stevens et al., 2012; Walling, 2009). NaCys2 is a cysteine protease inhibitor 

(cystatin) from N. alata and is one of four similar cystatins from this plant species.  

NaCys2 had the best synergy with NaD1 against F. graminearum in comparison to NaCys1, 

3 or 4 (McKenna, 2012). BPTI is a highly stable peptide with trypsin, chymotrypsin and 

serine protease inhibitory activity (Ascenzi et al., 2003). This mammalian peptide has 

synergistic activity with NaD1 against F. graminearum (McKenna, 2012) and can itself 

inhibit the growth of C. albicans (Bleackley et al., 2014a). 
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The molecular basis for the synergy between the cystatins and NaD1 has not been 

elucidated. Bleackley and co-workers (2014a) recently reported that BPTI inhibits Mg2+ 

uptake by interacting with the plasma membrane magnesium transporter, Alr1p. Treatment 

of S. cerevisiae with BPTI and a well characterised magnesium channel inhibitor, 

hexamine(III)cobalt chloride, results in growth arrest, with fewer cells in S-phase and an 

increased number of cells in G0/G1 and G2 phases. One hypothesis for the mechanism of 

synergy between NaD1 and BPTI involves NaD1 interacting with a cell surface target that 

is more abundant during G0/G1 and G2 phases of the cell cycle.  However, NaD1’s activity 

at different stages of the cell cycle still needs to be assessed. 

 

All four of the tested peptides (Bac2a, bactenecin, BPTI and NaCys2) were synergistic with 

1 μM NaD1 at various concentrations against C. gattii R265 and C. albicans (Section 2.3.8). 

The peptides and protease inhibitors were tested against two Aspergillus pathogens, one 

which was more sensitive to NaD1 (A. niger 5181) and one which was more resistant to 

NaD1 (A. flavus 5310). The four peptides were synergistic with NaD1 at varying 

concentrations against A. niger 5181 (Figure 2.23, Figure 2.25). Bac2a, BPTI and NaCys2 

were also synergistic with NaD1 against A. flavus 5310 (Figure 2.24, Figure 2.26).  

 

NaD1 was also tested in synergy with the plant defensins DmAMP1 and NaD2.  

DmAMP1 was synergistic with 2.5 µM NaD1 at 0.625 µM and NaD2 was synergistic with 

2.5 µM NaD2 at various concentrations. Interestingly, NaD1 and NaD2 are both expressed 

in the flowers of N. alata (Dracatos et al., 2013). Perhaps N. alata expresses two different 

defensins in its flowers to produce a synergistic effect directly in this tissue. The expression 

of more than one defensin or antifungal molecule would also broaden the range of fungal 

pathogens affected. NaD1 was also synergistic with human peptides histatin 5 and hβD2. 

Histatin 5 is produced in saliva (Oppenheirn et al., 1988), whereas HβD2 is secreted from 

epithelial cells in the lung and thymus upon fungal infection (Alekseeva et al., 2009).  

If NaD1 was to be used therapeutically in a human system, there is the possibility that its 

antifungal activity could be greatly increased by the expression of the naturally occurring 

human antifungal peptides in the infected tissues.  
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The cause of synergy between NaD1 and the various antimicrobial peptides still needs to 

be elucidated. Perhaps synergy is observed when peptides with different mechanisms of 

action are combined. Many aspects of DmAMP1’s and NaD1’s mechanism of action are 

different (Table 0.1). For example, DmAMP1 binds mannosyldiinositolphosphoryl-

ceramide(M(IP)2C) (Thevissen et al., 2004), while NaD1 binds phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2) (Poon et al., 2014). In contrast, histatin 5 binds to the heat shock 

proteins, Ssa1/2, on the cell wall and is internalised into the cytoplasm by the Dur3p and 

Dur31p polyamine transporters (Kumar et al., 2011; Li et al., 2003; Puri & Edgerton, 2014). 

Bac2a and NaD1 both permeabilise the membrane and enter into the cytoplasm of Fov 

hyphae (van der Weerden et al., 2010). Presumably their target on the cell wall and 

mechanism inside the cell are different. More research is required to clarify how synergy 

occurs.  

 

After confirming that NaD1 inhibits the growth of a number of human fungal pathogens 

and can also act in synergy with protease inhibitors and AMPs (including the naturally 

occurring human AMPs histatin 5 and hβD2), I examined whether NaD1’s activity against 

yeast pathogens is fungicidal or fungistatic (i.e. that NaD1 kills fungal cells rather than just 

inhibiting their growth). Fungicidal activity would be better suited for therapeutic use, as 

the pathogens are killed and cannot overcome the antifungal treatment. To determine this, 

yeast survival assays were performed.  In these assays, rather than starting with a small 

number of cells and monitoring the ability of the cells to grow over a 24 h period, a large 

number of cells were treated with NaD1 for a short time and the numbers of viable cells 

after treatment were counted. This assay was used to demonstrate that NaD1 is a fungicidal 

peptide. At an OD600 of 1.0, 50% of cells were killed by a concentration of 10 μM NaD1  

(Figure 2.9). The ability of NaD1 to kill C. albicans cells is consistent with earlier results 

of van der Weerden and co-workers (2010), who demonstrated that Fov is killed by NaD1 

with 50% survival at approximately 2.5 μM (shown using an MTT cell viability assay). 

The increased NaD1 concentration required to kill 50% of C. albicans cells in the survival 

assays, compared to the IC50 of 2.3 μM in inhibition assays, was due to an increase in 

starting cell density used at the start of the experiment (5000 cells/mL in inhibition assays 

versus an OD600 of 1.0, or approximately 1.5 × 107 cells/mL, in survival assays). 

Interestingly, the amount of cell death did not alter significantly after the 15 min, 30 min 

or 60 min time points (Figure 2.9). This indicates that the majority of NaD1’s activity had 

occurred within 15 min.  
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I was also interested in determining whether other aspects of NaD1’s activity are consistent 

across yeast and filamentous fungi, including the kinetics of membrane permeabilisation 

by NaD1 and the reduction of activity in the presence of divalent cations. In the kinetic 

assays, membrane permeabilisation was monitored using the fluorescent molecule SYTOX 

green. This molecule is not membrane permeable so only enters cells after disruption of the 

plasma membrane. When it enters the cell, it binds to nucleic acids and fluoresces. In a 

permeabilisation kinetics assay with Fov, a lag phase of 15 min preceded NaD1 induced 

permeabilisation (van der Weerden et al., 2010). Against C. albicans the fluorescent 

intensity only began to increase significantly after 40 min (Figure 2.13). Considering that 

in survival assays cell death occurred in 15 min, this indicates that the permeabilisation 

observed may not contribute to cell death, but may instead be a secondary effect that occurs 

after NaD1 has interacted with its target in the cytoplasm. In contrast, CP29 and BMAP-28 

rapidly permeabilise the membrane of both C. albicans and Fov (Figure 2.13 and van der 

Weerden et al., 2010). The ability of divalent cations to block NaD1 activity is also 

consistent between Fov and C. albicans. Both Mg2+ and Ca2+ were able to stop NaD1 

induced killing of C. albicans, although Ca2+ was able to block killing at lower 

concentrations. Mg2+ completely rescued the C. albicans cells at 10 mM, while Ca2+ could 

do so at 1 mM (Figure 2.12). This has also been observed in Fov, where Ca2+ abolished 

NaD1 activity at a 20-fold lower concentration than Mg2+ (van der Weerden, 2007).  

This discrepancy indicates that it is not simply a charge effect. Instead it could be similar 

to the effect of CaCl2 (or MgCl2 at higher concentrations) on histatin 5 activity. Addition of 

CaCl2 (or MgCl2 to a lesser degree) reduced binding of fluorescently labelled histatin 5 to 

C. albicans cells and also reduced ATP release from cells (Dong et al., 2003). Perhaps 

addition of divalent cations blocks interaction of NaD1 with its target on the cell surface. 

  

If NaD1 is to be used for the treatment of human pathogens it must retain activity under 

physiological conditions. There was no difference between NaD1 activity when fungal 

inhibition assays were conducted at 30°C or 37°C (Figure 2.11). In the presence of 

untreated serum, the IC50 of NaD1 doubled, although the activity still remained in the low 

micro-molar range (Figure 2.14). This reduction in activity may be due to charge.  

Half-strength PDB has a pH of about 5.0 and addition of serum increases this pH to about 

7.0 (data not shown). At pH 7.0, NaD1 is less positively charged than at pH 5.0 (NaD1 has 

a theoretical isoelectric point of 9.08, calculated using ProtParam), which could contribute 

to the reduction in antifungal activity. In addition, C. albicans DAY185 appeared to grow 

better in the presence of serum (the optical density reached by C. albicans was greater in 
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the presence of serum, data not shown) which could mean that the cells are growing quickly, 

reducing the effectiveness of NaD1 as observed in the fungal inhibition assays conducted 

in YPD medium. The activity of Bac2a remained the same in serum, while CP29 activity 

increased. However, CP29 antifungal activity also increased in the presence of BSA (Figure 

2.15), indicating that the increase in activity with serum may be due to the serum reducing 

the adhesion of CP29 to the plastic of the microtitre plate in which the experiments were 

conducted. Interestingly, the activity of NaD1 was reduced even further when the serum 

was heat inactivated (Figure 2.14). There is a possibility that this is due to the heat 

inactivation of other molecules in the serum, such as protease inhibitors, that could be 

acting synergistically with NaD1 to increase antifungal activity.  

 
Overall, the hypothesis that NaD1 only acts on filamentous species has been disproved.  

As well as plant pathogens, NaD1 has activity against several human pathogens, including 

filamentous and yeast species. Indeed, NaD1 may be more active against Cryptococcus 

yeast species than the plant pathogen Fov, given that NaD1 has an IC50 of 1 μM against Fov 

(when tested with a starting cell density of 5 × 104 spores/mL) (van der Weerden et al., 

2008) and an IC50 of 0.91 μM against C. neoformans JEC20 (despite a greater starting cell 

density of 1.5 × 106 cells/mL). Additionally, NaD1’s activity is retained under 

physiological conditions and could be greatly enhanced by combination with other 

antifungal molecules. Furthermore, C. albicans is a good model for investigating the 

mechanism of NaD1, as many of the important features of activity (including 

permeabilisation and inhibition by Ca2+) are conserved between Fov and C. albicans.  

 

In this Chapter I revealed that NaD1 kills C. albicans cells. Many aspects of NaD1’s 

mechanism was also found to be conserved in C. albicans and Fov. For example, NaD1’s 

ability to permeabilise the membrane and the reduction of NaD1’s activity in the presence 

of divalent cations. Another important aspect of NaD1’s mechanism against Fov is its 

uptake into the cytoplasm. Thus, in Chapter 3, I examine how NaD1 gains access to the 

cytoplasm of fungal cells.  
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3.1 Introduction 

NaD1’s mechanism of action requires passage through the plasma membrane into the 

cytoplasm of Fusarium hyphae. This hypothesis was based on the observation that 

fluorescently labelled NaD1 enters Fusarium oxysporum f. sp. vasinfectum (Fov) hyphae, 

NaD1 was visualised in the cytoplasm in immuno-gold labelling experiments and NaD1 

could be detected in cytoplasmic fractions after treatment of cells (van der Weerden et al., 

2008).  

 

However, the mechanism by which NaD1 gains access to the cytoplasm has not been 

elucidated. Potential methods of uptake are discussed below. 

 

3.1.1 Endocytosis 

Endocytosis is a process by which cells internalise extracellular material. This occurs 

through invagination of the plasma membrane and formation of intracellular vesicles.  

In mammalian cells two forms of endocytosis exist: phagocytosis and pinocytosis. 

Phagocytosis is performed by specialised cells, such as macrophages, which engulf large 

particles like bacteria. The second form of endocytosis, pinocytosis, can be further divided 

into categories such as macropinocytosis, clathrin-mediated endocytosis (CME), caveolin-

dependent and clathrin/caveolin independent endocytosis (Conner & Schmid, 2003; 

Doherty & McMahon, 2009). Pinocytosis is also shared by other eukaryotic organisms 

including yeast. The most well understood form of pinocytosis is clathrin-meditated 

endocytosis. During this process, three heavy clathrin subunits and three light clathrin 

subunits assemble at the plasma membrane, forming clathrin coated pits. Other endocytic 

machinery is then recruited and membrane invaginations form and eventually pinch off to 

create clathrin coated vesicles (Reviewed in Conner & Schmid, 2003; Geli & Riezman, 

1998). In Saccharomyces cerevisiae, clathrin is not required for invagination, but is needed 

for recruitment of the endocytic machinery (Kaksonen et al., 2005). This process is energy 

dependent. In the absence of ATP, molecules are sequestered into invaginated pits, but do 

not form vesicles, as the scission internalisation step is ATP dependent (Geli & Riezman, 

1998; Schmid & Smythe, 1991). In mammalian cells, the GTPase dynamin is also important 

for this process. Dynamin localises to the neck of membrane invaginations and is involved 

in constriction and scission of the membrane (Conner & Schmid, 2003; Geli & Riezman, 

1998; Sever et al., 2000). Dynamin is also involved in phagocytosis and clathrin-
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independent endocytosis (Conner & Schmid, 2003). However, in S. cerevisiae dynamin 

does not have a direct role in internalisation (Kaksonen et al., 2006).  

 

Researchers working with yeast have also highlighted the importance of actin in CME. 

Actin polymerisation begins when the clathrin coat and membrane begin to invaginate and 

ends when scission has occurred (Kaksonen et al., 2006). Disruption of actin 

polymerisation in S. cerevisiae using the inhibitor latrunculin A, which prevents actin 

assembly into filaments, blocks endocytosis (Figure 3.1) (Ayscough et al., 1997; Dutta & 

Donaldson, 2012). Similarly, actin mutants are unable to internalise the α-pheromone 

mating receptor Ste2 by endocytosis (Kubler & Riezman, 1993). However, actin does not 

seem to be essential for endocytosis in mammalian cells (Conner & Schmid, 2003; 

Kaksonen et al., 2006). Although in mammals actin polymerisation is required for the 

formation of membrane protrusions in macropinocytosis (Conner & Schmid, 2003; Dutta 

& Donaldson, 2012). 

 

Once internalised, endocytic vesicles deliver molecules to endosomes. Cargo can be 

recycled back to the plasma membrane by early endosomes, as occurs with receptors, or 

directed to the trans-Golgi network (TGN) or sorted to late endosomes for transport to the 

lysosome (mammalian cells) or vacuole (fungi) for degradation (Bonifacino & Rojas, 2006; 

Geli & Riezman, 1998; Saksena et al., 2007). Sorting and trafficking of endosomes requires 

the ESCRT (endosomal sorting complexes required for transport) machinery.  

ESCRT complexes also control formation of late endosomes or multivesicular bodies 

(MVBs) (Henne et al., 2011; Saksena et al., 2007). Deletion of yeast genes encoding 

components of this pathway, termed vacuolar protein sorting (VPS) genes, results in 

mislocalisation of cargo (Saksena et al., 2007). The movement of endosomes and 

lysosomes in mammalian cells requires microtubules. Depolymerisation of microtubules 

using nocodazole, blocks movement of endosomes and lysosomes and also stops cargo 

transfer between early and late endosomes (Figure 3.1) (Apodaca, 2001; Matteoni & Kreis, 

1987). 
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Various cellular inhibitors have been employed to study different aspects of endocytosis 

and protein transport. As mentioned previously, latrunculin A inhibits formation of actin 

filaments, which in turn blocks most forms of endocytosis (Ayscough et al., 1997; Dutta & 

Donaldson, 2012). The microtubule polymerisation inhibitor nocodazole, as mentioned 

above, blocks movement of endosomes and transfer of molecules to late endosomes 

(Apodaca, 2001; Matteoni & Kreis, 1987). Transfer from endosomes to and from the TGN 

(termed retrograde and anterograde transport, respectively) can be blocked by the inhibitor 

brefeldin A (Figure 3.1). Brefeldin A induces deformation of the protein transport network, 

by fusing the Golgi to the endoplasmic reticulum (ER) and to early endosomes (Lippincott-

Schwartz et al., 1991; Wood et al., 1991). The target of brefeldin A in mammalian cells is 

a group of Sec7 GTP-exchange factors that are required for the activity of the ADP-

ribosylation factor ARF1, which recruits coat proteins to membranes. ARF1 controls 

recruitment of the coatomer COPI and the clathrin adapter protein AP-1 to the trans-Golgi 

membrane (Jackson & Casanova, 2000; Nebenführ et al., 2002; Scales et al., 2000). 

Treatment with brefeldin A blocks the action of several toxins, including ricin, shiga toxin 

and pertussis toxin, which require retrograde transport to the Golgi to exert their effects (el 

Baya et al., 1997; Sandvig et al., 2002; Xu & Barbieri, 1995). 

 

Inhibitors which effect endocytosis and protein transport were selected to further 

characterise NaD1’s mechanism of uptake into cells (Figure 3.1).  
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Figure 3.1 Inhibitors of endocytosis and protein trafficking 

Latrunculin A affects endocytosis by preventing actin assembly. CCCP perturbs the mitochondrial and 

plasma membranes by inhibiting oxidative phosphorylation. Nocodazole and brefeldin A both affect 

internal protein transport. Nocodazole blocks microtubule polymerisation and brefeldin A deforms the 

trans-Golgi network and endoplasmic reticulum. 
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3.1.2 Polyamine transporters 

Polyamine transporters are another route for entry of molecules into cells.  

These transporters internalise polyamines (putrescine, spermidine and spermine) which are 

involved in many cellular functions including protein synthesis and control of gene 

expression (Childs et al., 2003; Igarashi & Kashiwagi, 2010). They are members of the 

ABC (ATP binding cassette) transporter family which require energy for transport (Igarashi 

& Kashiwagi, 1999).  

 

Polyamine transporters have been associated with uptake of cationic peptides. For example, 

the human antifungal peptide, histatin 5, enters Candida albicans cells via the polyamine 

transporters Dur3p and Dur31p. Deletion of these transporters reduced histatin 5 antifungal 

activity. In addition, when the polyamines spermidine or spermine were added along with 

histatin 5, cells were more resistant to the peptide. Furthermore, spermidine reduced uptake 

of FITC labelled histatin 5 into C. albicans (Kumar et al., 2011). More recently, Tati and 

co-workers reported that expression of Dur3p and Dur31p in resistant Candida glabrata 

strains render them sensitive to histatin 5 (Tati et al., 2013).  

 

Histatin 5 uptake into C. albicans is also reduced after treatment with the inhibitor carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP) (Jang et al., 2010). CCCP is an uncoupler of 

oxidative phosphorylation. It depolarises mitochondrial and plasma membranes and blocks 

mitochondrial ATP synthesis (Figure 3.1) (Heytler & Prichard, 1962; Mohr & Fewtrell, 

1987). Thus, CCCP may inactivate the polyamine transporter which requires ATP to 

function. In confirmation of this, CCCP also blocks the uptake of spermidine into  

C. albicans cells (Kumar et al., 2011).  
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3.1.3 Passive transport  

Passive transport is another mode of entry for molecules into cells. This is the mechanism 

by which some cell-penetrating peptides (CPPs) access the cytoplasm. These peptides are 

small (less than 30 amino acids long) and positively charged (Deshayes et al., 2005).  

The process these peptides employ to enter cells is debated. For example, some CPPs which 

were originally hypothesised to enter through receptor and energy independent 

mechanisms, are now thought to enter via endocytosis (Heitz et al., 2009; Lindgren & 

Langel, 2011). In contrast, other peptides are thought to enter through transient pores or by 

direct penetration driven by the membrane potential (Deshayes et al., 2005; Lindgren & 

Langel, 2011). Molecules which enter by direct penetration have a positive charge that 

allows interaction with negatively charged phospholipid headgroups (Deshayes et al., 

2005). For the transient pore model, it is hypothesised that charged side chains insert into 

the membrane and initiate the formation of a pore, which allows translocation into the cell. 

Using molecular dynamics simulations with the HIV cell-penetrating peptide Tat, Herce 

and Garcia (2007) proposed that at high peptide concentrations the arginine residues of the 

peptide insert into the bilayer due to attraction to the phosphate groups on the inner leaflet. 

The cell membrane repair mechanisms can then mend and mask the damage, and stop 

leakage of intracellular molecules (Herce & Garcia, 2007; Lindgren & Langel, 2011; Palm-

Apergi et al., 2009).   

 

An example of a CPP that has been proposed to act in an energy independent mechanism 

is the synthetic peptide transportan. This peptide is a 27 residue variant of the peptide 

galparan which was derived by fusing the neuropeptide galanin with a wasp venom peptide 

called mastoparan (Lindgren et al., 2004). Passage of this peptide across the plasma 

membrane and entry into the cytoplasm is not inhibited by low temperatures (4°C) nor is it 

blocked by phenylarsine oxide, an inhibitor of clathrin-mediated endocytosis, phagocytosis 

and macropinocytosis (Dutta & Donaldson, 2012; Lindgren et al., 2004). This peptide is 

thus presumed to enter through direct penetration, rather than endocytosis (Deshayes et al., 

2005).  

 

Although NaD1 is larger than known CPPs, it does have the characteristic positive charge 

of this peptide family. Also, CPPs can facilitate the entry of much larger proteins.  

For example, transportan (2.8 kDa) linked to GFP or avidin (27 kDa and 66 kDa, 

respectively) is still internalised (along with its linked cargo) into cells (Pooga et al., 2001), 

indicating that this pathway is not size limited.  
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The proposal that some antimicrobial peptides transit the plasma membrane and act within 

the cytoplasm is not novel. Several antifungal peptides travel to specific areas of the cell. 

For example, histatin 5 was co-located with MitoTracker orange in mitochondria of  

C. albicans (Helmerhorst et al., 1999). In another example, the plant defensin Psd1 from 

Pisum sativum co-localises with the nuclear stain DAPI in F. solani hyphae. A yeast two-

hybrid experiment also identified cyclin F as a possible binding partner of Psd1 in the 

nucleus. Furthermore, analysis of the DNA content of N. crassa conidia after Psd1 

treatment indicated that cell cycles had been impaired (Lobo et al., 2007). 

 

This Chapter will focus on the mechanism of uptake of NaD1 into fungal cells using  

C. albicans as a model organism. Uptake of fluorescently labelled NaD1 into yeast cells 

was monitored by confocal microscopy, to confirm that the three step mechanism of uptake 

observed in filamentous fungi (cell surface binding, membrane disruption and uptake) was 

conserved in C. albicans. The method of uptake of NaD1 into the cytoplasm of C. albicans 

cells was also investigated using the inhibitors, CCCP and latrunculin A as well as  

S. cerevisiae endocytosis mutants. The involvement of internal protein transport machinery 

was tested using the inhibitors brefeldin A and nocodazole and C. albicans strains with 

deletions of various components of the ESCRT pathway.  
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3.2 Materials and Methods 

3.2.1 BODIPY-labelling of NaD1  

Proteins were labelled on the C-terminus with a BODIPY fluorescent tag as described in 

van der Weerden et al. (2010). Protein (approximately 2.5 mg in 360 µL milliQ water) was 

mixed with 40 µL of 1 M MES buffer, pH 4.5 prior to addition of 1.5 mg of 4,4-difluoro-

5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionyl ethylenediamine (BODIPY-FL-

EDA, Life Technologies) dissolved in 100 µL of 0.1 M MES buffer (pH 4.5) and EDC  

(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, 40 µL of a 20 mg/mL stock in 0.1 M 

MES buffer pH 4.5, Sigma). The mixture was incubated at room temperature in the dark 

for 2 - 3 h before precipitated protein was removed by centrifugation at 13,000 rpm for  

10 min. Excess BODIPY-FL-EDA and EDC was removed from the supernatant using a 

3000 MWCO Vivaspin 500 column (Sartorius) spun at 13,000 rpm for 5 min.  

The centrifugation step was repeated until flow through was clear (with addition of extra 

milliQ water after each spin). The flow through from the last wash and the labelled peptide 

were placed in storage at 4°C. 

 

A small amount of BODIPY-NaD1 was purified further using RP-HPLC (1200 series 

HPLC, ZORBAX 300SB-C8 column, flow rate 3 ml/min, Agilent Technologies) with a  

40 min linear gradient of 0–100% Buffer B (60% acetonitrile, 0.089% trifluroacetic acid). 

Eluted protein was lyophilised and dissolved in milliQ water. The protein concentration 

was then determined by BCA protein assay (Pierce) and the protein was stored at 4°C.  

The BODIPY labelled NaD1 was tested for its ability to inhibit the growth of  

F. graminearum (see Section 3.2.2). 

 

3.2.2 Fungal growth inhibition assays 

Growth inhibition assays were performed essentially as described in Broekaert et al. (1990). 

For F. graminearum assays, fungus was grown on half-strength potato dextrose agar (PDA, 

Becton Dickson) for 14 days before spores were collected by flooding plates with 10 mL 

of half-strength potato dextrose broth (PDB, Becton Dickinson). Spores were filtered 

through Miracloth (Merck Millipore), counted using a haemocytometer and diluted to  

5 × 104 spores/mL in half-strength PDB. A 5× stock of the test protein was serially diluted 

(two-fold), to a final volume of 20 µL and in triplicate, into the wells of a 96 well microtitre 

plate (Greiner) by a TECAN Evo100 liquid handling robot. Diluted spores (80 L) were 
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added to the wells of the microtitre plate. Hyphal growth from spores was monitored by 

measuring absorbance at 595 nm, in a SpectraMAX M5 plate reader (Molecular Devices), 

using the 9 well-scan. Measurements were taken before and after 24 h incubation at 25°C.  

 

For antifungal assays in the presence of cellular inhibitors, C. albicans DAY185 cells were 

grown overnight in yeast peptone dextrose medium (YPD, 3 mL, 30°C, 250 rpm). The cells 

from overnight cultures were then counted with a haemocytometer and diluted to  

5000 cells/mL with half-strength PDB.  Each inhibitor was serially diluted (two-fold) down 

a 96 well microtitre plate (Greiner) to leave a final volume of 10 μL in each well. The top 

(final) concentration of each inhibitor was: 40 μM Brefeldin A (Sigma), 20 μM Nocodazole 

(Sigma) or 20 μM latrunculin A (AdipoGen). A no-inhibitor control was also included. 

