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ABSTRACT 

Current antifungal drugs possess two major limitations: i) emergence of fungal strains that are 

resistant to their antifungal modes of action, and ii) toxic side effects of the drugs caused by lack of 

selectivity towards fungal targets. One option to overcome these limitations is thought to be the 

discovery of antifungal compounds with novel modes of action. Fungi are of great interest as a possible 

source due to their ability to produce a diverse range of secondary metabolites that are tailored to their 

specific niche for survival. In addition, there are a vast number of fungi, or their products that are yet 

undiscovered or studied thoroughly. Epicoccum species are fungi that are already known to produce 

secondary metabolites with promising antifungal properties. However, no studies have been carried 

out to identify their modes of action. This research focused on the purification and identification of an 

antifungal compound produced by Epicoccum italicum ICMP 19927 through agar diffusion assays, 

minimal inhibitory concentration (MIC) assays, time-to-kill assays, flash column chromatography, and 

nuclear magnetic resonance (NMR) spectroscopy. In addition, attempts were made to elucidate its 

mode/s of action by the combination of chemical-genetic profiling, haploinsufficiency profiling, green 

fluorescent protein (GFP)-tagged protein library screening, and gas-chromatography mass-

spectrometry (GC-MS) based metabolomics approach to observe the responses of different 

Saccharomyces cerevisiae strains to sub-lethal dosage of the antifungal compound.  

Antifungal compound was purified from the crude extract of E. italicum, with activity against 

both moulds and yeasts. Its activity was as low as 30 µg/mL against S. cerevisiae. It was identified as 

a disalt (presumably of sodium) of epipyrone A (DEA). Results suggest DEA affects sphingolipids 

and their biosynthesis in yeast, while very long chain fatty acids (VLCFAs) are possibly contributing 

to resistance. Furthermore, additional antifungal modes of action were indicated including oxidative 

stress, disruption of the membrane protein endocytosis and multivesicular body (MVB) sorting 

pathways, and β-oxidation of fatty acids. To our knowledge, this was the first time to report a polyene 

class of antifungal compound directly affecting sphingolipids – possibly not ergosterol, which is a 
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well-known target of other drugs in the same class. These results support that discovery of an antifungal 

compound with novel modes of action from fungi is possible, and we should not underestimate fungi 

and the compounds they produce that remain understudied.  
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1.1 CURRENT ANTIFUNGAL DRUGS  

The importance of antifungal drugs in our society to combat fungal infections in medical and 

agricultural fields is becoming clearer each day. Invasive fungal infection in humans, animals, and 

economically important plants are continuously increasing, and are still deadly (Andriole, 1999; 

Prapagdee, Kuekulvong, & Mongkolsuk, 2008; Smedsgaard & Nielsen, 2005). This is correlated to 

the growing number of immunocompromised patients and advancement in medical treatments such as 

organ transplantation and cancer therapy (Andriole, 1999; Lewis, 2011). The increasing demand in 

crop cultivations are participating in elevation of the opportunistic fungal infections as well (F. Chen 

et al., 2014). Several antifungal drugs are currently available to combat these fungal diseases. The 

majority of them are categorized into five major classes depending on their distinct modes of action: 

polyenes, azoles, allylamines, echinocandins and flucytosine (Y. Chen et al., 2018; Perfect, 2017; 

Revie, Iyer, Robbins, & Cowen, 2018).  

The polyene class of antifungal agents (Fig. 1) has the broadest spectrum of activity among the 

drugs that are available in the market today (Andriole, 1999; Perfect, 2017; Worthen, Jay, & Bummer, 

2001). This includes amphotericin B (1), nystatin (2), and natamycin (3), which are characterised by 

long conjugated carbon chain with double bonds and polyunsaturated macrolide ring (Bossche, 

Engelen, & Rochette, 2003; Carrillo-Munoz, Giusiano, Ezkurra, & Quindós, 2006; Kotler-Brajtburg 

et al., 1979). These compounds interact with ergosterol, an important component of fungal cell 

membranes, thus, affecting its fluidity and integrity (Bossche et al., 2003; Y. Chen et al., 2018). This 

eventually causes leakage of the cytoplasmic content and consequent cell death (Andriole, 1999; 

Carrillo-Munoz et al., 2006; Escudero et al., 2015; Kotler-Brajtburg et al., 1979; Serhan, Stack, Perrone, 

& Morton, 2014). Moreover, the binding of polyene compounds to ergosterol to form large aggregates 

outside of the target cells, which causes cell death by extracting and depleting the ergosterol from their 

lipid bilayers, has been proposed recently as an additional mode of action for polyene compounds 

(Anderson et al., 2014; Bari, Sharma, Alfatah, Mondal, & Ganesan, 2015; Gray et al., 2012).  
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Figure 1. Chemical structures of common polyene antifungal drugs; amphotericin B (1), nystatin (2), 

and natamycin (3). These are characterized with a long-conjugated carbon chains with double bonds, 

and forms a ring structure. 
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The azole class of antifungal drugs (Fig. 2) are synthetically produced antifungal drugs that 

were discovered during the search for novel antifungal agents to replace amphotericin B (Maertens, 

2004). They contain the distinctive “azole ring” within their structure, a five-membered heterocyclic 

compound with nitrogen atoms. Depending on the number of nitrogen atoms present within the ring, 

drugs can be classified into imidazole (2 nitrogen atoms) or triazole (3 nitrogen atoms) (Kikalishvili 

& Kereselidze, 2003). Triazoles are known as the “second generation” azoles with enhanced activity 

compared to the first generation imidazoles (François et al., 2006; Maertens, 2004; Perfect, 2017; Saag, 

1988). Azoles generally show activity against a broad range of fungi, thus, are used to treat various 

superficial and systemic fungal infections in humans, animals and plants (François et al., 2006; Kelly, 

1995; Kwok & Loeffler, 1993). Most azole class antifungal drugs, except for ketoconazole (8) and 

miconazole (10) (François et al., 2006), are generally accepted to possess the same antifungal 

mechanism (Kwok & Loeffler, 1993; Maertens, 2004). They inhibit the ergosterol biosynthesis 

pathway of the fungal cells by targeting 14α-demethylase, thereby preventing the conversion of 14α-

methylsterols to ergosterol (Bossche et al., 2003; Carrillo-Munoz et al., 2006; Y. Chen et al., 2018; 

Kelly, 1995; Maertens, 2004; Saag, 1988). This results in accumulation of 14α-methylated 

intermediates that is toxic to the cell and depletion of ergosterol, leading to fatal changes in 

permeability of the fungal cell membranes. Ketoconazole, miconazole, and a number of azoles that 

were developed earlier, are known to affect a group of membrane lipid biosynthesis and enzymes on 

the cell membrane (François et al., 2006). 
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Figure 2. Chemical structures of commonly known azole class antifungal drugs, including 

vorticonazole (4), itraconazole (5), posaconazole (6), fluconazole (7), ketoconazole (8), clotrimazole 

(9), and miconazole (10). Depending on the number of nitrogen atoms within its azole ring, these are 

classified into either imidazoles or triazoles.  
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The allylamine class of antifungal drugs (Fig. 3), which includes naftifine (11) and terbinafine 

(12),  interferes with the cell membrane synthesis, resulting in decreased ergosterol and defected fungal 

cell membrane (Bondaryk, Kurzątkowski, & Staniszewska, 2013; Ryder, 1988). Unlike azoles, 

allylamines target the earlier stages of ergosterol biosynthesis (Bondaryk et al., 2013; Ghannoum & 

Rice, 1999a; Ryder, 1992). They provoke an increase in intracellular concentration of the sterol 

precursor squalene while other intermediates show their level decreased (Ghannoum & Rice, 1999a). 

Squalene epoxidase, which is involved in ergosterol biosynthesis, is thought to be inhibited by 

allylamines (Bossche et al., 2003; Y. Chen et al., 2018; Petranyi, Ryder, & Stutz, 1984), which 

indicates the cell death caused by these drugs is related to toxic accumulation of squalene followed by 

disruption of cell permeability and cellular organisation (François, Aerts, Cammue, & Thevissen, 2005; 

Ghannoum & Rice, 1999a). 

 

 

 

 

 

 

 

Figure 3. Chemical structures of the allylamine antifungal drugs. This includes naftifine (11), and 

terbinafine (12). 
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Echinocandins  (e.g. caspofungin (13), micafungin (14), and anidulafungin (15)) on the other 

hand (Fig. 4) inhibit the biosynthesis of fungal cell wall (Y. Chen et al., 2018; Perfect, 2017). These 

drugs are known to target and inhibit a subunit of 1,3- and 1,6-D-glucan synthase of the fungal cells 

that are encoded by FKS1 gene (Alves et al., 2012; Fera & Sarro, 2009; François et al., 2006; Rosato 

et al., 2013; Sucher, Chahine, & Balcer, 2016). This ultimately affects the β-1,3-glucan synthesis and 

results in structural deformation and destabilisation of the cells, followed by cell death (Carrillo-Munoz 

et al., 2006; Sumthong & Verpoorte, 2007). However, possible presence of  additional modes of action 

of echinocandin antifungal drugs have been suggested based on the lower activity of echinocandins 

observed on a number of different fungal strains such as Cryptococcus neoformans and some 

Aspergillus species (Denning, 2002; Eschenauer, Depestel, & Carver, 2007).  

 

 

 

 

 

 

Figure 4. Chemical structures of the common echinocandin class antifungal drugs: caspofungin (13), 

micafungin (14), and anidulafungin (15). 
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A synthetically produced antifungal drug flucytosine (Fig. 5, 16), or 5-fluorocytosine (5-FC), 

interferes  with RNA and DNA synthesis of fungi (Andriole, 1999; Carrillo-Munoz et al., 2006). Its 

antifungal activity is initiated by uptake of the drug via a transport enzyme cytosine permease. Then 

the conversion into 5-fluorouracil (5-FU) by cytosine deaminase occurs (Diasio, Bennett, & Myers, 

1978; Vermes, Guchelaar, & Dankert, 2000), followed by 5-fluorourine triphosphate, to replace uracil 

in RNA and disturb the protein synthesis of the fungal cells (Deacon, 2005; Vermes et al., 2000). This 

antifungal drug is also known to convert into 5-fluorodeoxyuridine monophosphate and inhibit 

thymidylate synthase, which is involved in biosynthesis of fungal DNA (Odds, Brown, & Gow, 2003; 

Vermes et al., 2000). 

 

 

 

 

Figure 5. Chemical structure of the flucytosine (16). 
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The targets of above antifungal drugs are summarised in Figure 6. All these antifungal drugs 

are widely used currently to treat various fungal infections in different hosts. However, most of these 

drugs suffer from two major limitations: (i) the emergence and increasing number of fungal strains that 

are resistant to the modes of action of these drugs (Jiang et al., 2015; Mor et al., 2015; Singh-Babak et 

al., 2012), and (ii) the toxicity of these drugs on hosts caused by their lack of selectivity towards other 

eukaryote organisms (Jiang et al., 2015; Mandal et al., 2016; Mor et al., 2015; Stierle et al., 2017; 

Vengurlekar, Sharma, & Trivedi, 2012).  

 

 

 

 

Figure 6. Summary of the targets of polyenes, azoles, allylamines, echinocandins, and flucytosine 

class of antifungal drugs in fungal cells. 
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1.1.1 Limitations of the current antifungal drugs 

1.1.1.1 Emergence of drug resistant fungal strains 

Emergence of fungal strains that are resistant to the modes of action of the currently available 

antifungal drugs is one of the major problems we are facing right now. Due to the increasing number 

of plants in agricultural fields combined with the increasing number of immunocompromised patients, 

the level of antifungal drug usage is growing significantly (Baindara & Korpole, 2016; Luis Ostrosky-

Zeichner, Casadevall, Galgiani, Odds, & Rex, 2010; Parker et al., 2014). In addition, variations of 

modes of action of the currently available antifungal drugs are low, which some of those drugs are 

used in multiple fields, including medicine and agriculture (Hawkins & Fraaije, 2018; K. Healey, 

Challa, Edlind, & Katiyar, 2015). These are contributing to increased chances of fungal species 

developing resistance to different drugs, as well as selecting endogenously resistant fungal strains from 

the environment (Hawkins & Fraaije, 2018; Parker et al., 2014). These fungal species are often resistant 

to certain modes of action, which any drugs with the same mode of action are ineffective against them 

(Revie et al., 2018). A number of methods of drug resistance in fungal species have been identified so 

far, including overexpression, alteration, or replacement of the cellular targets of the antifungal drugs, 

and upregulation of drug exportation and down regulation of drug intakes (Hawkins & Fraaije, 2018; 

Revie et al., 2018). 

Emergence of polyene antifungal drug resistance is rare (Bossche et al., 2003; Ghannoum & 

Rice, 1999a). A well-known mechanism to polyene resistance is through alteration of lipid 

composition of the cell membrane to lower the affinity of the polyene compounds towards the target 

(Bari et al., 2015; Ghannoum & Rice, 1999a; Loeffler & Stevens, 2003). Different expression level of 

PMP3 gene to alter the plasma membrane proteolipid 3 protein, as well as over and under expression 

of ergosterol in fungal strains, is thought to participate in this resistance (Bari et al., 2015; Bondaryk 

et al., 2013; Loeffler & Stevens, 2003). 
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Fungal resistance to azole class drugs are relatively well understood compared to the other drug 

resistance. Azole resistant fungal strains exhibit either one or a combination of following major 

mechanisms: active efflux pump, impaired influx pump, mutation of drug binding sites, and increased 

concentration of drug target (Bossche et al., 2003; Kanafani & Perfect, 2008). Active efflux pumps are 

expressed by up-regulation of transporter genes such as CDR and MDR families (Kanafani & Perfect, 

2008; Sanglard et al., 1995). This reduces concentration of the drugs at its active site and leads to 

resistance against the majority of azole class drugs. Impaired influx system of the cell to reduce uptake 

of the drugs by the cells can reduce drug levels at the target. Mutation in ERG11 that encodes target 

site of P450 enzyme 14α-demethylase was shown to prevent binding of the azole drugs to the 

enzymatic site (Ghannoum & Rice, 1999a; Johnson, Szekely, & Warnock, 1998; Kanafani & Perfect, 

2008; Serhan et al., 2014). Increase in intracellular concentration of 14α-demethylase by up-regulation 

of the ergosterol pathway showed decreased susceptibility of the cells towards the drugs by increasing 

concentration of the drug targets (Ghannoum & Rice, 1999a; Kanafani & Perfect, 2008). The different 

level of inhibition of ergosterol synthesis by azoles in different fungal species with the same sterol 

content were also observed previously (Ghannoum & Rice, 1999a). This suggested possible 

differences of the binding affinity of the drugs to the target depending on the fungal species. 

Development of resistance to allylamine drugs in fungi is also rare. Exceptional use of the drug 

against dermatophytes and a number of yeast species due to its selectivity may be the reason 

(Ghannoum & Rice, 1999a; Ryder, 1985). Saccharomyces cerevisiae that is resistant to terbinafine is 

reported to overexpress CDR1 and CDR2, which may be participating in increase efflux of the drug 

(Bossche et al., 2003).  

A high rate of resistance development in fungal pathogens against 5-FC is reported (Deacon, 

2005; Diasio et al., 1978; Odds et al., 2003; Vermes et al., 2000). Deficiency in transporting enzymes 

to uptake 5-FC into the cells due to mutation in cytosine permease (Bondaryk et al., 2013; Kanafani & 

Perfect, 2008; Vermes et al., 2000), and mutations and loss of activity of cytosine deaminase and uracil 
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phosphoribosyl transferase activity (Deacon, 2005; Kanafani & Perfect, 2008) to inhibit the formation 

of 5-fluorouridylic acid (FUMP) (Diasio et al., 1978; Ghannoum & Rice, 1999a) are some proposed 

resistance mechanisms in fungi. In addition to this, an increased level of pyrimidines, a base analogue, 

was described to contribute to 5-FC resistance by competing with 5-FC (Vermes et al., 2000). 

1.1.1.2 Toxicity to the host caused by lack of selectivity of the drugs 

The other major limitation of current antifungal drugs is the side effects on the hosts caused by 

lack of selectivity of the antifungal drugs towards the target fungal strains. Since fungi share some 

common cellular features with other eukaryotes, such as humans, the concentration or duration of 

treatments with a number of antifungal drugs are reduced and limited to prevent any toxic side effect 

(Hahn, 2014; He et al., 2016). This has restricted the usage and effectiveness of the antifungal drugs. 

One of the well-known examples is the limited usage of the polyene class of antifungal drugs. As 

mentioned previously in section 1.1, polyenes are known to bind to ergosterol in target fungi, which 

is an analogue of cholesterol in mammalian cells (Carmody et al., 2005; Kotler-Brajtburg et al., 1979; 

Serhan et al., 2014). Therefore, polyenes can often bind to cholesterol and cause advert effects on the 

hosts. Many other antifungal drugs, such as griseofulvin, naftifine, and 5-FC, are also known to show 

side effects on hosts if overdosed (Bossche et al., 2003). 

 

1.1.2 Current attempts on overcoming the limitations of current antifungal drugs 

Various attempts were made by pharmaceutical companies to overcome the above limitations 

of the currently available antifungal drugs. Synthetic structural modifications to design new antifungal 

drugs based on the chemical scaffolds of existing drugs (Cole, 2014; Genilloud, 2017; Hahn, 2014), 

and improved delivery systems of the known antifungal compounds, such as liposomal formulation of 

AmB and nystatin (Juliano, Lopez-Berestein, Hopfer, & Mills, 1985), greatly increased the 

effectiveness of the drugs and decreased toxicity by improved specificity (Bossche et al., 2003; Vicente, 
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Basilio, Cabello, & Pelaz, 2003; Wright, 2017). Drug designing based on chemical scaffolds with 

known antifungal properties also generated a wider variety of new compounds with improved 

effectiveness against fungal infections. Triazoles (e.g. vorticonazole, rovuconazole, and pasaconazole) 

are one of them, which showed broader spectrum of antifungal activity with lower side effects 

compared to imidazoles (Perfect, 2017; Vengurlekar et al., 2012; Vicente et al., 2003). However, even 

with the improvement of the currently available antifungal drugs, the limitations still exist. The modes 

of action of these improved drugs remain the same (Juliano et al., 1985; Ng, Wasan, & Lopez-Berestein, 

2003). This indicates that our current knowledge and methods in synthetic modification of chemical 

scaffolds are still limited by what is currently known (Parsons et al., 2006). There is evidence of 

antifungal drugs showing activity against fungal strains that are resistant to the other drugs (Alves et 

al., 2012; Eschenauer et al., 2007; Ghannoum & Rice, 1999a). This suggested that the most effective 

and efficient methods of overcoming limitations of currently available antifungal drugs could be 

through discovery of new antifungal compounds with novel modes of action. The history of the 

antimicrobial compounds clearly shows that natural products, especially those from microorganisms, 

have been the best sources of novel antifungal chemical scaffolds including the currently used 

antifungal drugs (Herrmann, Fayad, & Müller, 2017; Moore, Carter, & Br, 2017; Wright, 2017). This 

led many pharmaceutical companies and researchers back to the search for new chemical scaffolds 

with novel modes of action in microbes, in addition to in depth research on biologically active chemical 

scaffolds that were abandoned in the past due to lack of distinct antifungal activity (Y. Chen et al., 

2018; Wright, 2017). In combination with the current ability to synthetically modify the chemical 

scaffolds with antifungal activity, discovery of new candidates with novel antifungal modes of action 

may provide a starting point to solve the current limitations of the antifungal drugs used nowadays 

through development of new drugs.  
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1.1.3 Microbial secondary metabolites 

Natural products derived from microorganisms are already well known as a great source of 

bioactive compounds for drugs, including the ones with antifungal properties (Bladt, Frisvad, Knudsen, 

& Larsen, 2013; Hahn, 2014; Jiang et al., 2015; Vicente et al., 2003; Wright, 2017). These bioactive 

compounds are secondary metabolites. Secondary metabolites are non-essential for cell’s growth and 

proliferation, however, are involved in interactions between different environments and organisms, 

and are often important for survival (Villas-Bôas, Roessner, Hansen, Smedsgaard, & Nielsen, 2006; 

Zhang & Demain, 2005). A number of secondary metabolites from various microorganisms are 

currently used as powerful antifungal drugs, including polyene class of antifungal drugs from 

Streptomyces species, some of which have been used as the base structure of synthetic agents (Jampilek, 

2016; Park, Yang, Lee, & Kwon, 2011; Vengurlekar et al., 2012; Vicente et al., 2003). These secondary 

metabolites with antifungal properties from microorganisms are becoming more popular due to 

possibilities of its mass production via batch culture (Jampilek, 2016; Vicente et al., 2003; L. Xu et al., 

2015), as well as the increasing movement to replace synthetic chemicals used to decrease any risks 

on the environment and hosts (Hawkins & Fraaije, 2018; Jiang et al., 2015; Prapagdee et al., 2008; 

Shahid, Saddiqe, & Jabeen, 2016; Talontsi, Dittrich, Schüffler, Sun, & Laatsch, 2013a; H. Wang, Yan, 

Wang, Zhang, & Qi, 2012).  