NaD1 (in MilliQ H20, 10 μL, 25 µM) was then added to each well to a final concentration 

of 2.5 μM followed by the cells (80 μL) and an overnight incubation at 30°C. Growth was 

monitored by measuring absorbance at 595 nm in a SpectraMAX M5 plate reader 

(Molecular Devices).  

 

For growth inhibition assays with S. cerevisiae mutants, strains were obtained from the 

Yeast MATa collection (Thermo Scientific). Each strain was grown overnight in YPD 

(30°C, 250 rpm) and then diluted to an OD600 of 0.01 with half-strength PDB.  

NaD1 (20 μL) was serially diluted down a microtitre plate (Greiner) from a top final 

concentration of 10 μM. Diluted cells (80 μL) were then added and plates were incubated 

overnight at 30°C prior to measuring absorbance at 595 nm. 

 

For testing the antifungal activity of NaD1 against the C. albicans ESCRT mutants (kind 

gift from Professor Aaron Mitchell, Carnegie Mellon University), the cells were counted 

using a haemocytometer and diluted to 5000 cells/mL in half-strength PDB. Cells (80 μL) 

were added to a microtitre plate containing 20 μL of protein (serially diluted from a top 

concentration of 10 μM). OD595 measurements were taken before and after 24 h incubation 

at 30°C. 
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3.2.3 Confocal microscopy of C. albicans and Fov hyphae 

Fusarium oxysporum f. sp. vasinfectum (Fov) spores from a glycerol stock were grown in 

half-strength PDB for 48 h on a circular mixer at RT. Spores were then filtered through 

sterile Miracloth (Merck Millipore), counted with a haemocytometer and diluted to  

5 × 104 spores/mL in 10 mL of half-strength PDB in a 50 mL tube, before incubation 

overnight at RT on a circular mixer. Hyphae (200 μL) from the overnight culture were 

added to the well of an 8 well μ-slide (Ibidi) and propidium iodide (PI, 5 μM) was then 

added to the hyphae and left for 10 min, before addition of BODIPY-NaD1 (5 µM final 

concentration). Cells were monitored on a Leica TCS SP2 confocal microscope with 

excitation of BODIPY at 488 nm (Argon laser, emission detected with a long pass 515 nm 

filter) and PI at 543 nm (HeNe laser, emission detected with a long pass 590 nm filter). 

Images were analysed using the image processing software, FIJI (Schindelin et al., 2012). 

 

C. albicans cells were grown overnight in 5 mL of YPD (30°C, 250 rpm). Cells were then 

diluted in half-strength PDB to an OD600 of 0.1. Propidium iodide was added (5 μM final 

concentration) to 200 μL of cells and left for 10 min. BODIPY-NaD1 (10 μM) was then 

added and cells were monitored using a Zeiss LSM510/ConfoCor confocal. BODIPY was 

excited at 488 nm (Argon laser), and emission was detected at 505 to 530 nm.  

PI was excited at 561 nm (DPSS laser), and fluorescence was monitored at 575 to 615 nm. 

For time course experiments images were taken every 5 sec. Images were captured using 

Zen2009 (Zeiss) software and analysed using FIJI (Schindelin et al., 2012).  

 

To ensure that fluorescence in cells was due to uptake of BODIPY labelled protein and not 

free label, equal volumes of the final BODIPY wash and native unlabelled peptide (10 μM 

NaD1) were also added to the C. albicans cells and visualised.  

 

For the CCCP experiment, C. albicans cells were diluted to an OD600 of 0.1 with half-

strength PDB and 600 μL was incubated with 50 μM CCCP for 2h (30°C, 250 rpm).  

Cells were pelleted by centrifugation at 3,000 rpm for 5 min and then resuspended in  

600 μL of fresh half-strength PDB. PI (5 μM) and BODIPY-NaD1 (10 μM) were then added 

to 200 μL of cells and which were visualised on the Zeiss LSM510/ConfoCor confocal 

microscope (with lasers as described above). 
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3.2.4 Monitoring of BODIPY-NaD1 uptake into C. albicans by flow cytometry 

C. albicans DAY185 was grown overnight in 3 mL of YPD (30°C, 250 rpm).  

Cells were diluted to an OD600 of 0.2 in half-strength PDB and grown for several hours until 

they reached an OD600 of 1.0 (30°C, 250 rpm). Cells were then diluted to an OD600 of 0.1 

in half-strength PDB before 200 μL samples were withdrawn and treated with 0, 5, 10 or 

20 μM of BODIPY labelled NaD1. Cells were incubated in the dark for 30 min (250 rpm) 

before they were washed twice with PBS (by centrifugation, 2 min, 13,000 rpm) and were 

resuspended in 200 μL of PBS. Cells were analysed using a BD FACSCanto II with 

excitation at 488 nm and emission detection with a 530/30 filter. Data was analysed using 

Weasel v3.0 (Walter and Eliza Hall Institute). 

 

For monitoring the effect of CCCP on BODIPY-NaD1 uptake, cells (at an OD600 of 0.1 in 

half-strength PDB) were pre-treated for 2h (30°C, 250 rpm) with 50 μM CCCP (Sigma). 

Cells were then treated with 10 μM BODIPY-NaD1 for 15 min (30°C, 250 rpm).  

After incubation, cells were washed twice with PBS (by centrifugation at 13,000 rpm for  

2 min) and resuspended in 200 μL of PBS. Cells were then analysed using the BD 

FACSCanto II as described above. 

 

3.2.5 Confirmation of correct gene deletions in S. cerevisiae mutants 

PCR analysis was used to confirm that the correct gene had been disrupted in each of the 

S. cerevisiae deletion strains. A small amount of each mutant was scraped from a YPD plate 

and added to 200 μL of TE. Cells were then incubated at 90°C for 30 min prior to PCR.  

 

Sequences for forward primers for each mutant were obtained from the Saccharomyces 

Gene Deletion Project (http://www-sequence.stanford.edu/group/yeast_deletion_project 

/downloads.html#strainsavail). The forward (Fw) primer was designed to start 

amplification 200 – 400 bp upstream of the start codon in the 5’ untranslated region (UTR). 

The kanB primer (CTGCAGCGAGGAGCCGTAAT) amplified from the KanMX4 module 

which was inserted into the genes of interest (Figure 3.2). 
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Figure 3.2 PCR with kanB primer 

KanB, as well as a forward (Fw) primer for the gene of interest, were used in a PCR with genomic DNA 

from the deletion mutants to check for insertion of the KanMX4 module into the correct gene. 

 

 

Treated cells (3 μL) were added to 12.5 μL of 2× GoTaq master mix (Promega), primers  

(1 μL of 10 μM Fw and kanB) and water, to a total volume of 30 μL. The PCR conditions 

were 94°C for 3 min, 30 cycles of 94°C for 1 min, 51°C for 1 min and 72°C for 1 min, 

followed by 72°C for 7 min. PCR products were separated on a 1% agarose gel. 
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3.3 Results  

3.3.1 Antifungal activity of BODIPY-labelled NaD1 

Fluorescently labelled NaD1 was produced to determine whether the uptake of NaD1 that 

had been reported for Fov (van der Weerden et al., 2010; van der Weerden et al., 2008) also 

occurs in the human pathogen C. albicans. The antifungal activity of BODIPY-NaD1 was 

tested to ensure that the fluorescent tag on the C-terminus had not impaired the activity of 

NaD1. The IC50 of the labelled NaD1 was the same as the native protein when tested against 

F. graminearum (Figure 3.3).  

 

 

 

 

Figure 3.3 The effect of BODIPY-labelled NaD1 on fungal growth 

Various concentrations of NaD1 and BODIPY-labelled NaD1 were tested against the plant fungal pathogen 

F. graminearum. Hyphal growth is relative to a no-protein control. Data are from one experiment. Error 

bars represent SD (n=3). 
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3.3.2 Uptake of NaD1 into Fusarium oxysporum f. sp. vasinfectum hyphae  

To confirm that the newly labelled BODIPY-NaD1 was internalised into the cytoplasm in 

the same manner as previously reported, the BODIPY-NaD1 was tested against Fov hyphae 

and monitored on the confocal microscope. After 10 min exposure to the BODIPY-NaD1 

some, but not all, of the cells in the hyphae had NaD1 in the cytoplasm (Figure 3.4).  

These cells had also taken up propidium iodide (PI) and had a granular appearance.  

PI is impermeable and only fluoresces when bound to DNA, making it a marker of cell 

disruption and viability. Neighbouring cells had NaD1 on the cell surface and appeared 

viable. That is, the cytoplasm had not become granulated and PI had not entered.  

 

 

 

 

Figure 3.4 NaD1 binds to the cell surface and is internalised into Fov hyphae  

Fov hypha treated with BODIPY labelled NaD1 (5 µM, 10 min) and Propidium iodide. (A) and (B) show 

BODIPY-NaD1 and PI fluorescence, respectively. A white light image and overlay are shown in (C) and 

(D), respectively. Arrows mark the area of the hypha which had internalised NaD1 and PI into the 

cytoplasm. The smaller arrow in (A) point to NaD1 on the cell surface. Scale bars = 20 μm. Images are a 

representative example of three independent experiments, which gave equivalent results. 
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3.3.3 Uptake of NaD1 into C. albicans  

C. albicans (DAY185) cells were immersed in 10 µM BODIPY-NaD1 and PI and were 

observed by confocal microscopy. No fluorescence from BODIPY-NaD1 was observed at 

time zero (data not shown). The appearance of the cells after 10 min exposure to BODIPY-

NaD1 is presented in Figure 3.5. The labelled NaD1 had accumulated on the cell surface, 

but had not entered the cytoplasm. The cells were still viable (as ascertained by the lack of 

PI staining). 

 

 

 

 

Figure 3.5 BODIPY-NaD1 accumulated on the cell surface of C. albicans cells 

C. albicans cells 10 min after treatment with 10 µM BODIPY-NaD1 and 5 µM PI. (A) BODIPY-NaD1 

fluorescence, (B) PI fluorescence and a (C) white light image are shown. Scale bars = 20 μm. Images are 

a representative example of three independent experiments, which gave equivalent results. 
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After a 15 min incubation with the 10 μM BODIPY-NaD1 and PI mixture, both the 

BODIPY-NaD1 and PI had entered into the cytoplasm of the yeast cells. Cells which had 

not taken up the BODIPY-NaD1 had not taken up PI and thus were still viable. 

Furthermore, these living cells did not have a granulated cytoplasm like the cells which had 

taken up PI (Figure 3.6).  

 

 

 

 

Figure 3.6 NaD1 uptake into C. albicans cells  

C. albicans cells 15 min after treatment with 10 µM BODIPY-NaD1 and 5 µM PI. (A) BODIPY-NaD1 

fluorescence, (B) PI fluorescence and a (C) white light image are shown. Scale bars = 10 μm. Images are 

a representative example of three independent experiments, which gave equivalent results. 
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Interestingly, BODIPY-NaD1 uptake into C. albicans cells appeared to have occurred prior 

to PI uptake. The appearance of the cells over a 7 min time course after treatment with 

BODIPY-NaD1 and PI is shown in Figure 3.7. The cell marked by an arrow in Figure 3.7, 

had accumulated BODIPY-NaD1 on the cell surface at 3 min. By 5 min, the BODIPY-

NaD1 had entered the cytoplasm but no PI uptake was observed. By 7 min, PI had begun 

to accumulate in the cytoplasm. PI uptake also followed BODIPY-NaD1 uptake in the 

surrounding cells. 

 

 

 

 

Figure 3.7 BODIPY-NaD1 uptake occurs prior to PI fluorescence 

C. albicans DAY185 was treated with 10 µM BODIPY-NaD1 and 5 µM PI with images at 2 min intervals. 

(A) White light, (B) BODIPY-NaD1 and (C) PI images are shown for each time point. The cell marked by 

a white arrow shows BODIPY-NaD1 uptake prior to PI uptake. The cells which were stained with PI in 

the first minute of the time course were not viable. Scale bars = 5 μm. Images are a representative example 

of three independent experiments, which gave equivalent results.  
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To confirm that the BODIPY fluorescence in the cytoplasm was due to entrance of NaD1 

and not due to any free BODIPY that had remained in the sample after labelling, some of 

the BODIPY-NaD1 was purified by RP-HPLC. A single peak was collected from the HPLC 

and microscopy was performed with the purified sample. As with the original  

C. albicans microscopy, all cells which had taken up PI had also accumulated BODIPY-

NaD1 in the cytoplasm (Figure 3.8).  

 

 

 

Figure 3.8 Uptake of HPLC purified BODIPY-NaD1 into C. albicans 

C. albicans cells 14 min after treatment with 10 µM of HPLC purified BODIPY-NaD1 and 5 µM PI.  

(A) BODIPY-NaD1 fluorescence, (B) PI fluorescence and a (C) white light image are shown. Scale bars = 

10 μm. Images are a representative example of three independent experiments, which gave equivalent 

results. 
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Uptake of BODIPY-NaD1 into C. albicans was also monitored using flow cytometry 

(Figure 3.9). C. albicans DAY185 cells at an OD600 of 0.1 were treated with various 

concentrations of BODIPY-NaD1. After incubation, cells were washed twice to ensure that 

any BODIPY-NaD1 which had not bound to the cell surface or entered cells had been 

removed. A concentration dependent increase in fluorescence was observed (Figure 3.9). 

As the concentration of BODIPY-NaD1 was increased there was a corresponding shift to 

the right on the flow cytometer, indicating that more cells had a higher level of fluorescence 

signal and therefore more BODIPY-NaD1 had been retained. 

 

 

 

 

Figure 3.9 BODIPY-NaD1 uptake monitored by flow cytometry 

Flow cytometry was used to observe the uptake of fluorescently labelled NaD1 (BODIPY-NaD1) into  

C. albicans. BODIPY-NaD1 was added at 5 μM (black lines), 10 μM (red lines) and 20 μM NaD1  

(blue lines) and incubated for 30 min. A no-treatment control is shown shaded in grey. Cells were then 

washed to leave only BODIPY-NaD1 that had bound to the cell surface or had entered the cells. The vertical 

and horizontal axes represent cell counts and fluorescent intensity, respectively. Data are a representative 

example of three independent experiments, which gave equivalent results. 
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3.3.4 Determination of the mechanism of NaD1 uptake into yeast cells  

Inhibitors of endocytosis (latrunculin A) and oxidative phosphorylation (CCCP) were 

tested with NaD1, to determine whether NaD1 uptake occurs through endocytosis and if 

uptake is an energy dependent process. S. cerevisiae mutants with deletions in several genes 

important for endocytosis were also tested against NaD1. These mutants had deletion of 

genes involved in actin regulation and formation of the clathrin coat (Figure 3.10). 

 

 

 

 

Figure 3.10 Uptake inhibitors and endocytosis deletion mutants 

Inhibitors of endocytosis (latrunculin A) and oxidative phosphorylation (CCCP) were tested for their ability 

to block NaD1 activity. S. cerevisiae mutants with deletion of genes involved in the clathrin coat and actin 

polymerisation were also tested for resistance to NaD1.  



   Chapter 3: Uptake of NaD1 into fungal cells 

 

111 

 

3.3.4.1 Latrunculin A  

Addition of latrunculin A reduced the ability of NaD1 to inhibit growth of C. albicans 

(Figure 3.11). Latrunculin A rescued C. albicans from NaD1 inhibition and reverted cell 

growth to the level obtained in the latrunculin A only control. 

 

 

 

 

Figure 3.11 Latrunculin A reduces the effect of NaD1 against C. albicans 

C. albicans DAY185 was treated with 20 µM latrunculin A only, 2.5 μM NaD1 only or 20 µM latrunculin 

A and 2.5 µm NaD1 in combination. Data are relative to the 20 µM latrunculin A only control. Errors bars 

represent SEM (n=3). 
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3.3.4.2 CCCP 

In initial growth inhibition assays, the uncoupler of oxidative phosphorylation, CCCP, 

killed all cells at the concentrations tested (data not shown). However, at the higher cellular 

density used in flow cytometry assays, 50 µM CCCP affected uptake of BODIPY-NaD1 

into C. albicans cells (Figure 3.12). This result was confirmed using confocal microscopy 

(Figure 3.13). Both BODIPY-NaD1 uptake and disruption of the cell membrane 

(ascertained by lack of PI fluorescence) were reduced after CCCP treatment (Figure 3.13). 

 

 

 
 

Figure 3.12 Flow cytometry monitoring BODIPY-NaD1 uptake after treatment with 

CCCP 

Flow cytometry was used to observe the uptake of fluorescently labelled NaD1 (BODIPY-NaD1) into  

C. albicans after treatment with CCCP. Cells were pre-treated with 50 µM CCCP for two hours and then 

incubated with 10 µM BODIPY-NaD1 for 15 min. Black lines are BODIPY-NaD1 (10 μM) plus inhibitor 

and shaded in grey are NaD1 only controls (10 μM NaD1, no inhibitor). A red box surrounds the peaks 

which correspond to cells which BODIPY-NaD1 had bound to the cell wall or entered. The vertical and 

horizontal axes represent cell counts and fluorescent intensity, respectively. Data are representative 

examples of three independent experiments, which gave equivalent results. 
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Figure 3.13 Confocal microscopy monitoring BODIPY-NaD1 and PI uptake after CCCP 

treatment 

Confocal microscopy was used to monitor uptake of BODIPY-NaD1 into C. albicans DAY185 after  

pre-treatment with CCCP. (i) CCCP pre-treated cells and (ii) no-inhibitor control cells were treated with 

10 μM BODIPY-NaD1 for 15 min. (A) BODIPY-NaD1 and (B) PI and (C) white light images are shown. 

Scale bars = 40 μm. Images are a representative example of three independent experiments, which gave 

equivalent results. 
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3.3.4.3 Endocytosis mutants  

Several S. cerevisiae endocytosis mutants were also screened for resistance to NaD1. These 

mutants have knockouts in genes that affect the early immobile phase  (ede1∆ and clc1∆) 

and the last mobile phase (bzz1∆) of endocytosis (Boettner et al., 2012). Deletion of the 

genes EDE1 and BZZ1 increased the tolerance of the S. cerevisiae cells to NaD1 (Figure 

3.14A). The phenotypes of both these mutants were NaD1 specific, as they were not 

resistant to the antimicrobial peptide LL-37 (Figure 3.14B). A clc1∆ mutant, which lacks 

the clathrin light chain, only differed from wildtype at the low concentration of 1.5 µM 

NaD1. All the mutants were completely inhibited by NaD1 at concentrations above 3.5 µM 

(Figure 3.14). 

 

 

 

 

Figure 3.14 The effect of NaD1 on growth of S. cerevisiae endocytosis mutants 

S. cerevisiae BY4741 (WT), ede1Δ, bzz1Δ, and clc1Δ were treated with various concentrations of  

(A) NaD1 or (B) LL-37. Data is relative to a no-protein control. Results shown are a representative example 

of three independent experiments. Error bars represent SD (n=3). 
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The S. cerevisiae endocytic mutants were confirmed by PCR using the KanB primer.  

The PCR products from clc1∆, ede1∆ and bzz1∆ matched the expected sizes of 572, 684 

and 696 bp, respectively (Figure 3.15). As expected, no amplification was observed in the 

wildtype. 

 

 

 

 

Figure 3.15 PCR check of S. cerevisiae clc1∆, ede1∆ and bzz1∆ mutants 

Amplification of genomic DNA from BY4741, clc1Δ, ede1Δ and bzz1Δ strains with KanB primer and  

clc1 Fw, ede1 Fw and bzz1 Fw primers. Bands of the expected size appeared for all the mutants.  

As expected, no amplification was observed in the wildtype (BY4741). 
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3.3.5 Investigation of the involvement of protein transport in NaD1’s activity  

Since inhibitors of endocytosis and oxidative phosphorylation reduced NaD1 activity, the 

next experiments were designed to determine whether internal protein transport is required 

for antifungal activity. Two protein transport inhibitors were tested to determine whether 

they blocked NaD1 activity in C. albicans. The two inhibitors block internal protein 

transport by inhibiting polymerisation of microtubules (nocodazole) and Golgi/ER function 

(brefeldin A).  C. albicans mutants with deletions of genes encoding several ESCRT 

components were also tested (Figure 3.16). 

 

 

 

 

Figure 3.16 Protein transport inhibitors and ESCRT machinery deletion mutants 

Two inhibitors of protein transport were tested for their ability to reduce NaD1’s antifungal activity. 

Nocodazole blocks microtubule polymerisation and brefeldin A blocks normal Golgi and ER function.  

C. albicans mutants with deletion of ESCRT machinery genes were also tested for resistance to NaD1.  
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3.3.5.1 Brefeldin A and nocodazole 

NaD1 treatment concurrently with brefeldin A or nocodazole treatment did not reduce the 

antifungal activity of NaD1 against C. albicans (Figure 3.17). The level of growth did not 

differ in the presence of nocodazole. In the presence of brefeldin A, growth inhibition 

increased.  

 

 

 

 

Figure 3.17 Brefeldin A and nocodazole do not affect the activity of NaD1 against  

C. albicans 

C. albicans DAY185 was treated with 2.5 μM NaD1 only, inhibitors only or 2.5 µM NaD1 and (A) 20 µM 

brefeldin A or (B) 20 µM nocodazole in combination. Data are relative to the inhibitor only controls.  

Errors bars represent SEM (n=3). 
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3.3.5.2 ESCRT deletion mutants 

C. albicans ESCRT mutants were also tested for sensitivity/resistance to NaD1. The growth 

of the tested mutants did not differ from wildtype when tested with NaD1 (Figure 3.18). 

Disruption of the correct genes in these mutants had been verified previously by Dr Mark 

Bleackley (La Trobe University) using PCR. 

 

 

 

 

Figure 3.18 The effect of NaD1 on the growth of C. albicans ESCRT mutants  

C. albicans DAY286 (WT), (A) vps2Δ, (B) vps23Δ, (C) vps24Δ, (D) vps28Δ, (E) vps36Δ, (F) snf7Δ and 

(G) bro1Δ were treated with various concentrations of NaD1. Data is relative to a no-protein control and 

are from three independent experiments. Error bars represent SEM (n=4). (H) IC50 ± standard deviation of 

C. albicans ESCRT mutants treated with NaD1 (n=4). No values were significantly different from wild-

type (p>0.05). 
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3.4 Discussion 

The overall aim of this Chapter was to determine how NaD1 crosses the plasma membrane 

and enters the cytoplasm of fungal cells. This follows on from observations by van der 

Weerden et al., who used various procedures, such as monitoring uptake of fluorescently 

tagged NaD1, immunogold electron microscopy and fractionation of cells, to demonstrate 

that NaD1 enters the cytoplasm of Fov hyphae (van der Weerden et al., 2008). In this study, 

uptake of BODIPY-NaD1 into Fov hyphae was confirmed. The uptake of NaD1 was 

accompanied by PI uptake and cell death within 10 min for some hyphae. The observation 

that NaD1 entered the cytoplasm and killed cells led to the question of whether NaD1 had 

only entered the cell after disruption of the plasma membrane and cell death had occurred 

or whether cell death occurred after NaD1 had entered the cell and interacted with an 

intracellular target. To address this, experiments were conducted in the yeast C. albicans, 

which was more amenable to time lapse microscopy experiments on the confocal 

microscope. 

 

A time course experiment with C. albicans revealed that BODIPY-NaD1 uptake occurred 

prior to PI fluorescence. First, BODIPY-NaD1 accumulated on the cell surface of yeast 

cells. After further incubation, BODIPY-NaD1 began to enter into the cytoplasm of the 

cells. At this time, no PI fluorescence was observable in the cell. As BODIPY-NaD1 

continued to accumulate in the cytoplasm, PI fluorescence was finally apparent. Thus, it is 

likely that disruption of the cell surface and cell death occurs after NaD1 internalisation. 

However, there is also the possibility that BODIPY-NaD1 uptake occurs faster than PI 

uptake, as PI has to reach and bind to DNA before fluorescing.  

 

Having demonstrated that NaD1 enters the cytoplasm, and most likely does so prior to 

disruption of the plasma membrane, this led to the question of how NaD1 passes through 

the plasma membrane. Treatment with the endocytosis inhibitor latrunculin A, which 

blocks formation of actin filaments, reduced NaD1 activity in growth inhibition assays  

(Figure 3.11). In agreement with this, deletion of ede1 or bzz1 in S. cerevisiae rendered the 

yeast less sensitive to NaD1 treatment. The EDE1 gene is involved in early immobile phase 

of clathrin mediated endocytosis (CME), and deletion of this gene results in defects in 

endocytosis and minor alteration to the actin cytoskeleton (Boettner et al., 2012; Gagny et 

al., 2000). Bzz1 is involved in the mobile phase of endocytosis and is required for actin 

polymerisation (Boettner et al., 2012; Galletta et al., 2010). Deletion of the S. cerevisiae 
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clathrin light chain (clc1∆) did not affect NaD1 activity to the same degree as ede1 and 

bzz1 deletion (Figure 3.14). However, deletion of clc1∆ resulted in a decreased growth 

phenotype (Silveira et al., 1990), which made comparisons difficult. Further study is 

required, including testing a clathrin heavy chain deletion mutant, to determine whether 

NaD1 uptake is clathrin dependent. In contrast, these mutants were not resistant to LL-37.  

In support of this data, Ordonez and co-workers (2014) reported that azide has no effect on 

LL-37 antifungal activity. Together with the Scede1 and Scbzz1 data, this indicates that  

LL-37’s mechanism of action does not involve internalisation by endocytosis. A Small 

amount of LL-37 is internalised into C. albicans cells after treatment, but this is likely to 

occur though an energy independent process, and is not believed to be part of LL-37’s 

primary mechanism. Instead, it is hypothesised that cell death occurs through direct 

membrane permeabilisation (Den Hertog et al., 2005; Ordonez et al., 2014). 

 

Interestingly, binding of LL-37 to actin was recently reported to protect LL-37 from 

degradation by bacterial proteases. In antibacterial assays with exogenous proteases,  

LL-37 activity was reduced. However, antibacterial activity was restored if actin filaments 

were also added (Sol et al., 2014). As ede1∆ and bzz1∆ mutants were not resistant to  

LL-37, this indicates that resistance of these mutants to NaD1 was due to disruptions to 

endocytosis rather mere blockage of actin polymerisation.  

 

In further support of endocytosis as the mechanism of NaD1’s uptake, NaD1 internalisation 

appeared energy dependent. NaD1 uptake was reduced after addition of CCCP, an 

uncoupler of oxidative phosphorylation (Figure 3.12, Figure 3.13). In addition, NaD1’s 

antifungal activity was reduced on S. cerevisiae rho0 (petite) mutants, which have reduced 

mitochondrial function  (Hayes et al., 2013).  

 

However, CCCP has multiple cellar effects and as such could decrease the activity of NaD1 

through mechanisms aside from decreasing energy available for endocytosis. For example, 

CCCP reduces the activity and blocks uptake of the human antifungal peptide histatin 5. 

Mitochondrial petite mutants are also resistant to histatin 5 (Gyurko et al., 2000; Jang et al., 

2010). Two distinct mechanisms of uptake have been observed for this peptide.  

The first involves histatin 5 translocation to the cytoplasm by the Dur3p and Dur31p 

polyamine transporters (Jang et al., 2010; Kumar et al., 2011). The second involves 

endocytic uptake and sequestration into the vacuole (Jang et al., 2010). Cells eventually 

undergo vacuolar expansion and cell death. However, as deletion of genes important for 
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endocytosis or treatment with latrunculin A does not make cells more sensitive to  

histatin 5, vacuolar expansion is a secondary effect that does not contribute to toxicity (Jang 

et al., 2010). In this case, CCCP induced resistance is due to the blockage of energy 

dependent uptake through polyamine transporters. CCCP treated cells have reduced 

cytosolic histatin 5 and  spermidine uptake was also blocked by the inhibitor (Jang et al., 

2010).  

 

Polyamine transporters were also examined as a possible method of uptake for NaD1. 

Deletion of the polyamine transport regulator Agp2, reduces of the antifungal activity of 

several cationic peptides, including NaD1, hβD2, CP29, BMAP-28 and Bac2a (Bleackley 

et al., 2014b). Agp2 regulates the expression of many genes, including the polyamine 

transporters Dur3 and Sam3 (Aouida et al., 2013). Both the antifungal activity and uptake 

of NaD1 is reduced in agp2∆ mutants and addition of spermidine protects against NaD1 

induced membrane permeabilisation (Bleackley et al., 2014b). However, deletion of the 

polyamine transporters themselves (sam3∆, dur3∆ and sam3∆dur3∆) does not affect NaD1 

activity. This indicates that NaD1 and the other cationic peptides are not internalised by a 

polyamine transporter, but that a reduction in spermidine uptake results in accumulation of 

positively charged polyamines at the membrane, which in turn blocks access of positively 

charged antimicrobial peptides (Bleackley et al., 2014b). 

 

NaD1 could also potentially cross the membrane through a non-endocytic process that is 

dependent on membrane permeabilisation or direct penetration of the membrane. However, 

when combined with the data demonstrating that mutants defective in endocytosis have 

increased tolerance to NaD1, it is most likely that the decreased uptake of, and subsequent 

resistance to, NaD1 observed in CCCP treated cells was due to less energy being available 

to drive the endocytic process. 

 

Similar to NaD1, the Penicillium antimicrobial peptide PAF also appears to be internalised 

by endocytosis. An inhibitor of actin polymerisation similar to latrunculin A, called 

latrunculin B, blocked PAF internalisation into Aspergillus nidulans hyphae (Oberparleiter 

et al., 2003). Also, PAF did not enter cells in the presence of CCCP and uptake of PAF was 

blocked at 4°C. Collectively, this data indicates that endocytosis is the mechanism of uptake 

(Oberparleiter et al., 2003).  
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However, NaD1 itself may not be internalised by endocytosis, but rather a target of NaD1 

on the plasma membrane requires turnover or regulation by endocytosis. This occurs with 

the ether-phospholipid edelfosine in S. cerevisiae. Edelfosine is internalised into  

S. cerevisiae cells, but not through endocytosis, and its uptake is not required for toxicity. 

Instead, edelfosine works by inducing endocytic uptake of the plasma membrane H+ pump 

Pma1p, which is transported to the vacuole for degradation. Treatment of endocytosis 

mutants with edelfosine resulted in a reduction in antifungal activity, despite the fact that 

edelfosine uptake was not reduced in these mutants. Instead, blocking endocytosis reduced 

antifungal activity by stopping internalisation of Pma1p (Cuesta-Marbán et al., 2013).  

In addition, mutants with deletion of genes encoding proteins required for protein recycling 

and transport, including ESCRT complexes, resulted in resistance to edelfosine. However, 

uptake and transport of edelfosine to the ER in these mutants was not altered. Resistance 

was attributed to higher levels of Pma1p in the membrane as a result of decreased protein 

turnover in the membranes of these mutants (Cuesta-Marbán et al., 2013). As mutants in 

the ESCRT pathway are not resistant to NaD1 we can eliminate increased presence of a 

target protein in the membrane as a mechanism for resistance in endocytosis mutants. 

 

Having established that NaD1 is likely to gain access to the cytoplasm by endocytosis,  

I wanted to address the question of whether NaD1 is trafficked throughout the cell by 

endosomal vesicles, like pertussis, ricin and shiga toxins which require retrograde transport 

to the Golgi for activity (el Baya et al., 1997; Sandvig et al., 2002). Brefeldin A, which 

inhibits retrograde transport by deforming the protein transport network (Lippincott-

Schwartz et al., 1991; Wood et al., 1991), and nocodazole, an inhibitor of microtubule 

polymerisation, did not affect NaD1 activity against C. albicans cells (Figure 3.17).  

Similarly, mutants with deletion of ESCRT complex components, which are responsible 

for endosome sorting and production of multivesicular bodies (MVBs) (Henne et al., 2011; 

Saksena et al., 2007), were not hypersensitive or resistant to NaD1 (Figure 3.18), indicating 

that retrograde transport is not essential for NaD1’s activity and cell wall repair 

mechanisms are not likely to be required to tolerate NaD1’s activity.   
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Endocytosis may not be the only mechanism by which NaD1 enters into cells. At high 

NaD1 concentrations a second mechanism of entry may be involved in uptake.  

The S. cerevisiae endocytosis mutants were less sensitive to NaD1 at concentrations below 

2.5 µM (Figure 3.14). However, above 3.5 µM NaD1, the bzz1 and ede1 deletion mutants 

were completely inhibited, suggesting that endocytosis may no longer be required for NaD1 

activity at these higher concentrations. Perhaps high NaD1 concentrations directly damage 

the plasma membrane leading to cell death. A similar mechanism may occur with  

histatin 5 at high concentrations. In energy depleted cells with increased cell wall 

accumulation of histatin 5, cell death occurs through direct interaction with the membrane. 

Thus, it has been proposed that histatin 5 causes membrane permeabilisation and lysis at 

higher concentrations (Jang et al., 2010). However, endocytosis is not completely absent in 

these mutants, only decreased. At high NaD1 concentrations, the limited amount of 

endocytosis occurring may still be sufficient to internalise a lethal concentration of NaD1.  

 

In this Chapter I showed that NaD1 is internalised into C. albicans cells and this uptake is 

likely to occur prior to disruption of the cell surface and cell death. I also showed that NaD1 

uptake is an energy dependent process, most likely endocytosis. A summary of cellular 

components essential for NaD1 activity is shown in Figure 3.19. 

 

Since NaD1 is internalised, we have hypothesised that NaD1 has an intracellular target.  

If an intracellular target could be identified, this would support the hypothesis that NaD1 

needs to be internalised for its antifungal activity to occur. In the following Chapter, I 

describe a screen of a C. albicans deletion mutants, performed to gain further insight into 

NaD1’s mechanism of action and to potentially identify an intracellular target. 
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Figure 3.19 Yeast components essential for NaD1 internalisation 

Mutants or inhibitors that disrupt ATP production in the mitochondria (or plasma membrane potential) and 

actin polymerisation reduce NaD1’s antifungal activity (in red). Inhibitors that disrupt endosomal sorting 

trafficking do not affect NaD1 activity.  
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Mechanism of action of NaD1 against 

Candida albicans 
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4.1 Introduction 

 
As discussed in the Introduction to this thesis, the mechanism of action of NaD1 against 

filamentous fungi involves a three step process which includes interaction with a 

component of the cell wall, passage through the plasma membrane and entrance into the 

cytoplasm (van der Weerden et al., 2008). However, many details of this process are 

unknown. Chapter 2 has a description of the cytotoxic effect of NaD1 on Candida albicans 

and in Chapter 3 I showed that NaD1’s antifungal activity is likely to require internalisation 

and interaction with an intracellular target. In order to gain further insight into the 

mechanism of NaD1, I employed the advanced genetics and tools that are available for 

yeast species, but not filamentous fungi. Deletion libraries, for example, are a powerful tool 

for gaining knowledge of biological mechanisms as they allow experimentation of altered 

phenotype after disruption of single genes. Yeast are particularly suited for construction of 

deletion libraries as directed disruptions are possible. 

 

The deletion libraries used in these studies were constructed in C. albicans by the Mitchell 

laboratory (Blankenship et al., 2010; Nobile & Mitchell, 2005; Norice et al., 2007) and 

were obtained from the Fungal Genetic Stock Center.  The three libraries included deletions 

in genes required for cell wall biosynthesis and cell wall structure, as well as genes 

encoding kinases and transcription factors. The protein kinase deletion library was 

constructed for examination of signal transduction pathways, particularly those related to 

cell wall regulation. The genes that were deleted represent a spectrum of signalling 

pathways (Blankenship et al., 2010). The transcription factor library was originally 

constructed for an investigation of biofilm formation and contains deletions in putative 

transcription factor genes (Nobile & Mitchell, 2005). The cell wall deletion library was also 

constructed for the study of biofilm formation and consists of  deletions in genes predicted 

to encode cell wall proteins or proteins required for cell wall synthesis (Norice et al., 2007). 

These libraries did not contain deletions in all genes required for these processes and 

deletions in essential genes were not included. Nevertheless, screening of these libraries 

was expected to give some insight into the target or mechanism of NaD1.  
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Most of the gene deletions were constructed by transposon insertion. As C. albicans is 

diploid, production of homozygous deletions required two rounds of disruption to knockout 

both alleles of the gene (Enloe et al., 2000; Hernday et al., 2010). The transposon insertion 

mutants were created using the UAU1 cassette method in the BWP17 strain (which is an 

arg4, ura3 and his1 auxotroph). This method is unique in that only a single transformation 

is required to yield homozygous deletions. The procedure utilises a transposon (Tn7) that 

is linked to a UAU1 (ura3-ARG4-ura3) cassette. The full gene of interest is cloned from  

C. albicans and the Tn7-UAU1 cassette is inserted into the open reading frame (ORF).  

The ORF containing the Tn7-UAU1 cassette is then transformed into the BWP17 strain 

where it is inserted into the gene of interest to produce a heterozygous mutant (Blankenship 

et al., 2010; Enloe et al., 2000; Nobile & Mitchell, 2009; Norice et al., 2007). This UAU1 

cassette contains functional ARG4 and two halves of non-functional URA3 which share 

some homologous sequence allowing for excision of ARG4 and recombination of an intact 

URA3 gene. During the first allele disruption, the transposon and UAU1 cassette are 

inserted into the gene of interest. As the UAU1 cassette contains a functional ARG4, 

transformed strains can be selected on arginine deficient medium. The yeast can then 

become homozygous for the UAU1 cassette through gene conversion or spontaneous 

mitotic recombination events. Some of the homozygous transformants will recombine the 

URA3 marker, excising ARG4, resulting in an ARG4+, URA3+ phenotype. Homozygous 

mutants are then selectable on arginine and uracil deficient medium (Figure 4.1) (Enloe et 

al., 2000; Nobile & Mitchell, 2009). 

 

Some mutants were also constructed using two rounds of transformation. In this method 

the URA3 and ARG4 selectable markers are flanked by 100 bp of DNA that is homologous 

to the 3’ untranslated region (UTR) and 5’ UTR of the gene of interest. After the first 

transformation the URA3 marker is inserted by homologous recombination leading to 

removal of the first allele of the gene of interest. A second transformation with the ARG4 

marker then replaces the second allele (Figure 4.2) (Hernday et al., 2010).  
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Figure 4.1  Transposon insertion method of gene deletion used to construct  

C. albicans homozygous deletion mutants 

The Tn7 transposon and UAU1 cassette are inserted into the ORF of interest using transposon mutagenesis. 

The ORF-UAU1-Tn7 is then transformed into C. albicans. The 1st allele is replaced by the insert containing 

the intact ARG4 gene and two inactive halves of URA3. Resulting colonies are ARG4+, ura3-. 

Homozygotes are produced by spontaneous recombination events which result in an intact URA3 gene. 

Homozygous deletion colonies are ARG4+, URA3+.  
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Figure 4.2 Homologous recombination method of gene deletion used to construct  

C. albicans homozygous deletion mutants 

Selectable markers are flanked by regions homologous to the 5’ and 3’ UTR of the gene of interest.  

The URA3 gene is first inserted into the gene of interest by homologous recombination. A second round of 

homologous recombination is used to insert the ARG4 marker into the second allele.  
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The cell wall and kinase libraries contain two independent deletion mutants for each gene 

of interest. This gives increased confidence in positive hits if both independent copies share 

the same phenotype. The libraries were screened for both sensitivity and resistance to 

NaD1. Resistant mutants would most likely have disruptions of genes which are targets for 

NaD1 and required for its antifungal activity. Sensitive mutants are likely to be disrupted 

in genes that serve as tolerance mechanisms for survival of the yeast after NaD1 exposure. 

 

Although the libraries contain only a small subset of non-essential genes, these libraries 

were still able to give interesting information about the interaction between NaD1 and the 

fungal cell. Most of the work described in this Chapter has been published in Hayes et al, 

(2013) (Appendix AI). 
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4.2 Materials and Methods 

4.2.1 C. albicans deletion library screen 

C. albicans homozygous transposon deletion libraries were prepared by the Mitchell 

laboratory (Blankenship et al., 2010; Nobile & Mitchell, 2005; Norice et al., 2007) and 

were obtained from the Fungal Genetic Stock Center.  These libraries were constructed by 

transposon insertion into the BWP17 strain background (ura3::imm434/ura3::imm434 

iro1/iro1::imm434 his1::hisG/his1::hisG arg4/arg4), resulting in homozygous  mutations. 

The libraries were obtained in 96 well microtitre plates and were stored in 20% glycerol. 

Plates were duplicated using an Agilent Bravo robot. C. albicans mutants (5 µL) were 

inoculated into 100 µL of fresh yeast peptone dextrose (YPD, in microtitre plates) and 

grown overnight, at 30°C with shaking. Overnight cultures were then diluted 1/20,000 in 

100 μL half-strength potato dextrose broth (PDB, approximately 5000 cells/mL) containing 

NaD1. NaD1 was added to the wells at a final concentration of 2 µM or 5 µM (Figure 4.3). 

These concentrations were selected because they were slightly lower and greater than the 

IC50 of NaD1 (2.3 μM, Chapter 2). Plates were incubated for 24 h at 30°C and growth was 

monitored by measuring OD at 595 nm using a SpectraMAX M5e plate reader (Molecular 

Devices). For mutant screening, the wildtype strain was DAY286 (ARG4+, URA3+, his1-) 

(Davis et al., 2002). Growth of mutants in the presence of NaD1 was compared to no-

protein controls. The screen was repeated three times. An OD595 of 0.1 was used as a cut-

off value when selecting sensitive and resistant mutants. To confirm hits, IC50 values were 

obtained using fungal inhibition assays as described in Section 2.2.5. 
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Figure 4.3 Sample preparation for C. albicans library screens 

Microtitre plates containing C. albicans mutants were duplicated using an Agilent Bravo robot, diluted 

1/20,000 into ½ PDB and containing NaD1.  
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4.2.2 Complementation of C. albicans HOG1 and PBS2 genes 

4.2.2.1 Genomic DNA extraction from C. albicans  

C. albicans genomic DNA was extracted using a method modified from Biss et al. (2014). 

C. albicans (BWP17) cells from overnight cultures (5 mL, 50 mL tubes) were pelleted by 

centrifugation (4000 rpm, 5 min). The cells were disrupted by addition of 200 μL of buffer 

A (2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8), 

200 μL phenol: chloroform: isoamyl alcohol (25:24:1) and 200 μL of glass beads (180 μm, 

Sigma) followed three 1 min cycles in a bead-beater (placed on ice for 1 min between each 

run). TE buffer (200 μL, 10 mM Tris-HCl pH 8.0, 0.1 mM EDTA) was then added and the 

samples were centrifuged for 5 min at 10,000 × g. The supernatant was removed, added to 

1 mL of 100% ethanol (RT) and mixed by inversion. Samples were spun for 2 min at 4,000 

× g and the DNA pellet was resuspended in of 400 μL TE. Ammonium acetate (10 μL,  

4 M) and 1 mL of 100% ethanol were then added and mixed by inversion. The samples 

were centrifuged again at 4,000 × g (2 min), the supernatant was removed and the pellet 

was air dried and resuspended in 50 μL TE. 

 

4.2.2.2 Cloning of PBS2 and HOG1 genes from C. albicans 

PBS2 and HOG1 genes were amplified from genomic DNA (from Section 4.2.2.1).  

For amplification of each gene, the forward primer (Fw) was designed to begin 

amplification 1000 bp upstream of the starting ATG (within the 5’ untranslated region 

[UTR]). The reverse primer (Rv) was designed 500 bp downstream of the STOP codon  

(in the 3’ UTR). Each primer also contained 40 bp from the multiple cloning site (MCS) of 

the pDDB78 vector (underlined sequence). 

 

 

For amplification of the PBS2 gene, the following primers were used:  

Fw: TTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTTAAAACA 

GTTTCTAAATAGTCTG and Rv: TCGACCATATGGGAGAGCTCCCAACGCGTT 

GGATGCATAGGTCGAATTAATTAGACGTGATT.  
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The following primers were used for the amplification of the HOG1 gene:  

Fw: TTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTCTTAAAGA 

TTCATCCAATGATGG and Rv: TCGACCATATGGGAGAGCTCCCAACGCGTTG 

GATGCATAGCAGAAGACAATCTTTTGAACTAT.  

 

 

PCR was performed using Expand High Fidelity Polymerase (Roche). Expand Polymerase 

(1 µL) was added to 1 µL of genomic DNA, along with 0.5 μL 25 mM dNTPs, 3 μL  

25 mM MgCl2, 5 μL Expand buffer (10×) and primers (1 μL of Fw and Rv), to a total 

volume of 50µL.  

 

The PCR conditions were 94°C for 3 min, 35 cycles of 94°C for 45 sec, 50-55°C for 30 sec 

(50°C HOG1, 55°C PBS2) and 68°C for 4 min, followed by 68°C for 7 min. The PCR 

product (5 µL) was then examined by electrophoresis on a 1% agarose gel to check for 

successful amplification of the genes. 

 

4.2.2.3 Preparation of linearised pDDB78 vector for insertion of HOG1 and PBS2 PCR 

products 

The pDDB78 vector (2-3 µg) was digested with NotI (Promega) and EcoRI (Promega).  

The digestion was performed in a final volume of 50 μL, which included 1 μL of both NotI 

and EcoRI, 5 μL of 10× buffer H (Promega), 5 μL of 10× BSA and pDDB78.  

After overnight incubation at 37°C, 5 µL was run on a 1% agarose gel to check for 

successful digestion. 
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4.2.2.4 Transformation of PCR product and digested pDDB78 into S. cerevisiae 

BY4741∆trp  

Linearised pDDB78 (Section 4.2.2.3) and the HOG1 and PBS2 PCR products  

(Section 4.2.2.2) were transformed into Saccharomyces cerevisiae for circularisation and 

homologous recombination. A 5 mL culture of BY4741∆trp was grown overnight in YPD 

at 30°C. From this culture, 500 µL was transferred to a microfuge tube (per transformation) 

and spun at 3000 rpm for 5 min. The supernatant was discarded and then 45 µL of the 

amplified HOG1 and PBS2 DNA, 12 µL of linearised pDDB78 and 10 µL of calf thymus 

DNA (pre-heated to 95°C for 10 min) was added. The tube was vortexed briefly and then 

500 µL PLATE (40 % PEG, 0.1 M LiOAc, 1x TE) was added. Cells were left stationary at 

30°C overnight. The following day cells were spun at 3000 rpm for 5 min and the pellet 

was washed with 1 mL of milliQ water. The cells were then resuspended in 100 µL of 

milliQ water and spread onto tryptophan dropout plates (see Appendix AII). Plates were 

incubated at 30°C for 3 days. 

 

4.2.2.5 Miniprep to isolate pDDB78-PBS2 and pDDB79-HOG1 plasmids from 

BY4741∆trp 

Colonies were selected from tryptophan dropout plates (Section 4.2.2.4) and grown in  

10 mL of minus tryptophan medium at 30°C overnight. Plasmid DNA was isolated using 

the Qiagen ‘QiaPrep’ kit. The manufacturer’s method was altered to include a bead-beater 

step. In brief, after addition of buffer P2 (Qiagen), 250 µL of glass beads (180 μm, Sigma) 

were added. The tube was placed in a bead-beater for 2 min, incubated on ice for 1 min, 

and then placed back into the bead-beater for a further 2 min. The samples were then 

incubated on ice for 5 min before plasmid DNA isolation was continued according to the 

manufacturer’s protocol. 

 

4.2.2.6 Transformation of E. coli with pDDB78-PBS2 and pDDB78-HOG1 

Plasmid DNA, isolated as described in Section 4.2.2.5, was transformed into NEB 10-beta 

Competent E. coli cells (New England Biolabs) according to the manufacturer’s protocol. 
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4.2.2.7 Plasmid purification from E. coli  

Colonies were picked, placed into 5 mL of LB ampicillin medium and grown overnight at 

37°C. Plasmid DNA was isolated from the E. coli (Section 4.2.2.6) using the Wizard Plus 

SV miniprep DNA Purification kit (Promega).  

 

4.2.2.8 Screening of pDDB78-PBS2 and pDDB78-HOG1 

Plasmids were screened for correct insertion of genes by PCR. Plasmid (1 μL from Section 

4.2.2.7) was added to 1 μL of Expand polymerase (Roche), 5 μL of 10 × Expand buffer 

(Roche), 3 μL 25 mM MgCl2, 0.5 μL 25 mM dNTPs, primers (1 μL of Fw and Rv, from 

Section 4.2.2.2) and water, to a total volume of 50 μL. The PCR conditions were 94°C for 

3 min, 30 cycles of 94°C for 45 sec, 50°C for 30 sec and 68°C for 3.5 min, followed by 

68°C for 7 min. The PCR products were separated on a 1% agarose gel. 

 

Clones identified as positive by PCR were sequenced by AGRF (Melbourne, Australia). 

Primers were designed to sequence the entire length of the PBS2 and HOG1 genes (1638 

and 1134 bp, respectively). The first forward primer (Fw1) was designed to begin 100 bp 

upstream of the starting ATG. The following forward primers were spaced every 500 bp 

throughout the genes. The reverse primer (Rv) was designed to begin amplification 200 bp 

downstream of the STOP codon. 

 

For sequencing of pDDB78-PBS2 the following primers were used:  

Fw1: GAGGGACAGCGAGAATGAAAAC,    Fw2 : CCCAAACCAAACTTGAAATT 

AAGTG, Fw3: GAGGTTCGTTGGATAGAATATTTGG, Fw4: TTAAGACCATCTT 

ACGCGGCATTAT and Rv: ATTAGTGTGATTTCTGGTGTTGGGG. 

 

HOG1 sequencing was conducted with the following primers:  

Fw1: CTGATTCAATCAAGATTCAAGTCGT, Fw2: ACATTCATTCTGCCGGTGT 

TATTC, Fw3: ACCCATCCTTATATGGAGGCAT and Rv: CATTTTACATATTCAC 

TGTTTCCCC. 
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4.2.2.9 Linearising plasmids for transformation into C. albicans 

Restriction digests were performed with NruI (New England Biolabs). Approximately  

5 µg of plasmid was digested with 2 µL of NruI, in the presence of 5 μL of 10× buffer (New 

England Biolabs) and 5 μL of 10× BSA in a total volume of 50 µL. Restriction digests were 

conducted at 37°C for 2 h. 

 

4.2.2.10   Transformation of C. albicans deletion mutants 

C. albicans transformations were performed essentially as described in Hernday et al. 

(2010). Cultures (5 mL) of C. albicans hog1Δ/hog1Δ and pbs2-/pbs2- were grown in YPD 

with 80 μg/mL uridine, overnight at 30°C, with shaking (250 rpm). The following day, a  

50 mL culture was prepared with an OD600 of 0.2 and grown for 5 h at 30°C before the cells 

were pelleted by centrifugation at 2800 rpm for 5 min. The cells were resuspended and 

washed in 50 mL of milliQ water and pelleted again at 2800 rpm for 5 min. The cell pellet 

was resuspended in 500 µL of TE/LiOAc (100 µL per transformation) and approximately 

5 µg linearised plasmid (from Section 4.2.2.9) and 10 µL of calf thymus DNA (pre-heated 

to 95°C for 10 min and cooled on ice) was added. The cells were mixed by pipetting and 

left to sit at room temperature for 30 min. After incubation 700 µL of PLATE (40% PEG, 

0.1 M LiOAc, 1x TE) was added and the cells were left to sit at room temperature overnight. 

The following day, cells were heat shocked at 44°C for 15 min and then spun down at 5000 

rpm for 1 min. The cells were washed in 1 mL of YPD, re-pelleted and the supernatant was 

discarded. The pelleted cells were resuspended in 100 µL of YPD and spread onto selective 

plates (agar deficient in uracil, arginine and histidine). The plates were then incubated for 

3 days at 30°C. 

 

4.2.3 Fungal growth inhibition assays 

Growth inhibition assays were performed essentially as described in Broekaert et al. (1990). 

C. albicans DAY185, DAY286, pbs2-/-, hog1Δ/Δ, pbs2-/- + PBS2, hog1Δ/Δ + HOG1, and 

other C. albicans strains were grown overnight at 30°C in YPD with uridine. NaD1 was 

serially diluted, to a final volume of 20 µL and each dilution was added in triplicate, into 

the wells of a 96 well microtitre plate (Greiner) by a TECAN Evo100 liquid handling robot. 