Among the microorganisms, we believe there is a strong chance of discovering novel antifungal 

compounds from fungi due to four major reasons: (i) fungi are already known to naturally produce 

various bioactive compound with antifungal properties, including those that are already 

commercialized (Alves et al., 2012; Fera & Sarro, 2009), (ii) fungi are thought to have evolved to 

produce these antifungal compounds naturally to adapt and survive its ecosystem (Zhang & Demain, 

2005), (iii) fungi grown in altered environments have been observed to produce a different range of 

antimicrobial compounds, and (iv) there is a vast diversity of fungi that we have not yet studied 

thoroughly or encountered. 
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1.2 FUNGI AS THE SOURCE OF ANTIFUNGAL COMPOUNDS 

Secondary metabolites produced from fungi are known to be a great source antifungal 

compounds (Bladt et al., 2013; Mandal et al., 2016; Wiemann & Keller, 2014; L. Xu et al., 2015; 

Zhang & Demain, 2005). This is proven by various antifungal drugs derived from fungi that are already 

in the market, which includes griseofulvin (17) from a Penicillium species (Bossche et al., 2003), 

strobilurin A (18) and oudemansin (19) from various Basidiomycetes (Nofiani et al., 2018), 

pneumocandin (20) from Glarea lozoyensis, Coleophoma empedri, and Aspergillus nidulans (Alves et 

al., 2012; Denning, 2002; Fera & Sarro, 2009; Jiang et al., 2015), arundifungin (21) from various 

fungal species including Arthrinium arundinis (Angeles Cabello et al., 2001), azaphilones from various 

different fungi including Monascus species and Chaetomium cupreum (Kanokmedhakul et al., 2006; 

Osmanova, Schultze, & Ayoub, 2010), papulacandin A-D (22) from Papularia sphaerosperma 

(Kaaden, Breukink, & Pieters, 2012), and cercophorins A-C (23) from Cercophora areolata (Whyte, 

Gloer, Scott, & Malloch, 1996) (Fig. 7). A diverse range of antifungal secondary metabolites from 

fungi are currently in use as biological control agents (Talontsi et al., 2013a; Zimmermann, 1995) 

and/or as a base structure for synthetic drugs (Jampilek, 2016). These support the idea that fungi are 

capable of producing biological compounds with promising antifungal properties. 
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Figure 7. Examples of antifungal compounds derived from fungal species. This includes griseofulvin 

(17), strobilurin A (18), oudemansin A (19), pneumocandin A-D (20), arundifungin (21), papulacandin 

A-D (22), and cercophorin A-C (23).  
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The secondary metabolites from fungi with antifungal properties are products of the 

evolutionary selection from the environment. Fungi in nature are part of a diverse microbial ecosystem 

where nutrients and space available are limited (Tariq, 2016). These environmental pressures 

surrounding the fungi are thought to have forced it to naturally select and produce antimicrobial 

compounds. Thus, the compounds produced are “tailored” with specific selectivity and potency of 

needs to fight against other microorganisms to increase survival of the fungus in response to the 

challenge present (Genilloud, 2017; Wright, 2017; Zhang & Demain, 2005). One example would be 

production of antifungal compound from endophytes, which produces various antifungal compounds 

for the survival (Chapla et al., 2014; Silva-hughes et al., 2015). Endophytes are fungal species living 

inside plant tissues and have symbiotic relationships with the host. They often interact with 

phytopathogenic fungal species. Several experiments on endophytes that were isolated from its host 

showed production of diverse range of bioactive compounds, which were often new, with promising 

antifungal activity against phytopathogens (Chapla et al., 2014; S. Deshmukh & Verekar, 2012; Silva-

hughes et al., 2015). This provides resistance to the host plant against the fungal infection, which 

ultimately participates in its survival in the ecosystem along with the host (Chapla et al., 2014; Nagia, 

Universit, Ezzat, & Ezzat, 2016).  

Production of the antimicrobial compounds from fungi were found to differ depending on its 

growing environment, including the presence of surrounding microorganisms. Unlike in the natural 

environment where fungi are surrounded by a diverse microbial community including other fungi, pure 

culture in a laboratory challenges them with minimal stressing factors. Therefore, cultivation of the 

fungi in the presence of more than one other species in co-culture has been investigated (Marmann, 

Aly, Lin, Wang, & Proksch, 2014), showing changes in the diversity of the compound produced by 

the fungi compared to growth in pure culture (Bertrand et al., 2013; Bugni, Adnani, & Bugni, 2017; 

Strom, Schnurer, & Melin, 2005; Tariq, 2016). This included production of novel compound that were 

only produced during co-culture (Wakefield, Hassan, Jaspars, Ebel, & Rateb, 2017; Wu, Zacchetti, 
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Ram, & Wezel, 2015), as well as acceleration in production of antimicrobial compounds due to 

activation of silenced genes that were not expressed previously (Bertrand et al., 2013; Marmann et al., 

2014). This suggested possibility of obtaining greater diversity of chemical compounds, and even 

novel ones, from a single fungal species by altering its surrounding environment such as through co-

cultivation with other microorganisms. This applies to the fungal species that were already studied in 

the past, however in a pure-cultured environment. 

The number of unexplored fungal species significantly increases the chances of finding new 

antifungal compounds from fungi. The estimated number of unexplored fungal species in nature is 

approximately 1.4-1.5 million in total (Blackwell, 2011). Out of these fungi, only a few are known to 

be explored so far, with the discovery rate of approximately 1200 fungal species per year on average 

(Blackwell, 2011; Mandal et al., 2016). This includes endophytes, where different fungal species are 

thought to populate different parts of the plant, and the number of plant species in the world are thought 

to be approximately 250,000-300,000 (S. K. Deshmukh & Verekar, 2014; Hawksworth & Rossman, 

1997; Nagia et al., 2016). These observations suggest that the possibility of discovering novel 

antifungal secondary metabolites from fungi may be extremely high.  

After the discovery of novel chemical compounds from fungi with promising potency, such as 

significant or unusual antifungal activity compared to the currently available antifungal drugs, further 

investigation may be required to improve and develop for the future applications. Understanding the 

modes of action of those compounds is one of the crucial information required to develop more 

effective and efficient product with reduced side effects (S. K. Deshmukh & Verekar, 2014).  

 

1.2.1 Characterisation of Modes of action of antifungal compounds 

Knowledge on the modes of action of the newly discovered bioactive compounds, including its 

cellular and pathway targets, is important information in the development and optimization of the 
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future drugs (Luesch, 2006). This would provide information that is required to increase the 

effectiveness while decreasing the toxicity of the compounds, as well as to exclude any compounds 

with potential side effects on the host. Characterization of modes of action of these compound may 

also indicate if the compound possesses something that is already known or if it is novel compared to 

the other compounds and/or commercially available drugs. Even if the modes of action of the newly 

discovered compounds are the same as the previously known compounds, it still may be useful as 

antifungal drugs. Antifungal drugs from the same family often show varied fungicidal coverage and 

potency against different fungal species, possibly due to differences in  chemical structure (Bal, 2010). 

In addition to this, some Candida species that are resistant to azoles and AmB were previously shown 

to be susceptible to echinocandins (Alves et al., 2012; Eschenauer et al., 2007). Thus, the antifungal 

compound with the known modes of action still can potentially be used to cover specific fungal 

pathogens, as well as an alternative drug against fungal strains that are resistant to the other drugs. 

Therefore, the modes of action of existing and newly discovered antifungal compounds should be 

elucidated as a general procedure to identify its cellular targets and the pathways it affects. This will 

allow modifications of these drugs to improve the effectiveness of those for the future utilization 

(Parsons et al., 2006), which seems to be the best option to overcome current limitations of the current 

antifungal drugs.  

 

1.3 EPICOCCUM ITALICUM AND ITS ANTIFUNGAL BIOACTIVE 

COMPOUNDS 

Epicoccum species are generally known as saprophytic fungi under Didymellaceae family. 

These fungi are found in various habitat worldwide including plants (Arenal et al., 2002; Pieckenstain, 

Bazzalo, Roberts, & Ugalde, 2001), terrestrial (Arenal, Platas, Martin, Salazar, & Pel??ez, 1999), 

marine environment (Fokin, Fleetwood, Weir, & Villas-boas, 2017; Sun, Mao, Jiao, Xu, & Li, 2011), 
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algae (Abdel-Lateff, Fisch, D Wright, & M König, 2003), sea sponges (Nguyen & Thomas, 2018), 

jellyfish (Yue et al., 2015), sea cucumber (Xia et al., 2010), and more. Production of a great diversity 

of secondary metabolites with bioactivities from Epicoccum sp., often environment specific (Brown, 

Finlay, & Ward, 1987), were reported previously. This includes compounds with antifungal properties. 

These compounds belong to major secondary metabolite groups including polyketides, terpenes, 

diketopiperazines, and indole alkaloids (Braga, Padilla, & Araújo, 2018; Keller, Turner, & Bennett, 

2005), and are in great interest as potential biological agents to control fungal pathogens (Madrigal & 

Melgarejo, 1995; Talontsi et al., 2013a; Zimmermann, 1995).  Many have demonstrated successful 

repression of economically important disease causing phytopathogens including Sclerotinia 

sclerotiorum (Boland & Inglis, 1989; Pieckenstain et al., 2001), Fusarium species (Jensen & Knorr, 

2016), Phytophthora infestans (Li et al., 2013), Botrytis cinereal (Alcock, Elmer, Marsden, & Parry, 

2015; Elmer & Reglinski, 2006), and Rhizoctonia solani (Lahlali & Hijri, 2010) in vitro, and even in 

field experiments (Brown et al., 1987; Larena et al., 2005). Epicoccum italicum (Fig. 8) is one of the 

Epicoccum species that is also reported to secrete various bioactive secondary metabolites including 

antifungal compounds that are in a great interest as part of the biological control product (Park et al., 

2011; Van Roel, Selwood, Wilkins, Ford, & Calder, 2012; Villas-Bôas, 2009). This includes polyene 

pyrone polyketides, one of which is epipyrone A (Ikawa et al., 1978; Patent No. JP2002047281A, 2002; 

Preindl, Schulthoff, Wirtz, Lingnau, & Alois, 2017; Shu et al., 1997; Van Roel et al., 2012).  
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Figure 8. Image of the fungus Epicoccum italicum grown on agar plate producing blood-orange 

coloured pigment along with bioactive secondary metabolites.  

 

Epipyrone A is a polyene compound characterised with long-conjugated carbon chains and 

double bonds, such as other polyene class of antifungal compounds, but in linear structure not in cyclic 

(24). It also contains an α-pyrone that is glycosylated. This is extremely special as chemical compounds 

with polyene side chains or α-pyrone  individually are relatively common (Peng et al., 2012), however, 

compounds with both moieties are known to be rare in nature (Park et al., 2011; Peng et al., 2012). 

Among those compounds, the ones that are produced by fungi are even harder to find (Peng et al., 

2012). This include aurovertin E (25) and aurovertin B (26) derived from Albatrellus confluens (F. 

Wang, Luo, & Liu, 2005) and Calcarisporium arbuscular (Mao et al., 2015), citreoviridin (27) from 

Penicillium citreoviride (Bowen, Patel, & Pattemdem, 1985), citreomontanin (28) from P. 

pedomontanum (Bowen et al., 1985), and orevactaene (29) from E. purpurascens (Preindl et al., 2017; 

Shu et al., 1997) (Fig. 9). Even though these polyene compounds from fungi exhibit various biological 

activity including cytotoxicity and HIV-1 inhibitory properties, none were reported to show antifungal 
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properties (Bowen et al., 1985; Mao et al., 2015; Preindl et al., 2017; Thirsk & Whiting, 2002). A 

number of compounds with glycosylated pyrone, including Dactylfungin A (30) from Dactylaria 

parvispora (Xaio, Kumazawa, Yoshikawa, & Mikawa, 1993) and fusapyrone (31) from Fusarium 

semitectum (Evidente et al., 1993) were reported to show strong antifungal activity, however, these 

compounds do not possess polyene chains. These observations make epipyrone A even more intriguing.  
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Figure 9. Chemical structure of epipyrone A (24), compared to other natural compounds with both 

polyene side chains and α-pyrone: aurovertin E (25), aurovertin B (26), citreovirdin (27), 

citreomontanin (28), and orevactaene (29), and the ones with glycosylated pyrone with antifungal 

properties: dactylfungin A (30) and fusapyrone (31). 
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Despite of numerous studies on the structure of epipyorne A, and a patent on using the 

compound as part of a biocontrol agent (Preindl et al., 2017; Van Roel et al., 2012), in-depth studies 

on its antifungal activity and its modes of action are not yet reported. It is a polyene class of antifungal 

compound; thus, it may possess the same modes of action as the other class members such as 

amphotericin B and nystatin. However, even a minor differences in the structure of a compound can 

give drastic changes in biological activity (Madden, Mosa, & Whiting, 2014; Park et al., 2011), and 

often suggest the presence of additional modes of action (Denning, 2002; Eschenauer et al., 2007; 

François et al., 2006). Therefore, further studies to elucidate the modes of action of epipyrone A are 

required for the development of potential new drugs in the future.  

 

1.4 ELUCIDATING MODE OF ACTION OF AN ANTIFUNGAL 

COMPOUND 

1.4.1 Structural elucidation  

Chemical structure of the antifungal compounds is related to its function, thus, elucidating its 

structure can reveal the possible modes of action of the antifungal compound. If the chemical scaffold 

of the compound does not include structures with known antifungal functions while showing the 

activity, then there is a high chance that it might possess a novel antifungal mode of action. With this 

novel structure, we may be able to improve its antifungal properties through synthetic modifications 

using the scaffold as a base in the future (Genilloud, 2014).   

Nuclear magnetic resonance spectroscopy (NMR) is the major technique used to elucidate 

structure of unknown complex molecules by measuring resonance of nuclei by placing them in a 

magnetic field (Villas-Bôas et al., 2006). Advantages of using NMR in structural elucidation of natural 

products is its simplicity and non-destructive analytical method (Johann, Smânia-jr, Pizzolatti, & 

Schripsema, 2007; Villas-Bôas & Bruheim, 2007). Proton nuclear magnetic resonance spectroscopy 
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(1H NMR), or carbon-13 nuclear magnetic resonance spectroscopy (13C NMR) spectra are typically 

used initially to determine the molecular formula of the tested compound (Elyashberg, 2015). 15N 

NMR spectra can also be used if the compound tested contains nitrogen atoms (Elyashberg, 2015). For 

the structural elucidation of natural products, two-dimensional (2D)-NMR is used (Reynolds & Enrı, 

2002), which uses two frequencies. Depending on the molecule tested, various configurations of the 

molecule, different 2D-NMR experiments can be carried out. These methods include correlation 

spectroscopy (COSY) (Reynolds & Enrı, 2002), which provides information on correlation in between 

protons, and incredible natural-abundance double-quantum transfer experiment (INADEQUATE), 

which indicates correlation in between 13C (Bross-Walch, Kuhm, Moskau, & Zerbe, 2005).  

 

1.4.2 Chemical-genetic profiling in elucidating modes of action of bioactive compounds 

Chemical-genetic profiling of antimicrobial compounds is a widely used method in elucidating 

their modes of action. Its concept is similar to synthetic lethality, where when two single mutations 

occur separately results in viable cells, but when together in the same cell they cause death of the 

organism (Parsons et al., 2004) (Fig. 10). In chemical-genetic profiling, an antimicrobial compound is 

used to mimic a gene mutation by binding to the gene product and is screened genome-wide against 

viable deletion libraries of yeast. The level of sensitivity/fitness related genomic responses of the yeast 

are then observed (Boone, Bussey, & Andrews, 2007; Parsons et al., 2004). This include insensitivity 

exhibited by the mutant strain towards the antimicrobial compound tested when the target gene is 

deleted, or increased sensitivity (hypersensitivity) of the cell caused by the altered response towards 

the stress induced by the compound. This may not show the direct target of the drug, however, will 

indicate the genes and its products that are participating in resistance or buffering of the wildtype yeast 

against the toxic effects of the tested compound (Maureen E Hillenmeyer et al., 2009). This will 

provide indirect evidence on the compound’s cellular targets or the pathways affected (Giaever et al., 

2004; Lopez, Parsons, Nislow, Giaever, & Boone, 2008; Parsons et al., 2004). There are several 
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advantages of using chemical-genetic profiling in elucidating modes of action of antifungal compounds. 

Firstly, it can be used on any drugs that inhibits the growth of wild type yeasts (Parsons et al., 2004). 

This include crude extracts from microorganisms and plants, thus, time consuming processes of 

purification is unnecessary. Fast initial assessment of various mixture of compounds is therefore 

possible to select the potential candidate with desired activity prior to further purification and in-depth 

study. Secondly, chemical-genetic profiling suggests drug targets and/or modes of action of the tested 

compound in unbiased manner since it is a screening against the whole yeast deletion library (Troppens, 

Dmitriev, Papkovsky, O’Gara, & Morrissey, 2013). Therefore, no prior knowledge on the compound 

to be tested is required, which is well suited for identifying antifungal compounds with possible novel 

modes of action. Finally, the chemical-genetic profile of an unknown antifungal compound can be 

compared to the profiles of other known drugs (Parsons et al., 2006). If the tested antifungal 

compounds exhibit the matching profile to the other drugs, this would indicate that they may have the 

same/similar antifungal modes of action on target fungal cells. On the other hand, if the tested 

compound shows the profile that was never observed previously, then this could mean the compound 

may possess novel modes of action.  

Various libraries of S. cerevisiae are available for chemical-genetic analysis. This include 

homozygous and heterozygous deletion libraries. By combining the screening of these libraries, it is 

possible to characterize the modes of action of a given antifungal compound thoroughly.  
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Figure 10. An overview of chemical-genetic interaction. A target fungal cell with one gene deleted 

(X) that is viable, and concentration of the drug (˧) that do not kill the cell are used to generate the 

chemical-genetic profile. If the drug inhibits a gene which normally interacts with the gene that is 

deleted, then they would show hypersensitivity. Adapted from Parsons et al., 2004 (Parsons et al., 

2004). 
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1.4.2.1 Non-essential gene deletion libraries 

According to the Saccharomyces cerevisiae Genome Project back in 1996, approximately 

6,000 open reading frames (ORFs) of S. cerevisiae were identified. The majority of these genes, around 

4,800, were found to be non-essential (Boone et al., 2007). A library of mutant yeast strains with these 

non-essential genes deleted was created by substituting them with kanamycin resistance marker 

(KanMX) module with 20 bp tags that are unique for each gene deletion (Boone et al., 2007). Haploid 

of both mating types (MATa or MATα), and diploid background of either homozygous or 

heterozygous non-essential deletion mutant libraries were created. Haploid deletion library is 

commonly used in chemical-genetic analysis (Dilworth & Nelson, 2015). Since non-essential genes of 

S. cerevisiae tend to have alternative pathways as backup for the deletion of a gene (Maureen E 

Hillenmeyer et al., 2009), other methods such as haploinsufficiency are often accompanied in 

combination. 

 

1.4.2.2 Essential gene deletion libraries 

Approximately 20 % of the genes identified in S. cerevisiae (1,200 genes) are essential genes 

for its survival (Boone et al., 2007). Heterozygous deletion strains were constructed to test these 

essential genes in the yeast (Giaever et al., 1999). Through deletion of a copy of an essential gene out 

of two, it greatly increased the sensitivity of the heterozygous yeast strain against the tested drug as it 

only expresses half of the usual level of the protein, which is also known as the haploinsufficiency 

(Giaever et al., 1999; Lum et al., 2004). If a specific gene is the right target, the testing compound 

should inhibit the activity of the remaining gene product to imitate the complete deletion of the gene. 

This method can also be used to test antifungal compounds with unknown modes of action against 

yeast strains with known drug targets deleted. Observing the growth of these deletion strains in 

presence and absence of tested compound in terms of fitness may provide us with evidence on the 

tested drugs’ gene target, thus, allowing direct identification of potential drug targets (Lum et al., 2004).  
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1.4.3 Green fluorescent protein (GFP) library screening 

Cells regulate localization of intracellular proteins in response to stresses, such as changes in 

environmental conditions (Tkach et al., 2012). A S. cerevisiae library expressing proteins tagged with 

GFP is available to analyse the subcellular localization of different proteins (Huh et al., 2003). This 

library consists of approximately 4,500 strains with each having a GFP protein tagged to C-terminus 

of distinct proteins of S. cerevisiae. Screening the tested antifungal compound against this library 

provides additional information on the effect of the compound on the activity, localization, and the 

abundance of the protein within the living yeast cell in response to the stresses caused by the drug 

(Tkach et al., 2012). In combination with the screening of the tested antifungal compound against gene 

deletion mutants of S. cerevisiae, use of GFP library provides additional information to hypothesize 

the mode of action of the compounds. 