Diluted cells (80 L, 5000 cells/mL in ½ PDB) were added to the wells of the microtitre 

plate. Growth was monitored by measuring absorbance at 595 nm, in a SpectraMAX M5e 
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plate reader (Molecular Devices), using the 9 well-scan. Measurements were taken before 

and after 24 h incubation at 30°C.  

 

For ascorbate and sorbitol inhibition assays, 10 μL of protein was added to each well along 

with 10 μL of either ascorbate (50 mM) or sorbitol (500 mM). Cells (80 μL) were then 

added as described above. 

 

4.2.4 Detection of Hog1 activation by Western blot 

Western blots to detect Hog1 phosphorylation were based on a method modified from 

Alonso-Monge et al. (2003). Overnight cultures (5 mL) of C. albicans DAY185 and 

hog1Δ/Δ cells were diluted to an OD600 of 0.2 in half-strength PDB (100 mL) and grown 

for a further 5 h at 30 °C (250rpm). Cells were then diluted to an OD600 of 1.0 and 10 mL 

aliquots were treated with 10 μM NaD1, 20 μM NaD1 or 1 M NaCl for 5, 10 or 15 min. 

Cells were pelleted by centrifugation (3000 rpm, 5 min) and washed in 500 µL of cold 

MilliQ water. The cell pellets were then frozen with liquid nitrogen. Trichloroacetic acid 

(TCA, 20% w/v, 100 μL) was added to the frozen pellet, the cells were disrupted by 

vortexing in the presence of glass beads (180 μm, Sigma) and then the supernatant was 

collected. The glass beads were washed with 500 μL of 10% TCA and the supernatant was 

collected and pooled with the supernatant from the previous step. Precipitated proteins were 

pelleted by centrifugation at 14,000 rpm for 5 min and the pellet was washed with 1 mL of 

ice cold acetone. Proteins were separated on Bio-Rad AnyKD mini Tris-glycine gels and 

transferred to polyvinyl difluoride (PVDF) membranes. The membranes were probed 

overnight at 4°C with Phospho-p38 MAPK (Thr180/Tyr182) (Cell Signalling) or HOG1(y-

215) (Santa Cruz Biotechnology) antibodies that had been diluted 1/200 in 5% (w/v) skim 

milk (Diploma) in TBST (Tris-buffered saline and 0.05% Tween 20). After washing with 

TBST, the membranes were incubated overnight at 4°C with the secondary antibody (ECL 

anti-Rabbit IgG linked to horseradish peroxidise, GE Healthcare, 1/20,000 dilution in 

TBST). Proteins that bound the antibody were detected using ECL detection reagent (GE 

Healthcare) with a Bio-Rad ChemiDoc MP imaging system. Hog1 levels were quantified 

using Bio-Rad Image Lab 3.0 and levels of phosphorylated Hog1 were calculated relative 

to total Hog1 levels. 
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4.2.5 Microscopy with ROS probe DHR 123 

Reactive oxygen species were detected using dihydrorhodamine 123 (DHR 123) and a 

method modified from van der Weerden et al. (2008). Overnight cultures of C. albicans 

DAY185 (5 mL) were diluted to an OD600 of 0.1 with half-strength PDB. DHR 123 (25 μM, 

Molecular Probes) was added to 200 μL of cells and incubated for 2 h (RT, 250 rpm, in the 

dark). Propidium iodide (PI, Sigma, 5 μM) was added 10 min prior to visualisation.  

After the 10 min incubation at RT, NaD1 (10 μM) was then added and cells were visualised 

immediately using a Zeiss LSM510/ConfoCor confocal microscope with Argon and DPSS 

lasers. DHR 123 was excited at 488 nm and emitted light detected at 505-530 nm. PI was 

excited at 561 nm and emitted light was detected at 575-615 nm. Images were captured 

using Zen2009 (Zeiss) software and analysed using FIJI (Schindelin et al., 2012).  

 

4.2.6 Flow cytometry with DHR 123 and DAF-FM 

An overnight culture of C. albicans DAY185 (5 mL) was diluted to an OD600 of 0.2 in half-

strength PDB and grown for several hours until it reached an OD600 of 1.0 (30°C, 250 rpm). 

Cells were then diluted to an OD600 of 0.1 in half-strength PDB before 200 μL was treated 

with DHR 123 or DAF-FM (25 μM, in DMSO, Molecular Probes) and incubated for an 

hour at 30°C (250 rpm). NaD1 (in water) was added (at 5, 10 or 20 μM final concentration) 

15 min prior to flow cytometry. Cells were analysed using a BD FACSCanto II with 

excitation at 488 nm and emission detection with a 530/30 filter. Data was analysed using 

Weasel v3.0 (Walter and Eliza Hall Institute). 

 

4.2.7 Survival assays 

Survival assays were performed essentially as described in Section 2.2.7. For survival 

assays with sorbitol, overnight cultures of C. albicans DAY185 were diluted to an OD600 

of 0.2 in half-strength PDB and grown to an OD600 of 1.0. Cells were then pre-treated for 

an hour with 1 M sorbitol (30°C, 250 rpm) before exposure to NaD1 (at 5, 10 or 20 μM) 

for 15 min (30°C, 250 rpm). Cells were then diluted to 1/1000 or 1/10,000 in water and  

20 μL was plated onto YPD agar plates. Colonies were counted after overnight incubation 

a 30°C. Survival assays were also performed against DAY185 at OD600 of 0.1, to match the 

OD600 used in flow cytometry. 
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4.3 Results 

4.3.1 NaD1 sensitive and resistant mutants identified in the screen of the C. albicans 

deletion libraries 

The three C. albicans deletion libraries were screened for both resistance and 

hypersensitivity to NaD1. Each gene deletion in the libraries was represented by two 

independent clones. The libraries were screened three times with both 2 μM NaD1  

(to select for sensitive mutants) and 5 μM NaD1 (to select for resistant mutants).   

The distribution of mutants from these screens was constructed by plotting percentage 

growth inhibition for each mutant tested, from lowest to highest inhibition. As was expected 

for the 2 μM NaD1 screen there was a normal distribution of growth inhibition (Figure 4.4). 

At 5 μM NaD1 more mutants exhibited growth inhibition approaching 100% (Figure 4.5). 

This was expected, given that 5 μM NaD1 is above the IC50 of NaD1 (2.3 μM) against this 

pathogen. 

 

Only thirteen deletion mutants, out of a total of 436 mutants, had consistent phenotypes 

across the multiple screens of the three deletion libraries (Table 4.1). Each of these mutants 

was tested further to obtain growth curves and IC50 values (Figure 4.6 - Figure 4.8) for 

comparison against the wildtype (DAY286). 

 

 

 

 

Figure 4.4 The distribution of deletion mutants from the 2 μM NaD1 sensitivity screen 

Distribution of percentage growth inhibition for all mutants (from all three deletion libraries) screened with 

2 μM NaD1.  
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Figure 4.5 The distribution of deletion mutants from the 5 μM NaD1 resistance screen 

Distribution of percentage growth inhibition for all mutants (from all three deletion libraries) screened with 

5 μM NaD1.  

 

 

Table 4.1 The mutant hits identified in the NaD1 screen of C. albicans deletion 

libraries 

Genes deleted from mutants that were hits in two or more screens of the C. albicans deletion library. Hits 

from the resistance screen are shown in red and hits from the sensitivity screen are shown in blue. 
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Figure 4.6 The effect of NaD1 on the growth of C. albicans cell wall deletion mutants 

(A) Growth inhibition assays on cell wall deletion mutants which were hits in the C. albicans library 

screens (from Table 4.1). Two independent clones of each deletion mutant were tested and are shown 

compared to wildtype (DAY286). All data is shown relative to a no-protein control. Error bars = SEM 

(n=3). (B) Mean IC50 (μM) values ± SD for each C. albicans mutant in (A). All IC50 values highlighted in 

grey were significantly different from wildtype (p-values<0.05) when compared to wildtype using an 

independent samples t-test (using IBM SPSS Statistics, version 19). 
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Figure 4.7 The effect of NaD1 on the growth of C. albicans kinase deletion mutants  

(A)  Growth inhibition assays on kinase deletion mutants which were hits in the C. albicans library screens 

(from Table 4.1). Two independent clones of each deletion mutant were tested and are shown compared to 

wildtype (DAY286). All data is shown relative to a no-protein control. Error bars = SEM (n=3). (B) Mean 

IC50 (μM) values ± SD for each C. albicans mutant in (A). All IC50 values shaded in grey were significantly 

different from wildtype (p-values<0.05) when compared to wildtype using an independent samples t-test 

(using IBM SPSS Statistics, version 19). 
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Figure 4.8 The effect of NaD1 on the growth of C. albicans transcription factor deletion 

mutants 

(A) Growth inhibition assays on transcription factor deletion mutants which were hits in the C. albicans 

library screens (from Table 4.1). Deletion mutants are shown compared to wildtype (DAY286). These gene 

deletions were only represented by a single clone in the transcription factor deletion library. All data is 

shown relative to a no-protein control. Error bars = SEM (n=3). (B) Mean IC50 (μM) values ± SD for each 

C. albicans mutant in (A). All IC50 values shaded in grey were significantly different from wildtype (p-

values<0.05) when compared to wildtype using an independent samples t-test (using IBM SPSS Statistics, 

version 19). 

 

 

Mutants that had consistent phenotypes across both clones are listed in Table 4.2. Of these 

mutants, only one was resistant to NaD1. This unidentified ORF (orf19.6845) is a putative 

transcription factor with a bZIP DNA-binding motif. The IC50 of this mutant was 4.2 μM 

compared to 2.3 μM against the wildtype.  

 

There were also two sensitive mutants. These mutants lacked the MAPK Hog1 and its 

upstream MAPKK Pbs2. These mutants displayed IC50’s of about 1 μM compared to the 

wildtype IC50 of 2.3 μM (Table 4.2).  
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Table 4.2 Growth inhibition of mutants from the C. albicans library screens by NaD1 

IC50’s are mean ± SD from at least three independent experiments. P-values were calculated using an 

independent samples t-test (IBM SPSS Statistics v19) as compared to wildtype and are shown in brackets. 

Significant changes in IC50 values from wildtype are highlighted in grey (p<0.05). 
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4.3.2 Complementation of HOG1 and PBS2 genes 

To confirm the hypersensitivity phenotype of the hog1 and pbs2 deletion mutants, the 

HOG1 and PBS2 genes were complemented into their respective mutants. The two genes 

were amplified from wildtype C. albicans by PCR. The expected size of the amplified 

HOG1 and PBS2 DNA was 2,730 bp and 3,230 bp, respectively. Amplicons of 

approximately these sizes were observed on agarose gels after amplification with PCR 

(Figure 4.9). 

 

 

 

 

Figure 4.9 The amplification of PBS2 and HOG1 genes 

The PBS2 and HOG1 genes were amplified from C. albicans wildtype genomic DNA by PCR.  

The amplified DNA (arrowed) matched the expected size of HOG1 and PBS2, at 2,730 bp and 3,230 bp, 

respectively. 
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Amplified genes and digested pDDB78 (EcoRI/NotI) were transformed into  

S. cerevisiae BY4741Δtrp for homologous recombination. DNA from colonies (on  

tryptophan dropout medium) was then isolated and transformed into E. coli for 

amplification. The resulting DNA was subjected to PCR with the original HOG1 and PBS2 

amplification primers to screen for positive insertion of the genes into the pDDB78 vector. 

Two PBS2 transformants (PBS2-3 and PBS2-4) had amplicons of approximately 3000 bp, 

consistent with the size of the PBS2 gene (3,230 bp) and indicative of successful insertion 

of the PBS2 gene into the pDDB78 vector (Figure 4.10). One HOG1 transformant had an 

amplicon of between 2000 and 3000 bp, which was consistent with the expected size of the 

HOG1 gene (2,730 bp) and successful insertion into the pDDB78 vector (Figure 4.10). 

These plasmids were then sent for sequencing which verified that the plasmids contained 

the HOG1 and PBS2 genes, with no mutations (see Appendix AIII). PBS2-4, did have the 

PBS2 gene, but with mutations (not shown). 

 

 

 

 

Figure 4.10 Amplified DNA from the PBS2 and HOG1 transformants 

DNA from colonies which grew on tryptophan deficient selective medium were subjected to PCR using 

the original HOG1 and PBS2 primers to check for successful recombination of pDDB78 and the HOG1 

and PBS2 genes. PBS2-3, PBS2-4 and HOG1-1, but not PBS2-1 or PBS2-2, had the fragments of interest. 

Also included was the pDDB78 empty plasmid control. 
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DNA from positive clones was linearised with NruI and transformed into hog1Δ/Δ or  

pbs2-/- C. albicans cells. These C. albicans complements were then tested for susceptibility 

to NaD1 treatment. The two mutants had growth of only 20% in the presence of 1.25 μM 

NaD1 compared to the wildtype, which retained 80% growth. The complemented strains 

were not hypersensitive to NaD1 and had returned to the wildtype phenotype (Figure 4.11). 

 

 

 

 

Figure 4.11 The effect of NaD1 to growth of hog1∆ and pbs2∆ mutants and complements  

Fungal inhibition assay showing growth of C. albicans DAY185, deletion mutants and complements  

24 hours after challenge with 1.25 μM NaD1. The mutants displayed hypersensitivity to NaD1.  

The complemented strains displayed the same growth as the DAY185 wildtype. Percentage growth was 

calculated based on growth of no-protein controls. Error bars represent SEM (n=3). 
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4.3.3 Detection of Hog1 phosphorylation in response to NaD1 

To test whether NaD1 treatment causes Hog1 activation in C. albicans, antibodies to Hog1 

(for total Hog1 levels) and phosphorylated Hog1 (activated Hog1) were used.  

Hog1 phosphorylation was observed at all NaD1 concentrations and all time points tested, 

although to a lesser extent than the Hog1 phosphorylation that occurred in the 1 M NaCl 

positive control. There was no Hog1 phosphorylation in the no-treatment, negative control 

or when hog1Δ/Δ was treated with NaD1 (Figure 4.12). 

 

 

 

 

 

Figure 4.12 Hog1 is activated by NaD1 treatment 

(A) Western blots showing levels of phosphorylated Hog1 (after probing with antibodies against phospho-

p38 MAPK), against total Hog1 levels (detected with Hog1 antibody). DAY185 and hog1Δ/Δ were treated 

with 1 M NaCl and NaD1. Total Hog1 levels are shown with a black arrow. Hog1 phosphorylation was 

detected after treatment with the NaCl positive control and with 10 μM or 20 μM NaD1. No p-Hog1 was 

detected in the hog1Δ/Δ strain or in the no-treatment control. (B) Density of p-Hog1 bands from Western 

blots. Densities were normalised to total hog1 levels, and are shown relative to the 5 min, 10 μM NaD1 

treatment. 
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4.3.4 Production of reactive oxygen species 

Hog1 has a dual role in responding to oxidative and osmotic stress. To determine which of 

these stresses results in Hog1 activation after NaD1 treatment, C. albicans cells were first 

subjected to confocal microscopy and flow cytometry to examine if reactive oxygen species 

(ROS) are produced after treatment with the defensin. C. albicans cells were pre-incubated 

with propidium iodide (PI) which was used to monitor cell permeability and the fluorescent 

probe DHR 123 which was used to detect ROS production. After NaD1 treatment, ROS 

production was only detected with DHR 123 in cells that PI had also entered (Figure 4.13). 

Flow cytometry revealed that the number of ROS positive cells increased with increasing 

NaD1 concentration (Figure 4.14). In the absence of NaD1, only 1% of cells displayed 

DHR 123 fluorescence. As the NaD1 concentration was increased to 5, 10 and 20 μM, the 

number of ROS positive cells increased to 22%, 81.2% and 88.6%, respectively. Nitric 

oxide (NO) was also produced upon NaD1 treatment, with the number of NO positive cells 

increasing from 7.2% with 5 μM NaD1, to 62.9% and 88.2% with 10 μM and 20 μM NaD1 

treatment, respectively (Figure 4.14). Survival assays under the same test conditions (OD600 

of 0.1 and a 15 min NaD1 treatment) revealed that the level of cell death was consistent 

with the levels of ROS positive cells observed during flow cytometry (Figure 4.15). 

 

 

 

 

Figure 4.13 ROS production in C. albicans cells after NaD1 treatment 

ROS production in C. albicans cells 30 min after treatment with 10 µM NaD1. (A) DHR 123 fluorescence, 

(B) PI fluorescence and a (C) white light image are shown. Scale bars = 10 μm. Images are a representative 

example of three independent experiments, which gave equivalent results. 
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Figure 4.14 Flow cytometry monitoring DHR 123 and DAF-FM fluorescence after 

treatment with NaD1 

(A) Flow cytometry was used to observe the number of ROS (DHR 123) and NO (DAF-FM) positive cells 

obtained with increasing concentrations of NaD1. NaD1 was added at 5 μM (black lines), 10 μM (red lines) 

and 20 μM NaD1 (blue lines). A no-protein control is represented by grey shading. The vertical and 

horizontal axes represent cell counts and fluorescent intensity, respectively. Data are representative 

examples of three independent experiments, which gave equivalent results. (B) The percentage ROS and 

NO positive cells from the flow cytometry in (A). 
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Figure 4.15 The survival of C. albicans in the presence of various concentrations of NaD1 

Cell survival of C. albicans DAY185 treated with varying concentrations of NaD1 for 15 min, relative to 

a no-protein control. Cells were treated at an OD600 of 0.1 to match the OD600 of cells used in flow 

cytometry analysis. Error bars represent SEM (n=3). 
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4.3.5 Fungal inhibition of C. albicans by NaD1 in the presence of ascorbate 

Since ROS were produced when C. albicans was treated with NaD1, I next examined 

whether reducing the amount of ROS, by addition of the antioxidant ascorbate, could 

protect against NaD1. Inhibition of C. albicans by NaD1 was reduced when cells were co-

treated with ascorbate. The IC50 of NaD1 doubled from 2.5 μM to approximately 5 μM in 

the presence of 50 mM ascorbate (Figure 4.16). 

 

 

 

 

Figure 4.16 The effect of ascorbate on NaD1 activity against C. albicans 

C. albicans was treated with various concentrations of NaD1 in the presence or absence of 50 mM 

ascorbate. Data is shown relative to a no-NaD1, no-ascorbate control. Error bars represent SEM (n=3). 
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4.3.6 Survival of C. albicans by NaD1 in the presence of sorbitol 

To determine if NaD1 induces osmotic stress, the effect of sorbitol on NaD1 activity was 

examined. Sorbitol is an osmotic stressor. However, pre-treatment with sorbitol can also 

aid in stabilising osmotic pressure, by priming the cells for further osmotic stress.  

When C. albicans cells were treated with NaD1 concurrently with sorbitol (to induce 

osmotic stress) in growth inhibition assays, there was no effect on NaD1 activity.  

Also, sorbitol did not affect the activity of NaD1 in cell survival assays after pre-treatment 

with sorbitol (with sorbitol acting as an osmotic stabiliser) (Figure 4.17). 

 

 

 

 

Figure 4.17 The effect of sorbitol on NaD1 activity against C. albicans 

(A) C. albicans DAY185 growth inhibition assay with varying concentrations of NaD1 in the presence of 

500 mM sorbitol. Data is shown relative to a no-protein control. Error bars represent SEM (n=4).  

(B) C. albicans DAY185 survival assay after pre-treatment with 1 M sorbitol. Data is shown relative to a 

no-protein control. Error bars represent SEM (n=3). 
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4.4 Discussion 

Three C. albicans deletion libraries were screened for altered susceptibility to NaD1, with 

the aim of uncovering information about NaD1’s target(s) and mechanism of action. 

Although many hits were revealed in the screen, only three of the deletions had consistent 

phenotypes in following experiments. Two independent clones of each mutant were present 

in the libraries. No subsequent experiments were performed when the two clones behaved 

differently in response to NaD1, although it is possible that some of these were genuine 

hits. Without further study, we are unable to ascertain if the differences in sensitivity of the 

two clones were due to incorrect assignment of gene deletions. This could account for the 

low number of genes identified in the deletion library screen. We were particularly 

surprised to find no hits in the cell wall deletion library, as the cell wall has been reported 

to be important for NaD1’s activity (van der Weerden et al., 2010). NaD1’s three step mode 

of action involves binding to the cell surface, movement through the plasma membrane and 

entrance into the cytoplasm. Previous experimentation revealed that pre-treatment of Fov 

hyphae with ß-glucanase and proteinase K treatment protected Fov hyphae from NaD1. 

This led to the hypothesis that a cell wall protein was acting as a receptor for NaD1 in 

filamentous fungi (van der Weerden et al., 2010). The failure to find a hit in the cell wall 

library of C. albicans may have occurred because the library did not contain genes encoding 

all cell wall proteins. That is NaD1’s cell wall target was not present in the library. Another 

explanation is that multiple proteins are required for NaD1 interaction with the cell surface, 

and that single disruptions are not sufficient to observe a phenotypic change.  

 

Screening of the C. albicans kinase deletion libraries revealed that in the absence of the 

Hog1 MAPK, cells were more susceptible to NaD1. Both hog1Δ/Δ and pbs2-/ - deletion 

mutants were hypersensitive to NaD1 indicating that activation of the HOG pathway 

provides some protection against the toxic effects of NaD1. Confirmation of activation of 

the Hog1 pathway by NaD1 was obtained with the observation that Hog1 was 

phosphorylated in response to NaD1 treatment (Figure 4.12). The Hog1 pathway has been 

reported to function in the protection of C. albicans from two other antifungal peptides, 

histatin 5 and human beta-defensin 2 (hβD2), and is the sole stress signalling pathway that 

functions in response to these peptides (Argimon et al., 2011; Vylkova et al., 2007). 

Interestingly, C. albicans mutants with overactive Hog1 (ptc1Δ mutants) have been 

reported to be more sensitive to growth inhibition than wildtype by the plant defensin 

HsAFP1 (Aerts et al., 2011). The Ptc1 phosphatase is responsible for inactivation of the 
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Hog1 pathway through dephosphorylation of Hog1p (Aerts et al., 2011). Thus, increased 

activation of Hog1 is actually detrimental to the fungus during HsAFP1 exposure. This is 

in contrast to observations with hβD2, histatin 5 and NaD1, where Hog1 activation has a 

protective role. 

 

As the Hog1 pathway has a dual role in both osmotic and oxidative stress response,  

I examined whether NaD1 induced production of reactive oxygen species and/or osmotic 

stress in C. albicans. Histatin 5, which also causes activation of the Hog1 pathway, has 

been reported to produce a primary osmotic stress, followed by a secondary oxidative stress 

(Vylkova et al., 2007). That is, oxidative stress induced by H2O2 did not affect histatin 5 

activity, whereas pre-treatment of C. albicans with sorbitol reduced the toxicity of  

histatin 5 by preconditioning cells to osmotic stress (Vylkova et al., 2007). In contrast, 

sorbitol pre-treatment did not reduce the activity of NaD1. This indicates that, unlike 

histatin 5, Hog1 activation in response to NaD1 is not based on osmotic stress. Next, I 

questioned whether NaD1 was creating oxidative stress in cells. Cells naturally produce 

ROS at low levels to allow cells to adapt to stress by causing an increase in beneficial 

mutations. However, when ROS levels increase, it is no longer beneficial, and leads to cell 

death by damaging protein, lipids and DNA (Belenky et al., 2013; Belenky & Collins, 

2011). Several antifungal peptides increase ROS production in yeast, including the radish 

defensin RsAFP2 (Aerts et al., 2007). Our laboratory has previously reported that NaD1 

causes ROS production in the filamentous plant pathogen F. oxysporum f. sp. vasinfectum 

(Fov) (van der Weerden et al., 2008). In the current study, microscopy and flow cytometry 

with the ROS sensitive dye DHR 123 were used to confirm that NaD1 also induces ROS 

production in C. albicans.  To further prove the involvement of ROS in NaD1’s activity,  

I tested whether the antioxidant ascorbate could rescue cells from the toxic effects of NaD1. 

Ascorbate has been reported to protect C. albicans from RsAFP2 treatment (Aerts et al., 

2007). Treatment with ascorbate provided partial protection from NaD1. Treatment with 

50 mM ascorbate did not give complete resistance to NaD1, but did reduce NaD1’s 

antifungal activity two-fold. This signifies that ROS production is part of the mechanism 

of NaD1, but may not be the only process by which NaD1 brings about cell death.  

However, it is also possible that full protection was not observed because some ROS still 

remained after treatment with 50 mM ascorbate. The role of NaD1 in inducing oxidative 

stress was tested further by examining the effect of NaD1 on S. cerevisiae rho0 mutants, 

which are deficient in mitochondrial respiration. These mutants were less susceptible to 
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NaD1 treatment (Hayes et al., 2013). Overall, this means that oxidative, not osmotic stress, 

is an important feature of NaD1’s activity. 

 

Interestingly, some of the mutants which were hits in the initial library screens, but were 

disregarded because both mutant clones did not show consistent phenotypes, have been 

reported to be involved in the cell wall integrity, oxidative stress or osmotic stress 

responses. One of these mutants, the cell wall associated protein Irs4, has been reported to 

be involved in virulence and cell wall integrity in C. albicans (Badrane et al., 2005).  

C. albicans Irs4Δ mutants are hypersensitive to caspofungin treatment (Badrane et al., 

2005). In S. cerevisiae, Irs4 has been reported to negatively regulate the cell wall integrity 

pathway and to lower phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) levels by 

activation of the PI(4,5)P2 phosphatase Inp51 (Morales-Johansson et al., 2004). 

Interestingly, NaD1 binds PI(4,5)P2 and other phosphatidylinositols (Poon et al., 2014). The 

irs4 deletion mutant would have increased PI(4,5)P2 levels. It is possible that increased 

PI(4,5)P2 in the irs4 mutant could lead to increased NaD1 binding to the cells and increased 

antifungal activity (i.e. hypersensitivity in the mutant). However, when treated with NaD1 

in fungal inhibition assays, one irs4Δ clone was resistant and the other sensitive to NaD1. 