 

1.4.4 Metabolomics to elucidate mode of action of bioactive compound 

Metabolomics, or metabolome analysis, is a system-wide study of metabolites of a single 

organism (Smart, Aggio, Van Houtte, & Villas-Bôas, 2010; Villas-Boas, Hojer-Pedersen, Akesson, 

Smedsgaard, & Nielsen, 2005). Metabolites are small molecules that are the intermediate products of 

metabolic reactions with molecular mass of less than 1,000 Da. These are the most downstream 

products of cells (Oliver, Winson, Kell, & Baganz, 1998). The level of metabolites are dependent on 

the current state of the cells, which changes in response to altered genetic or environmental 

perturbations (Villas-Bôas, Mas, Åkesson, Smedsgaard, & Nielsen, 2005; Zampieri, Zimmermann, 

Claassen, & Sauer, 2017). Through metabolomics, we can identify and quantify both intracellular 

(fingerprint) and extracellular (footprint) metabolites, as well as their changes in altered conditions 

(Allen et al., 2004; Dunn, Broadhurst, Atherton, Goodacre, & Griffin, 2011). This analysis can target 

specific metabolites or can profile the metabolites present as a whole in an unbiased manner (Dunn et 

al., 2011; Villas-Boas et al., 2005). Ultimately, metabolomics can reveal interactions in these 
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metabolites (metabolome), and metabolic pathways that are affected by any changes (Dunn et al., 2011; 

J. Xu et al., 2017).  

Application of an antifungal drug on the target fungal cells perturb its metabolism in a specific 

way, regardless of whether the effect would be permanent or reversible, leading to survival or death of 

the exposed cells. This will change the level of metabolic fingerprint and footprint of the cell as the 

metabolic pathways and flux will change in response to the effect of the antifungal compound (Aliferis 

& Jabaji, 2011; Hoerr et al., 2016; Raamsdonk et al., 2001). Identifying these changes in comparison 

to control or cells in different conditions, often cells without the exposure to the tested compound, can 

provide information on the effect of the drug on the cell’s metabolism. By analysing which metabolic 

pathways are affected by the drug, we can generate hypothesis on the modes of action of the tested 

drug (Ott, Araníbar, Singh, & Stockton, 2003a). The most frequently used instruments currently to 

analyse metabolites are nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) 

combined with different separation techniques including gas chromatography (GC) and liquid 

chromatography (LC) (Castrillo, Hayes, Mohammed, Gaskell, & Oliver, 2003; Koek, Jellema, Greef, 

Tas, & Hankemeier, 2011; Kueger, Steinhauser, Willmitzer, & Giavalisco, 2012; Villas-Bôas et al., 

2006). Different instruments are often preferred depending on the nature of the sample as each 

possesses different advantages and limitations (Kueger et al., 2012; Wishart, 2009). Therefore, 

different instruments, and even other “-omics” studies are often carried out in combination with 

metabolomics to obtain wider understanding of the modes of action of the tested drugs (Aliferis & 

Jabaji, 2011). 

NMR was the initial choice of methods and still used widely in metabolomics due to high 

reproducibility and minimal sample preparation that is direct and non-destructive (Dunn et al., 2011; 

Theodoridis et al., 2011). Proton (1H) NMR is frequently used in metabolomics, however, other 

methods are often used in combination including 13C NMR and 2D-NMR to cover the limitation of 

detecting a number of functional groups that lacks proton, as well as the common resonance in some 
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metabolites (Dunn et al., 2011; Villas-Boas et al., 2005). NMR suffers with low sensitivity, especially 

when the biological samples contain numerous metabolites (Koek et al., 2011; Villas-Bôas et al., 2005), 

and its analysis is known to be affected by different parameters of the sample, such as pH, 

concentration of metal ions, and salinity (Fan, Lane, & Higashi, 2012). Therefore, it is more suited for 

analysing metabolites in high concentrations, which often requires time consuming processes of 

sample concentration (Dunn et al., 2011; Ott, Araníbar, Singh, & Stockton, 2003b).  

Compared to the NMR, MS is more intensively used nowadays (Dunn et al., 2011) due to 

higher sensitivity and specificity to quantify and identify numerous metabolites within a complex 

sample (Koek et al., 2011). Therefore, MS provides more detailed information about the metabolites 

present in the biological sample (Kueger et al., 2012), and is more suitable for non-targeted analysis 

(Koek et al., 2011). Targeted analysis with MS require reference compounds that can be used to 

identify and quantify the metabolite of interest (Kueger et al., 2012). MS is also robust and reproducible, 

and with the help of GC and LC, it can effectively separate metabolites by their mass to charge (m/z) 

ratio present in a complex sample (Dunn et al., 2011; Granucci, Pinu, Han, & Villas-Boas, 2015; Smart 

et al., 2010).  

The majority of the metabolites present in biological samples are non-volatile compounds, 

therefore, metabolome profiling with LC-MS is useful to cover a wider range of metabolites within 

the sample compared to other techniques (Theodoridis et al., 2011), with much less sample preparation 

required prior to the separation of metabolites (Halket et al., 2005). Separation of metabolites in LC-

MS depends on the chromatographic column used (Moco, Forshed, Vos, Bino, & Vervoort, 2008), 

however, it is often limited by the matrix effect caused by other components within the sample, which 

can affect the detection level and reproducibility of LC-MS (Theodoridis et al., 2011). 

Compared to LC-MS, analysing volatile or metabolites with low molecular weights in GC-MS 

can be direct (Koek et al., 2011), however, polar non- or partial- volatile analytes and large molecules 
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need to be derivatized (Dunn & Ellis, 2005; Koek et al., 2011; Theodoridis et al., 2011). There are 

various derivatization methods reported, and only a few are used currently in metabolomics field 

(Villas-Bôas, Smart, Sivakumaran, & Lane, 2011). This include two major chemical derivatization 

methods: silylation (Koek et al., 2011) and alkylation (Villas-Bôas et al., 2011). Silylation is one of 

the most widely used derivatization methods for GC-MS. Metabolites are derivatizes through replacing 

active hydrogen groups/proton donating group of metabolites, such as sugars, sugar alcohols, and 

amino sugars, with trimethylsilyl (TMS)  group -Si(CH3)3, resulting in increased volatility (Fig. 11) 

(Dunn et al., 2011; Villas-Bôas et al., 2011). N, O-bis (trimethylsilyl)-trifluoroacetamide (BSTFA) and 

N-methyl-trimethylsilyltrifluoroacetamide (MSTFA) are the most commonly used reagents for 

silylation (Halket et al., 2005; Orata, 2012). There are reports on increased number of metabolites that 

are detected with TMS compared to the other derivatization methods, indicating its broader coverage 

of metabolites present in samples (Dunn et al., 2011). However, TMS derivatized samples are unstable, 

which can result in decreased reproducibility. Therefore, samples are recommended to derivatized 

freshly before the GC-MS analysis (Koek, Muilwijk, Werf, & Hankemeier, 2006; Villas-Bôas et al., 

2011). In addition to this, sample preparation for TMS requires much more strict conditions compared 

to the other derivatization methods, as the samples need to be completely free of water (Koek et al., 

2006; Villas-Bôas et al., 2011). This resulted in longer sample preparation time compared to the other 

methods. The reagents used during the TMS and non-derivatized compounds within the sample are 

not separated from the derivatized ones during the sample preparation as well. This may cause 

problems such as damaging the instrument during the analysis (Villas-Bôas et al., 2011). Therefore, 

alkylation is often used as an alternative to derivatize the sample.   
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Figure 11. Overall schematic of silylation derivatisation using N-methyl-N-

(trimethylsilyl)trifluoroacetamide (MSTFA). Adapted from Villas-Boas et al 2011(Villas-Bôas et al., 

2011). 
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Alkylation (Fig. 12) commonly uses chloroformate derivatives such as methyl chloroformate 

(MCF) as reagents to introduce alkyl group into active hydrogen in polar amino (-NH2) and carboxyl 

(-COOH)  groups (Smart et al., 2010; Villas-Bôas et al., 2006, 2011). This reaction also results in less 

polar, therefore more volatile, metabolites. The reagents used in alkylation are toxic (Hulshoff & 

Lingeman, 1984). However, resulting samples from alkylation are more stable (Söderholm, Damm, & 

Kappe, 2010), and sample processing for alkylation takes significantly less time without any strict 

reaction conditions such as complete removal of water (Villas-Bôas et al., 2011). Derivatized samples 

are also separated from the non-derivatized samples and the reaction reagents during the sample 

preparation process, and results obtained are more robust (Villas-Bôas et al., 2011).  

 

 

 

Figure 12. Overall schematic of alkylation derivatisation using MCF. Adapted from Villas-Boas et al 

2011(Villas-Bôas et al., 2011). 
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With the help from derivatizing methods, GC-MS is known to provide high resolution and 

reproducible data in metabolomics, with only 5 % or below variability (Koek et al., 2011; Villas-Bôas 

et al., 2006, 2011). With the addition of internal standards into the sample, such as isotopically labelled 

or synthetic metabolites, sample to sample variation can be minimized as well (Villas-Bôas et al., 

2005). Even unknown metabolites can be identified through the fragmentation pattern with readily 

available spectral libraries (Koek et al., 2011; Theodoridis et al., 2011). Compared to LC-MS, GC-MS 

is more sensitive with relatively cheaper cost of running, presence of readily available database, and 

is more robust (Theodoridis et al., 2011; Villas-Bôas et al., 2011).  
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1.5 SUMMARY AND PROJECT AIMS 

 Antifungal compounds with novel modes of action are urgently needed to overcome 

limitations of the currently available antifungal drugs. Fungi are known to produce various secondary 

metabolites with a wide range of biological activity, including fungicidal activity. Considering fungi 

are well known to produce diverse secondary metabolites in different environment, and even the 

number of unexplored and underexplored fungi are enormous, we believe there is a high potential that 

we may discover antifungal compound with the modes of action that were never encountered. 

Identification of modes of action of these antifungal compounds will be crucial in the development 

and utilization of these in the future.  

This thesis presents the isolation and identification of an antifungal compound that is produced 

by the fungus Epicoccum italicum, and studies conducted to elucidate the mode of action of this 

compound.  

Objective 1: Isolation and structural elucidation of an antifungal compound from Epicoccum italicum. 

Objective 2: Chemical-genetic profiling, haploinsufficiency profiling, and yeast-GFP library 

screening of the purified antifungal compound to elucidate the modes of action. 

Objective 3: GC-MS based metabolomics approach on the purified antifungal compound to generate 

hypothesis on the modes of action of the purified antifungal compound. 
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2.1 INTRODUCTION 

Limitations of the currently available antifungal drugs in medical and agricultural fields, 

including emergence of resistant fungal strains (Jiang et al., 2015; Mor et al., 2015) and toxic side 

effects of the drugs caused by lack of its selectivity towards the target fungal species (Mandal et al., 

2016; Stierle et al., 2017), suggests an urgent need for new antifungal drugs with novel modes of action. 

Given that a number of antifungal drugs have shown additional modes of action with varied spectrums 

of activity compared to the other antifungal drugs within the same drug class (François et al., 2006), 

there are possibilities of finding novel modes of action even from the natural compounds with chemical 

scaffolds of known antifungal properties. The polyene class of antifungal drugs, including 

amphotericin B and nystatin, are especially of interest due to their broad spectrum of antifungal 

activities compared to other classes (Andriole, 1999; Perfect, 2017), as well as low frequencies in 

emergence of resistant fungal strains (Bossche et al., 2003; Ghannoum & Rice, 1999a). These 

molecules are characterized by the presence of long conjugated carbon chains and double bonds with 

a ring structure (Bossche et al., 2003; Carrillo-Munoz et al., 2006; Kotler-Brajtburg et al., 1979). 

Epipyrone A (D8646-2-6, Fig. 1) is a secondary metabolite produced by the fungus Epicoccum nigrum 

(syn. E. purpurascens) strain ICMP 19927, which later was annotated as E. italicum according to the 

whole-genome sequencing (Fokin et al., 2017). It was previously reported to show potent antifungal 

activities, and is patented as part of an antimicrobial composition (Van Roel et al., 2012). However, 

no in-depth investigation on the properties of the compound have been reported despite various studies 

on its chemical structure and total synthesis (Kanai, Kamino, Kuramochi, & Kobayashi, 2003; Kanai, 

Takeda, Kuramochi, Nakazaki, & Kobayashi, 2007; Preindl et al., 2017).  In this report we present the 

purification, structural elucidation, physico-chemical and antifungal properties of disalt of epipyrone 

A. 
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Figure 1. Chemical structure of epipyrone A derived from Epicoccum italicum strain ICMP 19927. 
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2.2 MATERIALS AND METHODS 

2.2.1 General Experimental Procedures.  

UV spectra were measured using a Hitachi High-Technologies Corporation spectrophotometer 

model U1800. NMR spectra was recorded using Bruker Avance DRX-400 spectrometer (Bruker, 

Karlsruhe, Germany) operating at 400 and 500 MHz for 1H nuclei and 13C nuclei. Standard Bruker 

pulse sequence was used. Proto-deutero solvent signals (deuterated dimethyl sulfoxide (DMOS-d6: δH 

2.50, δC 39.43) and deuterated methanol (CD3OD: δH 3.30, δC 49.05) were used as internal reference. 

UPLC-MS/MS was performed using an Accela 1250 HPLC pump coupled with Q-Exactive Orbitrap 

mass spectrometry system. Chromatographic separations were performed with a Syncronis C18 

column. SPE was performed using a Strata SI-1 Silica SPE column. Semi-preparative HPLC was 

performed using a Shimadzu with Gemini-NX C18 reverse phase column.  

2.2.2 Growth media.  

Czapek Yeast Extract Agar (CYA) containing per litre: sucrose (30 g), sodium nitrate (2 g), 

dipotassium phosphate (1 g), magnesium sulphate (0.5 g), potassium chloride (0.5 g), ferrous sulphate 

(0.01 g), yeast extract (6 g), and agar (15 g), at pH 6.0, was used to cultivate E. italicum.  

Minimal medium (MM) containing per litre: D-glucose (U-13C6, Cambridge Isotope 

Laboratories, Inc., 10 g), ammonium sulphate (5 g), monopotassium hydrogen phosphate (3 g), 

magnesium sulphate heptahydrate (0.5 g), and vitamins and trace metals as described in Verduyn, 

Postma, Scheffers, & van Dijken, 1992, was used to label the antifungal compound produced by E. 

italicum with 13C.  

Yeast peptone dextrose (YPD) agar containing per litre: dextrose (10 g), peptone (3 g), yeast 

extract (6 g), and agar (15 g) at pH 5.5, were used to culture and maintain A. niger, S. sclerotiorum, S. 

cerevisiae, and C. albicans. YPD broth was used for the minimal inhibitory assays against moulds. 

RPMI 1640 (Sigma-Aldrich R6504, pH 6) with 3-(N-morpholino)propanesulfonic acid (MOPS) buffer 
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(0.164 M/L) mol/L, as mentioned in Schwalbe, Steele-Moore, & C. Goodwin, 2007, was used for the 

minimal inhibitory concentration (MIC) assays against yeasts.  

Synthetic complete (SC) medium containing per litre: Yeast nitrogen base without amino acid 

or ammonium sulphate (1.7 g), MSG (1 g), amino acid mixture (2 g), and 40 % glucose (50 mL), with 

3-(N-morpholino)propanesulfonic acid (MOPS) buffer (0.164 M/L) mol/L were used for the time-to-

kill assays. Amino acid mixture consists of: adenine (3 g), uracil (2 g), inositol (2 g), para-

aminobenzoic acid (0.2 g), alanine (2 g), arginine (2 g), asparagine (2 g), aspartic acid (2 g), cysteine 

(2 g), glutamic acid (2 g), glutamine (2 g), glycine (2 g), histidine (2 g), isoleucine (2 g), leucine (10 

g), lysine (2 g), methionine (2 g), phenylalanine (2 g), proline (2 g), serine (2 g), threonine (2 g), 

tryptophan (2 g), tyrosine (2 g), and valine (2 g). 

2.2.3 Fungal culture and maintenance.  

Epicoccum italicum ICMP 19927 were cultivated in CYA and MM for 14 days at 25 °C in dark 

to produce antifungal secondary metabolites.  Aspergillus oryzae ICMP1281, Sclerotinia sclerotiorum 

ICMP13844, and Rhizoctonia solani ICMP 1120 were cultivated and maintained on YPD at 25 ºC. 

Saccharomyces cerevisiae CEN.PK113.7D and Candida albicans MEN were cultivated on YPD 28 °C. 

2.2.4 Agar diffusion assay.  

The antifungal activity of the disalt of epipyrone A were verified using agar diffusion assays. 

The crude extract was tested against S. sclerotiorum, A. niger, R. solani and S. cerevisiae, while the 

purified antifungal compound against S. sclerotiorum and S. cerevisiae, on YPD. Prior to application 

of the crude extract or the antifungal compound, an agar plugs of moulds (approx. 1 cm in diameter) 

was placed in the middle of each YPD plate, then incubated overnight at 25 °C. A YPD plate spread 

plated with 200 µL of 0.5 McFarland Standards turbidity of yeast suspension in saline was also 

prepared. For the crude extract, blank paper discs (6 mm diameter, Becton, Dickinson and Company) 

soaked in 60 µL (20 µL x3) of methanol (blank), crude extract, and concentrated (x10) crude extract, 
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were placed on above plates with tested fungi. For the purified disalt of epipyrone A, Paper discs 

soaked in total 60 µL (20 µL x3) of dH2O (blank) and the purified compound dissolved in dH2O 

(Approx. 4 mg/mL) were placed on above plates. 

2.2.5 Extraction.  

The whole procedures were conducted under dark condition. Twenty plates of 14 days old E. 

italicum on either CYA or MM were first macerated into a 1 L Schott glass bottle, by passing it through 

a 50 mL syringe (Terumo, Japan). Approximately 400 mL of cold analytical grade methanol (-20 °C) 

was added into the bottle, then it was agitated at 180 rpm under dark condition at 4 °C for an hour. The 

methanol extracts were separated from the fungal biomass through centrifugation at 4000 rpm for 30 

min, followed by filtration with Whatman No. 1 filter paper. Filtered crude extracts were stored at -

80 °C in dark for the future experiments. In total 800 mL of analytical grade methanol were used for 

the metabolite extraction with the same macerated biomass used above.  

2.2.6 Crude extract analysis. 

 Initial attempt to purify the antifungal compound from the crude extract was through solid-

phase followed by high performance liquid chromatography (HPLC), methods adapted from  Villas-

Bôas, 2009, 2013. The crude extract of E. italicum was firstly pre-purified by SPE column (Strata SI-

1 Silica (50 µm, 70 A) 10 g/60 mL Gigatubes, Phenomenex). The cartridge was primed with 60 mL of 

dH2O, analytical methanol, and acetonitrile, followed by 20 mL of acetonitrile/methanol (1:1 v/v) 

mixture. Then approximately 2 mL of crude extract dissolved in acetonitrile/methanol (1:1 v/v) 

mixture was loaded, which was eluted with the same solution mixture. Yellow fraction was collected.  

This pre-purified extract was dissolved in analytical methanol in concentration of 1 mg/mL, 

then purified with HPLC (Shimadzu, Japan) using UV detection at 428 nm. Gemini-NX C18 reverse 

phase column (250 mm x 10 mm, 110A, 5 µm, Phenomenex Inc., Torrance, CA, USA) was used with 

the flow rate of 3 mL/min at 25 °C. the combination of two solvents: A- dH2O with pH adjusted to 10 



CHAPTER II 
 

 
44 

 

with ammonium hydroxide, and B- 80:20 (v/v) mixture of analytical methanol and isopropanol, were 

used as the mobile phase. A gradient program was used, it began with 25 % solvent B, which was 

raised to 73.9 % over next 12.5 minutes. It was then brought back down to 25 % over a min, which 

was held for extra 6.5 min.  