Further study and verification of the correct gene disruptions is required. Also of interest 

are the Kis1 and Ssn3 kinases. Kis1Δ mutants are reported to be hypersensitive to oxidative 

stress, osmotic stress and caspofungin, indicating roles in the oxidative and osmotic stress 

responses and maintenance of cell wall integrity (Blankenship et al., 2010). However, in 

fungal inhibition assays only one of the kis1Δ clones had increased sensitivity to NaD1. 

The sensitivity of the second clone was the same as wildtype. The ssn3Δ mutant has also 

been reported to have increased sensitivity to oxidative stress (Blankenship et al., 2010). In 

this study, one ssn3Δ clone was resistant to NaD1 treatment and the second clone behaved 

like wildtype. Thus, the clones of the kis1 and ssn3 mutants should be tested to ensure they 

have the correct gene deletions. Nevertheless, their appearance as putative hits in the three 

replicates of the kinase library screen, supports the involvement of oxidative stress in the 

mechanism of NaD1. 

 

A summary of Hog1 involvement in C. albicans tolerance to NaD1 is presented in Figure 

4.18. 
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Figure 4.18 Overview of NaD1’s mechanism against C. albicans 

NaD1 enters into C. albicans cells and induces production of reactive oxygen species. The cell activates 

the Hog1 pathway in response to this stress. 

 

 

It is becoming increasingly apparent that stress signalling pathways in fungi are important 

to the activity of many antifungal peptides. These pathways give fungi a protective response 

to many antifungal peptides. Given that, histatin 5, hβD2 and NaD1 all activate the HOG 

pathway in C. albicans it has been proposed that alteration or blocking of this stress 

response pathway may increase the toxicity of certain antifungal peptides (Argimon et al., 

2011; Vylkova et al., 2007). However, for broad plant protection it is important to 

determine whether NaD1 activates Hog1 in other fungal pathogens. If so, the HOG pathway 

would be an interesting target for future antifungal treatments and a viable option for NaD1 

combinatorial treatment on a broad-spectrum of fungal pathogens. 
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5.1 Introduction 

In Chapter 4 of this thesis, I described the role of the HOG pathway in enhancing tolerance 

of Candida albicans to NaD1. Although CaHog1 responds to both osmotic and oxidative 

stress, only oxidative stress was identified as part of NaD1’s mechanism. As well as the 

HOG pathway, several other pathways are activated in response to oxidative stress in  

C. albicans. These include the CaCap1 transcription factor and the cell wall integrity (CWI) 

pathway (Figure 5.1) (Alarco & Raymond, 1999; Enjalbert et al., 2006; Navarro-García et 

al., 2005). For a review of HOG, CWI and Cap1 signalling see Chapter 1.  

 

The aim of this Chapter was to investigate whether pathways apart from the HOG pathway 

enhance tolerance to NaD1 in C. albicans. I investigated whether deletion of Camkc1 (the 

terminal MAPK of the C. albicans CWI pathway) or Cacap1 enhances NaD1 sensitivity. 

In addition, I also tested mutants of the calcineurin stress response and mating pathways. 

The calcineurin pathway responds to many of the same stresses as the CWI pathway (Bader 

et al., 2003; Cruz et al., 2002; Levin, 2011) and has been implicated in tolerance to many 

chemical fungicides (reviewed in Chapter 1). The mating pathway is involved in protection 

of F. graminearum against the toxic effects of the plant defensins RsAFP2, MsDef1 and 

MtDef4 (Ramamoorthy et al., 2007b). The mating pathway, and the GPCR that activates 

it, is described in the following paragraph.  
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Figure 5.1 Oxidative, osmotic and cell wall stress response pathways in C. albicans and 

S. cerevisiae 

The HOG and CWI MAPK pathways and the ScYap1/CaCap1 transcription factor can all be activated 

upon oxidative stress in S. cerevisiae and C. albicans. Phosphorylation cascades result in activation of a 

terminal MAPK which translocates to the nucleus and affects expression of stress response genes.  

The ScYap1/CaCap1 transcription factor resides in the cytoplasm until activated by oxidative stress, 

whereupon it moves to the nucleus and regulates gene expression. Purple arrows represent cell wall stress, 

blue arrows represent osmotic stress and green arrows are oxidative stress. Sc, Saccharomyces cerevisiae; 

Ca, Candida albicans. 



Chapter 5: The impact of stress signalling pathways on the potency of plant defensins on fungal pathogens 

 

162 

 

Like the HOG and CWI pathways, the mating pathway requires successive phosphorylation 

events that end with phosphorylation of a terminal MAPK (Fus3 in S. cerevisiae and Cek2 

in C. albicans) (Figure 5.2) Activation of this pathway begins with stimulation of the Ste2 

(α-factor) and Ste3 (a-factor) G-protein coupled receptors by pheromone (Correia & Pla, 

2010; Miyajima et al., 1987; Versele et al., 2001). G-protein coupled receptors detect 

extracellular signals and activate trimeric G-proteins which induce a cellular response. 

Trimeric G-proteins consist of α, β and γ subunits, with the α subunit responsible for GDP 

binding. When GDP is bound, Gα is associated with a Gβγ dimer and the G-protein is 

inactive. Upon receptor stimulation the Gα loses affinity for GDP which is replaced by 

GTP. The Gα subunit then dissociates from the Gβγ dimer and the receptor (Hamm & 

Gilchrist, 1996). There are two known GPCRs in S. cerevisiae (Figure 5.3). The first is 

involved in mating. Pheromone binding to Ste2 or Ste3 causes dissociation of the Gα 

subunit (ScGpa1/CaCag1) from the Gβγ subunit (Ste4 and Ste18). This results in signalling 

through the MAPKKK, ScSte11/CaSte11, and the MAPKK, ScSte7/CaHst7, and ends with 

phosphorylation of ScFus3/CaCek2. ScFus3 can then continue on to alter transcription of 

pheromone induced genes and to halt the cell cycle at G1 phase, which is required for 

mating (Correia & Pla, 2010; Miyajima et al., 1987; Monge et al., 2006; Versele et al., 

2001). Another GPCR exists in S. cerevisiae, which responds to glucose in the 

surroundings. Binding of glucose to this receptor, Gpr1, activates the Gα protein Gpa2 

which activates the adenylate cyclase Cyr1 and results in increased cyclic AMP (cAMP) 

synthesis and activation of cAMP-dependent protein kinase (also known as PKA). 

Activation of PKA results in a number of transcriptional changes, among them the switch 

to fermentative growth and repression of stress activated genes (Griffioen & Thevelein, 

2002; Nakafuku et al., 1988; Tamaki, 2007; Versele et al., 2001).  

 

The mating pathway shares the ScSte7/CaHst7 MAPKK and the Ste11 MAPKKK with the 

ScKss1/CaCek1 pathway responsible for pseudohyphal and invasive growth upon nutrient 

starvation (Figure 5.2). ScSte7 has a higher affinity for ScKss1, except in the presence of 

the scaffold protein ScSte5, which is specifically recruited after pheromone binding and 

directs signalling through the ScFus3 pathway (Correia & Pla, 2010; Monge et al., 2006; 

Saito, 2010).  

 



Chapter 5: The impact of stress signalling pathways on the potency of plant defensins on fungal pathogens 

 

163 

 

 

 

Figure 5.2 The S. cerevisiae Fus3 and Kss1 signalling pathways 

Pseudohyphal and invasive growth (ScKss1/CaCek1) and mating (ScFus3/CaCek2) pathways share the 

MAPKKK Ste11 and the MAPKK ScSte7/CaHst7. Shared components are coloured grey. The scaffold 

protein ScSte5 is required for signalling though the ScFus3 pathway, and is only recruited upon pheromone 

binding to the Ste2-Ste3 G-protein coupled receptors.  
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Figure 5.3 Two GPCRs exist in S. cerevisiae 

Two GPCRs exist in S. cerevisiae that are responsible for glucose sensing (Gpr1) and pheromone sensing 

(Ste2 or Ste3). Glucose binding to Gpr1 activates the adenylate cyclase Cyr1 which results in increased 

cAMP synthesis and activation of PKA. Pheromone binding to the receptors results in signalling through 

the Fus3 MAPK cascade. 
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It is not uncommon for antifungal molecules to induce signalling through multiple MAPK 

pathways. For example, the echinocandin drug caspofungin activates both the HOG and 

CWI pathways. The activation of the CWI pathway relates to caspofungin’s primary 

mechanism of decreasing β-1,3-glucan levels in the C. albicans cell wall. A compensatory 

increase in chitin cell wall levels after caspofungin treatment requires signalling though 

CWI, HOG and calcineurin (Walker et al., 2008). Caspofungin also causes oxidative stress 

in C. albicans triggering activation of CaHog1 and the CaCap1 transcription factor (Kelly 

et al., 2009). Thus it is likely that response to NaD1 requires multiple stress response 

pathways. 

 

In addition to NaD1, I also investigated whether HOG and CWI signalling are important 

for tolerance of C. albicans to two other plant defensins. They are the class I defensins 

(Figure 0.1) NaD2 (from N. alata) and DmAMP1 (from D. merckii). NaD2 has antifungal 

activity, although less so than NaD1 against all plant fungal pathogens tested (Dracatos et 

al., 2013). However, its mechanism of action is unknown. DmAMP1 is better characterised, 

and its mechanism differs greatly from NaD1. RsAFP2, with which DmAMP1 has high 

sequence identity and shares many similarities in mechanism, activates CWI signalling in 

C. albicans (Thevissen et al., 2012; van der Weerden et al., 2013). The current literature 

regarding the mechanism of DmAMP1 is reviewed briefly below. 

 

The antifungal mechanism of DmAMP1 involves membrane binding, alteration of the 

membrane potential, production of reactive oxygen species (ROS), programmed cell death 

and finally permeabilisation of the plasma membrane. The membrane binding site for 

DmAMP1 has been identified. Radio-labelling and mutational analysis revealed that 

DmAMP1 binds to mannosyldiinositolphosphoryl-ceramide (M(IP)2C) (Thevissen et al., 

2004), a sphingolipid that is present in the plasma membrane and cell wall of 

Saccharomyces cerevisiae (Patton & Lester, 1991). DmAMP1 also causes changes to 

membrane potential. The defensin induces a release of K+ and  uptake of Ca2+ into fungal 

hyphae (Thevissen et al., 1996). Alterations to Ca2+ concentrations may have a significant 

impact on hyphal elongation, because a Ca2+ gradient at the hyphal tip is required for 

growth (Robson et al., 1991; Theis & Stahl, 2004). Membrane permeabilisation also occurs 

after DmAMP1 treatment. However, there is a delay between the time of initial DmAMP1 

treatment and permeabilisation, indicating that the membrane disruption is a secondary 

effect to the antifungal activity of the defensin (Aerts et al., 2008).  
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In addition to investigating these pathways in C. albicans, the research in this Chapter was 

directed towards investigating the response of S. cerevisiae signalling mutants to NaD1, to 

determine whether these stress responses are conserved across different fungal species.  

S. cerevisiae mutants with deletions in the mating, CWI, HOG and calcineurin pathways, 

as well as the Scyap1 transcription factor, were tested with NaD1.  

 

Lastly, to investigate if stress signalling pathway inhibitors have potential in increasing the 

efficacy of antifungal peptides I investigated whether NaD1 and NaD2 have synergistic 

activity with chemical inhibitors of the CWI and calcineurin pathways.  
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5.2 Materials & Methods 

5.2.1 Fungal growth inhibition assays 

Growth inhibition assays were performed essentially as described in Broekaert et al. (1990). 

C. albicans DAY286 and mutants were grown overnight at 30°C in yeast peptone dextrose 

(YPD) with 80 μg/mL uridine (250 rpm). NaD1, NaD2 or DmAMP1 were serially diluted, 

to a final volume of 20 µL and each dilution was added in triplicate, into the wells of a 96 

well microtitre plate (Greiner) by a TECAN Evo100 liquid handling robot. Diluted cells 

(80 L, 5000 cells/mL in half-strength PDB) were added to the wells of the microtitre plate.  

Growth was monitored by measuring absorbance at 595 nm, in a SpectraMAX M5e plate 

reader (Molecular Devices), using the 9 well-scan. Measurements were taken before and 

after 24 h incubation at 30°C. 

 

For S. cerevisiae mutants, NaD1 (20 μL) was added to microtitre plates (Greiner) at  

final concentrations of 0, 1, 1.2, 1.4, 1.6, 1.8 and 2 μM in triplicate. After overnight growth 

in YPD (30°C, 250 rpm) cells were diluted to an OD600 of 0.01 with half-strength PDB and 

80 µL was added to each well of the plate. The plates were incubated at 30°C, with 

measurement of optical density (OD595) before and after 24 h incubation. 

 

For testing susceptibility of C. albicans DAY185 and S. cerevisiae BY4741 to hydrogen 

peroxide, overnight cultures (in 3 mL YPD, 30°C, 250 rpm) of both species were diluted 

to 5000 cells/mL with half-strength PDB. Hydrogen peroxide (20 μL, 30% w/v) was added 

to a microtitre plate (Greiner) at a top concentration of 1.5 % (final) and serially diluted 

down the plate. Cells (80 µL) were added and grown at 30°C. Absorbance (OD595) was 

measured after 24 h. 

 

For antifungal assays in the presence of pertussis toxin, C. albicans DAY185 cells were 

grown overnight in YPD (3 mL, 30°C, 250 rpm). The cells were then counted with a 

haemocytometer and diluted to 5000 cells/mL with half-strength PDB.  Pertussis toxin 

(with a top final concentration of 10 ng/μL, List Biological Laboratories) was serially 

diluted down a microtitre plate (Greiner) to leave a final volume of 10 μL in each well. 

NaD1 (10 μL) was then added to each well to a final concentration of 2.5 μM followed by 

cells (80 μL) and an overnight incubation at 30°C. Growth was monitored by measuring 

absorbance at 595 nm in a SpectraMAX M5 plate reader (Molecular Devices).  
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For S. cerevisiae growth assays in the presence of pertussis toxin, overnight cultures of  

S. cerevisiae BY4741 (3 mL, 30°C, 250 rpm) were diluted to an OD600 of 0.01 with half-

strength PDB. Pertussis toxin (List Biological Laboratories, 10 μL) was then serially diluted 

down a microtitre plate (Greiner) with a top final concentration of 10 ng/μL. NaD1 (10 μL, 

2.5 μM final concentration) and 80 μL of cells were then added. Plates were incubated 

overnight at 30°C and growth was monitored by measuring absorbance at 595 nm. 

 

When pertussis toxin and brefeldin A were tested in combination, C. albicans cells were 

prepared as above. Firstly, pertussis toxin (10 μL, 100 ng/µL) was added to wells of a 

microtitre plate (Greiner) for a final concentration of 10 ng/μL followed by brefeldin A  

(5 μL) to give final concentrations of 0, 5, 10 and 20 μM. NaD1 was then added to each 

well (5 μL, 80 μM for a final concentration of 4 µM) and cells (80 μL) were added prior to 

overnight incubation at 30°C. OD595 measurements were taken before and after 24 h 

incubation.  

 

For testing the activity of NaD1 against C. albicans in the presence of dextrose, DAY185 

overnight cultures were diluted to 5000 cells/mL in half-strength PDB. NaD1 (10 μL) was 

serially diluted down a microtitre plate (Greiner) to a top final concentration of  

10 μM. Twenty per cent dextrose or water (10 μL) was added to the wells before addition 

of diluted cells (80 μL) and overnight incubation at 30°C. Growth was monitored by 

measuring absorbance at 595 nm. 
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5.2.2 Confirmation of correct gene deletions in C. albicans mutants 

5.2.2.1 Extraction of genomic DNA from C. albicans cells 

Genomic DNA extracts from C. albicans were prepared using DNAzole reagent (Life 

Technologies) essentially as described by the manufacturer. Scrapings of C. albicans 

DAY286 and the mutants were taken directly from YPD agar plates and were added to  

1 mL of milliQ water. DNAzole reagent (1 mL, Life Technologies) was added along with 

200 μL of acid-washed glass beads (180 μm, Sigma) in microfuge tubes. The samples were 

vortexed for 2 min and then centrifuged for 10 min at 12,000 rpm. The supernatant was 

moved to a fresh tube and 500 μL of 100% ethanol was added. The ethanol-supernatant 

mix was incubated at room temperature for 15 min and then spun for 2 min at 4,000 ×g. 

The supernatant was discarded and the DNA pellet was resuspended in 1 mL of 70% 

ethanol. The contents of the tube were mixed by inversion and pelleted again (1 min at 

4,000 ×g). The ethanol wash was repeated once more before the ethanol was removed from 

the tube and the pellet was dried by heating for 1 min at 60°C. The dried pellet was then 

resuspended in 20 μL of milliQ water. Successful genomic DNA extraction was confirmed 

by examining samples after electrophoresis on a 1% agarose gel. 

 

5.2.2.2 PCR screen using ARG4 detect primers 

PCR was used to check for insertion of ARG4 into the genes of interest in selected deletion 

mutants. The protocol was adapted from Nobile and Mitchell (2009). The ARG4 detect 

primer (GGAATTGATCAATTATCTTTTGAAC), which is homologous to the ARG4 

insert, was added along with primers that were complementary to regions 100 bp upstream 

and downstream of the ORF of the gene of interest (Figure 5.4). Strains were also replated 

on uracil dropout medium (see Appendix AII). 
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Figure 5.4 PCR with ARG4 detect primers 

ARG4 detect, as well as forward (Fw) and reverse (Rv) primers for the gene of interest, were used in PCRs 

with genomic DNA from the deletion mutants to check for insertion of the ARG4 marker into the correct 

gene. 

 

 

The following primers were used: 

 

bck1-/- 

Fw: ATAAAGTCAAATTGCTGCATCC and  

Rv: GAAACAAAGATGCAGAACAAC. 

 

cap1-/-  

Fw: TTGAATTCGCCTCCTCCC and  

Rv:  AAATAATTACAAAATAAAAACGTATAACG. 

 

cna1-/-  

Fw: CAAATCAATCATTAGCTATATTTGATC and 

Rv:  CAAATAGATGATTCAACTCTGAC. 

 

crz1-/-  

Fw:  TTTAATCTGGTCATTTCATTTCCC and 

Rv:  CAAAAATAAAAAACAAATCATTCGTAAAAC. 

 

cek2-/- 

Fw:  CAAAAAGTGAGGGAAGTTATCAACC and 

Rv:  CTATCAGGAGGGGACAGGG. 

 

hst7-/- 

Fw:  CACACACACACATATACCACTCG and 

Rv:  GCTGTTGTTTAAGTTTATCGACTTG. 
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Genomic DNA (5 μL) was added to 10 μL of 2× Phusion master mix (Thermo Fisher), 

primers (1 μL of 10 μM Fw, Rv and ARG4 detect) and water, to a total volume of 20 μL. 

The PCR conditions were 98°C for 30 sec, 30 cycles of 98°C for 10 sec, 51°C for 30 sec 

and 72°C for 2 min, and then 72°C for 10 min. PCR products were separated on a 1% 

agarose gel. 

 

The bck1-/- and DAY286 genomic DNA was also subjected to restriction digest with SacII 

(New England Biolabs) for 1 h at 37°C before amplification with ARG4 detect and bck1-/- 

Fw and Rv primers as described above. The SacII enzyme cuts within the BCK1 gene but 

does not cut within the ARG4 marker.  

 

5.2.3 Confirmation of correct deletions in S. cerevisiae mutants 

S. cerevisiae mutants were verified according to the method presented in Section 3.2.5.  

In brief, cells were scraped from a YPD agar plate, placed in 200 μL of TE and incubated 

at 90°C for 30 min. Forward primers were ordered based on sequences from the 

Saccharomyces Gene Deletion Project (http://wwwsequence.stanford.edu/group/yeast_ 

deletion_project/downloads.html#strainsavail). PCR was performed with a forward primer 

and the kanB primer (CTGCAGCGAGGAGCCGTAAT). Treated cells (3 μL) were added 

to 12.5 μL of 2× GoTaq master mix (Promega), primers (1 μL of 10 μM Fw and kanB) and 

water, to a total volume of 30 μL. The PCR conditions were 94°C for 3 min, 30 cycles of 

94°C for 1 min, 51°C for 1 min and 72°C for 1 min, followed by 72°C for 7 min. The PCR 

products were separated on a 1% agarose gel. 

 

5.2.4 BODIPY-NaD1 uptake into C. albicans monitored by flow cytometry 

Flow cytometry was performed essentially as described in Section 3.2.4. C. albicans 

DAY185 (3 mL) was grown overnight at 30°C (250 rpm). Cells were diluted to an OD600 

of 0.2 in half-strength PDB and grown for several hours until they reached an OD600 of 1.0 

(30°C, 250 rpm). Cells were then diluted to an OD600 of 0.1 in half-strength PDB.  

Cells (200 µL) were then pre-treated for 2h (30°C, 250 rpm) with 10 ng/μL pertussis toxin 

(List Biological Laboratories) or 40 μM Brefeldin A (Sigma), followed by 10 μM 

BODIPY-NaD1 for 15 min (in the dark, 30°C, 250 rpm). After incubation, cells were 

washed twice with PBS (by centrifugation at 13,000 rpm for 2 min) and resuspended in  

200 μL of PBS. Cells were analysed using a BD FACSCanto II with excitation at 488 nm 
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and emission detection with a 530/30 filter. Data was analysed using Weasel v3.0 (Walter 

and Eliza Hall Institute). 

 

5.2.5 Detection of Hog1 phosphorylation in response to NaD2 

Western blots were performed essentially as described in Section 4.2.4. This method was 

adapted from Alonso-Monge et al. (2003). Overnight cultures (5 mL) of DAY185, hog1Δ/Δ 

and mkc1-/- cells were diluted to an OD600 of 0.2 in 50 mL half-strength PDB and grown 

to an OD600 of 1.0 (30°C, 250 rpm). Aliquots (10 mL) were treated with NaD2 for 20 min. 

For detection of Hog1 activation, 1 M NaCl (10 min treatment) was used as a positive 

control. Proteins were extracted and concentrated using the TCA precipitation method 

described in Section 4.2.4 before they were separated on Bio-Rad AnyKD mini Tris-glycine 

gels and transferred to polyvinyl difluoride (PVDF) membranes. For detection of Hog1 

activation, Phospho-p38 MAPK (Thr180/Tyr182) (Cell Signalling) or HOG1(y-215) 

(Santa Cruz Biotechnology) antibodies were used that had been diluted 1/200 in 5% (w/v) 

skim milk (Diploma) in TBST (Tris-buffered saline and 0.05% Tween 20). All membranes 

were probed overnight at 4°C with the primary antibodies, they were washed three times 

with TBST (10 min washes) and probed overnight at 4°C with secondary antibody (ECL 

anti-Rabbit IgG linked to horseradish peroxidise, GE Healthcare, 1/20,000 dilution in 

TBST). Immunoreactive proteins were detected using ECL detection reagent  

(GE Healthcare) with a Bio-Rad ChemiDoc MP imaging system.  
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5.2.6 Synergy with FK506 and cercosporamide 

Synergy assays were performed essentially as described in Section 2.2.9. This method was 

adapted from Anderson et al. (2009). In brief, NaD1 or NaD2 (10 μL of a 10× stock) were 

serially diluted four times down a microtitre plate (Greiner) using a TECAN Evo100 liquid 

handling robot. Cercosporamide (Tocris Biosciences, 10 μL of a 100 µg/mL stock) or 

FK506 (Abcam Biochemicals, 10 μL of a 300 µg/mL stock) were serially diluted six times 

across the same microtitre plate. C. albicans cells (80 μL, 5000 cells/mL in half-strength 

PDB) were added and the plates were incubated for 24 h at 30°C. Fungal growth was 

determined by measuring absorbance at 595 nm (SpectraMAX M5e plate reader, Molecular 

Devices). Synergy was calculated using Limpel’s formula (Richer, 1987). 

 

 
Limpel’s Formula:  

	 	 	–	
100

	

Ee = expected inhibition 
x = inhibition by protein 1 
y = inhibition by protein 2 
   
 

																				 	 	  

 

 

Synergy is occurring when the observed fungal inhibition is greater than the level of 

inhibition expected if the antifungal activities of individual molecules were working 

additively.  
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5.3 Results 

5.3.1 NaD1’s effect on calcineurin signalling, the Cap1 oxidative stress response and 

the cell wall integrity and mating pathways in C. albicans 

To determine whether the Cap1 transcription factor, the CWI pathway, the mating pathway 

or calcineurin signalling are involved in survival of cells in the presence of NaD1,  

C. albicans mutants with homozygous deletion of critical genes of these pathways were 

tested for their relative sensitivity to NaD1. The CWI stress response pathway mutants had 

deletions of the BCK1 and MKC1 genes (see Figure 5.1). The genes deleted in the mating 

pathway mutants were STE11, HST7 and CEK2 (see Figure 5.2) and calcineurin mutants 

lacked either a calcineurin subunit (cna1∆) or a downstream transcription factor (crz1∆). 

The last mutant lacked Cap1, a transcription factor which is involved in oxidative stress 

response independent of Hog1 (Figure 5.1).  

 

The mkc1Δ and bck1Δ mutant phenotypes did not differ from wildtype in their response to 

NaD1. The cap1Δ, cna1Δ, crz1Δ, cek2Δ, hst7Δ and ste11∆ mutants also responded like 

wildtype to NaD1 treatment (Figure 5.5, Table 5.1). 
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Figure 5.5 The effect of NaD1 on the growth of CWI, Cap1 oxidative stress response, 

calcineurin and mating pathway deletion mutants  

C. albicans DAY286, (A) mkc1-/-, bck1-/-, (B) cap1-/-, (C) cna1-/-, crz1-/-, (D) cek2-/-, hst7-/- and  

ste11-/- were grown in the presence of various concentrations of NaD1. Data is shown relative to no-protein 

controls. Error bars represent SEM (n=3). 
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Table 5.1 The effect of NaD1 on the growth of C. albicans wildtype and mutants in 

various stress signalling pathways 

IC50’s are mean ± SD from at least three independent experiments. P-values were calculated using an 

independent samples t-test (IBM SPSS Statistics v19) as compared to wildtype and are shown in brackets. 