The two major peaks identified through HPLC were further analysed with ultra-performance 

liquid chromatography (UPLC) coupled with tandem mass spectrometry (MS/MS). An Accela 1250 

HPLC pump (Thermo Fisher Scientific, MA, USA) coupled with Q-Exactivie Orbitrap mass 

spectrometry system (Thermo Fisher Scientific, MA, USA) operating in heated electrospray ionisation 

mode was used. Samples were analysed in positive ion mode. The column and samples were 

maintained at 30 °C and 4 °C, respectively. A 5 µL sample volume was injected per run.  

Chromatographic separations were performed employing a Syncronis C18 column (100 x 2.1 

mm, 1.7 µm, Thermo Fisher Scientific, MA, USA). Solvent A was dH2O with 10 mM ammonium 

formate with ammonium hydroxide at pH 9, and solvent B was acetonitrile with 10 mM ammonium 

formate and ammonium hydroxide in the same ratio as A with 3.75 % dH2O. the flow rate was 0.40 

mL/min. Gradient elution was applied; 5 % B for 7 min followed by increase to 85 % at 22 min, then 

rapid return to 5 % over 1 min and maintained for 4 min.  

Centroid MS scans were acquired in the mass range of 50 – 740 m/z. The Orbitrap mass 

spectrometer had mass resolution of 35000 (Full width at half maximum (FWHM) as defined at m/z 

200), AGC 1 e6, IT 100 ms, sheath gas 50, aux gas 13, sweep gas 3, spray voltage 4.00 kV, capillary 

temperature at 263 °C, s-lens RF 50.0, and heater temperature at 425 °C. Mass calibration was 

performed prior to each analytical batch using an instrument manufacturer defined calibration mixture.  

2.2.7 Purification.  

Pigmented compound was purified from the crude extract by using silica gel column 

chromatography with LiChroprep RP-8 (40-63 µm, Merck). The column was primed with two volumes 
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dH2O. Then 1 volume of crude extract diluted with dH2O (1:5 v/v) was loaded into the column. The 

crude extract was washed with 2 volumes of dH2O to remove sugar, then increments of MeOH in dH2O 

were applied to obtain the orange fraction which eluted with 40–60% MeOH. The collected fractions 

were then dried under reduced pressure and freeze dried to obtain orange powder. These were stored 

at -20 °C until further experiments. 

2.2.8 Structure elucidation.  

NMR spectra of the purified sample was recorded with Bruker Avance DRX-400 spectrometer 

(Bruker, Karlsruhe, Germany) operating at 400 and 500 MHz for 1H nuclei and at 100 and 125 MHz 

for 13C nuclei. Standard Bruker pulse sequence was used. Proto-deutero solvent signals (deuterated 

dimethyl sulfoxide (DMOS-d6: δH 2.50, δC 39.50) and deuterated methanol (CD3OD: δH 3.30, δC 

49.00)) were used as internal references.  

2.2.9 Minimal inhibitory concentration assay.  

The minimal inhibitory concentration of the purified antifungal compound was conducted on 

96-well microtitre plates according to the European Committee on Antimicrobial Susceptibility 

Testing (EUCAST) method as described in Arendrup et al., 2015. The assay against S. sclerotiorum, 

and A. niger was conducted in PD broth at pH 6 and incubated at 25 °C in dark. The assay against S. 

cerevisiae, and C. albicans was conducted in RPMI1640+MOPS at pH 6 and incubated at 28 °C in 

dark. Both plates were checked after 24 and 48 hours of incubation. The MIC of the compound was 

defined as the concentration of the purified antifungal compound required to completely inhibit the 

growth of the tested fungal strains when observed through a microscope. 

2.2.10 Time-kill curve. 

 The amount of time taken for the purified antifungal compound to kill the target fungus was 

identified through time-to-kill assays. Overnight culture of pre-inoculum Saccharomyces cerevisiae in 

synthetic complete medium was firstly prepared from a 24-hour incubated YPD plate. This was used 
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to inoculate two 50 mL Erlenmeyer flasks; 1. a control without the purified antifungal compound, and 

2. the medium with the purified antifungal compound. The concentration of the purified compound 

was set to 120 µg/mL based on the results from MIC. Total volume of the medium per flask was 10 

mL per flask. At 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, and 23 hours 80 µL of sample from both flasks were 

harvested and spread plated on YPD plates. Three plates were produced per sample at each time points. 

YPD plates were incubated at 28 °C for 24 hours before the analysis. The concentration of the S. 

cerevisiae in each flask were set to give 40 colony-forming unit (500 cfu/mL) per plate. Flasks were 

incubated in dark to prevent degradation of the purified antifungal compound, and plates were 

incubated in presence of light.  
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2.3 RESULTS  

Initially, yellow-orange pigments containing antifungal compounds were obtained by culturing 

Epicoccum italicum on Czapek Yeast Extract (CYA) agar. The pigments produced were extracted with 

analytical methanol (MeOH). Prior to any purification or further analysis, the presence of antifungal 

compounds within the crude extract was tested through agar diffusion assays against Aspergillus 

oryzae ICMP1281, Sclerotinia sclerotiorum ICMP13844, Rhizoctonia solani ICMP11620, and 

Saccharomyces cerevisiae CEN.PK113.7D. Clear zones of inhibition against the fungal species under 

test were observed around paper discs soaked in concentrated crude extract of E. italicum compared to 

the blank MeOH (Fig. 2), indicating the presence of compounds with antifungal properties within the 

extract. 
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Figure 2. Agar diffusion assays of the Epicoccum italicum MeOH crude extract. The crude extract (E) 

and concentrated crude extract (C) were tested against fungal species including; (1) Rhizoctonia solani, 

(2) Sclerotinia sclerotiorum, (3) Aspergillus oryzae, and (4) Saccharomyces cerevisiae. These were 

compared against solvent blank (B). Agar plugs (F) were used to inoculate moulds (1-3). 
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The UV-vis maximum absorbance of the crude extract derived from E. italicum was determined 

to be 428 nm.  This observation enabled a study of the stability of the extract containing antifungal 

compounds in the presence of white light, and at various pH, by tracking the changes in absorbance. 

This wavelength value is also the same as that previously reported for antifungal polyene compounds 

derived from this fungus (Van Roel et al., 2012; Villas-Bôas, 2009, 2013). Significant degradation of 

the compounds during the first 2.5 hours at pH 2-7 in aqueous buffer was observed, while the 

compounds remained stable at pH 9 and above in the presence of light (Fig. 3). Under dark conditions, 

the compounds remained relatively stable above pH 7 (Fig. 3). The compounds remained stable in 

MeOH, regardless of presence of white light, until day 10 of the experiment (Fig. 4).  
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Figure 3. Sensitivity of the crude extract of Epicoccum italicum diluted in dH2O at different pH in 

the presence (top) or absence (bottom) of white light. The stability of the compound was measured 

at the absorbance of 428 nm at different time points. 
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Figure 4. Stability of the antifungal compound dissolved in methanol in presence of white light 

was assessed by measuring the absorbance at 428 nm over a 10-day period. 

 

 

The crude extract of E. italicum was subjected to pre-purification using solid-phase 

extraction (Villas-Bôas, 2009) prior to analysis using high-performance liquid chromatography 

(HPLC) at 428 nm, which is the maximal absorbance value of antifungal compounds previously 

reported from the same species of fungus (Van Roel et al., 2012; Villas-Bôas, 2009, 2013). Two 

major pigmented compounds were eluted at 4-4.5 min and 9.5-10 min respectively with additional 

2 other less abundant pigmented compounds (10.3-11 min, Fig. 5). The two major peaks were 

collected separately, then re-injected into the HPLC to confirm purity. Interestingly, two peaks 

were observed in a similar ratio again when each peak were dissolved in analytical MeOH (Fig. 6). 

However, the second peak was eluted at 10 min, indicating a possible different structure. In dH2O, 

only the second peak at 10 min was observed (Fig. 7). The two major peaks observed from HPLC 
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analysis of MeOH crude extract of E. italicum were subjected to detailed analysis with ultra-

performance liquid chromatography coupled with tandem mass spectrometry (UPLC-MS/MS). 

 

 

 

Figure 5. High performance liquid chromatography analysis of pre-purified crude methanol extract 

of Epicoccum italicum at 428 nm. Two major peaks were observed at 4 min and 9.5 min, in addition 

to a few minor peaks. The pink line indicates the concentration of the mobile phase A (H2O at pH 

10), and the blue indicates the mobile phase B (methanol and isopropanol 80:20 (v/v)). 

  

 

 

 

Figure 6. High performance liquid chromatography chromatogram of the re-injected pre-purified 

peak 1 (top) and 2 (bottom) dissolved in MeOH. Two peaks were eluted at 4 min and 10 min. The 

pink line indicates the concentration of the mobile phase A (H2O at pH 10), and the blue indicates 

the mobile phase B (methanol and isopropanol 80:20 (v/v)). 
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Figure 7. High performance liquid chromatography chromatogram of the re-injected purified peak 

1 (top) and 2 (bottom) dissolved in dH2O at pH10. The pink line indicates the concentration of the 

mobile phase A (H2O at pH 10), and the blue indicates the mobile phase B (methanol and 

isopropanol 80:20 (v/v)). 
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UPLC analysis of the two peaks observed in HPLC under positive ionization mode showed 

presence of at least three features per peak with the same molecular mass as epipyrone A and its 

known isomers from E. italicum, which is 612.29 (M+H 613.29 Da, Fig. 8). Analysis of the top 

three most abundant features from UPLC with MS/MS showed only minor differences in 

fragmentation pattern with high (~30, 60, 90 eV, Fig. 9) and low (~10 eV, Fig. 10) energy.  

 

Figure 8. Ultra-performance liquid chromatography mass spectrometry analysis of the HPLC-

purified pigmented compounds (peaks 1 and 2) under positive ionisation mode. 

 

 

 

Figure 9. Tandem mass spectrometry (MS/MS) analysis of the top three most abundant features of 

HPLC purified pigmented compounds (peak 1 and 2) with high energy (~30, 60, and 90 eV). 

Peak 1 

  

Peak 2 
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Figure 10. Tandem mass spectrometry (LC-MS/MS) analysis of the top three most abundant features 

of HPLC purified pigmented compounds (peak 1 and 2) with low energy (~10 eV). 
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The antifungal compound present in MeOH crude extract of E. italicum grown on CYA, as 

well as on minimal medium (MM) supplemented with U-13C6 isotopically enriched D-glucose as sole 

carbon source, were subjected to purification through flash column chromatography using C8 

reversed-phase column as an alternative to HPLC. The orange fraction eluted with 40-60 % MeOH – 

H2O mixtures. Drying of the collected fraction resulted in a dark-orange powder, which could be easily 

dissolved in organic solvents and dH2O. To confirm the successful purification of the antifungal 

compound from the crude methanol extract of E. italicum, the purified orange fraction was subjected 

to agar diffusion assays against S. cerevisiae CEN.PK113.7D and S. sclerotiorum ICMP13844 prior 

to further analysis. Clear zone of inhibition against both yeast and mould were obtained (Fig. 11), 

confirming antifungal activity of the purified orange fraction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Agar diffusion assay of the purified orange fraction derived from the crude 

extract of Epicoccum italicum against Sclerotinia sclerotiorum (left) and Saccharomyces 

cerevisiae (right). Paper discs were soaked in dH2O (B and AB) and the purified antifungal 

compound (C and AC). 



CHAPTER II 
 

 
57 

 

High resolution mass spectrometric analysis of the orange compound afforded a molecular 

formula of C34H44O10 for the sodiated peak at m/z 635.2825 [M+Na] (calcd 635.2830). Structure 

elucidation of the orange compound was conducted by analysis of 1D and 2D NMR data. Comparisons 

of the spectral data were made against natural products previously reported in literature from this 

fungus. Analysis of the 1H and 13C NMR data showed some similarity to those reported for epipyrone 

A(Peng et al., 2012). However due to the complexity and overlap of 1H and 13C signals, a structure 

could not be assigned.  Thus, an alternate sample of the orange compound, extracted and purified from 

E. italicum grown in a medium supplemented with universally labelled 13C D-glucose, was used to 

establish the linear polyene backbone of the molecule through a 13C-13C COSY INADEQUATE 

experiment. The structure of the orange compound was established to be similar to that of epipyrone 

A(Peng et al., 2012) with the exception of the hydroxypyrone ring and carboxylic acid moieties. Major 

differences were observed between the orange compound and epipyrone A at C-3 (δΔ 12.7), C-4 (δΔ 

9.3), C-19 (δΔ 7.4) and C-27 (δΔ 7.6) (Table 1). All NMR spectra are shown in Appendices 1-6. 
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Table 1. Comparison of 1H and 13C NMR data of the orange compound and epipyrone A. 

 

 Epipyrone A(Peng et al., 2012) Orange compound 

No. δc δH (J in Hz) δc δH (J in Hz) 

1 164.9 - 169.4 - 

2 100.4 - 98.9 - 

3 169.1 - 181.8 - 

4 100.9 6.08 (1H, s) 110.2 5.81 (1H, s) 

5 159.4 - 158.4 - 

6 121.1 6.18 (1H, d, 14.8) 124.1 6.11 (1H, d, 15) 

7 136.8 7.12 (1H, dd) 135.0 7.06 (1H, dd, 15, 10) 

8 130.9 6.43 (1H, m) 132.4 6.43 (1H, m) 

9 139.3 6.62 (1H, dd) 138.6 6.55 (1H, dd, ) 

10 132.7 6.32 (1H, m) 133.2 6.35 (1H, m) 

11 132.2 6.41 (1H, m) 133.1 6.41 (1H, m) 

12 135.7 6.47 (1H, m) 137.1 6.45 (1H, m) 

13 128.8 6.39 (1H, m) 128.6 6.35 (1H, m) 

14 136.3 6.34 (1H, m) 136.7 6.35 (1H, m) 

15 139.0 6.44 (1H, m) 141.5 6.35 (1H, m) 

16 135.3 - 141.1 - 

17 130.1 6.13 (1H, s) 134.3 6.01 (1H, s) 

18 127.7 - 134.4 - 

19 147.8 5.61 (1H, d, 10.5) 140.4 5.12 (1H, d, 9.7) 

20 31.8 3.03 (1H, m) 33.1 2.73–2.80 (1H, m) 

21 44.5 1.12, 1.35 (1H, m) 46.3 1.32–1.39 (1H, m) 

22 32.5 1.32 (1H, m) 33.5 1.05, 1.31 (1H, m) 

23 29.9 1.16, 1.33 (1H, m) 31.1 1.13, 1.30 (1H, m) 

24 10.4 0.87 (3H, t, 7.6) 11.6 0.87 (3H, t, 7.8) 

25 18.2 0.85 (3H, d, 6.0) 20.0 0.87 (3H, d, 6.8) 

26 20.4 1.02 (3H, d, 6.6) 22.0 1.01 (3H, d, 6.7) 

27 170.7 - 178.3 - 

28 12.5 1.88 (3H, s) 13.3 1.97 (3H, s) 

29 75.0 4.55 (1H, d, 9.3) 77.2 4.53 (1H, d, 9.6) 

30 68.9 4.21 (1H, t, 9.9) 69.4 4.40 (1H, dd, 9.6) 

31 75.2 3.53 (1H, dd, 2.7, 9.3) 77.5 3.47 (1H, dd, 9.6, 3.4) 

32 69.9 3.93 (1H, d, 2.7) 71.9 3.85 (1H, d, 3.4) 

33 79.5 3.62 (1H, m) 80.5 3.58–3.61 (1H, m) 

34 61.5 3.72–3.76 (2H, m) 62.8 3.72–3.68 (2H, m) 
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The difference in 13C chemical shift observed for the carboxylic acid C-27 (δΔ 7.6) suggested 

that the orange compound could be present as a carboxylate salt. To assess this proposal, the purified 

orange compound was stirred in a solution of trifluoroacetic acid (10 %) in MeOH for 1 h, dried to 

give a dark orange oil and then re-examined by NMR. The 1H and 13C NMR data observed for the acid 

treated compound were found to be identical to those previously reported for epipyrone A(Peng et al., 

2012). We thus concluded that the orange compound originally isolated from the extract was a disalt 

(presumably sodium) of epipyrone A (Fig. 12). What is interesting is that the salt form of the 4-

hydroxy-2-pyrone moiety exists as a (gamma) 4-pyrone resonance structure, as evidenced by the 

chemical shift observed for C3 ( C 181.8).   

 

 

Figure 12. Chemical structure of the purified orange fraction (upper) and epipyrone A (lower). The 

purified orange fraction was a disalt of epipyrone A. 
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Minimal inhibitory concentration (MIC) assays were carried out to determine the lowest 

concentration of the purified antifungal compound required to completely inhibit the growth of various 

fungal species. Moulds showed higher resistance against the disalt of epipyrone A compared to yeasts 

in general. The result showed 2 mg/mL of the purified antifungal compound is required for the 

complete inhibition of Aspergillus oryzae, 0.2 mg/mL for Sclerotinia sclerotiorum, 0.03 mg/mL for 

Saccharomyces cerevisiae, and 0.04 mg/mL for Candida albicans (Table 2). 

 

 

Table 2. Minimum inhibitory concentration (MIC) of purified epipyrone A disalt derived from 

Epicoccum italicum against various other fungal species. 

 

 

 

 

 

 

 

 

 

 

 

 Organism MIC (mg/mL) 

Moulds 

Aspergillus oryzae 2 

Sclerotinia sclerotiorum 0.2 

Yeasts 

Saccharomyces cerevisiae 0.03 

Candida albicans 0.04 
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To analyse the effect of the disalt of epipyrone A on yeast cells over time time-kill curve was 

produced against S. cerevisiae. Significant impact of the disalt of epipyrone A was observed after 4 

hours of its exposure on yeast cells with 120 µg/mL of the compound (Fig. 13). After 23 hours of 

exposure, no yeast cells were alive to form colonies, hence indicating that the disalt of epipyrone A is 

a fungicidal compound.    

 

 

 

Figure 13. Time-kill analysis of the disalt of epipyrone A derived from Epicoccum italicum against 

Saccharomyces cerevisiae on yeast extract peptone dextrose agar. The colony forming unit (CFU) of 

S. cerevisiae on each plate, in presence and absence of the 120 mg/mL disalt of epipyrone A, were 

measured at different time points. The error bars show the standard error between three technical 

replicates. 
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2.4 DISCUSSION 

 The initial attempts to purify the antifungal compound produced by Epicoccum italicum 

through HPLC showed two major peaks at 4 min and 9.5 min at 428 nm, and at least two more minor 

peaks. The antifungal properties of each of the major peaks could not be determined as the pure form 

of peak 1 could not be isolated, as it would have converted to the second peak during the agar diffusion 

assays due to presence of water. Similar phenomena was previously reported for nystatin, another 

polyene antifungal drug (L. Ostrosky-Zeichner et al., 2001; Szwarc, Czerniejewska, Laskowski, 

Leniak, & Czub, 2016). Two distinct chromatographic peaks were observed by HPLC when nystatin 

was resuspended in Roswell Park Memorial Institute medium (RPMI) or other biological fluids. One 

of the peaks was identified by NMR as being an isomer of nystatin. These peaks were interconvertible, 

and the ratio changed depending on the pH of the solution. Both peaks exhibited activity against 

Candida sp., but with different potency. These results suggest that the two major peaks and other minor 

peaks identified in HPLC traces in the current research are isomers. This was supported by tandem 

MS/MS analysis of peaks 1 and 2 (shown earlier) which identified ions of mass M+H 613.29, isomeric 

with epipyrone A, indicating the presence of various stereoisomers in peaks 1 and 2. Possible isomers 

may include epipyrone B and C, epicoccaene, and orevactaene (Fig. 14), that are already known to be 

produced by Epicoccum species (Preindl et al., 2017; Van Roel et al., 2012; Villas-Bôas, 2009), 

however, further investigation is required to reveal and confirm the structures of all the peaks identified 

through HPLC at 428 nm in this research. 
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Figure 14. Isomers of epipyrone A that are reported to be produced by the fungus Epicoccum species. 

 

To achieve higher yield of the purified epipyrone A, column chromatography with C8 resin 

was developed. The final structure of the antifungal compound purified through column 

chromatography was identified as a disalt of epipyrone A. Epipyrone A is a compound initially 

discovered as a telomerase inhibitor (Patent No. JP2002047281A, 2002) in 2002, and later it was 

patented as a component of an antifungal agent (Van Roel et al., 2012). However, it is intriguing to 

discover disalt form of epipyrone A in this research, which has not been reported previously to our 

knowledge. The possible source of base would be the CYA medium that was used to culture E. italicum.   

 The physical chemical characteristics of disalt of epipyrone A is shown to be similar to other 

polyene antifungal drugs such as nystatin (Cione, Liberale, & da Silva, 2010). The colour of the 

compound is yellow-orange, and it showed sensitivity to light in long term exposure, which is a 

characteristics of polyene compounds (Madden et al., 2014).  

Disalt of epipyrone A contains characteristic polyene chain like the other polyene class 

antifungal drugs, which suggests its possible modes of action involving interaction with ergosterol of 
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the target fungal cell membrane with the polyene region of the compound (Kim et al., 2018) and results 

in leakage of the cell content and death (Andriole, 1999; Carrillo-Munoz et al., 2006; Escudero et al., 

2015). However, its exact antifungal modes of action have not yet been elucidated despite numerous 

studies on the structure of epipyrone A, and the patent on using this compound as part of a biological 

control agent (Patent No. JP2002047281A, 2002; Peng et al., 2012; Preindl et al., 2017; Van Roel et 

al., 2012). Compared to the other polyene antifungal drugs, the chemical structure of epipyrone A is 

significantly different as it is linear and not cyclic like other examples such as amphotericin B and 

nystatin. In addition, disalt of epipyrone A possesses α-pyrone moiety that is glycosylated at the same 

time, which is rare in nature (Park et al., 2011; Peng et al., 2012). Several antifungal compounds with 

structural differences to other members of the same antifungal drug family showed significantly altered 

biological activities (Madden et al., 2014; Park et al., 2011), varied spectrums of antifungal activity 

(Perfect, 2017; Vengurlekar et al., 2012; Vicente et al., 2003), and are proposed to possess additional 

modes of action (Denning, 2002; Eschenauer et al., 2007; François et al., 2006). Therefore, there are 

possibilities that disalt of epipyrone A may possess different modes of action compared to other 

polyene antifungal compounds. Given that the current interest in polyene class of antifungal 

compounds and its synthesis is high due to the broad spectrum of activity (Andriole, 1999; Perfect, 

2017; Thirsk & Whiting, 2002), further studies on epipyrone A may lead to new drug development. 

Currently, further studies are being carried out to elucidate the modes of action of disalt of epipyrone 

A, which may be crucial for the future application of the compound in various fields. 

Polyene antifungal drugs are known to be the “gold standard” drug against fungal infections 

due to a broad spectrum of activity against fungi, thus, various attempts were made to reduce its toxicity 

through chemical modifications to increase their effectiveness. However, none were completely 

successful (Kim et al., 2018). Since chemical structure of disalt of epipyrone A is significantly different 

compared to other polyene class antifungal drugs except for the polyene domain, it may be easier to 

synthetically modify this compound for higher effectiveness as antifungal drugs. In addition to this, 
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disalt of epipyrone A is a water-soluble compound, which is rare among polyene class antifungal 

compounds. This may ease the development of application methods compare to the water insoluble 

antifungal drugs which its application methods are limited. In the future, identification of modes of 

action of disalt of epipyrone A will be crucial for the utilization in various areas including medical and 

agricultural fields. If the disalt of epipyrone A possesses additional modes of action compared to the 

other polyene class antifungal compounds or novel antifungal modes of action, this may provide a 

viable alternative to the current antifungal drugs.  
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3.1 INTRODUCTION 

Natural products from microorganisms have been an excellent source of bioactive compounds 

with antimicrobial properties (Bladt et al., 2013; Mandal et al., 2016; Wiemann & Keller, 2014; L. Xu 

et al., 2015; Zhang & Demain, 2005). Fungi in particular are well known for the production of 

commercially successful antifungal drugs, some of which are used worldwide to control infections, 

such as the echinocandin class of antifungal drugs (Alves et al., 2012; Denning, 2002; Fera & Sarro, 

2009). Selective pressure from the surrounding environment on fungi in nature is thought to be the 

major factor driving evolution to produce antimicrobial compounds to compete with other microbial 

species for nutrients and space (Robbins et al., 2016a; Tariq, 2016; L. Xu et al., 2015). Given that a 

vast number of fungal species and their products are yet to be studied thoroughly or even discovered 

(Hawksworth & Rossman, 1997; Mor et al., 2015; L. Xu et al., 2015), the possibilities of finding 

antifungal compounds with novel modes of action from fungi is high. Once the compound with the 

biological activity of interest is obtained, identification and understanding the modes of action is 

crucial for the development of more effective and efficient active agents in the future (S. K. Deshmukh 

& Verekar, 2014). 

In our previous research (Chapter 2), disalt (presumably sodium) of epipyrone A (DEA, Fig. 

1) was purified from the crude extract of Epicoccum italicum ICMP 19927. It possesses a long-

conjugated carbon chain with double bonds, which is a characteristic of members of the polyene class 

of antifungal drugs, and a glycosylated α-pyrone moiety. DEA exhibited antifungal properties against 

various economically important phytopathogens as epipyrone A, and the time-to-kill curve (Section 

2.3) showed the impact of the antifungal compound on Saccharomyces cerevisiae after 3 hours of 

exposure. Binding of the polyene chain to ergosterol of the target fungal membrane, which leads to 

disrupted membrane integrity and leakage the cell content followed by death, is the accepted modes of 

action of the polyene class of antifungal drugs (Bossche et al., 2003; Carrillo-Munoz et al., 2006; 
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Kotler-Brajtburg et al., 1979). However, the actual modes of action of DEA or epipyrone A have not 

yet been elucidated, even though epipyrone A has been patented as part of a biological control method 

(Van Roel et al., 2012). A minor change in chemical structure of a compound can have substantial 

effects upon the biological activity (Madden et al., 2014; Park et al., 2011), or may impart additional 

modes of action compared to the other members of the antifungal drug family (Denning, 2002; 

Eschenauer et al., 2007; François et al., 2006). The chemical structure DEA is significantly different 

from other polyene class of antifungal drugs by forming a linear structure instead of a ring, while 

maintaining the conjugated carbon chain with double bonds (Bossche et al., 2003; Carrillo-Munoz et 

al., 2006).  

 

Figure 1. Chemical structure of epipyrone A (above) and disalt or epipyrone A (below). 

 

This chapter presents insights on the mode of action of DEA through chemical-genetic profiling, 

haploinsufficiency profiling, and yeast green fluorescent-tagged protein (GFP) library screening.  
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3.2 MATERIALS AND METHODS 

All chemicals used were obtained from Sigma-Aldrich, unless stated otherwise.  

3.2.1 Yeast strains and their preparation.  

Saccharomyces cerevisiae strains in the haploid BY4741 background (MAT a his3∆1 leu2∆0 

met15∆0 ura3∆0) and diploid background BY4743 (his3∆1/his3∆1 leu2∆0/leu2∆0 

lys2∆0/LYS2/MET15/met15∆0 ura3∆0/ura3∆0) were used. The yeast culture was recovered from 

storage at -80 °C on yeast peptone dextrose (YPD) agar at 30 °C for overnight. This was used to 

inoculate synthetic complete (SC) broth or agar plates, which was used as a source plate for further 

experiments. Singer RoToR (Singer Instruments, UK) was used to plate the yeast in 384 and 1536 

colony format.  

The mutant strains used in haploinsufficiency profiling included the target of echinocandins 

(FKS1/fks1), imidazoles (ERG11/erg11), flucytosine (FCY1/fcy1), polyenes (POP1/pop1), myriocin 

(LCB1/lcb1), polyoxin (CHS1/chs1, CHS2/chs2 gene), and statins (e.g. lovastatin, HMG1/hmg1 gene). 

Each strain was reactivated from -80 °C storage through incubation on YPD agar plates at 30 °C 

overnight.  

3.2.2 Media preparation.  

All strains were grown in yeast peptone dextrose (YPD) agar or synthetic complete (SC) media 

buffered with MOPS, with or without agar.  

YPD medium containing per litre: Dextrose (10 g), peptone (3 g), yeast extract (6 g), and agar 

(15 g) at pH 5.5. 

SC medium containing per litre: Yeast nitrogen base without amino acid and ammonium 

sulphate (1.7 g), monosodium glutamate (MSG, 1 g), amino acid mixture (2 g), 40 % glucose (50 mL), 

MOPS (3-(N-morpholino)propanesulfonic acid, 34.53 g), with/without agar (20 g). Appropriate 
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concentrations of the purified DEA were added if required. The pH of the medium was set to 6 with 

0.1 M NaOH. 

Amino acid mixture contained followings: Adenine (3 g), uracil (2 g), inositol (2 g), para-

aminobenzoic acid (0.2 g), alanine (2 g), asparagine (2 g), aspartic acid (2 g), cysteine (2 g), glutamic 

acid (2 g), glutamine (2 g), glycine (2 g), histidine (2 g), isoleucine (2 g), leucine (10 g), lysine (2 g), 

methionine (2 g), phenylalanine (2 g), proline (2 g), serine (2 g), threonine (2 g), tryptophan (2 g), 

tyrosine (2 g), and valine (2 g). 

The DEA was added to cultures at the concentrations stated. 

3.2.3 DEA preparation.  

Epipyrone A (disalt) was prepared according to our previous study (Chapter 2). In brief, 

Epicoccum italicum was cultured on czapek yeast extract agar for 14 days. Biomass and agar were 

macerated with a 50 mL syringe (Thrumo, Japan) and extracted twice with analytical methanol. The 

crude extract was purified using flash column chromatography using C8 reverse-phase media, which 

the fraction containing the antifungal compound was then dried with VirTis Benchtop K freeze-dryer 

(SP Scientific, USA). The required quantity of the purified DEA was first dissolved in SC medium 

with MOPS (3-(N-morpholino)propanesulfonic acid, 34.53 g/L, pH 6), then sterile filtered through a 

0.22 µm syringe filter (Micronz, Martinborough, NZ) prior to experiments.  

3.2.4 Agar dose response studies.  

The parental yeast strain (BY4741) prepared in 1536 format was replicated onto the SC agar 

plates with different concentrations of the epipyrone A. These plates were incubated at 30 °C under 

dark conditions. After incubation, images of the plates were taken, then processed with ‘Gitter’ (Wagih, 

2016): a R package which quantifies the pinned microbial cultures on plate. It generated .DAT files, 

which by using Excel, colony size and circularity of the Boone library grown on SC agar with the 

compound were compared against the blanks.  
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3.2.5 Broth dose response studies.  

Ten different concentrations of DEA (5, 10, 20, 25, 30, 35, 40, 45, 50, and 60 µg/mL) in SC 

broth with MOPS buffer (pH 6) were tested against parental yeast strains. Honeycomb plates (Oy 

growth curves Ab Ltd, Finland) were used to grow the yeast, which was analysed with Bioscreen C 

(Oy Growth Curves Ab Ltd, Finland). This method was used to identify IC20 (20 % inhibitory 

concentration) and IC50 (50 % inhibitory concentration) of the DEA against the parental strains of S. 

cerevisiae strains (BY4741 and BY4743). For each well, 1-5 x 105 CFU/mL of the yeast cells were 

inoculated, then incubated for 24 hrs at 30 °C in dark condition. Growth of the yeast cells in presence 

of various concentrations of the antifungal compound were compared against the ones grown without 

the tested compound.  

3.2.6 Chemical-genetic screening of homozygous deletion library.  

A homozygous deletion library was received from the Chemical Genetic Laboratory, Victoria 

University of Wellington, New Zealand. This consists of approximately 4800 non-essential deletion 

mutant strains in 384 colony formats over 14 Singer plates (Singer Instruments, UK). These were 

replicated into 14 new Singer plates with SC medium in 1536 format to test each strain in quadruplicate, 

then incubated overnight at 30 °C. The whole homozygous deletion library (14 Singer plates) in 1536 

format were used. Thus, each of the deletion strains were tested in quadruplicate. Each of the plates 

(1-14) were arrayed onto SC agar and SC agar containing a semi-inhibitory concentration (50 µg/mL) 

of DEA with MOPS. After 24 hrs of incubation at 30 °C under dark conditions, images of the yeast 

strains grown on the plate with DEA were taken, then compared against the corresponding blank plates. 

These were processed with the R and “Gitter” package. The mutant strains that showed changes in 

colony size and circularity on the test plates compared to the blank were chosen visually.  

These were chosen for further confirmation to eliminate false positives identified. Each strains 

(technical triplicate) was incubated overnight in 96-well microtiter plate containing 200 µL SC 

medium at 28 °C, and diluted to 1-5 x 105 cells per well for exposure to the IC20 of the DEA (25.5 
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µg/mL) and incubated at 30 °C for 14 hrs. Growth of the yeast strains was monitored by measurement 

of culture Absorbance at 600 nm in a Bioscreen C (Oy Growth Curves Ab Ltd, Finland) throughout 

the incubation period.  

3.2.7 Yeast growth quantification. 

Growth of the yeast strains for the chemical-genetic profiling confirmation and 

haploinsufficiency profiling were measured in liquid broth. Yeast culture at 5x105 cells/mL were 

inoculated in SC medium with IC20 of epipyrone A at 30 °C for 14 hours. Then the absorbance at 600 

nm was measured for the quantification with Bioscreen C (Oy Growth Curves Ab Ltd, Finland) 

throughout the incubation period. Inhibition of the growth was calculated with the following equation: 

𝐺𝑟𝑜𝑤𝑡ℎ 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 (%) = 100 − ((𝑂𝐷600 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡/𝑂𝐷600 𝑜𝑓𝑐𝑜𝑛𝑡𝑟𝑜𝑙)𝑥 100)   

3.2.8 Fluorescence microscopy.  

The yeast strains used for this experiment were derivatives of BY4741 (Tkach et al., 2012). 

The GFP yeast library consist of 11 plates containing approximately 4100 strains. The cells were 

pinned into CellCarrier-384 Ultra Microplates (Perkin Elmer) clear bottom tissue culture plate with 

either 30 µL of SC medium, or 30 µL of 22 µg/mL DEA. The optical plates were incubated for 8 hours 

at 30 °C. After incubating, each plate was imaged using an Incell analyser 6500HS (General Electric) 

using the setting in Table 1. Genes that its localization or abundance changed in response to DEA were 

analysed using the Gene Ontology term finder (https://go.princeton.edu/cgi-bin/GOTermFinder) with 

Bonferroni correlation and all evidence codes. P=<0.01 was used as the cut-off point. GeneMANIA 

(http://genemania.org/) was used to analyse the protein-protein and genetic interactions.  

 

 

 

https://go.princeton.edu/cgi-bin/GOTermFinder
http://genemania.org/
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Table 1. The Incell analyser 6500HS (General Electric) settings used for the green-fluorescent library 

screening. 

Parameter Setting 

Objective Nikon 60X/0.95, Plan Apo, Corr Collar 0.11-

0.23, CFI/60 Lambda 

Binding 1 x 1 

Wavelengths 488 nm and 561 nm 

Exposure 500 ms and 500 ms 

AF Offset 2.5 

Image mode 2-D 

Aperture 1.56 AU and Open Aperture 
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3.3 RESULTS  

3.3.1 Agar and broth dose response assays 

The initial agar dose response assay on haploid Saccharomyces cerevisiae BY4741 parental 

strain against the DEA showed approximately 27 % of its normal growth on synthetic complete (SC) 

agar with MOPS supplemented with 50 µg/mL of the antifungal compound compared to the non-

supplemented growth (Fig. 2). The broth dose response assay of the BY4741 parental strain in SC 

broth with MOPS showed initial increase in growth when supplemented with low dosage of the DEA 

(Fig. 3). With 20 µg/mL of the antifungal compound, the yeast strain showed almost twice the growth 

compared to the non-supplemented growth. Then the growth of the yeast was inhibited sharply with 

the increasing concentration, which indicated hormesis. The yeast showed 20 % growth reduction (IC20) 

at 25.5 µg/mL. 
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Figure 2. Agar dose response assay of Saccharomyces cerevisiae BY4741 parental strain against a) 0, 

b) 50, c) 100, d) 150, and e) 200 µg/mL of disalt of epipyrone A. The yeasts were grown in 1536 

format per plate, which each dot represents a colony growth. These figures shown are the processed 

image of the plates with “Gitter” R package, which quantified each colony. All plates that were 

supplemented with the antifungal compound (b-e) were compared against the non-supplemented plate 

(a) to observe any changes in their growth. 
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Figure 3. Growth of Saccharomyces cerevisiae BY4741 parental strain in presence of different 

concentration of disalt of epipyrone A. The yeast showed 20 % growth reduction (IC20) at 25.5 µg/mL. 

The growth of the cell was measured at 600 nm. The error bars show the standard deviation between 

technical replicates (n=3). 
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The broth dose response assay on diploid S. cerevisiae BY4743 parental strain showed increase 

in growth inhibition as the concentration of the antifungal compound increased (Fig 4). The yeast 

showed 20 % growth reduction (IC20) at 9.65 µg/mL, which was significantly lower than the 

concentration required for the BY4741 parental strain. 

 

 

 

Figure 4. Growth of Saccharomyces cerevisiae BY4743 parental strain in presence of different 

concentration of disalt of epipyrone A. The yeast showed 80 % growth (IC20) at 9.68 µg/mL. the growth 

of the cell was measured at 600 nm. The error bars show the standard deviation between three technical 

replicates. 
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3.3.2 Chemical-genetic profiling 

To identify the non-essential genes and their proteins that interacts with DEA, a S. cerevisiae 

deletion library comprising ~4,600 viable non-essential gene knockout mutant strains was screened for 

growth on SC agar with MOPS, and SC agar with MOPS and 50 µg/mL of the antifungal compound 

(Fig. 5). A growth defect on agar was observed for 137 (~3 %) mutant strains in the presence of DEA 

when compared to the untreated control. To validate that these strains were truly “super-sensitive”, the 

growth of each was measured in SC broth with MOPS containing DEA at 25.5 µg/mL (IC20) of the 

parental BY4741 strain. IC20 was chosen to give a large 80 % window to detect growth defects of those 

strains that are induced by the gene mutations. In total, 3 deletion mutant strains out of 137 showed 

sensitivity towards the IC20 of DEA (Table 2, Fig. 6). Growth defects in rvs161, fen1, and slg1 deletion 

strains were statistically significant (p=<0.05). RVS161 is involved in trafficking of secretory vesicles 

between the golgi and the membrane, and cell wall organization (Breton, Schaeffer, & Aigle, 2001). 

FEN1, or ELO2, encodes for fatty acid elongase that is involved in sphingolipid synthesis (Oh, Toke, 

Mandala, & Martin, 1997; Rawlings, 2018). This is a membrane-bound enzyme that is part of a very 

long chain fatty acid (VLCFA) elongation system, which are precursors of ceramides and sphingolipids 

(Oh et al., 1997). SLG1 is involved transduction of stresses detected at the cell wall (Flagfeldt, Siewers, 

Huang, & Nielsen, 2009), as well as cell wall integrity maintenance(García et al., 2015).  
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Figure 5. Agar dose response assay against Saccharomyces cerevisiae homozygous deletion library. 

The growth of each deletion strain in presence of disalt of epipyrone A (50 µg/mL, right) were 

compared against the ones grown without the antifungal compound (left) in quadruplicate. In total, 

~4,600 non-essential gene deleted strains were screens over 14 plates. 
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Figure 5 cont. Agar dose response assay against Saccharomyces cerevisiae homozygous deletion 

library. The growth of each deletion strain in presence of disalt of epipyrone A (50 µg/mL, right) were 

compared against the ones grown without the antifungal compound (left) in quadruplicate. In total, 

~4,600 non-essential gene deleted strains were screens over 14 plates. 
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Figure 6. Confirmation of the hypersensitive Saccharomyces cerevisiae homozygous deletion strains 

in presence of 25.5 µg/mL disalt of epipyrone A. The growth was measured at the mid-exponential 

phase (14 h) with Bioscreen C at wavelength of 600 nm. The error bars show the standard deviation 

between technical replicates (n=3). *indicates significant (p=<0.05) changes in growth compared to 

the parental strain by student’s t-test.  

 

Table 2. Homozygous gene deletion strains that showed sensitivity to 25.5 µg/mL DEA, and their 

involved function. 

Systematic name Gene Biological function 

YCR009C RVS161 Reduced Viability on Starvation 

YCR034W FEN1/ELO2 Fatty acid ELOngation 

YOR008C SLG1 Synthetic Lethal with Gap 
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3.3.3 Haploinsufficiency profiling 

Based on the broth dose response of S. cerevisiae BY4743 parental strain, haploinsufficiency 

profiling of DEA against 8 heterozygous deletion mutant strains of S. cerevisiae with known targets 

of currently available antifungal drugs deleted were carried out. This was to observe if DEA possess 

the similar antifungal modes of action as those drugs. These deleted genes included the target of 

lovastatin (HMG1/hmg1, Luesch, 2006),  myriocin (LCB1/lcb1, Toume & Tani, 2014), imidazoles 

(ERG11/erg11, Parsons et al., 2004), polyoxin (CHS1/chs1, /CHS2/chs2, Cabib, 1991), and 

echinocandins (FKS1/fks1, Angeles Cabello et al., 2001). In addition, POP1/pop1 and FCY1/fcy1 

deletion strains that are known to exhibit hypersensitivity against polyenes (M E Hillenmeyer et al., 

2010),  and resistance to flucytosine (Vandeputte, Ferrari, & Coste, 2012), respectively, were analysed 

(Table 3). Analysis of variance (ANOVA) analysis showed no significant (p=0.501) changes in the 

growth of the heterozygous deletion mutant strains in the presence of DEA. However, the analysis 

using student’s t-test showed significant (p=<0.05, Fig. 7) resistance in LCB1/lcb1 deletion strain 

compared to its parent strain. LCB1 encodes for serine palmitoyltransferase, which is involved in the 

first step of sphingolipid biosynthesis (Sharma et al., 2014). 