Significant changes in IC50 from wildtype are highlighted in grey. 
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To verify that C. albicans mutants contained the ARG4 insert in the appropriate genes, 

genomic DNA was extracted and subjected to PCR with the ARG4 detect primer, and 

upstream and downstream primers homologous to the ORF of interest. Mutants were also 

grown on uracil deficient medium to ensure they contained the URA3 selection marker.  

 

The mkc1-/- mutant had previously been verified for correct deletion of the MKC1 gene by 

Western blotting in the Traven lab (Monash University). The remainder of the mutants were 

verified using the PCR method. An agarose gel showing examples of the PCR products is 

shown in Figure 5.6. Amplification from the wildtype genomic DNA with Cap1, Cek2 and 

Crz1 primers yielded DNA fragments of the expected sizes of approximately 1700 bp, 1319 

bp and 2396 bp, respectively. No amplification of the wildtype amplicons was observed in 

the genomic DNA from mutant strains. In the remainder of the mutants, DNA fragments of 

the expected size were amplified from the wildtype but not the mutants (data not shown). 

 

 

 

 

Figure 5.6 PCR screen of cap1-/-, cek2-/- and crz1-/- mutants 

Amplification of genomic DNA from DAY286, cap-/-, cek2-/- and crz1-/- with ARG4 detect, Fw and Rv 

primers for the gene of interest.  
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5.3.2 The effect of NaD1 on the growth of S. cerevisiae hog1, mpk1, cna1, yap1 and 

fus3 deletion mutants 

To see if these signalling pathways contribute to tolerance to NaD1 in other yeast species, 

S. cerevisiae hog1Δ, mpk1Δ (homologous to C. albicans mkc1Δ), cna1Δ, yap1Δ 

(homologous to Cacap1Δ) and fus3∆ (homologous to Cacek2∆) were tested for 

hypersensitivity to NaD1.  

 

 

 
 

Figure 5.7 The effect of NaD1 on the growth of S. cerevisiae with mutations in the HOG, 

CWI, calcineurin and Yap1 transcription factor pathways  

Growth of S. cerevisiae BY4741, (A) hog1Δ, (B) mpk1Δ, (C) cna1Δ, (D) yap1Δ and (E) fus3Δ mutants 

were monitored in the presence of various concentrations of NaD1. Data is shown relative to a 0 µM NaD1 

control. Data is from three independent experiments. Error bars represent SEM (n=3).  
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As observed with C. albicans, the Scmpk1Δ and Scyap1Δ mutants were not more sensitive 

to NaD1 than wildtype cells. In contrast, the S. cerevisiae hog1Δ mutant was slightly 

resistant to NaD1, rather than sensitive like C. albicans. The Sccna1Δ and Scfus3∆ mutants 

were also slightly more resistant to NaD1 than wildtype (Figure 5.7, Table 5.2). 

 

 

Table 5.2 The effect of NaD1 on growth of S. cerevisiae wildtype and mutants in 

various stress signalling pathways 

IC50’s are mean ± SD from at least three independent experiments. P-values were calculated using an 

independent samples t-test (IBM SPSS Statistics v19) as compared to wildtype and are shown in brackets. 

Significant changes in IC50 from wildtype are highlighted in grey. 
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The S. cerevisiae mutants were checked for the correct gene deletions by PCR with kanB 

primer (Rv) and a primer in the upstream UTR (Fw) for the gene of interest. As expected, 

there was no amplification in any of the BY4741 genomic DNA with kanB and Fw primers 

(Figure 5.8). The hog1Δ, mpk1Δ, cna1Δ, yap1Δ and fus3∆ mutants had bands which 

matched the expected sizes of 679 bp, 609 bp, 675 bp, 523 bp and 557 bp, respectively. 

These sizes were consistent with sizes expected from correct deletion of the genes.  

 

 

 
 

Figure 5.8 PCR screen to confirm gene deletions in S. cerevisiae hog1Δ, mpk1Δ, cna1Δ, 

yap1Δ and fus3∆ 

Amplification of genomic DNA from BY4741, hog1Δ, mpk1Δ, cna1Δ,  yap1Δ and fus3∆ strains with KanB 

primer and hog1 Fw, mpk1 Fw, cna1 Fw, yap1 Fw or fus3 Fw primers. Amplicons of the expected size 

were obtained for all the mutants. As expected, no amplified DNA was obtained from the wildtype 

(BY4741). 
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The hog1Δ deletion phenotype was much more pronounced in C. albicans than in  

S. cerevisiae. In addition, the S. cerevisiae hog1Δ mutant was more resistant to NaD1, rather 

than more sensitive as observed in C. albicans (Table 5.1, Table 5.2). To determine whether 

there were differences in oxidative stress tolerance between C. albicans and S. cerevisiae 

that could account for the difference in phenotype in the hog1Δ mutant, C. albicans 

DAY185 and S. cerevisiae BY4741 were tested for susceptibility to hydrogen peroxide at 

various concentrations. S. cerevisiae did not reach the same cell density as C. albicans in 

the no-protein control after 24 h incubation (data not shown) However, when data was 

expressed as percentage growth (relative to the no-protein control) the C. albicans and  

S. cerevisiae growth curves overlapped (Figure 5.9). 

 

 

 

 

Figure 5.9 The effect of hydrogen peroxide on the growth of C. albicans and  

S. cerevisiae  

C. albicans DAY185 and S. cerevisiae BY4741 growth was monitored after incubation with various 

concentrations of H202. Data is shown relative to a no treatment control. Data is a representative example 

of three independent experiments. Error bars represent SD (n=2).  
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5.3.3 S. cerevisiae deletions in genes which function upstream of Hog1 

Hog1 activation can occur through signals emanated by either of two cell surface 

osmosensors, Sho1 and Sln1, in S. cerevisiae (Figure 5.1) (Maeda et al., 1995).  

Another transmembrane protein, ScMsb2, is involved in activation of the ScSho1 branch 

of ScHog1 activation, and can also cause ScHog1 activation independently of ScSho1 

(Tatebayashi et al., 2007). In C. albicans, activation of CaHog1 only occurs through the 

CaSln1 osmosensor (Cheetham et al., 2007; Smith et al., 2010). To determine if the 

upstream signal that activates Hog1 after NaD1 treatment differs between C. albicans and 

S. cerevisiae, Scsho1Δ, Scmsb2Δ and Scsln1Δ mutants were tested for differences in NaD1 

sensitivity relative to wildtype. Like the Schog1Δ mutant (Figure 5.7A), both the Scsho1Δ 

and Scmsb2Δ mutants were more resistant to NaD1 than wildtype (Figure 5.10). The 

ScSLN1 gene is essential for growth, so a heterozygous mutant was tested. This mutant 

behaved like wildtype after treatment with NaD1 (Figure 5.10). 

  



Chapter 5: The impact of stress signalling pathways on the potency of plant defensins on fungal pathogens 

 

183 

 

 

 

Figure 5.10 The effect of NaD1 on the growth of S. cerevisiae mutants from the two 

alternative osmosensing pathways of Hog1 activation  

S. cerevisiae homozygous mutants (A) msb2Δ, (B) sho1Δ and a heterozygous sln1 deletion mutant were 

treated with various concentration of NaD1. For sho1Δ and msb2Δ, growth was compared to the wildtype 

strain BY4741. For the SLN1/sln1 heterozygous mutant the wildtype strain was BY4743. Data is shown 

relative to a 0 µM NaD1 control. Data is from three independent experiments. Error bars represent SEM 

(n=3). (D) IC50’s are means ± SD from at least three independent experiments. P-values were calculated 

using an independent samples t-test (IBM SPSS Statistics v19) as compared to wildtype and are shown in 

brackets. Significant changes in IC50 values from wildtype are highlighted in grey. 
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The S. cerevisiae mutants were verified for correct gene deletions by PCR with the kanB 

primer (Rv) and forward primers (Fw) for the gene of interest. As expected, there was no 

amplification from the BY4741 genomic DNA (Figure 5.11). The hog1∆, msb2Δ, sho1Δ 

and SLN1/sln1Δ mutants had amplified DNA which matched the expected sizes of 679, 

623, 699 and 645 bp, respectively. These sizes were consistent with sizes expected from 

correct deletion of the genes.  

 

 

 

 

Figure 5.11 PCR screen to confirm gene deletions in the S. cerevisiae hog1Δ, msb2Δ, 

sho1Δ and SLN1/sln1Δ mutants 

Amplification of genomic DNA from BY4741 (or BY4743 for heterozygous mutants), hog1Δ, msb2Δ, 

sho1Δ and SLN1/sln1Δ strains with KanB primer and hog1 Fw, msb2 Fw, sho1 Fw or sln1 Fw primers. 

Amplicons of the expected size appeared for all the mutants. As expected, the primers did not produce 

amplicons from the wildtype (BY4741 or BY4743). 
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5.3.4 G-protein coupled receptors 

The mating pathway is activated when the ScSte2 or ScSte3 G-protein coupled receptors 

are stimulated by pheromone (Figure 5.3) (Versele et al., 2001). As the phenotype of the 

mating pathway mutants Scfus3∆ and Cacek2∆ differed, I was interested in whether an 

inhibitor of G-protein coupled receptors, pertussis toxin, would affect the activity of NaD1 

against C. albicans and S. cerevisiae. 

 

Pertussis toxin at 10 ng/µL blocked the growth inhibitory activity of NaD1 against  

C. albicans (Figure 5.12A). This phenomenon also occurred in S. cerevisiae, although 

NaD1’s activity was reduced by 50% rather than blocked in the presence of pertussis toxin 

(Figure 5.12B).  

 

  

 

 

Figure 5.12 Pertussis toxin reduces the effect of NaD1 against C. albicans and  

S. cerevisiae 

(A) C. albicans DAY185 or (B) S. cerevisiae were treated with 2.5 μM NaD1 only, 10 ng/µL pertussis 

toxin only or 2.5 µM NaD1 and 10 ng/μL pertussis toxin in combination. Data are relative to the pertussis 

toxin only controls. Errors bars represent SEM (n=3). 
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The effect of pertussis toxin on NaD1 activity was also investigated using flow cytometry. 

C. albicans cells were treated with pertussis toxin (and brefeldin A as a control), incubated 

with BODIPY-NaD1, washed to remove any NaD1 which had not been internalised or 

tightly bound to the cell wall and then the fluorescing cells were counted using flow 

cytometry (Figure 5.13).  

 

C. albicans cells which had been treated with BODIPY-NaD1 and pertussis toxin had lower 

levels of fluorescence than cells which had been treated with BODIPY-NaD1 alone (Figure 

5.13A). In contrast, brefeldin A treatment did not reduce fluorescence in cells. 

 

 

 

 

Figure 5.13 Flow cytometry monitoring BODIPY-NaD1 uptake after treatment with 

cellular inhibitors  

Flow cytometry was used to monitor the uptake of fluorescently labelled NaD1 (BODIPY-NaD1) into  

C. albicans after treatment with (A) pertussis toxin or (B) brefeldin A. Black lines are BODIPY-NaD1  

(10 μM) plus inhibitor and shaded in grey are NaD1 only controls (10 μM, no inhibitor). Cells were then 

washed to leave only BODIPY-NaD1 that had entered cells or was bound to the cell wall. The vertical and 

horizontal axes represent cell counts and fluorescent intensity, respectively. Data are representative 

examples of three independent experiments, which gave equivalent results. 
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Pertussis toxin reduced the activity of NaD1 in fungal growth inhibition assays and reduced 

the amount of BODIPY-NaD1 fluorescence in flow cytometry experiments (Figure 5.12, 

Figure 5.13). The effect of pertussis toxin examined further by performing growth 

inhibition assays in the presence of both pertussis toxin and brefeldin A. Brefeldin A 

renders pertussis toxin inactive by blocking uptake and transport of the toxin (el Baya et 

al., 1997; Xu & Barbieri, 1995). When brefeldin A was added to growth assays with 

pertussis toxin and NaD1, the protective effect of pertussis toxin against the growth 

inhibitory activity of NaD1 was partially reversed (Figure 5.14). That is, addition of 

brefeldin A led to less cell growth compared to the combination of pertussis toxin and NaD1 

alone. This effect was concentration dependent, with cell growth decreasing with increasing 

brefeldin A concentrations. 

 

 

 

 

Figure 5.14 Addition of brefeldin A reduces rescue of NaD1 growth inhibition of  

C. albicans by pertussis toxin  

C. albicans DAY185 was treated with 4 μM NaD1 only, NaD1 with 10 ng/μL pertussis toxin and NaD1, 

pertussis toxin and 5, 10 or 20 μM brefeldin A. Growth was quantified by measuring absorbance at  

595 nm after 24 h incubation. Data is a representative example of three independent experiments which 

gave equivalent results. 
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As the resistance phenotype of the mating pathway MAPK deletion mutants was specific 

to S. cerevisiae, but pertussis toxin reduced NaD1 inhibition in both S. cerevisiae and  

C. albicans, I examined whether deletion of the second S. cerevisiae GPCR, Gpr1, affected 

NaD1 activity. I also tested mutants with deletions of the pheromone sensing GPCRs, 

Scste2 and Scste3, and the MAPKKK Scste11 and MAPKK Scste7, which are shared by 

the mating and invasive growth pathways.  

 

The growth inhibitory activity of NaD1 on the S. cerevisiae gpr1Δ, ste2Δ, ste3Δ, ste7∆ and 

ste11∆ mutants was and compared to wildtype (BY4741) (Figure 5.15). In the presence of 

NaD1, the growth of the gpr1Δ mutant did not differ significantly from wildtype (Figure 

5.15A). However, the fus3∆, ste2Δ, ste3Δ, ste7Δ and ste11Δ mutants were slightly more 

resistant to NaD1 growth inhibition than wildtype (Figure 5.15B-D).  
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Figure 5.15 The growth inhibitory activity of NaD1 against S. cerevisiae GPCR and Fus3 

mating pathway mutants  

S. cerevisiae BY4741 (WT), (A) gpr1Δ, (B) ste2Δ, (C) ste3Δ, (D) fus3Δ, (E) ste7Δ and (F) ste11Δ were 

treated with various concentrations of NaD1 and growth monitored for 24 h. Data is relative to a 0 µM 

NaD1 control. Results shown are from three independent experiments. Error bars represent SEM (n=3). 

(G) IC50’s are means ± SD from at least three independent experiments. P-values were calculated using 

an independent samples t-test (IBM SPSS Statistics v19) as compared to wildtype and are shown in 

brackets. Significant changes in IC50 values from wildtype are highlighted in grey. 
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To determine if the S. cerevisiae mutants had the correct deletions, the strains were 

subjected to PCR with the kanB primer (Rv) and a primer in the upstream UTR (Fw) for 

the gene of interest. As the deletions were constructed by insertion of a KanMX4 module 

into the gene, amplification using these primers was only expected in strains that had 

successful deletions. As expected, there was no amplification from wildtype genomic DNA 

when using the above primers (Figure 5.16). The gpr1Δ, ste2Δ, ste3Δ, ste7Δ and ste11Δ 

mutants had amplicons which matched the expected sizes of 700, 677, 621, 634 and  

558 bp, respectively. The deletion in the fus3∆ mutant was verified previously (Figure 5.8). 

 

 

 

 

Figure 5.16  PCR screen to confirm gene deletions in the S. cerevisiae fus3Δ, ste3Δ, ste2Δ 

and gpr1Δ mutants 

Amplification of genomic DNA from BY4741, gpr1Δ, ste2Δ,  ste3Δ, ste7Δ and ste11Δ strains with KanB 

primer and gpr1 Fw, ste2 Fw, ste3 Fw, ste7 Fw or ste11 Fw primers. Amplicons of the expected size 

appeared for all the mutants. As expected, the primers did not produce amplicons from the wildtype 

(BY4741). 
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The GPCR encoded by GPR1 functions in glucose sensing. Thus, I examined whether 

increasing the amount of glucose affected the activity of NaD1 against C. albicans DAY185 

and S. cerevisiae BY4741. An additional two per cent dextrose was added to the half-

strength PDB medium (PDB already contains 2% dextrose). The activity of NaD1 was not 

altered by addition of extra dextrose to half-strength PDB (Figure 5.17). 

 

 

 

 

Figure 5.17 The effect of additional dextrose on the activity of NaD1 against C. albicans 

and S. cerevisiae in half-strength PDB  

(A) C. albicans DAY185 and (B) S. cerevisiae BY4741 were treated with various NaD1 concentrations in 

the presence and absence of an additional 2% dextrose. Data is shown relative to a no-protein control. Data 

a representative example. Error bars represent SD (n=3). 

  



Chapter 5: The impact of stress signalling pathways on the potency of plant defensins on fungal pathogens 

 

192 

 

5.3.5 The effect of other plant defensins on the growth of C. albicans signalling 

mutants  

To determine whether other plant defensins trigger the same stress response pathways, 

C. albicans signalling mutants were tested for susceptibility to two plant defensins from 

different phylogenic groups (van der Weerden & Anderson, 2012b). They were the class I 

defensins NaD2 (from N. alata) and DmAMP1 (from D. merckii). Interestingly, both the 

hog1 and mkc1 deletion mutants were sensitive to NaD2 and DmAMP1 (Figure 5.18), 

whereas only the hog1 deletion mutant was sensitive to NaD1 (Table 5.1).  
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Figure 5.18 The effect of the plant defensins NaD1, NaD2 and DmAMP1 on the growth 

of C. albicans wildtype and hog1∆ and mkc1∆ mutants 

Growth inhibition assays with various concentrations of NaD2 against C. albicans (A) hog1∆/∆ and (B) 

mkc1-/- or DmAMP1 against (C) hog1∆/∆ and (D) mkc1-/-. Data is shown relative to a no-protein control. 

Data is from three independent experiments. Error bars represent SEM (n=3). (E) IC50’s are mean ± SD 

from at least three independent experiments. P-values were calculated using an independent samples t-test 

(IBM SPSS Statistics v19) as compared to wildtype and are shown in brackets. Significant changes in IC50 

values from wildtype are highlighted in grey. The data corresponding to NaD1 is presented in Table 5.1.   
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5.3.6 Detection of C. albicans Hog1 phosphorylation in response to NaD2 

The enhanced sensitivity of the C. albicans Hog1 deletion mutant to NaD2 suggests that 

the Hog1 pathway is activated by NaD2 in the wildtype. Phosphorylation of Hog1 in 

wildtype C. albicans after NaD2 treatment was thus monitored by Western blotting. In the 

absence of NaD2, no phosphorylated Hog1 was detected. However, phosphorylated Hog1 

appeared after treatment with 1 M NaCl or 20 μM NaD2 (Figure 5.19A). No Hog1, in either 

the phosphorylated or non-phosphorylated form, was detected in the hog1 deletion mutant 

(Figure 5.19A). Using densitometry, the level of phosphorylation after NaD2 treatment was 

calculated relative to the 1 M NaCl treated sample after taking differences in total Hog1 

levels into account. The level of phosphorylated Hog1 in the NaD2 was 0.82 of the 1 M 

NaCl control (Figure 5.19B). 

 

 

 

 

Figure 5.19 The Hog1 pathway is activated in C. albicans by NaD2 treatment 

(A) Western blots showing levels of phosphorylated Hog1 (after probing with antibodies against phospho-

p38 MAPK), against total Hog1 levels (detected with Hog1 antibody). DAY185 and hog1Δ/Δ cells were 

treated with 1 M NaCl (10 min) or 20 μM NaD1 (20 min). Total Hog1 levels are shown with a black arrow.  

Hog1 phosphorylation was detected after treatment with the NaCl positive control and with 20 μM NaD2. 

No p-Hog1 was detected in the hog1Δ/Δ strain after treatment with 1 M NaCl, 20 µM NaD2 or in the no-

treatment control. (B) Density of p-Hog1 bands from Western blots. Densities were normalised to total 

Hog1 levels, and are shown relative to the 1M NaCl control. 
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5.3.7 The effect of inhibitors of the calcineurin and cell wall integrity pathways on 

the antifungal activity of NaD1 and NaD2 

In previous sections of this Chapter I described the effects of mutations in various stress 

pathways and the mating pathway on the activity of NaD1 and NaD2. Deletion of genes in 

the HOG pathway enhanced sensitivity to both defensins whereas impairment of the CWI 

pathway enhanced NaD2 sensitivity but had no effect on sensitivity to NaD1. This work 

was continued using chemical inhibitors of calcineurin and the CWI pathway to establish 

their effect on the activity of NaD1 and NaD2 against C. albicans.  

 

The calcineurin inhibitor FK506 and the CWI pathway inhibitor cercosporamide enhanced 

the activity of NaD1 against C. albicans in a synergistic manner. Synergy levels were 

classified as low, medium, high or very high as defined in Table 2.2. According to Limpel’s 

formula, the combination of cercosporamide and NaD1 resulted in only medium (at  

5 µg/mL cercosporamide) or low levels of synergy (Figure 5.20A and B). In contrast, the 

combination of NaD1 and 30µg/mL FK506 resulted in very high synergy and 7.5 µg/mL 

or 15 µg/mL FK506 produced high synergy (Figure 5.20C and D).  

 

NaD2 also displayed synergy with cercosporamide and FK506 against C. albicans.  

The combination of NaD2 and cercosporamide resulted in high synergy values at two 

concentrations of cercosporamide (2.5 µg/mL and 5 µg/mL) (Figure 5.21). While, the 

combination of NaD2 and FK506 resulted in a high synergy when 30 µg/mL FK506 was 

used (Figure 5.21C and D). 
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Figure 5.20 Synergy of NaD1 with FK506 and cercosporamide against C. albicans 

Growth inhibition of C. albicans DAY185 in the presence of 2.5 μM NaD1 only, inhibitor only and NaD1 

and inhibitor combined for (A) cercosporamide and (C) FK506 at various concentrations. Data is relative 

to a no-protein control. Data are representative examples from three independent experiments. Error bars 

represent standard deviation from two replicates. Synergy between the inhibitors and NaD1 was calculated 

using Limpel’s formula and is shown for various concentrations of (B) cercosporamide and (D) FK506. 

Concentrations of inhibitor that produced high or very high synergy with NaD1 are shaded in grey.  

The expected and observed inhibitions are also shown. 
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Figure 5.21 Synergy of NaD2 with FK506 and cercosporamide against C. albicans 

Growth inhibition of C. albicans DAY185 in the presence of 4 μM NaD2 only, inhibitor only and NaD2 

and inhibitor combined for (A) cercosporamide and (C) FK506 at various concentrations. Data is relative 

to a no-protein control. Data is a representative example from three independent experiments. Error bars 

represent standard deviation from two replicates. Synergy between the inhibitors and NaD2 was calculated 

using Limpel’s formula and is shown for various concentrations of (B) cercosporamide and (D) FK506. 

Concentrations of inhibitor that produced high or very high synergy with NaD2 are shaded in grey.  

The expected and observed inhibitions are also shown. 
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5.4 Discussion 

In Chapter 4, I reported that NaD1 causes oxidative stress (through production of ROS) in 

C. albicans cells and the CaHog1 pathway is activated by the fungus in an attempt to 

overcome the stress. This observation led to the question of whether Cacap1Δ and CWI 

mutants would also be more susceptible to NaD1. CaCap1 is a transcription factor that 

responds to oxidative stress independently from CaHog1 (Enjalbert et al., 2006).  

The CWI pathway is primarily activated in response to cell wall stress, but can also be 

activated by oxidative stress (Navarro-García et al., 2005). However, neither Cacap1∆ nor 

CWI deletion mutants (Camkc1∆ and Cabck1∆) were more susceptible to NaD1 than 

wildtype. Thus, C. albicans tolerance to NaD1 induced oxidative stress does not require the 

CaCap1 transcription factor or the CWI pathway. 

 

C. albicans calcineurin signalling responds to many of the same stresses as the CWI 

pathway (Bader et al., 2003; Cruz et al., 2002), so the requirement of this pathway in the 

NaD1 response was also tested. Like the CWI deletion mutants, mutants deficient in  

Ca-calcineurin signalling, with deletion of either the Ca-calcineurin subunit Cacna1 or the 

transcription factor Cacrz1, were not sensitive to NaD1 treatment. Likewise, mutants with 

deletions in the C. albicans mating pathway (Cacek2∆ and Cahst7∆) did not differ from 

wildtype in their NaD1 response.  

 

In summary, C. albicans appears to respond to NaD1 induced ROS solely through the 

CaHog1 pathway. A summary of C. albicans stress signalling in response to NaD1 is 

presented in Figure 5.22. 
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Figure 5.22 C. albicans stress signalling in response to NaD1 

When treated with NaD1, C. albicans activates the Hog1 MAPK pathway. Oxidative stress, not osmotic 

stress, is responsible for activation of this pathway. The CWI pathway and Cap1 do not respond to NaD1 

treatment.  
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The mating pathway of F. graminearum has also been associated with tolerance to the plant 

defensins RsAFP2, MsDef1 and MtDef4 (Ramamoorthy et al., 2007b). However, deletion 

of the MAPK, MAPKK and MAPKKK (CaCek2, CaHst7 and CaSte11, respectively) of 

the C. albicans mating pathway did not alter NaD1’s ability to inhibit fungal growth. 

 

Next, S. cerevisiae stress signalling mutants were also analysed. The S. cerevisiae hog1∆ 

mutant did have an altered phenotype compared to wildtype, but it was slightly more 

resistant to NaD1 rather than sensitive like the C. albicans hog1 deletion. That is, in  

S. cerevisiae it appears that ScHog1 activation contributes to NaD1’s antifungal activity, 

rather than enhancing tolerance. Sc-calcineurin also appears to be involved in NaD1’s 

mechanism against S. cerevisiae, as the Sccna1∆ mutant was also more resistant to NaD1. 

Again, this observation contrasts to the behaviour of C. albicans, where the phenotype of 

both the Cacna1∆ and Cacrz1∆ mutants was the same as the wildtype. Lastly, the  

S. cerevisiae mating pathway may be involved in NaD1’s antifungal activity as Scfus3∆ 

was slightly resistant to NaD1 treatment, whereas deletion of the MAPK of this pathway in 

C. albicans (CaCek2) did not alter NaD1’s antifungal activity. In summary, ScHog1, the 

mating pathway (ScFus3) and Sc-calcineurin may modulate NaD1’s antifungal activity 

against S. cerevisiae.  