 

 

Table 3. Heterozygous gene deletion strains that were screened against 9.65 µg/mL of DEA. 

Systematic name Gene Biological function 

YML075C HMG1 3-Hydroxy-3-MethylGlutaryl-coenzyme a reductase 

YMR296C LCB1 Long-Chain Base 

YHR007C ERG11 ERGosterol biosynthesis 

YNL221C POP1 Processing Of Precursor RNAs 

YBR038W CHS2 Chitin Synthase 

YPR062W FCY1 FluoroCytosine resistance 

YLR342W FKS1 FK506 Sensitivity 

YNL192W CHS1 Chitin Synthase 
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Figure 7. Screening of 8 Saccharomyces cerevisiae heterozygous mutant strains (haploinsufficiency) 

known to be targets of other antifungal drugs in presence of 9.65 µg/mL disalt of epipyrone A. Growth 

was measured after 14 hours (mid-exponential phase) of incubation with Bioscreen C at wavelength 

of 600 nm. The error bars show the standard deviation between technical replicates (n=3). Analysis of 

variance (ANOVA) showed no significant changes in growth of the yeast strains in presence of disalt 

of epipyrone A. However, growth comparison of individual mutant strains against their parent strain 

in presence of the antifungal compound by using student’s t-test showed significant (p=<0.05, *) 

changes in the growth. 
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3.3.4 Fluorescence microscopy 

To determine changes in localization and/or abundance of proteins of S. cerevisiae in response 

to DEA, screening of the antifungal compound against S. cerevisiae green fluorescent protein (GFP)-

tagged library, which GFP are tagged to the C-terminus of the parental version of proteins, were carried 

out. It showed significant changes in the localization and/or abundance of 8 proteins in response to the 

antifungal compound (Fig. 8, Table 4). Changes in the localization from vacuole to cell periphery 

were observed in the protein Sit1 and Sna3. These are the proteins involved in ferrioxamine B permease 

(Lesuisse, Simon-casteras, & Labbe, 1998), and in efficient multivesicular bodies (MVBs) sorting of 

proteins in the vacuole (Macdonald, Stringer, & Piper, 2012), respectively. The abundance of Vtc1, 

Ade17, Cmk2, Noc2, and Sur1 increased. These are the subunit of the vacuolar transporter chaperone 

(VTC) complex (Müller, Neumann, Bayer, & Mayer, 2003), an enzyme involved in de novo 

biosynthesis of purine (Tibbetts & Appling, 1997), calmodulin-dependent protein kinases (Ohyas, 

Kawasaki, & Suzukis, 1991), proteins involved in maturation and transport of ribosome (Milkereit et 

al., 2001), and subunit for mannosyl-inositol phosphoryl ceramide (MIPC) synthesis in sphingolipid 

biosynthesis pathway (Uemura, Kihara, Inokuchi, & Igarashi, 2003), respectively. Aga1 showed 

decrease in abundance, which is surface glycoprotein agglutinin (Roy, Lu, Marykwas, Lipke, & 

Kurjanlt, 1991). 
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Figure 8. A list of green fluorescent protein (GFP) expression that showed changes when treated with 

DEA (Treated) compared to untreated (Control) Saccharomyces cerevisiae. These proteins include; A: 

Sit1(YEL065W); B: Sna3 (YJL151C); C: Vtc1 (YER072W); D: Ade17 (YMR120C); E: Cmk2 

(YOL016C); F: Noc2 (YOR206W); G: Sur1 (YPL057C); H: Aga1 (YNR044W). Images were taken 

with Incell analyser 6500HS (General Electric). 
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Table 4. Green fluorescent protein (GFP)-tagged Saccharomyces cerevisiae strains that showed 

changes in their protein localization and abundance in response to addition of DEA. 

Systematic name Protein Biological function 

YEL065W Sit1 Siderophore Iron Transport 

YJL151C Sna3 Sensitivity to NA+ 

YER072W Vtc1 Vacuolar Transport Chaperone 

YMR120C Ade17 ADEnine 

YOL016C Cmk2 CalModulin dependent protein Kinase 

YOR206W Noc2 NucleOlar Complex associated 

YPL057C Sur1 Suppressor of Rvs161 and rvs167 mutations 

YNR044W Aga1 a-AGglutinin 
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3.4 DISCUSSION 

In this study, initial attempts to elucidate the antifungal modes of action of DEA were made 

through chemical-genetic profiling, haploinsufficiency profiling, and screening against a library of 

GFP-tagged Saccharomyces cerevisiae. This was the first study on elucidating the modes of action of 

an antifungal compound produced by the fungus Epicoccum italicum to our knowledge. The results 

suggested that DEA potentially affect fatty acids and sphingolipids, and their biosynthesis, of the target 

yeast.  

Hormesis was observed with the haploid BY4741 parental strain during broth dose response 

assays, in which a concentration of DEA under 25 µg/mL enhanced the growth of the yeast. Hormesis 

is thought to be an adaptive response or an overcompensation of the affected cells when exposed to 

mild level of stress (Flores & Garzon, 2013; Mattson, 2008), which suggests a possible presence of an 

adaptation mechanism in the BY4741 parental strain to the lower dosage of DEA. This may contribute 

to the higher tolerance of the BY4741 parental strain towards the antifungal compound, when 

compared to the diploid BY4743 parental strain. No hormesis was observed for BY4743, and a 

challenge of almost 60 % lower concentrations (9.65 µg/mL) of DEA were required to for the IC20. 

These differences may be due to ploidy of the cells, where haploid and diploid cells are known to 

display different responses and tolerance to stressors present in the same environment (Ding, Li, Cheng, 

& Yuan, 2010; Gancedo, 2001).  

Through chemical-genetic profiling, a homozygous deletion strain of S. cerevisiae for fen1 

showed hypersensitivity in the presence of 25.5 µg/mL DEA, which gave an IC20 in its parental strain. 

This indicated that the gene and its products are providing resistance to the yeast against DEA. Fen1 

protein plays a crucial role in the elongation of the fatty acids and produces VLCFAs of C20:0-C24:0, 

which are  critical for sphingolipid biosynthesis in the yeast (Funato & Riezman, 2002; Oh et al., 1997). 

These are known to be minor constituents of the yeast cytoplasmic membrane, whereas C26:0, which 

is a major constituent, is only elongated by Elo3 (Dickson, 2008; Funato & Riezman, 2002). These 
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VLCFAs ultimately participate in the production of complex sphingolipids including inositol-

phosphoceramide (IPC), mannose-inositol-phosphoceramide (MIPC) and mannose-(inositol-P)2-

ceramide (M(IP)2C) (Funato & Riezman, 2002; Gao et al., 2018; Oh et al., 1997). Disruption of either 

FEN1 or ELO3 is reported to show reduced levels of sphingolipids, however, fen1 knockout mutant 

resulted in decreased levels of all sphingolipids and increased levels of MIPCs with shorter fatty acid 

length (Gao et al., 2018), whereas the elo3 mutant showed an accumulation of a IPC and reduction in 

MIPC and M(IP)2C (Funato & Riezman, 2002; Gao et al., 2018; Oh et al., 1997). These indicated that 

the hypersensitivity observed in this research in fen1 deletion strain was likely due to a deficiency in 

fatty acids that are minor constituents in yeast membrane (C20:0-C24:0) and the sphingolipids with 

those fatty acids. This may have caused changes in the sphingolipid composition of the yeast on the 

membrane, which is well-known to alter the membrane properties, resulting in varied responses of the 

yeast against different stressors (Gao et al., 2018). One example is an increased sensitivity of the fen1 

deleted S. cerevisiae and C. albicans towards amphotericin B (AmB), another polyene class of 

antifungal drug (Sharma et al., 2014). DEA possesses a polyene chain, which is the unique 

characteristic of polyene class of antifungal drugs that are known to bind to ergosterol on the membrane 

of the target fungal species (Bossche et al., 2003; Y. Chen et al., 2018). This suggested a possibility 

where fatty acids and sphingolipids with less than C26:0 may be interfering with the interaction of 

polyene chain of DEA with the yeast cells. 

Haploinsufficiency profiling showed relative resistance in S. cerevisiae heterozygous deletion 

strain for LCB1/lcb1. This suggested that the gene and/or its products are likely to be a target of DEA. 

LCB1 encodes for an enzyme serine palmitoyl transferase, which is involved in the condensation of 

serine and palmitoyl-CoA at the initial step of the sphingolipid biosynthesis in yeasts (Dickson, 2010). 

This forms the long chain bases (LCB), which later are combined with VLCFAs to form sphingolipids 

(Dickson, 2008; Obara, Kojima, Kihara, & Gtpase, 2013). A yeast strain with partial suppression of 

the LCB1 gene was previously observed to produce a reduced level of cellular sphingolipid (Toume & 
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Tani, 2014). This indicates that DEA is likely to target sphingolipids and/or their biosynthesis in the 

yeast, possibly at the level of the Lcb. However, synthesis of C26-acyl glycerophospholipids, an 

alternative lipid, have been shown to structurally mimic the conventional sphingolipids in S. cerevisiae 

with disrupted Lcb production (Cerantola et al., 2007; Dickson, 2008; Lester, Wells, Oxford, & 

Dickson, 1993). These may compensate for the loss of sphingolipids in the LCB1/lcb1 deletion strain, 

thus, participating in the resistance against DEA. Inhibition of LCB1 with myriocin, an antifungal drug 

that targets serine palmitoyl transferase,  was previously shown to increase sensitivity of the S. 

cerevisiae and C. albicans towards AmB (Sharma et al., 2014). This was opposite to the increased 

resistance against DEA observed in this research with partial inhibition of the LCB1 gene expression, 

which indicates that the antifungal modes of action of DEA may be different from AmB. 

Another interesting result in the haploinsufficiency profiling was that no significant response 

was observed for the POP1/pop1 gene deleted S. cerevisiae strain against DEA. As mentioned 

previously, deletion of the POP1 gene was previously shown to exhibit hypersensitivity against 

nystatin, another polyene class of antifungal drug (M E Hillenmeyer et al., 2010). Therefore, this result 

supported that DEA may have an antifungal mode of action that is different from the other drugs of 

the same class.   

During the screening of the DEA against a GFP-tagged protein library of S. cerevisiae, we 

observed increased abundance of the Sur1 protein in the presence of the antifungal compound. Sur1 is 

a subunit of an enzyme MIPC synthase and synthesises MIPC from IPC through mannosylation 

(Dickson, 2010; Funato & Riezman, 2002; Lindahl, Santos, Olsson, Olsson, & Bettiga, 2017; Morgan 

et al., 2009). This indicated possible interruption of sphingolipid biosynthesis by DEA, leading to the 

accumulation of the protein. One hypothesis for the accumulation of SUR1 protein could be due to the 

reduction of its substrate, IPC, caused by DEA. This would be expected to lead to a deficiency in more 

complex sphingolipids including MIPC and M(IP)2C in the yeast membrane.  
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We also observed changed localization of Sit1 and Sna3 proteins of S. cerevisiae from the 

vacuole to cell periphery in presence of DEA. This suggested possible interruption of their 

internalization and its multivesicular body (MVB) sorting by the antifungal compound. As mentioned 

previously, Sit1 is required for the uptake of siderophore ferrioxiamine B, and its localization to the 

vacuolar degradative pathway or the membrane depends on the requirement of the substrate by the cell 

(Erpapazoglou, Froissard, Nondier, & Lesuisse, 2008). Like most other permeases, its internalization 

after the acquisition of the substrate and the MVB sorting is dependent on the ubiquitination 

(Erpapazoglou et al., 2008; Lauwers, Erpapazoglou, Haguenauer-tsapis, & Andre, 2010). Sna3 is also 

a membrane protein that require ubiquitination in order to be internalised and sorted into MVB 

pathway, and the loss of ubiquitin showed failure in the sorting of this protein to its designated pathway 

(Macdonald et al., 2012). It was previously shown that substrate dependent permeases, such as Aat1 

of Saccharomyces pombe, which is a homologue of an amino acid dependent permease Gap1 in S. 

cerevisiae, accumulates in the plasma membrane of the MIPC deficient cells (Nakase et al., 2010). It 

was speculated that the protein was transported to the membrane to acquire the nutrient, however, has 

failed to be internalized and sorted into the MVB pathway for degradation (Nakase et al., 2010). 

Ubiquitination and mannose residue of MIPC was speculated to play an important role in this (Nakase 

et al., 2010). This suggested that the changes in localization of Sit1 and Sna3 protein observed in the 

screening of the DEA against GFP-tagged protein library of S. cerevisiae could be due to the reduced 

level of MIPC in cells treated with the antifungal compound. This also supported the increased 

abundance of Sur1 protein observed above, which possibly occurred due to the lack of its substrate 

IPC, thus, would have led to synthesis of less MIPC for the cell.  
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4.1 INTRODUCTION 

Despite the effectiveness of currently available antifungal drugs such as polyenes, azoles, 

allylamines, echinocandins and flucytosines against fungal infections in various hosts, two major 

limitations exist that are hindering their usage. Firstly, fungal strains have developed that are resistant 

to agents with the modes of action of the currently available antifungal drugs (Jiang et al., 2015; Mor 

et al., 2015; Singh-Babak et al., 2012). Secondly, the toxic side effects of the drugs on patients, which 

is caused by a lack of selectivity towards the target fungal species (Jiang et al., 2015; Mandal et al., 

2016; Mor et al., 2015; Stierle et al., 2017; Vengurlekar et al., 2012). Various approaches, including 

liposomal formulation and chemical modification of the antifungal drugs, have been applied to 

improve the effectiveness of those drugs by reducing the toxicity (Cole, 2014; Genilloud, 2017; Hahn, 

2014; Juliano et al., 1985). However, as antifungal modes of action remain the same, resistant fungal 

strains are still unaffected by those drugs (Juliano et al., 1985; Ng et al., 2003). Previously, it was 

demonstrated that the use of antifungal drugs against fungal strains that are resistant towards other 

drug classes were still a viable option (Alves et al., 2012; Eschenauer et al., 2007; Ghannoum & Rice, 

1999b). This indicated that discovery of new compounds with novel antifungal modes of action could 

be a solution to overcome the two major limitations of the currently used antifungal drugs. 

 

Figure 1. Chemical structure of disalt (presumably sodium) of epipyrone A identified through nuclear 

magnetic resonance (NMR) spectroscopy. 
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In our previous research (Chapter 2), disalt of epipyrone A (DEA, Fig. 1) was purified from 

the crude extract of Epicoccum italicum ICMP 19927. It showed antifungal properties against moulds 

and yeasts, and exhibited antifungal activity after 3 hours of incubation with Saccharomyces cerevisiae. 

DEA contained a polyene chain, which is a unique characteristic structure of the polyene class of 

antifungal drugs. However, unlike the other drugs of the same class, it has a linear, and not a cyclic, 

carbon chain. The antifungal modes of action of DEA have not been elucidated previously. Given that 

even a minor change in chemical scaffold can result in differences in its biological activity, DEA may 

possess a novel and/or an additional antifungal modes of action that are different from the other drugs 

of the same family (Denning, 2002; Eschenauer et al., 2007; François et al., 2006; Madden et al., 2014; 

Park et al., 2011). Initial screening of the antifungal compound through chemical-genetic profiling, 

haploinsufficiency profiling, and against green-fluorescent (GFP)-tagged protein library of 

Saccharomyces cerevisiae were carried out (Chapter 3). We observed hypersensitivity of S. cerevisiae 

presenting FEN1 gene deletion, and relative resistance of S. cerevisiae presenting LCB1 genes singly 

deleted, when challenged with the antifungal compound that promoted 20 % inhibition of their 

respective parental strains. GFP-tagged Sur1 protein was also observed to accumulate in S. cerevisiae 

upon presence of the antifungal compound. These results indicated possible effect of DEA on the yeast 

very long chain fatty acids (VLCFAs) and sphingolipids, and their biosynthesis. 

In this research, changes in the relative abundance of the intra- and extra-cellular metabolites 

of S. cerevisiae in response to DEA over 5-hour incubation period were analysed. These changes were 

compared against controls challenged with blank medium. Four different strains of S. cerevisiae were 

challenged with the antifungal compound; a fen1 deletion mutant strain: which showed hypersensitive 

towards disalt of epipyorne A; a LCB1/lcb1 deletion mutant strain: which showed relative resistance 

towards the antifungal compound, and their two respective parental strains haploid BY4741 and 

diploid BY4743.  
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4.2 MATERIALS AND METHODS 

All chemicals were obtained from Sigma-Aldrich, unless stated otherwise. Methyl 

chloroformate, 2,3,3,3-d4-alanine, glycerol, sodium chloride, methanol, sodium hydroxide, pyridine, 

sodium bicarbonate, chloroform, and anhydrous sodium sulphate were purchased from Merck 

(Darmstadt, Germany). 

4.2.1 Yeast strains and culture conditions.  

All strains of Saccharomyces cerevisiae were obtained from Open Biosystems (Huntsville, 

AL)(Mokhtari et al., 2018). S. cerevisiae BY4741 (MAT a his3∆1 leu2∆0 met15∆0 ura3∆0) and 

BY4743 (his3∆1/his3∆1 leu2∆0/leu2∆0 lys2∆0/LYS2/MET15/met15∆0 ura3∆0/ura3∆0) parental 

strains,  fen1 deletion mutant, and LCB1/lcb1 deletion mutant were maintained on YPD agar plates 

consisting per litre (L); yeast extract (6 g), peptone (3 g), dextrose (10 g), and agar (15 g), and incubated 

at 30 ºC. 

Synthetic complete (SC) medium consisting per litre (L); Yeast nitrogen base without amino 

acids and ammonium sulphate (1.7 g), monosodium glutamate (MSG, 1 g), amino acid mixture (2 g), 

40 % glucose (50 mL), and MOPS (3-(N-morpholino)propanesulfonic acid, 34.53 g) were used for the 

fermentation for metabolomics.  

Amino acid mixture contained: Adenine (3 g), uracil (2 g), inositol (2 g), para-aminobenzoic 

acid (0.2 g), alanine (2 g), asparagine (2 g), aspartic acid (2 g), cysteine (2 g), glutamic acid (2 g), 

glutamine (2 g), glycine (2 g), histidine (2 g), isoleucine (2 g), leucine (10 g), lysine (2 g), methionine 

(2 g), phenylalanine (2 g), proline (2 g), serine (2 g), threonine (2 g), tryptophan (2 g), tyrosine (2 g), 

and valine (2 g). 

4.2.2 Disalt of epipyrone A preparation.  

DEA was prepared according to our previous study (Chapter 2). In brief, the fungus 

Epicoccum italicum was cultured on Czapek yeast extract agar for 14 days under dark condition. The 
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biomass and agar were macerated by passing them through a 50 mL syringe, from which orange 

pigments were extracted with analytical methanol. Purification of DEA was carried out using flash 

column chromatography with C8 reverse-phase media. For the experiments, the required quantity of 

the dried disalt of epipyrone A was dissolved in SC medium with MOPS, then filtered through a 0.22 

µm syringe filter (Micronz, Martinborough, NZ).  

4.2.3 Flask culture for metabolomics.  

Yeast strains grown on YPD agar for 48 hours at 28 °C were used to make a pre-inoculum. A 

single colony was inoculated into a 500 mL round-bottom flask containing 200 mL SC medium, which 

was incubated at 30 °C and 180 rpm agitation to produce pre-inoculum in the mid-log phase. This was 

used to inoculate the experimental flasks. Experimental flasks contained in total 200 mL SC medium 

with an initial OD600 of 0.1. In total 6 experimental flasks were prepared, with two additional flasks 

with equal volumes of medium. The flasks were incubated at 180 rpm and 30 °C until the yeast cultures 

reached log phase and the first sampling (Section. 4.2.4 & 4.2.5) was carried out (TB). DEA dissolved 

in SC medium was added to 3 yeast culture flasks and to one uninoculated control flask immediately 

after the sample was taken. The final concentration of DEA was 25.5 µg/mL for the BY4741 parental 

strain and the fen1Δ strain, and 9.65 µg/mL for the BY4743 parental strain and LCB1/lcb1Δ strain. The 

remaining flasks were supplemented with the same volume of 0.22 µm filtered blank medium without 

dissolved DEA. Each flask was sampled rapidly (within approx. 2 min) after the introduction of DEA 

(T0), then at the following time points: 1 (T1), 3 (T3), 5 (T5) hours. The cultures were incubated in 

the dark to prevent light-degradation of DEA. 