 

Deletion of Hog1 rendered C. albicans more sensitive to NaD1, whereas S. cerevisiae with 

the Hog1 deletion was more tolerant. To determine whether the differences in the NaD1 

response in the hog1∆ mutants in C. albicans and S. cerevisiae arise from differences in 

sensitivity to oxidative stress, wildtype C. albicans (DAY185) and S. cerevisiae (BY4741) 

were grown in the presence of various concentrations of hydrogen peroxide.  

Although S. cerevisiae did not grow to the same optical density as C. albicans during the 

incubation period, the degree of growth inhibition relative to a no-treatment control was the 

same for both species. Thus, is unlikely to be due to differences in sensitivity to oxidative 

stress.  
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I also investigated pathway components upstream of Hog1 that are essential for NaD1 

activity, to determine whether they contribute to differences in the C. albicans and  

S. cerevisiae hog1∆ phenotype. The upstream signalling cascades that activate Hog1 are 

complex, and react to stress differently in S. cerevisiae and C. albicans. These differences 

may explain why the phenotype of the hog1∆ mutants are different in the two yeast species.  

 

In S. cerevisiae, osmotic stress induced ScHog1 activation occurs through two independent 

signalling cascades. The first begins with the histidine kinases ScSln1, ScYpd1 and ScSsk1, 

which signal to the MAPKKKs ScSsk2 and ScSsk22. In the second pathway ScSho1 signals 

to the MAPKKK ScSte11. These two pathways converge at the MAPKK ScPbs2, which 

activates ScHog1 (Figure 5.1) (Maeda et al., 1995; Posas et al., 1996). The two branches 

are not redundant, with ScSln1 activated at moderate concentrations of the osmo-stressor 

KCl and both ScSln1 and ScSho1 causing changes to gene expression at high KCl 

concentrations (O'Rourke & Herskowitz, 2004). In S. cerevisiae, it also known that the 

ScSho1 and ScSln1 branches react to stimuli at different speeds, with the ScSln1 branch 

producing faster Hog1 activation than the ScSho1 branch (Hersen et al., 2008; Maeda et 

al., 1995). Two transmembrane osmosensors ScMsb2 and ScHrk1 also exist upstream of 

ScSho1 (Tatebayashi et al., 2007). ScMsb2 can also activate the ScHog1 pathway 

independently of the ScSho1 branch (O'Rourke & Herskowitz, 2002; Tatebayashi et al., 

2007). In addition, ScMsb2 and ScSho1 are also involved in activation of the ScKss1 

invasive growth pathway (Cullen et al., 2004). Less is known about the S. cerevisiae 

upstream signalling in response to oxidative stress. However, Scsho1∆ and a Scsln1-ssk1 

double deletion are sensitive to hydrogen peroxide (although  not to other oxidants), 

signifying that both branches of signalling may be involved in oxidative stress response 

(Singh, 2000). Signalling is further complicated by sharing of components between 

pathways. For example, ScSte11 is shared between the ScFus3, ScKss1 and ScHog1 

pathways and both ScSte7 and ScSte11 are shared by ScFus3 and ScKss1 (Qi & Elion, 

2005). Prevention of cross-talk between the pathways is complicated and involves several 

regulatory steps, including the binding of scaffold proteins which, when bound, favour 

signalling through one pathway (Saito, 2010). For example, the ScSte5 scaffold protein is 

only recruited after pheromone exposure and directs signalling through the ScFus3 pathway 

(Correia & Pla, 2010; Saito, 2010). ScPbs2 and ScSho1 act as co-scaffolds to direct 

signalling to ScHog1 (Saito, 2010).  Other upstream components exist in these pathways 

but will not be discussed here. A simplified illustration of MAP kinase signalling in  

S. cerevisiae is shown in Figure 5.23. Collectively, this data means that in S. cerevisiae, the 
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oxidative stress produced by NaD1 could activate the Hog1 pathway through either the 

ScSln1 or ScSho1 branches. Therefore, Scsln1, Scsho1 and Scmsb2 deletion mutants were 

tested with NaD1.  

 

 

 

 

Figure 5.23 MAP kinase signalling in S. cerevisiae 

Mating (pheromone induced, pink), invasive growth (starvation induced, orange), osmotic (and oxidative?) 

stress response (blue) and cell wall stress response (green) are regulated by the MAPK ScFus3, ScKss1, 

ScHog1 and ScMpk1, respectively. ScMsb2, ScSho1, ScSte11 and ScSte7 are involved in multiple 

pathways and are shown in black. Scaffold proteins that aid in preventing cross-talk between the pathways 

have a rounded rectangle around the protein name. The colour of the rectangle identifies the pathway 

towards which that scaffold protein directs signalling. 
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In C. albicans, signalling in response to both osmotic and oxidative stress occurs through a 

single MAPKKK CaSsk2 to the MAPKK CaPbs2, as Cassk2 deletion impairs Hog1 

phosphorylation to both of these stresses. In contrast, deletion of Caste11 does not affect 

CaHog1 phosphorylation in response to osmotic or oxidative stress (Cheetham et al., 2007). 

Upstream of CaSsk2, deletion of Cassk1 also blocks CaHog1 activation in response to 

oxidative stress (Chauhan et al., 2003; Román et al., 2005). CaYpd1 and CaSln1 do appear 

to be involved in CaHog1 regulation in C. albicans, but their roles have not been fully 

elucidated. Sln1 and Ypd1 negatively regulate the Hog1 pathway, so deletion of the SLN1 

and YPD1 genes results in constitutive activation of Hog1 in both S. cerevisiae and  

C. albicans (Maeda et al., 1994; Mavrianos et al., 2014; Posas et al., 1996; Román et al., 

2005). However, Caypd1∆ and Casln1∆ are still able to increase CaHog1 phosphorylation 

(above the consititutive level) upon hydrogen peroxide treatment (Mavrianos et al., 2014; 

Román et al., 2005). Upstream of CaSte11, CaSho1 does appear to play a role in resistance 

to oxidative stress, but is hypothesised to be mostly independent of CaHog1, as deletion of 

Casho1 does not affect CaHog1 phosphorylation (Román et al., 2005). Interestingly, the 

deletion mutants Casho1∆, Cassk1∆ and double deletion of Casho1 and Cassk1 still 

phosphorylate CaHog1 in response to osmotic stress, indicating that another upstream 

pathway may signal to CaSsk2 in response to osmotic stress in C. albicans (Chauhan et al., 

2003; Román et al., 2005). Furthermore, CaMsb2 does not appear to have a major role in 

CaHog1 activation, as Camsb2 deletion does not block osmotic stress induced CaHog1 

activation. CaMsb2 does contribute to osmotic stress tolerance in the absence of CaSsk1 

and CaSho1, although this tolerance is CaHog1 independent (Román et al., 2009). 

However, the involvement of CaMsb2 in CaHog1 activation during oxidative stress has not 

been investigated. Instead it appears that the primary roles of CaSho1 and CaMsb2 are in 

activation of CaCek1 (ScKss1 homolog) signalling (Román et al., 2009; Román et al., 

2005). A simplified illustration of MAP kinase signalling in C. albicans is shown in Figure 

5.23. In contrast to S. cerevisiae, oxidative stress, and therefore NaD1, must activate  

C. albicans Hog1 through only the CaSln1 branch. 
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Figure 5.24 MAP kinase signalling in C. albicans 

Mating (pheromone induced, pink), invasive growth (starvation induced, orange), osmotic (light blue) and 

oxidative (dark blue) stress response and cell wall stress response (green) are regulated by the MAPK 

CaCek2, CaCek1, CaHog1 and CaMkc1, respectively. CaSte11 and CaHst7 are involved in multiple 

pathways and are shown in black. Black question marks represent aspects of the CaHog1 pathway which 

require further analysis. The blue question mark represents unknown alternative signalling in the CaHog1 

pathway.   
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In response to NaD1, S. cerevisiae Scmsb2 and Scsho1 deletion mutants both had the same 

phenotype as Schog1∆. That is, with slightly higher tolerance to NaD1 than wildtype.  

In contrast, the ScSLN1/sln1 heterozygous mutant (ScSln1 is essential for survival) had the 

same sensitivity to NaD1 as wildtype. As the Sho1 branch does not signal to CaHog1 in  

C. albicans (Figure 5.24), this indicates that NaD1 induced Hog1 activation occurs through 

different upstream signalling cascades in S. cerevisiae and C. albicans. Perhaps the cross-

over between the ScHog1 pathway and ScFus3 pathways in S. cerevisiae (via the shared 

MAPKKK ScSte11) could also account for the ScFus3 phenotype (i.e. resistance of 

ScFus3, ScSte7 and ScSte11 deletion mutants to NaD1, Figure 5.15). Although considering 

the ScSte2 and ScSte3 (components of the pheromone sensing GPCR) deletion mutants are 

also slightly resistant, this indicates that the signalling most likely originates from the 

GPCR of the ScFus3 pathway.  

 

The differences in hog1∆ phenotypes in C. albicans and S. cerevisiae could also result from 

differences in gene expression after Hog1 activation. Unlike S. cerevisiae, C. albicans lacks 

a general stress response. That is, C. albicans does not appear to have a set of genes that 

are up-regulated commonly by all stresses. In contrast, osmotic, oxidative and heat stress 

in S. cerevisiae can activate many of the same genes and exposure to one stress can give 

cross protection with other stresses. For example, a mild heat shock can protect against a 

subsequent osmotic stress (Enjalbert et al., 2003). In fact, the gene GPD1, which encodes 

a glycerol-3-phosphate dehydrogenase, is only induced by osmotic stress in C. albicans but 

is also induced by heat and oxidative stress in S. cerevisiae (Enjalbert et al., 2003).  

Perhaps NaD1’s mechanism against S. cerevisiae is similar to the action of the chemical 

fungicide fludioxonil against various filamentous fungi. It is hypothesised that treatment of 

Neurospora crassa with fludioxonil results in os-2 (Hog1 homolog) activation and over 

accumulation of glycerol that contributes to cell death. In this case, deletion of os-2 reduces  

sensitivity of N. crassa to fludioxonil (Zhang et al., 2002). Similarly, hyperactivation of 

CaHog1 (by deletion of the negative regulator CaPtc1) renders C. albicans hypersensitive 

to the plant defensin HsAFP1 (Aerts et al., 2011). Furthermore, S. cerevisiae deletion of 

the negative regulators Scsln1 and Scypd1 or mutations to ScHog1 also lead to hyperactive 

ScHog1 and increased cell death (Posas et al., 1996; Yaakov et al., 2003). Activation of  

S. cerevisiae Hog1 by oxidative stress after NaD1 treatment could result in 

overaccumulation of glycerol and cell death.  
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Interestingly, the actin cytoskeleton is required for ScMsb2 to activate ScHog1 after 

osmotic stress (Tanaka et al., 2014). In Chapter 3, I showed that latrunculin A and deletion 

of several genes which affect actin (Scede1∆ and Scbzz1∆) resulted in resistance to NaD1. 

In this Chapter I also showed that deletion of Scmsb2 (and Scsho1 and Schog1) results in a 

slight resistance to NaD1. It could be that disruption of the actin cytoskeleton by latrunculin 

A and these deletions results in reduced signalling to ScHog1 through ScMsb2.  

Considering the Schog1∆ mutant was also more resistant to NaD1, this could mean that the 

phenotypes observed in latrunculin A treated and Scede1∆ and Scbzz1∆ cells did not arise 

from defects in endocytosis, but to defects in ScHog1 signalling, which in S. cerevisiae, 

appear to contribute to cell death. However, the level of resistance observed in the 

endocytosis mutants was much greater than the phenotype of the Schog1, Scsho1 and 

Scmsb2 deletion mutants, pointing toward inhibition of endocytosis as the determining 

factor for this phenotype.  

 

Considering there were differences in phenotype between C. albicans and S. cerevisiae 

cells with deletion of the MAPK of the mating pathways, I tested the effect of pertussis 

toxin on the two yeast species. Pertussis toxin blocks signalling through GPCRs by 

inducing ADP-ribosylation of the Gα subunit and blocking activation of the G-protein 

(Kaslow & Burns, 1992; Locht et al., 2011). The first known target of pertussis toxin was 

the mammalian Gi protein (Katada, 2012), with which S. cerevisiae Gα subunits (Gpa1 and 

Gpa2) are homologous (Miyajima et al., 1987; Nakafuku et al., 1988; Versele et al., 2001). 

 

Treatment of C. albicans with pertussis toxin reduced the antifungal activity of NaD1 

(Figure 5.12). In flow cytometry experiments, pertussis toxin treated cells had a lower level 

of fluorescence than with NaD1 treatment alone, indicating that BODIPY-NaD1 had bound 

to the cell surface but had not entered the cytoplasm (Figure 5.13). The ability of pertussis 

toxin treatment to reduce NaD1’s antifungal activity was also observed in S. cerevisiae 

(Figure 5.12). This reduction in NaD1’s activity against C. albicans was partially reversible 

by co-treating with both pertussis toxin and brefeldin A (Figure 5.14). This is consistent 

with previous observations, where the effect of pertussis toxin was abolished by brefeldin 

A (el Baya et al., 1997; Xu & Barbieri, 1995). It was not expected that pertussis toxin would 

affect NaD1’s activity on both C. albicans and S. cerevisiae, given that Cacek2∆ was not 

resistant to NaD1. To determine if the glucose sensing GPCR ScGpr1 is involved in NaD1’s 

activity, I tested a Scgpr1 deletion mutant. Deletion of Scgpr1 did not affect sensitivity of 

S. cerevisiae to NaD1 (Figure 5.15). The addition of an extra 2% glucose to S. cerevisiae 
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or C. albicans fungal inhibition assays had no effect on NaD1 activity (Figure 5.17).  

Next, mutants with deletion of the pheromone sensing GPCRs Scste2 and Scste3, as well 

as the MAPKKK Scste11 and the MAPKK Scste7 were tested. All of these mutants had the 

same phenotype as the Scfus3∆ mutant, with a slight resistance to NaD1 treatment (Figure 

5.15). Since all the ScFus3 pathway mutants were resistant to NaD1, there is likely to be a 

relationship between NaD1’s activity and the ScFus3 pathway (Figure 5.23). The ScFus3 

pathway could be required for NaD1 induced death in S. cerevisiae. If this is true, removal 

of key components of the pathway or the use of pertussis toxin to stop ScFus3 activation 

would result in NaD1 resistance. However, the level of resistance observed with pertussis 

toxin treatment was much greater than that obtained with the Scste2, Scste3 and ScFus3 

pathway deletion mutants. The reason for pertussis toxin induced NaD1 resistance in both 

C. albicans and S. cerevisiae is still unknown. 

 

Deletion of components of the mating pathway (Figure 5.23) has been reported to enhance 

resistance of S. cerevisiae to the plant antifungal protein osmotin. As observed with NaD1, 

the S. cerevisiae ste11 and ste7 deletion mutants are resistant to osmotin. Yeast with 

deletion of Scfus3 alone were not resistant, but cells with the fus3/kss1 double deletion were 

(Yun et al., 1998). Cells with a deletion in the scaffold protein Scste5, which directs 

signalling to ScFus3, were also resistant to osmotin, indicating that ScKss1 and ScFus3 are 

both important for osmotin activity (Figure 5.23). Seemingly at odds with this, deletion of 

the receptor genes Scste2 or Scgpa1 did not cause resistance to osmotin. However, 

concurrent pheromone and osmotin treatment did increase osmotin susceptibility. Yun and 

colleagues (1998) thus hypothesised that osmotin’s mechanism requires components of the 

pheromone signalling pathway, as well as another undefined upstream sensor.  

 

G-protein inhibitors also block the movement of ions that occurs in filamentous fungi after 

exposure to the plant defensins RsAFP2 and DmAMP1. As mentioned previously (Table 

0.1), RsAFP2 and DmAMP1 cause a release of K+ and uptake of Ca2+ into Neurospora 

crassa hyphae. Treatment with G-protein inhibitors reduced the alkalization of medium 

after exposure to RsAFP2 and DmAMP1 (although to a lesser extent than with RsAFP2) 

(Thevissen et al., 1996). This means that the movement of ions after treatment with 

RsAFP2, and DmAMP1 to a lesser extent, is mediated by a G-protein. Deletion of the 

GPCR Gpr3 in Botrytis cinerea also enhances sensitivity to the defensin-like peptide 

VvAMP2 from Vitis vinifera (Nanni et al., 2013). 
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Another explanation for the phenotype of the ScFus3 pathway deletion mutants relates to 

endocytic uptake of the ScSte2 receptor from the pheromone induced mating pathway in  

S. cerevisiae (Figure 5.23) (Kubler & Riezman, 1993; Wolfe & Trejo, 2007). ScEde1 is 

involved in regulation of ScSte2 internalisation and Scede1∆ has a partial defect in 

internalising α-factor (Gagny et al., 2000; Shih et al., 2002). Activated ScSte2 is 

phosphorylated, internalised and sent to the vacuole for degradation (Riezman, 1993). 

Thus, the enhanced resistance to NaD1 observed in the Scede1∆ and Scbzz1∆ mutants and 

the latrunculin A treated cells could be due to reduced ScFus3 activation. That is, ScSte2 

turnover would be reduced in these cells, resulting in reduced ScFus3 signalling. This is 

consistent with the finding that S. cerevisiae fus3∆ is resistant to NaD1. However, this 

hypothesis is complicated by the observation that Scclc1∆ was not resistant to NaD1 even 

though clathrin heavy and light chain (Scchc1∆ and Scclc1∆) mutants also have reduced  

α-factor uptake (Boettner et al., 2012; Riezman, 1993). Also in conflict with this, the level 

of resistance in endocytosis mutants and latrunculin A treated cells was much greater than 

that observed in the ScFus3 pathway deletion mutants. Thus, it is more likely that blocking 

endocytosis reduces NaD1 activity by reducing NaD1 uptake, rather than by reducing 

ScFus3 signalling.  

 

I also tested C. albicans HOG and CWI mutants with the antifungal peptides NaD2 and 

DmAMP1, to determine if the mechanism of action of these defensins was the same as 

NaD1. NaD2 is a class I defensin which produced by the same plant as NaD1; the 

ornamental tobacco N. alata. This peptide has lower antifungal activity than NaD1 against 

a number of plant pathogens (Dracatos et al., 2013). Both Cahog1∆ and Camkc1∆ mutants 

were more sensitive to NaD2 than wildtype cells, and NaD2 treatment led to CaHog1 

phosphorylation. Very little is known about the mechanism of action of NaD2, but the 

hypersensitivity of the Camkc1 deletion mutant indicates that NaD2 affects the cell wall of 

C. albicans. DmAMP1, a class I defensin from D. merckii, was also tested with these 

mutants. DmAMP1 has 49% identity and a similar antifungal mechanism to the defensin 

RsAFP2, which has recently been reported to activate the cell wall integrity pathway 

(Thevissen et al., 2012). As observed with NaD2, both Cahog1 and Camkc1 deletion 

mutants were hypersensitive to DmAMP1. 

 

Considering that deletion of Camkc1 enhances sensitivity to NaD2, an inhibitor of the CWI 

pathway was predicted to increase the activity of NaD2 against wildtype C. albicans.  

The CWI pathway inhibitor, cercosporamide, and the calcineurin inhibitor FK506 were 
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thus tested for synergy with NaD1 and NaD2. Cercosporamide is reported to increase the 

antifungal activity of the chemical fungicides micafungin, fluoconazole and fenpropimorph 

(all of which target the cell wall or the plasma membrane) against C. albicans (LaFayette 

et al., 2010). The calcineurin inhibitor FK506 acts in synergy with fluconazole, caspofungin 

and fludioxonil against C. neoformans and with fluconazole, terbinafine, fenpropimorph 

and micafungin against C. albicans (Cruz et al., 2002; Del Poeta et al., 2000; Kojima et al., 

2006; Onyewu et al., 2003; Singh et al., 2009). NaD2 displayed synergy with 

cercosporamide at all tested concentrations. It also displayed synergy with FK506, but 

required higher concentrations than cercosporamide. Interestingly, both cercosporamide 

and FK506 displayed synergy with NaD1, despite both Ca-calcineurin and Camkc1∆ 

mutants having no sensitivity to NaD1. Perhaps the synergy of NaD1 with these inhibitors 

arises because these inhibitors have toxic effects on their own (Odom et al., 1997; Sussman 

et al., 2004) (although FK506 was used at a sun-inhibitory concentration in these assays), 

resulting in greater stress to the cells.  

 

The relationship between stress signalling pathways in fungi and their activation after 

exposure to plant defensins are complex. The response of these pathways to antifungal 

molecules can differ between fungal species. Furthermore, the stress pathways that are 

activated by antifungal peptides vary with their mechanisms of toxicity. Nevertheless, there 

is a clear role for stress response mechanisms in tolerance of fungi to antifungal molecules.  
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6.1 Introduction 

Fungal disease is a persistent problem in human health and agriculture (Brown et al., 2012; 

Fisher et al., 2012). Despite the use of chemical fungicides, the incidence and mortality of 

human disease from fungal pathogens is high and is increasing with the use of 

immunosuppressive therapies and incidence of HIV (Brown et al., 2012; Latge & 

Calderone, 2002). Antimicrobial peptides have been suggested as novel treatments for these 

infections (Brandenburg et al., 2012; Peters et al., 2010; Theis & Stahl, 2004).  

However, most antimicrobial peptides have only been characterised for antibacterial 

activity (van der Weerden et al., 2013). One class of antimicrobial peptides that display 

significant antifungal activity are the plant defensins (Thomma et al., 2002; van der 

Weerden & Anderson, 2012b). One of these defensins, NaD1, has been examined for its 

activity and mechanism against plant fungal pathogens. However, its ability to inhibit 

fungal pathogens of humans and its suitability for therapeutic use had not been assessed.  

In addition, aspects of NaD1’s antifungal mechanism, such as how the peptide gains access 

to the fungal cytoplasm, had not been elucidated. In this thesis I aimed to answer some of 

these outstanding questions. 

 

6.2 Findings of this study 

6.2.1 NaD1 inhibits the growth of human fungal pathogens 

NaD1 inhibits the growth of several species of fungi which frequently infect humans. 

Species of the Aspergillus, Cryptococcus and Candida genera most commonly cause 

invasive disease (Brown et al., 2012). NaD1 inhibits the growth of species within all three 

of these genera. NaD1 was most active against strains of Cryptococcus neoformans and 

Cryptococcus gattii. It also had inhibitory activity against Aspergillus niger and Aspergillus 

paraciticus strains. However, the three strains of Aspergillus flavus tested were resistant to 

NaD1. Investigating the differences between A. flavus and the other Aspergillus strains may 

provide insight into the cause of A. flavus resistance, and in turn may provide information 

about NaD1’s mechanism of action. In contrast, the NaD1 derivative HXP4 inhibited the 

growth of these NaD1 resistant strains. Lastly, the growth of Candida albicans was 

inhibited by NaD1 at a low micromolar concentration.  
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Several other antimicrobial peptides were also tested against these pathogens. In particular, 

the peptide Bac2a had significant antifungal activity against all pathogens tested. NaD1 and 

HXP4 generally compared favourably to Bac2a, except for A. flavus, on which NaD1 had 

little activity.  

 

In addition, NaD1 is fungicidal against C. albicans. That is, it kills C. albicans cells rather 

than merely inhibiting their growth. In survival assays against C. albicans, cell death did 

not increase with treatments longer than 15 min, indicating that NaD1’s action had occurred 

within a 15 min time period. Most of the molecules currently used for the treatment of 

fungal disease are fungistatic rather than fungicidal. For example, ergosterol biosynthesis 

inhibitors, a major class of antifungals that are currently used in the clinic, do not usually 

kill fungal cells. Similarly, echinocandin drugs, which are the preferred treatment for 

invasive C. albicans infections, are fungistatic against filamentous fungi (LaFayette et al., 

2010; Onyewu et al., 2003; Perlin, 2011). Fungicidal activity is preferred in disease 

treatment as it reduces the likelihood of resistant strains emerging.  

 

NaD1 was originally hypothesised to only affect filamentous hyphae (van der Weerden et 

al., 2008). However, the data presented in this thesis disproves this hypothesis, as 

Cryptococcus and C. albicans are both yeast (although C. albicans also has a hyphal form). 

The change of the assay medium, from YPD to half-strength PDB, revealed that NaD1 does 

kill yeast.  

 

Some antimicrobial peptides are inactive in serum (Maisetta et al., 2008). NaD1 was thus 

tested for antifungal activity under physiological conditions. NaD1 inhibited the growth of 

C. albicans in the presence of 5% fetal calf serum, although growth was slightly reduced. 

When C. albicans was grown at 37°C, the level growth inhibition by NaD1 was the same 

as when inhibition assays were performed at 30°C.  
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6.2.2 NaD1 acts in synergy with protease inhibitors and other antimicrobial peptides 

NaD1 acts in synergy with proteinase inhibitors against plant fungal pathogens (Anderson 

et al., 2009; McKenna, 2012). In this thesis, I showed that NaD1 also acts in synergy with 

proteinase inhibitors against fungal pathogens of humans. Synergy and combined 

treatments with multiple AMPs (or chemical fungicides) have the potential of negating 

many of the problems associated with antifungal disease treatment. For example, the 

emergence of resistance to an antifungal therapy is less likely to occur if combinations of 

molecules with at least two different mechanisms of killing are used. The use of AMPs with 

different mechanisms of action may also broaden the spectrum of fungal pathogens that can 

be treated. In addition, synergistic activity may allow for decreased concentrations of 

antifungal molecules used in treatment, reducing the likelihood of negative side effects 

occurring in the host.  

 

The molecules that had the best synergy with NaD1 were the antimicrobial peptide Bac2a 

and the protease inhibitor BPTI. Interestingly, NaD1 had better synergy with the plant 

defensin NaD2, than with a defensin from a different plant source, DmAMP1. Perhaps 

NaD1 and NaD2 act in synergy in the flowers of Nicotiana alata. NaD1 also had high levels 

of synergy with the human antimicrobial peptides histatin 5 and hβD2. Therefore, if NaD1 

was used therapeutically it could potentially act in synergy with these endogenous peptides. 

Lastly, NaD1 had medium synergy levels with the chemical fungicide amphotericin B, 

indicating that existing chemical fungicides and plant defensins could have synergistic 

activity, if combined for the treatment of human fungal disease.  

 

6.2.3 The three step mechanism of NaD1 is conserved in C. albicans 

As mentioned previously in this thesis, NaD1 has a three step mechanism of action against 

the filamentous plant pathogen Fusarium oxysporum f. sp. vasinfectum, that involves 

binding to the cell surface, disruption of the plasma membrane and uptake into the 

cytoplasm (van der Weerden et al., 2008). These steps are conserved in C. albicans.  

Using confocal microscopy with fluorescently labelled NaD1, the movement of the protein 

was tracked in live cells for 15 min after treatment. Shortly after addition of the protein, 

NaD1 bound to the cell surface. The protein then moved into the cytoplasm of the  

C. albicans cells. There was a delay between the uptake of BODIPY-NaD1 and propidium 

iodide fluorescence, indicating that NaD1 enters into the cell prior to cell death. 
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The uptake of the BODIPY-NaD1 was also confirmed using flow cytometry, which showed 

concentration dependent uptake of the peptide. Permeabilisation of the plasma membrane 

was also confirmed using a SYTOX green uptake assay, which monitored the fluorescence 

of the nucleic acid binding molecule SYTOX green over a three hour period. SYTOX green 

uptake occurred with NaD1 treatment, but much slower than peptides known to rapidly 

permeabilise the membrane (BMAP-28 and CP29) (van der Weerden et al., 2010).  

 

6.2.4 NaD1 may be internalised by endocytosis, but does not appear to require 

internal protein transport 

The method of uptake of NaD1 into cells was studied using inhibitors and mutants with 

defects in endocytosis and protein transport. The inhibitor latrunculin A, which blocks most 

forms of endocytosis (Dutta & Donaldson, 2012), reduced NaD1’s activity against  

C. albicans. In addition, deletion of Saccharomyces cerevisiae genes involved in 

endocytosis resulted in resistance to NaD1. As endocytosis requires energy, an inhibitor of 

oxidative phosphorylation, CCCP (Heytler & Prichard, 1962), was also tested.  

Pre-treatment with CCCP reduced NaD1’s activity and blocked uptake of the peptide into  

C. albicans. These results are also consistent with previous observations that S. cerevisiae 

rho0 mutants, with a deficiency in mitochondrial respiration, are resistant to NaD1 (Hayes 

et al., 2013) and NaD1 induced permeabilisation of Fusarium oxysporum f. sp. vasinfectum 

(Fov) is blocked at 4°C (van der Weerden, 2007). Together, these results indicate that NaD1 

is internalised by endocytosis, at least at concentrations below 2.5 µM. The S. cerevisiae 

endocytosis mutants were not less sensitive to NaD1 at concentrations above 2.5 µM, 

indicating that perhaps another mechanism of uptake, or direct cell lysis, occurs at higher 

NaD1 concentrations.  

 

NaD1’s activity does not require internal protein transport through the endosomal network 

after passage though the plasma membrane. NaD1 activity against C. albicans was not 

affected by brefeldin A, which blocks retrograde transport from endosomes to the trans-

Golgi network (Lippincott-Schwartz et al., 1991; Wood et al., 1991), or nocodazole, which 

depolarises microtubules and affects endosome movement (Apodaca, 2001; Matteoni & 

Kreis, 1987). Likewise, deletion of components of the C. albicans ESCRT pathway, which 

is responsible for endosome trafficking and formation of late endosomes (or MVBs) (Henne 

et al., 2011; Saksena et al., 2007), did not reduce NaD1’s antifungal activity. This indicates 
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that NaD1 is not likely to be trafficked to the vacuole for degradation, nor is there likely to 

be a target for NaD1 on the plasma membrane that requires recycling mechanisms.  

 

6.2.5 C. albicans tolerates low NaD1 concentrations by activating Hog1 

Upon NaD1 treatment, C. albicans activates the HOG pathway. The HOG pathway was 

initially identified as being involved in NaD1 tolerance in the C. albicans deletion library 

screen. C. albicans hog1 (the terminal MAPK) and pbs2 (the MAPKK that regulates Hog1) 

deletion mutants were more sensitive to NaD1, and this sensitivity was reversed after 

complementation of the genes in the mutants. Western blots revealed that Hog1 is 

phosphorylated, and therefore activated, after exposure to NaD1. 

 

In addition, Hog1 is the sole C. albicans stress response pathway that is involved in 

tolerance to NaD1. Deletion of the MAPK and MAPKK of the mating and CWI pathways 

did not affect NaD1 tolerance, nor did deletion of the Cap1 transcription factor or a subunit 

of calcineurin.  

 

6.2.6 NaD1 induces ROS, but not osmotic stress 

After discovering the involvement of the C. albicans HOG pathway in tolerance to NaD1,  

I examined whether NaD1 induces osmotic or oxidative stress in C. albicans, since Hog1 

can be activated in response to either of these stresses (Figure 5.24). Confocal microscopy 

and flow cytometry of C. albicans were used to demonstrate that NaD1 induces the 

production of reactive oxygen species (determined using the ROS probe DHR 123) and 

nitric oxide. Further evidence for the induction of oxidative stress by NaD1 was the 

reduction in NaD1 growth inhibition in the presence of the antioxidant ascorbate.  

In contrast, pre-treatment with sorbitol to prime the cells for osmotic stress did not reduce 

NaD1’s antifungal activity. Furthermore, co-treatment with sorbitol (to induce osmotic 

stress) and NaD1 did not increase antifungal activity. Thus NaD1 induces oxidative, but 

not osmotic stress, in C. albicans. 
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6.2.7 NaD1 activates Hog1 through different upstream signalling cascades in  

C. albicans and S. cerevisiae 

Although Hog1 is involved in NaD1 tolerance in C. albicans, it appears to be required for 

NaD1’s toxicity in S. cerevisiae. That is, deletion of Schog1 enhanced resistance to NaD1, 

rather than enhancing sensitivity. Given this, I questioned whether the signalling upstream 

of Hog1 differed between the two species in response to NaD1. In C. albicans, activation 

of Hog1 occurs through a single cascade which begins with the histidine kinase CaSln1 

(Cheetham et al., 2007). In S. cerevisiae, activation can occur through signalling from 

ScSln1 or ScSho1 (Maeda et al., 1995; Posas et al., 1996). S. cerevisiae hog1∆ and deletion 

mutants in the ScSho1 branch were slightly resistant to NaD1 treatment. In contrast, a 

SLN1/sln1 heterozygous mutant (Sln1 is essential in S. cerevisiae) did not differ from 

wildtype. Since C. albicans can only signal through CaSln1, NaD1 must activate Hog1 

through different upstream pathways in S. cerevisiae and C. albicans.  

 

6.2.8 C. albicans tolerates plant defensins with different stress response pathways 

Different antimicrobial peptides and chemical fungicides activate different stress signalling 

pathways, and thus are likely to have different mechanisms of action (Chapter 1).  

The mechanism of action of antifungal peptides are known to differ (van der Weerden et 

al., 2013; Vriens et al., 2014).  To determine if the examination of stress signalling 

pathways could give some indication of the mechanism of the plant defensins NaD2 and 

DmAMP1, I tested these peptides against Cahog1 and Camkc1 deletion mutants. While 

NaD1 only activates the HOG pathway, C. albicans tolerance to the plant defensins NaD2 

and DmAMP1 involves both the HOG and the CWI pathways. Deletion of the MAPK of 

the CWI pathway (Camkc1∆) resulted in sensitivity to both NaD2 and DmAMP1.  

Thus, these defensins are likely to damage the cell wall of fungi as part of their mechanism 

of action.  
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6.2.9 A GPCR may contribute to NaD1 activity 

An inhibitor of G-protein coupled receptors, pertussis toxin (Kaslow & Burns, 1992; Locht 

et al., 2011), reduced the antifungal activity of NaD1 against both C. albicans and  

S. cerevisiae. This reduction in NaD1’s antifungal activity was partially reversed by 

brefeldin A, which is known to block the action of pertussis toxin (el Baya et al., 1997).  

Of the two GPCRs in S. cerevisiae, inhibition of signalling from the Ste2-Ste3 pheromone 

receptors may contribute to NaD1 resistance, as deletion of Scste2∆, Scste3∆ or 

components of the ScFus3 mating pathway (which this GPCR activates) resulted in slight 

resistance to NaD1. However, the level of resistance observed in these mutants was much 

less than that obtained with pertussis toxin treatment. In addition, the resistance phenotype 

of the mating pathway mutants in S. cerevisiae was not conserved in C. albicans. Therefore, 

the true cause for the resistance to NaD1 that is produced by pertussis toxin treatment needs 

to be elucidated.  

 

6.2.10 NaD1 and NaD2 act in synergy in C. albicans growth assays with stress 

signalling inhibitors  

NaD1 and NaD2 operated in synergy with the CWI inhibitor cercosporamide and the 

calcineurin inhibitor FK506 in cell growth assays. This was expected for NaD2, because 

the cell wall integrity pathway is involved in tolerance of NaD2. However, NaD1 also had 

synergy with these inhibitors. It is currently not known why NaD1 has synergistic activity 

with these inhibitors.  As these inhibitors are also toxic to yeast (Odom et al., 1997; 

Sussman et al., 2004), the combination of the inhibitors and NaD1 could result in greater 

stress to the cells.  
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6.3 Future directions 

6.3.1 What is NaD1’s primary target? 

Screening of the C. albicans deletion library for NaD1 resistance was used in an attempt to 

find a target for the antifungal activity of NaD1.  The library screen revealed one gene 

deletion that enhanced NaD1 resistance in both clones. This gene, orf19.6845, encodes a 

putative bZIP transcription factor. The only information available for this gene is that it is 

induced in a C. albicans biofilm model (Nett et al., 2009). To discover more about this 

potential target for NaD1, it may be beneficial to add a fluorescent tag to monitor when this 

putative transcription factor is translocated to the nucleus. The gene targets of this putative 

transcription factor could be studied using transcriptome profiling of the deletion mutant or 

using chromatin immunoprecipitation (ChIP) techniques (Horak & Snyder, 2002; Johnson 

et al., 2007). 

 

Several other resistant mutants were also identified in the initial screen and antifungal 

assays (irs4∆, sap8∆, plb2∆, kis2∆ and ssn3∆) but the resistance phenotype was not 

conserved in both clones. However, some of the mutants may not have the correct deletions. 

Consequently, they require PCR verification that the gene deletion had occurred and also 

further investigation into any involvement in NaD1’s activity. The irs4∆ mutant, with 

deletion of gene that encodes a PI(4,5)P2 phosphatase (Morales-Johansson et al., 2004), is 

of particular interest, as NaD1 binds PI(4,5)P2 on lipid strips (Poon et al., 2014). 

 

It would also be beneficial to screen the heterozygous C. albicans deletion collection as 

described in Xu et al. (2007). This library has 2868 heterozygous deletion mutants (45% of 

the C. albicans genome) and has barcodes incorporated for screening by microarray.   

 

6.3.2 How does synergy occur? 

To investigate a possible involvement of signalling in synergy, I initiated an RNAseq 

(Wang et al., 2009b) experiment to investigate changes in C. albicans gene regulation in 

response to singular plant defensins, and defensins in combination. However, due to time 

constraints these experiments were not completed for inclusion in this thesis. NaD1 and 

DmAMP1 were chosen for this experiment as they both have significant antifungal activity 

on their own, they have synergy in combination (Chapter 2) and they activate different 

stress signalling pathways (Chapter 5). Survival assays were performed with DmAMP1 and 
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NaD1 and DmAMP1 in combination to select the most appropriate concentrations for the 

RNAseq experiment. Preliminary cell treatments and RNA extractions were performed. 

The RNA from these extractions was of sufficient quality to sequence the mRNA 

transcriptome. Libraries will be prepared using Illumina sample prep kits and sequenced on 

an Illumina HiSeq. This experiment will not only give information about synergy, including 

whether stress signalling contributes to synergy, but could also give further information 

about NaD1’s mechanism of action.  

 

It would also be interesting to examine the mechanism of synergy between BPTI and NaD1.  

BPTI causes growth arrest in yeast, increasing the number of cells in the G0/G1 and G2 

phases of the cell cycle (Bleackley et al., 2014a). NaD1’s activity should be investigated at 

the different phases of the cell cycle, to determine if NaD1 is more active at G0/G1 and G2 

stages. If NaD1 is more active during these phases, this could explain why BPTI and NaD1 

synergy occurs.   

 

6.3.3 NaD1 uptake by endocytosis 

The data presented in this thesis led to the hypothesis that NaD1 is internalised by 

endocytosis. However, it is unknown whether this uptake is a clathrin dependent process. 

This could be resolved by testing a mutant with deletion of the clathrin heavy chain (chc1∆). 

Preliminary experiments were performed with a Scchc1∆ mutant, but were not included in 

this thesis as the mutant could not be verified by PCR for correct deletion of the CHC1 

gene. Several other inhibitors could also be tested to identify the type of endocytosis 

involved in NaD1 uptake (Dutta & Donaldson, 2012). For example, the inhibitor 

chlorpromazine inhibits clathrin mediated endocytosis by moving clathrin from the cell 

surface and into endosomes (Dutta & Donaldson, 2012). In some mammalian cell types 

this inhibitor can also inhibit clathrin independent endocytosis. However, the fluorescent 

probes lactosylceramide (LacCer), which is internalised by clathrin independent 

endocytosis, and transferrin, which requires clathrin for endocytosis, could be used to 

ensure that only clathrin dependent endocytosis is affected (Vercauteren et al., 2010).  

The inhibitor amiloride can be used to block macropinocytosis, which is another process 

that requires actin (Conner & Schmid, 2003; Dutta & Donaldson, 2012). However, as the 

mechanisms of these inhibitors and probes have been determined in mammals, their use 

could potentially be complicated by mechanistic differences between mammals and yeast. 

It would also be beneficial to test other S. cerevisiae endocytosis mutants such as end3∆ 
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and end4∆, which are defective in the internalisation step of endocytosis (Bénédetti et al., 

1994; Raths et al., 1993; Wesp et al., 1997). 

 

It is also necessary to confirm that NaD1 uptake was blocked in the S. cerevisiae 

endocytosis mutants and in C. albicans after latrunculin A treatment. These experiments 

could be performed using confocal microscopy or flow cytometry with the BODIPY tagged 

NaD1 and would confirm that the resistance phenotype of the endocytosis mutants was not 

due to reduced ScFus3 signalling or reduced activation of ScHog1 through the ScMsb2 

osmosensor. Confocal microscopy and flow cytometry experiments would also assist in 

resolving whether a second mechanism of NaD1 uptake occurs at higher NaD1 

concentrations. These assays could monitor uptake of high concentrations of BODIPY-

NaD1 after treatment with latrunculin A. Considering the different phenotypes of Hog1 and 

mating pathway mutants in S. cerevisiae and C. albicans it may also be beneficial to create 

deletions of the endocytosis related genes in C. albicans to confirm that antifungal activity 

and uptake of NaD1 is affected in this species.  

 

6.3.4 GPCRs and NaD1 

The effect of pertussis toxin on NaD1 activity against S. cerevisiae and C. albicans requires 

further investigation. Although the ScFus3 mating pathway (which is activated by the Ste2-

Ste3 pheromone sensing GPCR) appeared to be involved in pertussis toxin induced 

resistance in S. cerevisiae, deletion of components of the C. albicans mating pathway did 

not affect NaD1 sensitivity. Since, the pertussis toxin resistance phenotype was conserved 

in both S. cerevisiae and C. albicans, the resistance to NaD1 is not likely to be due to 

reduced activation of the mating pathway. A potential method to confirm this is to test 

diploid S. cerevisiae cells with pertussis toxin, as ScSte4 and ScSte18 are expressed only 

in haploid cells (Versele et al., 2001). This means that the GPCR cannot activate ScFus3 

signalling in these cells. If pertussis toxin does not reduce NaD1 inhibition in diploid  

S. cerevisiae then the effect of pertussis toxin on NaD1 activity is independent of ScFus3 

signalling.  
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In flow cytometry experiments NaD1 uptake was reduced in pertussis toxin treated 

samples. Confocal microscopy of NaD1 uptake into C. albicans and S. cerevisiae would be 

beneficial to determine if pertussis toxin results in accumulation of NaD1 on the cell 

surface, without uptake into the cytoplasm. If NaD1 is activating a G-protein directly it 

would be helpful to test mutants with deletions of the Gα proteins Gpa2 (downstream of 

Gpr1) and Gpa1 (downstream of Ste2 and Ste3), as well as components of the Gβγ dimer 

that are associated with Gpa1, Ste18 and Ste4. Unfortunately, the full extent of the effects 

brought about by pertussis toxin in yeast are not known. Perhaps a screen of the  

S. cerevisiae full deletion collection with pertussis toxin would aid in narrowing down the 

list of possible NaD1 targets.  

 

6.3.5 Fus3 and Hog1 activation in S. cerevisiae 

The mating and HOG pathways both appear to contribute to NaD1 toxicity against S. 

cerevisiae. It would be beneficial to determine if ScHog1 and ScFus3 are phosphorylated 

after NaD1 treatment. It would also be interesting to observe how addition of glycerol 

affects NaD1 activity. The chemical fungicide fludioxonil causes hyperactivation of 

Neurospora crassa Hog1, leading to overaccumulation of glycerol and swelling and rupture 

of the cells (reviewed in Chapter 1). If NaD1 causes Hog1 hyperactivation and glycerol 

accumulation in S. cerevisiae, much like fludioxonil, than addition of exogenous glycerol 

may increase NaD1’s toxic effect on S. cerevisiae. It would also be interesting to see how 

deletion of Scfus3 in diploid S. cerevisiae cells, which do not mate, affects NaD1 activity. 

Lastly, it would be beneficial to test a mutant with deletion of Sckss1, the MAPK of the 

invasive growth pathway, as the ScKss1 pathway shares ScSte7, ScSte11, ScSho1 and 

ScMsb2 with the ScHog1 and ScFus3 pathways, and deletion of all of these components 

rendered cells less sensitive to NaD1 treatment.  

 

6.3.6 Hog1 activation by NaD1 in other pathogens 

Although deletion of CaHog1 in C. albicans increased the sensitivity to NaD1, the same 

deletion in the model organism S. cerevisiae slightly increased resistance. For Hog1 to be 

a viable target to increase NaD1’s efficacy, it is essential that deletion of Hog1 in other 

fungal pathogens causes NaD1 sensitivity. Hog1 deletions in a variety of fungal pathogens 

of both plants and humans should be tested for sensitivity to NaD1. This would then permit 

disruption of Hog1, potentially through the use of an inhibitor, to increase antifungal 
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activity against a broad spectrum of pathogens. The potential use of a Hog1 inhibitor is 

discussed further in Section 6.3.8. 

 

6.3.7 Stress pathway activation by other AMPs 

Considering plant defensins activate different stress signalling pathways, it would be 

interesting to observe how C. albicans responds to other antimicrobial peptides, including 

CP29, Bac2a, bactenecin and BMAP-28 (Section 2.1). In doing so, we will gather more 

information about their mechanisms of action and will able to make more informed 

decisions about AMPs that are likely to work in synergy. A fluorescent reporter system for 

Hog1 and Mkc1 activation, essentially as described in McClean et al. (2007), would be a 

more rapid system for screening peptides. McClean and co-workers (2007) used a  

S. cerevisiae fluorescent reporter system to investigate cross-talk between the HOG and 

mating pathways. Construction of these reporter systems involves replacing a stress 

induced gene with a fluorescent marker downstream of the native promoter (Figure 6.1). 

An example is the gene CaSTL1, which encodes a glycerol transporter that is induced by 

osmotic stress through activation of CaHog1 (Kayingo et al., 2009). Hog1 activation would 

drive transcription from the STL1 promoter and cause expression of the fluorescent 

molecule, which could be monitored by fluorescence microscopy or flow cytometry.  

This would allow high throughput screening (particularly using flow cytometry) to define 

the stress signalling pathways that are activated in C. albicans by these peptides. Choosing 

genes that are specifically expressed after osmotic or oxidative stress would allow 

assessment of whether an antifungal peptide causes oxidative or osmotic stress. 

  

6.3.8 NaD2’s mechanism of action 

While NaD1 activates only CaHog1, both CaHog1 and CaMkc1 are involved in tolerance 

to NaD2. Further investigation of NaD2, focusing on alterations or targets in the cell wall, 

could give valuable information about its mechanism of action. In doing so, this may prove 

the hypothesis that stress signalling pathways can quickly narrow down possibilities for a 

peptides antifungal mechanism.   
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Figure 6.1 Reporter system for Hog1 activation  

(A) A Hog1 activated gene (STL1 in this example) can be replaced by DNA which encodes for a fluorescent 

molecule (in this case GFP) downstream of the native promoter. A URA3 marker (and a constitutive 

promoter) is also included for selection of transformed colonies. (B) Upon osmotic stress Hog1 activation 

would drive expression from the STL1 promoter, resulting in GFP expression. In the absence of stress, no 

GFP would be expressed. (C) GFP fluorescence could be monitored in cells using fluorescence microscopy.  
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6.3.9 Inhibitors of stress signalling pathways 

In this thesis I showed that NaD1 and NaD2 act in synergy with the signalling inhibitors 

FK506 and cercosporamide. However, further investigation is required to determine the 

molecular basis of this synergy and whether stress signalling inhibitors can be used to 

increase the efficacy of antifungal peptides. The use of stress signalling inhibitors in 

antifungal therapy may be a challenge given the sequence conservation between fungal and 

mammalian MAPKs and kinases. For example, Hog1 is an ortholog of the human p38 

MAPK, with 51% identity between Hog1 and one of the four p38 MAPKs (p38α) (Dinér 

et al., 2011; Han et al., 1994).  

 

For a Hog1 inhibitor to be used in combination with an antifungal molecule in the treatment 

of human disease, it would need to be specific for Hog1 and have no effect on p38 

signalling. Recently, an inhibitor of Hog1 has been designed, based on an inhibitor of p38. 

Signalling through p38α and p38β is inhibited by the drug SB203580 (Cuenda & Rousseau, 

2007; Dinér et al., 2011). However, this compound does not inhibit Hog1 in yeast because 

the inhibitor does not accumulate in yeast cells. The new inhibitor based on SB203580,  

4-(1-benzyl-4-phenyl-1H-1,2,3-triazol-5-yl)-N-isopropylpyridin-2-amine, enters yeast 

cells and selectively inhibits Hog1 (Blomqvist et al., 2014; Dinér et al., 2011). This inhibitor 

could potentially be used as a therapeutic in combination with antifungal molecules that activate 

Hog1 signalling. However, the ability of this compound to inhibit activation of the p38 MAPK 

has not been studied.  

 

Many of the current inhibitors of the cell wall integrity pathway and calcineurin signalling 

are also not appropriate for treatment of fungal disease in humans, due to their effect on 

human signalling pathways. For example, treatment of a Cryptococcus infection in rabbits 

with the calcineurin inhibitor FK506 exacerbates the infection, as the immunosuppressive 

effects of FK506 outweighed its toxic effect against yeast (Odom et al., 1997). Likewise, 

cercosporamide, a CWI pathway inhibitor, also inhibits human protein kinase C, MAPK-

interacting kinases (Mnk) and several other kinases (Konicek et al., 2011; Sussman et al., 

2004).  
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However, an FK506 variant was discovered that does not suppress the human immune 

system, while remaining toxic to Cryptococcus (Odom et al., 1997). More recently, Juvvadi 

and colleagues (2013) reported that A. fumigatus calcineurin has a 14 residue region which 

is specific to filamentous fungi and absent in mammals. This region may be a suitable target 

for future calcineurin inhibitors specific to filamentous fungi. 

 

6.4 In summary 

Fungal disease is an increasing problem in agriculture and human health. With the 

emergence of resistance to chemical fungicides, novel treatment strategies are sought for 

fungal infections. The use of antimicrobial peptides is one such strategy. In this thesis I 

focused on the plant defensin NaD1. I showed that NaD1 has antifungal activity against 

pathogens that infect humans and that NaD1 acts in synergy with other AMPs and 

proteinase inhibitors against these human pathogens. I also showed that NaD1 probably 

transits the plasma membrane by endocytosis, whereupon the peptide induces production 

of reactive oxygen species. Lastly, I showed that C. albicans adapts to NaD1 exposure by 

activation of the HOG stress signalling pathway and that different plant defensins activate 

different stress response pathways. The plant defensin NaD1 could potentially be used for 

therapeutic purposes and Hog1 may be viable target to increase the efficacy of NaD1 

against fungal pathogens.  
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AI Hayes et al. (2013)  

Hayes BME, Bleackley MR, Wiltshire JL, Anderson MA, Traven A, van der Weerden NL 

(2013) Identification and mechanism of action of the plant defensin NaD1 as a new member 

of the antifungal drug arsenal against Candida albicans. Antimicrob Agents Chemother 57: 

3667-3675 

 

Due to copyright, this article has been excluded from this version of the thesis. 
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AII Amino acid dropout media recipes 

Amino acid dropout media (1 L) requires: 

200 mL 5× Amino acid dropout mix  

200 mL 5× yeast nitrogen base 

100 mL 10× glucose 

500 mL water or 2% agar (for plates) 

 

 

Table A.1 Amino acid dropout mix recipes 
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AIII Sequencing of pDDB78-HOG1 and pDDB78-PBS2 

 

 

 

 

Figure A.1 Sequencing of pDDB78-HOG1 (HOG1-1) 

To check for successful insertion of HOG1 into the pDDB78 vector, HOG1-1 was sequenced using three 

different forward primers and one reverse primer. This sequencing confirmed the HOG1 gene was present 

without any mutations. Sequences were aligned using BioEdit sequence alignment editor (version 7.0.9.0) 

(Hall, 1999). 
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Figure A.2 Sequencing of pDDB78-PBS2 (PBS2-3) 

To check for successful insertion of PBS2 into the pDDB78 vector, PBS2-3 was sequenced using four 

forward primers and one reverse primer. This sequencing confirmed the PBS2 gene was present without 

any mutations. Sequences were aligned using BioEdit (version 7.0.9.0) (Hall, 1999). 
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