4.2.4 Intracellular metabolite harvesting.  

Sampling, quenching, and extraction of intracellular metabolites was conducted according to 

Smart et al., 2010 (Smart et al., 2010) with minor modifications. Briefly, 10 mL of broth from an 

experimental flask was rapidly transferred to a 50 mL centrifuge tube (Nalgene, Thermo Fisher 

Scientific, USA) containing 20 mL of glycerol-saline (2.3:1 v/v) quenching solution stored in an 
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ethanol bath at -23 °C at each sampling time point. The solution was homogenised by inverting the 

centrifuge tubes manually, then returned to the ethanol bath for minimum of 5 min for acclimatisation. 

Tubes containing quenched samples were stored at -20 °C. The quenched samples were centrifuged 

using a Sorvall RC6+ centrifuge (Thermo Fisher Scientific, USA) (23269 g for 20 min at -20 °C). The 

supernatant was discarded, and the cell pellets were resuspended in 2 mL cold washing solution 

(glycerol-saline 1:1 v/v), then centrifuged again (23269 g for 20 min at -20 °C). The supernatant was 

discarded again, then 2.5 mL washing solution 1 (methanol-water 1:1 v/v, -30 °C) and 20 µL internal 

standard (2,3,3,3-d4-alanine, 10 mM) were added, and the cell pellets resuspended vigorously. The 

resuspended pellets were frozen at -80 °C for a minimum 30 min. Freeze-thaw cycles were carried out 

to extract the intracellular metabolites. The samples were thawed in an ice bath (approx. 4 °C) for 

approximately 4 min, mixed vigorously with a vortex mixer for 1 minute, then frozen again at -80 °C 

for at least 30 min. These cycles were repeated 3 times. After the freeze-thaw cycles, samples were 

centrifuged at 23269 g for 15 min at -20 °C. The supernatant was collected in a 50 mL Falcon tube, 

and stored at -80 °C. Another 2.5 mL washing solution 2 (methanol-water 4:1 v/v, -30 °C) were added 

to resuspend the cells, then centrifuged again at 23269 g for 15 min at -20 °C. The supernatant was 

collected and pooled together with the previous collections. dH2O (20 mL at -4 °C) was added into the 

pooled intracellular metabolites, which were then stored at -80 °C. These samples were dried using a 

freeze-drier (VirTis Benchtop K freeze-dryer, SP Scientific, USA) prior to derivatization.  

4.2.5 Sampling for extracellular metabolites.  

At each sampling time point, 1 mL of culture medium was collected from the flasks and filtered 

with 0.22 µm pore syringe filter (Minisart, Sartorius Stedim, Germany). Internal standard (20µL 

2,3,3,3-d4-alanine, 10 mM) was added to each, frozen at -80 °C, then freeze-dried (VirTis Benchtop K 

freeze-dryer, SP Scientific, USA) before derivatization. 
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4.2.6 Sampling for biomass calculation.  

At each sampling time point, 10 mL cell culture was harvested from the experimental flasks. 

These were filtered through pre-weighed 0.22 µm membrane filter papers (MicroScience, Australia), 

then dried using a dehydrator overnight. The weight of the dried biomass on membrane filter papers 

were recorded (DMF). Dried biomass was calculated by subtracting the pre-weighed membrane filter 

paper (PMF): 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷𝑀𝐹 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑀𝐹 

4.2.7 Methyl chloroformate (MCF) derivatization.  

Freeze-dried intra- and extracellular metabolites were derivatized according to Smart et al., 

2010 (Smart et al., 2010). Freeze-dried samples were first resuspended in 200 µL of NaOH (1 M), then 

transferred into silanized reaction tubes (Thermo Fisher Scientific, USA) containing 334 µL of 

methanol and 68 µL of pyridine. The tubes were constantly vortexed during the derivatization. MCF 

(40 µL) was then added into each of the tubes, followed by 30 s vigorous mixing with a vortex. A 

second aliquot of MCF (40 µL) was added, mixed for another 30 s, then chloroform (400 µL) added 

with 10 s of mixing. Next, NaHCO3 (800 µL) was added and vortexed for another 10 s. The tubes were 

centrifuged (2,500 rpm for 5 min, 6 °C) to enhance the formation of the double meniscus. Upper 

aqueous phase was removed and discarded using glass Pasteur pipettes, then Na2SO4 (approx. 30 mg) 

was added to completely dry the bottom chloroform phase containing derivatized metabolites. These 

were transferred to GC-MS vials using glass Pasteur pipettes, then stored at -80 °C until the GC-MS 

analysis.  

4.2.8 GC-MS analysis.  

Derivatized samples were analysed with an Agilent 7890B gas chromatography coupled with 

5977A inert mass spectrometer with a glass split/splitless inlet (4 mm internal diameter) operating at 

70 eV. Sample (1 µL) was injected under pulsed splitless mode (180 kPa for 1 min, 56.76 kPa pressure, 
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1 mL/min column flow, purge flow at 25 mL/min 1.1 min after the injection). The inlet temperature 

was set to 290 °C. The column used was a fused silica Zebron ZB-1701 (Phenomenex, 0.25 mm 

internal diameter, 0.15 µm stationary phase, 30 m length). Ultra-high-grade helium (99.9999 %) was 

used as a carrier gas. The GC oven temperature program is shown in Table 1. The transfer line to mass 

selective detector (MSD) was maintained at 250 °C, the source at 250 °C, and quadrupole at 130 °C. 

The detector was run in positive-ion mode and electron-impact ionization mode. Metabolites were 

identified using mass spectra acquired in scan mode with data collected with a mass range of 38-550 

amu. 

 

Table 1. Gas-Chromatography oven setting used to analyse methyl chloroformate (MCF) derivatized 

samples. 

Oven stage °C/min Rise of the temperature (°C) Hold (min) 

Initial - 45 2 

1 9 180 5 

2 40 220 5 

3 40 240 11.5 

4 40 280 10 
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4.2.9 Data analysis.  

The raw data from GC-MS was converted into AIA format (.cdf) using the Chemstation 

(Agilent Technologies, Santa Clara, CA, USA). This was followed by deconvolution and batch 

processing using Automated Mass Spectral Deconvolution and Identification Software program 

(AMDIS). An in-house MS MCF library was used to identify peaks according to their MS spectrum 

and respective retention time. The data obtained was cleaned manually and normalised by the 

internal standard (2,3,3,3-d4-alanine) and dried biomass. This resulted in profile of extra- and intra-

cellular metabolites identified with their relative peak intensities. A student’s t-test was performed to 

determine the metabolites that showed statically significant (p<0.05) changes in presence of DEA 

compared to the control for each time points for each yeast strains.  
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4.3 RESULTS  

4.3.1 The metabolic response of BY4743 parental strain to DEA 

A total of 170 of both intra- and extra-cellular metabolites were detected, of these, 92 and 91 

of them were accurately identified using our in-house MS library, respectively (Table 2). Sixteen 

intracellular metabolites were significantly affected (p<0.05) by DEA during the 5-hour incubation 

period compared to control cultures (Table 3). These included 3 proteinogenic amino acids, 1 non-

proteinogenic amino acid, 1 TCA cycle intermediate, 2 fatty acids, and 9 others. Only one metabolite 

showed significant changes immediately after the introduction of the antifungal compound (T0), and 

4 after 1 hour of incubation (T1) with DEA. Ten intracellular metabolites, which comprised the 

majority of the total metabolites of BY4741 parental strain that changed significantly in response to 

the antifungal compound, were affected after 3 hours of incubation (T3). The second greatest number 

of intracellular metabolites (7) were significantly affected after 5 hours of incubation (T5). Several 

intracellular metabolites that were affected for more than 1 sampling time point, including proline, 2-

oxobutyric acid, ferulic acid, para-toluic acid, and suberic acid. 

There were 22 extracellular metabolites that showed significant changes (p<0.05) in relative 

abundance during incubation with DEA compared to the control (Table 4). Changes in 7 proteinogenic 

amino acids, 1 non-proteinogenic amino acid, 5 fatty acids, and 9 others were observed. A wider 

variety of extracellular proteinogenic amino acid levels changed significantly compared to the 

intracellular metabolites in response to the antifungal compound. More extracellular fatty acids 

exhibited changes compared to the intracellular metabolites while no TCA cycle intermediates changed 

significantly. Unlike the intracellular metabolites, most changes in extracellular metabolites occurred 

immediately after the addition of the antifungal compound dissolved in SC medium and were likely 

caused by the medium added. Three metabolites were affected an hour after incubation. Eight 

metabolites, mostly fatty acids, showed significant changes in levels after 3 hours of incubation in the 

presence of DEA. Four metabolites were affected at T5.  
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Table 2. The list of intra- and extra-cellular metabolites of Saccharomyces cerevisiae BY4743 parental strain that were identified with the in-house library. 

Classification of metabolites Intra Extra Metabolites 

Proteinogenic amino acids 18 18 Cysteine, aspartic acid, glutamic acid, phenylalanine, glycine, histidine, isoleucine, lysine, 

leucine, methionine, asparagine, proline, glutamine, serine, threonine, valine, tryptophan, 

tyrosine 

Non-proteinogenic amino acids 8 8 2-aminoadipic acid 2-aminobutyric acid, 4-aminobutyric acid, cystathionine, N-acetylglutamic 

acid, norvaline, ornithine, pyroglutamic acid 

TCA cycle intermediates 6 6 2-oxoglutaric acid, cis-aconitic acid, citric acid, fumaric acid, malic acid, succinic acid 

Fatty acids 20 20 10,13-dimethyltetradecanoic acid, 10-pentadecenoic acid, 2-oxoadipic acid, 2-oxobutyric acid, 

adipic acid, decanoic acid, dodecane, dodecanoic acid, hexanoic acid, margaric acid, myristic 

acid, myristoleic acid, octanoic acid, palmitelaidic acid, pentadecane, pentadecanoic acid, stearic 

acid, suberic acid, trans-vaccenic acid, undecanoic acid 

Others 40 39 Dimethyl aminomalonic acid, 2,4-di-tert-butylphenol, 2-hydroxycinnamic acid, 2-

hydroxyglutaramic acid, 2-hydroxyisobutyric acid, 2-isopropylmalic acid, 3-acetoxy-3-

hydroxy-2-methylpropionic acid, 3-hydroxybenzoic acid, 3-methyl-2-oxovaleric acid, 4-

Aminobenzoic acid, 4-Hydroxyphenylacetic acid, 4-Methyl-2-oxopentanoic acid, Anthranilic 

acid, azelaic acidb, benzoic acid, caffeine, cis-4-hydroxyproline, citraconic acid, citramalic acid, 

creatinine, ferulic acid, gallic acid, glutaric acid, glutathione, glyceric acid, glyoxylic acid, 

heptadecane, itaconic acid, lactic acid, malonic acid, NADP/NADPH, nicotinamide, 

nonacosane, para-toluic acid, phenethyl acetate, pimelic acid, pyruvic acid, s-

adenosylmethionine, tricosane 

Total 92 91  

Intra: the number of intracellular metabolites identified; Extra: the number of extracellular metabolites identified; aMetabolites only found extracellularly; 
bMetabolites only found intracellularly. 
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Table 3. Intracellular metabolites of Saccharomyces cerevisiae BY4743 parental strain that were 

significantly (p<0.05) affected by disalt of epipyrone A during 5-hour incubation period. Red shading 

indicates the sampling time point where each metabolite was significantly affected by the antifungal 

compound compared to the control. T0: immediately after the addition of antifungal compound; T1: 1 

hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the incubation. 
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Table 4. Extracellular metabolites of Saccharomyces cerevisiae BY4743 parental strain that were 

significantly (p<0.05) affected by disalt of epipyrone A during 5-hour incubation period. Red shading 

indicates the sampling time point where each metabolite had their levels significantly affected by the 

antifungal compound compared to the control. T0: immediately after the addition of antifungal 

compound; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. 
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Changes in the relative abundance of each intracellular metabolite that were significantly 

affected by DEA throughout the incubation period and their controls were analysed (Figure 2). Sharp 

changes in the abundance were observed in a few metabolites immediately after the addition of the 

antifungal compound or the blank medium. For example, glutamic acid’s intracellular relative 

abundance decreased immediately after the addition of the compound (T0) compared to before (TB).  

In general, metabolites that were significantly affected after 3 hours of incubation (T3) showed 

lower relative abundance compared to the control, whereas those that were affected after 5 hours of 

incubation (T5) showed higher levels. Amino acids showed decreased relative abundance at T3, except 

for glutamic acid which increased by T5. Proline showed lower relative abundance for almost the entire 

the incubation period in the presence of the antifungal compound. This was different from the other 

amino acids which changed only at one sampling time point. Suberic acid also showed decreased 

relative abundance throughout almost the entire incubation. The relative abundance of glutathione 

intermediates, including glutamic acid, pyroglutamic acid, and glutathione also decreased. Several 

phenolic acids, including 2-hydroxycinnamic acid and ferulic acid, showed significant changes at 

different time points, while para-toluic acid in particular, showed a pronounced increase throughout 

the incubation period.  

The relative abundance of extracellular metabolites which also showed significant changes in 

intracellular levels were analysed (Figure 3). A significant decrease in the level of proline immediately 

after the addition of DEA was observed compared to the control. The level matched its control by the 

next time point, which was different from the constant differences observed in its intracellular level. 

The level of para-toluic acid was higher than the control at 3 and 5 hours of incubation, which was 

similar to its intracellular level. The level of phenethyl acetate was higher at T3, by contrast to its 

absence intracellularly at the same time point.  
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Figure 2. Changes in the relative abundance of the intracellular metabolites of Saccharomyces cerevisiae BY4743 parental strain that were significantly 

affected (p<0.05) by the addition of disalt of epipyrone A at different sampling points. Red: the relative abundance of the metabolite in presence of the 

antifungal compound; Blue: the relative abundance of the metabolite in absence of the antifungal compound. The error bars show the standard deviation 

between technical replicates (n=3). Five sampling points are shown; TB: Before the addition of DEA or blank medium, T0: immediately after the addition 

of antifungal compound or blank medium; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the incubation. *the sampling 

point that showed significant difference in the relative abundance of the metabolite in presence of the antifungal compound compared to its control. 
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Figure 3. Changes in the relative abundance of the extracellular metabolites of Saccharomyces cerevisiae BY4743 parental strain following the addition 

of disalt of epipyrone A. Only compounds with intracellular levels that were significantly affected (p<0.05) are included. Orange: the relative abundance 

of extracellular level in presence of the antifungal compound; Blue: relative abundance of extracellular level in absence of the antifungal compound. The 

error bars show the standard deviation between technical replicates (n=3). Five sampling points are shown; TB: Before the addition of DEA or blank 

medium, T0: immediately after the addition of antifungal compound or blank medium; T1: 1 hour after the incubation; T3: 3 hours after the incubation; 

T5: 5 hours after the incubation. *the sampling point that showed significant difference in the relative abundance of the metabolite in presence of the 

antifungal compound compared to its control. 
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4.4.2 The metabolic response of BY4741 parental strain to DEA 

One hundred and seventy of each intra- and extracellular metabolites were detected in S. 

cerevisiae BY4741 parental strain, of which 91 and 92 were accurately identified, respectively (Table 

5). The levels of 19 intracellular metabolites changed significantly (p<0.05) during growth of yeast in 

the presence of DEA compared to control samples (Table 6). These included 4 proteinogenic amino 

acids, 1 non-proteinogenic amino acids, 3 TCA cycle intermediates, 2 fatty acids, and 9 others. None 

of these metabolites were affected immediately after the introduction of the antifungal compound (T0). 

Four metabolites were affected an hour after the incubation (T1). As was shown with S. cerevisiae 

BY4743 parental strain, the majority of the intracellular metabolites showed significant changes 3 

hours after the incubation (T3). All amino acids detected changed significantly at this time point. More 

TCA cycle intermediates showed significant changes in response to the antifungal compound 

compared to the BY4743 parental strain. Proline again showed significant changes over two sampling 

time points from T2 to T3. Only para-toluic acid showed changes at T5. 

Thirteen extracellular metabolites showed significant changes in the presence of DEA 

compared to the control (Table 7). These included 1 proteinogenic amino acid, 2 non-proteinogenic 

amino acids, 2 fatty acids, and 8 others. Five extracellular metabolites exhibited changes immediately 

after the addition of the antifungal compound. Only 2 showed changes after an hour of incubation. Six 

metabolites − the most at any given time point, showed changes at T3. Significant changes in 3 

metabolites were observed after 5 hours of incubation. The number of extracellular metabolites that 

showed significant changes in response to DEA were much lower than in the BY4743 parental strain, 

indicating that the two strains respond differently to DEA. 
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Table 5. The list of intra- and extracellular metabolites of Saccharomyces cerevisiae BY4741 parental strain that were identified with the in-house MS 

library. 

Classification of metabolites Intra Extra Metabolites 

Proteinogenic amino acids 18 18 Cysteine, aspartic acid, glutamic acid, phenylalanine, glycine, histidine, isoleucine, lysine, 

leucine, methionine, asparagine, proline, glutamine, serine, threonine, valine, tryptophan, 

tyrosine 

Non-proteinogenic amino acids 8 8 2-aminoadipic acid, 2-aminobutyric acid, 4-aminobutyric acid, cystathionine, N-acetylglutamic 

acid, norvaline, ornithine, pyroglutamic acid 

TCA cycle intermediates 6 6 2-oxoglutaric acid, cis-aconitic acid, citric acid, fumaric acid, malic acid, succinic acid 

Fatty acids 20 20 10,13-dimethyltetradecanoic acid, 10-pentadecenoic acid, 2-oxoadipic acid, 2-oxobutyric acid, 

adipic acid, decanoic acid, dodecane, dodecanoic acid, hexanoic acid, margaric acid, myristic 

acid, myristoleic acid, octanoic acid, palmitelaidic acid, pentadecane, pentadecanoic acid, stearic 

acid, suberic acid, trans-vaccenic acid, undecanoic acid 

Others 39 40 Dimethyl aminomalonic acid, 2,4-di-tert-butylphenol, 2-hydroxybutyric acid, 2-

hydroxycinnamic acid, 2-hydroxyglutaramic acid, 2-hydroxyisobutyric acid, 2-isopropylmalic 

acid, 3-acetoxy-3-hydroxy-2-methylpropionic acid, 3-hydroxybenzoic acid, 3-methyl-2-

oxovaleric acid, 4-aminobenzoic acid, 4-hydroxyphenylacetic acid, 4-methyl-2-oxopentanoic 

acid, anthranilic acid, azelaic acid, benzoic acid, caffeine, cis-4-hydroxyproline, citraconic acid, 

citramalic acid, creatinine, ferulic acida, gallic acid, glutaric acid, glutathione, glyceric acid, 

glyoxylic acid, heptadecane, itaconic acid, lactic acid, malonic acid, NADP/NADPH, 

nicotinamide, nonacosane, para-toluic acid, phenethyl acetate, pimelic acid, pyruvic acid, s-

adenosylmethionine, tricosane 

Total 91 92  

Intra: the number of intracellular metabolites identified; Extra: the number of extracellular metabolites identified; aMetabolites only found extracellularly; 
bMetabolites only found intracellularly. 
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Table 6. Intracellular metabolites of Saccharomyces cerevisiae BY4741 parental strain that were 

significantly (p<0.05) affected by disalt of epipyrone A during the 5-hour incubation period. Red 

shading indicates the sampling time point where the level of each metabolite was significantly affected 

by the antifungal compound compared to the control. T0: immediately after the addition of antifungal 

compound; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. 

 

 

Table 7. Extracellular metabolites of Saccharomyces cerevisiae BY4741 parental strain that were 

significantly (p<0.05) affected by disalt of epipyrone A during a 5-hour incubation period. Red shading 

indicates the sampling time point where the level of each metabolite was significantly affected by the 

antifungal compound compared to the control. T0: immediately after the addition of antifungal 

compound; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. 
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Changes in the relative abundance of the intracellular metabolites of BY4741 parental strain 

that were significantly affected by DEA during 5-hour incubation were analysed (Fig. 4). In general, 

amino acids showed significantly lower levels in relative abundance at T3 compared to the control. 

However, tryptophan was an exception, which increased in abundance at T3, then matched the level 

of the control by T5. Proline showed lower levels across 2 sampling time points, at T1 and T3. TCA 

cycle intermediates also showed a general decrease at T3, with the exception of citric acid which 

exhibited higher levels. Fatty acids 2-oxoadipic acid also increased at this time point, while suberic 

acid decreased. Glutathione decreased in abundance at T3 compared to the control. Para-toluic acid 

again showed a significant increase in abundance throughout the growth of the yeast in the presence 

of the antifungal compound. A wider range of intracellular phenolic acids showed significant changes 

compared to the BY4743 parental strain, including 3-hydroxybenzoic acid, benzoic acid, and gallic 

acid.   

The extracellular metabolites of BY4741 parental strain, for which their corresponding 

intracellular metabolites also showed significant changes in response to DEA were analysed (Figure 

5). The relative abundance of proline and para-toluic acid were detected again as in BY4743 parental 

strain. Proline levels decreased at T3, which was opposite to the increase in its intracellular abundance. 

The level of extracellular para-toluic acid increased just like its intracellular level. 
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Figure 4. Changes in the relative abundance of the intracellular metabolites of Saccharomyces cerevisiae BY4741 parental strain that were significantly 

affected (p<0.05) by the addition of disalt of epipyrone A at different sampling points. Red: the relative abundance of the metabolite in presence of the 

antifungal compound; Blue: the relative abundance of the metabolite in absence of the antifungal compound. The error bars show the standard deviation 

between technical replicates (n=3). Five sampling points are shown; TB: Before the addition of DEA or blank medium, T0: immediately after the addition 

of antifungal compound or blank medium; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the incubation. *the sampling 

point that showed significant difference in the relative abundance of the metabolite in presence of the antifungal compound compared to its control. 
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Figure 5. Changes in the relative abundance of the extracellular metabolites of Saccharomyces cerevisiae BY4741 parental strain following the addition 

of disalt of epipyrone A, for which intracellular levels were also significantly affected (p<0.05). Orange: the relative abundance of extracellular level in 

presence of the antifungal compound; Blue: relative abundance of extracellular level in absence of the antifungal compound. The error bars show the 

standard deviation between technical replicates (n=3). Five sampling points are shown; TB: Before the addition of DEA or blank medium, T0: immediately 

after the addition of antifungal compound or blank medium; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. *the sampling point that showed significant difference of the relative abundance of the metabolite in presence of the antifungal compound 

compared to its control.
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4.4.3 The metabolic response of LCB1/lcb1 mutant strain to DEA 

For the LCB1/lcb1 mutant strain of S. cerevisiae, a total of 170 each of intra- and extracellular 

metabolites each were detected. Out of these, 92 of each were accurately identified with our in-house 

MS library (Table 8). Fifteen of the total intracellular metabolites showed significant changes (p<0.05) 

in their relative abundance compared to the controls during their incubation with DEA, which included 

3 proteinogenic amino acids, 2 non-proteinogenic amino acids, 2 TCA cycle intermediates, 2 fatty 

acids, and 6 other metabolites (Table 9). Unlike the BY4743 and BY4741 parental strains, 8 

metabolites – the most at any given time point for intracellular metabolites of LCB1/lcb1 mutant strain, 

showed significant changes immediately after the addition of DEA (T0). Four metabolites showed 

significant changes an hour after the incubation (T1), six metabolites after 3 hours of incubation (T3), 

and three metabolites showed significant changes after 5 hours (T5).  

The list of extracellular metabolites of LCB1/lcb1 strain that showed significant changes in 

their relative abundance in the presence of DEA at different sampling time points is shown in Table 

10. Thirty-seven metabolites were detected to show significant changes throughout the incubation 

period with the antifungal compound. Of these, 9 were proteinogenic, 3 non-proteinogenic, 4 TCA 

cycle intermediates, 5 fatty acids, and 16 others were identified. Immediately after the introduction of 

the antifungal compound, 7 extracellular metabolites showed significant changes. Twenty-six 

metabolites showed changes after 1 hour of incubation – the most for this strain. All amino acids except 

for the glutamine and 2-aminoadipic acid changed at this sampling time point. Only 4 metabolites each 

showed changes at T3 and T5. Glutamine, azelaic acid, and gallic acid showed changes at more than 

1 sampling time point. The number of phenolic acids detected were less than in the parental strains.  
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Table 8. The list of intra- and extra-cellular metabolites of Saccharomyces cerevisiae LCB1/lcb1 mutant strain that were identified with the in-house MS 

library. 

Classification of metabolites Intra Extra Metabolites 

Proteinogenic amino acids 18 18 Cysteine, aspartic acid, glutamic acid, phenylalanine, glycine, histidine, isoleucine, lysine, 

leucine, methionine, asparagine, proline, glutamine, serine, threonine, valine, tryptophan, 

tyrosine 

Non-proteinogenic amino acids 8 8 2-aminoadipic acid, 2-aminobutyric acid, 4-aminobutyric acid, cystathionine, N-acetylglutamic 

acid, norvaline, ornithine, pyroglutamic acid 

TCA cycle intermediates 6 6 2-oxoglutaric acid, cis-aconitic acid, citric acid, fumaric acid, malic acid, succinic acid 

Fatty acids 19 19 10,13-dimethyltetradecanoic acid, 10-pentadecenoic acid, 2-oxoadipic acid, 2-oxobutyric acid, 

adipic acid, decanoic acid, dodecane, dodecanoic acid, hexanoic acid, margaric acid, myristic 

acid, myristoleic acid, octanoic acid, palmitelaidic acid, pentadecane, pentadecanoic acid, stearic 

acid, suberic acid, trans-vaccenic acid, undecanoic acid 

Others 41 41 Dimethyl aminomalonic acid, 2,4-di-tert-butylphenol, 2-hydroxybutyric acid, 2-

hydroxycinnamic acid, 2-hydroxyglutaramic acid, 2-hydroxyisobutyric acid, 2-isopropylmalic 

acid, 3-acetoxy-3-hydroxy-2-methylpropionic acid, 3-hydroxybenzoic acid, 3-methyl-2-

oxovaleric acid, 4-aminobenzoic acid, 4-hydroxyphenylacetic acid, 4-methyl-2-oxopentanoic 

acid, anthranilic acid, azelaic acid, benzoic acid, caffeine, cis-4-hydroxyproline, citraconic acid, 

citramalic acid, creatinine, ferulic acid, gallic acid, glutaric acid, glutathione, glyceric acid, 

glyoxylic acid, heptadecane, itaconic acid, lactic acid, malonic acid, NADP/NADPH, 

nicotinamide, nonacosane, para-toluic acid, phenethyl acetate, pimelic acid, pyruvic acid, s-

adenosylmethionine, tricosane 

Total 92 92  

Intra: the number of intracellular metabolites identified; Extra: the number of extracellular metabolites identified; aMetabolites only found extracellularly; 
bMetabolites only found intracellularly. 
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Table 9. Intracellular metabolites of Saccharomyces cerevisiae LCB1/lcb1 mutant strain that were 

significantly (p<0.05) affected by disalt of epipyrone A during the 5-hour incubation period. Red 

shading indicates the sampling time point where the level of each metabolite was significantly affected 

by the antifungal compound compared to the control. T0: immediately after the addition of antifungal 

compound; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. 
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Table 10. Extracellular metabolites of Saccharomyces cerevisiae LCB1/lcb1 mutant strain that were 

significantly (p<0.05) affected by disalt of epipyrone A during the 5-hour incubation period. Red 

shading indicates the sampling time point where the level of each metabolite was significantly affected 

by the antifungal compound compared to the control. T0: immediately after the addition of antifungal 

compound; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. 
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Intracellular amino acids, including aspartic acid, proline, and glutamine, showed significant 

decrease in their relative abundance in the presence of DEA compared to the control (Fig. 6). Aspartic 

acid showed changes immediately after the addition of the antifungal compound (T0), whereas proline 

and glutamine at T3. The relative abundance of the TCA cycle intermediates cis-aconitic acid and citric 

acid increased compared to the control. Fatty acids also showed increased relative abundance except 

for suberic acid which had a decreased level. The level of para-toluic acid increased significantly again 

throughout the incubation period compared to the control, as in the other parental strains.  

Several intracellular metabolites showed significant changes in their levels in response to DEA 

as well (Fig. 7). Proline levels increased after an hour of incubation, which was opposite to the decrease 

in its intracellular level. The level of glutamine was higher than the control at T3, which then became 

lower by T5. This was opposite to the decrease at T3 in intracellular levels compared to the control. 

The non-proteogenic amino acid, 2-aminoadipic acid, showed a significant decrease in level at T0, 

similar to the trend observed intracellularly for this metabolite. The para-toluic acid increased in 

extracellular levels as was mirrored in its intracellular level. This was observed in other parental yeast 

strains as well. Suberic acid showed an increase in abundance − opposite to the decrease in its 

intracellular level.  
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Figure 6. Changes in the relative abundance of the intracellular metabolites of Saccharomyces cerevisiae LCB1/lcb1 mutant strain that were significantly 

affected (p<0.05) by the addition of disalt of epipyrone A at different sampling points. Red: the relative abundance of the metabolite in presence of the 

antifungal compound; Blue: the relative abundance of the metabolite in absence of the antifungal compound. The error bars show the standard deviation 

between technical replicates (n=3). Five sampling points are shown; TB: Before the addition of DEA or blank medium, T0: immediately after the addition 

of antifungal compound or blank medium; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the incubation. *the sampling 

point that showed significant difference in relative abundance of the metabolite in presence of the antifungal compound compared to its control. 
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Figure 7. Changes in the relative abundance of the extracellular metabolites of Saccharomyces cerevisiae LCB1/lcb1 mutant strain by the addition of 

disalt of epipyrone A, which its intracellular level were significantly affected (p<0.05) as well. Orange: the relative abundance of extracellular level in 

presence of the antifungal compound; Blue: relative abundance of extracellular level in absence of the antifungal compound. The error bars show the 

standard deviation between technical replicates (n=3). Five sampling points are shown; TB: Before the addition of DEA or blank medium, T0: immediately 

after the addition of antifungal compound or blank medium; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. *the sampling point that showed significant difference in relative abundance of the metabolite in presence of the antifungal compound 

compared to its control. 
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4.4.4 The metabolic response of fen1 mutant strain to DEA 

One hundred and seventy each of intra- and extra-cellular metabolites were detected in fen1 

mutant strain. Among these metabolites, 92 of each were accurately identified (Table 11). Thirty-eight 

intracellular metabolites identified showed significant changes in levels (p<0.05) during the 5-hour 

incubation period with DEA compared to the control (Table 12). These were 10 proteinogenic amino 

acids, 7 non-proteinogenic amino acids, 4 TCA cycle intermediates, 4 fatty acids, and 13 others. These 

were approximately 2.5 times more abundant than the intracellular metabolites that significantly 

changed in the other strains tested in this research. The changes in the metabolites of fen1 mutant strain 

were generally spread throughout the sampling time points. Significant changes in the relative 

abundance of most intracellular metabolites − 21, occurred immediately after the addition of the 

antifungal compound (T0). Nine metabolites showed changes after 1 hour (T1), 18 after 3 hours (T3), 

then 14 after 5 hours of incubation with the antifungal compound (T5). The number of metabolites 

with levels changed significantly at T1 and T5 was notably higher than any other strain studied in this 

research. Most of the amino acids, except aspartic acid, proline, valine, 4-aminobutyric acid, 

pyroglutamic acid, showed significant abundance changes in more than 1 time point. 

Fifty extracellular metabolites showed significant changes in their relative abundance 

compared to their control in presence of DEA (Table 13). These metabolites included 16 proteinogenic 

amino acids, 7 non-proteinogenic amino acids, 4 TCA cycle intermediates, 6 fatty acids, and 17 others. 

Five metabolites showed significant changes immediately after the introduction of the antifungal 

compound, and 5 after 1 hour of incubation. The most metabolites − 44, showed changes 3 hours after, 

which was at least twice more than the other strains tested. A wider variety of amino acids showed 

significant changes, and often at more than 1 sampling time points, such as glycine, lysine, methionine, 

asparagine, proline and threonine. Ten metabolites changed significantly 5 hours after the incubation.  
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Table 11. The list of intra- and extra-cellular metabolites of Saccharomyces cerevisiae fen1 mutant strain that were identified with the in-house MS library. 

Classification of metabolites Intra Extra Metabolites 

Proteinogenic amino acids 18 18 Cysteine, aspartic acid, glutamic acid, phenylalanine, glycine, histidine, isoleucine, lysine, 

leucine, methionine, asparagine, proline, glutamine, serine, threonine, valine, tryptophan, 

tyrosine 

Non-proteinogenic amino acids 8 8 2-aminoadipic acid, 2-aminobutyric acid, 4-aminobutyric acid, cystathionine, N-acetylglutamic 

acid, norvaline, ornithine, pyroglutamic acid 

TCA cycle intermediates 6 6 2-oxoglutaric acid, cis-aconitic acid, citric acid, fumaric acid, malic acid, succinic acid 

Fatty acids 19 19 10,13-dimethyltetradecanoic acid, 10-pentadecenoic acid, 2-oxoadipic acid, 2-oxobutyric acid, 

adipic acid, decanoic acid, dodecane, dodecanoic acid, hexanoic acid, margaric acid, myristic 

acid, myristoleic acid, palmitelaidic acid, pentadecane, pentadecanoic acid, stearic acid, suberic 

acid, trans-vaccenic acid, undecanoic acid 

Others 41 41 Dimethyl aminomalonic acid, 2,4-di-tert-butylphenol, 2-hydroxybutyric acid, 2-

hydroxycinnamic acid, 2-hydroxyglutaramic acid, 2-hydroxyisobutyric acid, 2-isopropylmalic 

acid, 3-acetoxy-3-hydroxy-2-methylpropionic acid, 3-hydroxybenzoic acid, 3-methyl-2-

oxovaleric acid, 4-aminobenzoic acid, 4-hydroxyphenylacetic acid, 4-methyl-2-oxopentanoic 

acid, anthranilic acid, azelaic acid, benzoic acid, caffeine, cis-4-hydroxyproline, citraconic acid, 

citramalic acid, creatinine, ferulic acid, gallic acid, glutaric acid, glutathione, glyceric acid, 

glyoxylic acid, heptadecane, itaconic acid, lactic acid, malonic acid, NADP/NADPH, 

nicotinamide, nonacosane, octanoic acid, para-toluic acid, phenethyl acetate, pimelic acid, 

pyruvic acid, s-adenosylmethionine, tricosane 

Total 92 92  

Intra: the number of intracellular metabolites identified; Extra: the number of extracellular metabolites identified; aMetabolites only found extracellularly; 
bMetabolites only found intracellularly. 
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Table 12. Intracellular metabolites of Saccharomyces cerevisiae fen1 mutant strain that were 

significantly (p<0.05) affected by disalt of epipyrone A during the 5-hour incubation period. Red 

shading indicates the sampling time point where the level of each metabolite was significantly affected 

by the antifungal compound compared to the control. T0: immediately after the addition of antifungal 

compound; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. 
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Table 13. Extracellular metabolites of Saccharomyces cerevisiae fen1 mutant strain that were 

significantly (p<0.05) affected by disalt of epipyrone A during the 5-hour incubation period. Red 

shading indicates the sampling time point where the level of each metabolite was significantly affected 

by the antifungal compound compared to the control. T0: immediately after the addition of antifungal 

compound; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. 
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The relative abundance of the intracellular metabolites of fen1 mutant cell that showed 

significant changes (p<0.05) throughout the 5-hour incubation with DEA were analysed (Fig. 8). In 

general, all the amino acids showed a decrease in abundance throughout the incubation compared to 

their controls. All TCA cycle intermediates, 2-oxoglutaric acid, citric acid, fumaric acid, and succinic 

acid, increased in relative abundance 3 hours after the incubation with DEA, before their level 

decreased again to match the level of the control by the fifth hour. Adipic acid increased in abundance 

at T3, while 2-oxoadipic acid and suberic acid showed a decrease in response to the antifungal 

compound at T1 and T0, respectively. Octanoic acid showed a significant decrease immediately after 

the addition of DEA, increased after an hour, then decreased again consistent with the control level for 

the rest of the incubation time.  For the rest of the metabolites, relative abundances in presence of the 

antifungal compound were generally lower compared to the control with the exception of anthranilic 

acid, glyceric acid, itaconic acid, nonacosane, para-toluic acid, and phenethyl acetate. Para-toluic acid 

showed a significant increase in abundance throughout the growth of the yeast. Interestingly, 

glutathione metabolism intermediates, including glutamic acid, pyroglutamic acid, and glutathione, 

significantly decreased immediately after the addition of DEA. The level of glutamic acid was 

constantly lower than the control, unlike the parental strains.  

Changes in the relative abundance of extracellular metabolites of the fen1 mutant strain, in 

which a significant change in the intracellular level was also observed, were analysed (Fig. 9). All 

extracellular amino acids showed increased relative abundance compared to their control. The majority 

of the amino acids that increased at the third hour of incubation started to decrease in level after 5-

hours of incubation to match the level of their control − except for 4-aminobutyric acid. The rest of the 

extracellular metabolites showed similar trends, which were higher in relative abundance after a 3-

hour incubation, followed by a decrease to match the control. This included all TCA cycle 

intermediates and fatty acids. Unlike the other yeast strains used in this research, extracellular para-

toluic acid did not show any significant change in the presence of the antifungal compound.  
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Figure 8. Changes in the relative abundance of the intracellular metabolites of Saccharomyces cerevisiae fen1 mutant strain that were significantly affected 

(p<0.05) by the addition of disalt of epipyrone A at different sampling points. Red: the relative abundance of the metabolite in presence of the antifungal 

compound; Blue: the relative abundance of the metabolite in absence of the antifungal compound. The error bars show the standard deviation between 

technical replicates (n=3). Five sampling points are shown; TB: Before the addition of DEA or blank medium, T0: immediately after the addition of 

antifungal compound or blank medium; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the incubation. *the sampling 

point that showed a significant difference in relative abundance of the metabolite in presence of the antifungal compound compared to its control. 
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Figure 8 continued. Changes in the relative abundance of the intracellular metabolites of Saccharomyces cerevisiae fen1 mutant strain that were 

significantly affected (p<0.05) by the addition of disalt of epipyrone A at different sampling points. Red: the relative abundance of the metabolite in 

presence of the antifungal compound; Blue: the relative abundance of the metabolite in absence of the antifungal compound. The error bars show the 

standard deviation between technical replicates (n=3). Five sampling points are shown; TB: Before the addition of DEA or blank medium, T0: immediately 

after the addition of antifungal compound or blank medium; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. *the sampling point that showed a significant difference in the relative abundance of the metabolite in presence of the antifungal compound 

compared to its control. 
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Figure 9. Changes in the relative abundance of the extracellular metabolites of Saccharomyces cerevisiae fen1 mutant strain by the addition of disalt of 

epipyrone A, which its intracellular level were significantly affected (p<0.05) as well. Orange: the relative abundance of extracellular level in presence of 

the antifungal compound; Blue: relative abundance of extracellular level in absence of the antifungal compound. The error bars show the standard deviation 

between technical replicates (n=3). Five sampling points are shown; TB: Before the addition of DEA or blank medium, T0: immediately after the addition 

of antifungal compound or blank medium; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the incubation. *the sampling 

point that showed a significant difference in relative abundance of the metabolite in presence of the antifungal compound compared to its control. 
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Figure 9 continued. Changes in the relative abundance of the extracellular metabolites of Saccharomyces cerevisiae fen1 mutant strain by the addition 

of disalt of epipyrone A, which its intracellular level were significantly affected (p<0.05) as well. Orange: the relative abundance of extracellular level in 

presence of the antifungal compound; Blue: relative abundance of extracellular level in absence of the antifungal compound. The error bars show the 

standard deviation between technical replicates (n=3). Five sampling points are shown; TB: Before the addition of DEA or blank medium, T0: immediately 

after the addition of antifungal compound or blank medium; T1: 1 hour after the incubation; T3: 3 hours after the incubation; T5: 5 hours after the 

incubation. *the sampling point that showed a significant difference in relative abundance of the metabolite in the presence of the antifungal compound 

compared to its control. 
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4.4.5 Comparisons between different yeast strains 

The metabolites of all the yeast strains used in this research, which showed significant changes 

(p<0.05) in abundance in the presence of DEA, were compared against each other to identify common 

metabolites across the strains (Fig. 10). The yeast strains included BY4743 and BY4741 parental 

strains, LCB1/lcb1 mutant strain that showed relative resistance against DEA, and fen1 mutant strain 

that showed hypersensitivity towards the antifungal compound. Proline, para-toluic acid, phenethyl 

acetate, and suberic acid were shared by all S. cerevisiae strains. Leucine and glutathione were shared 

between BY4743 and BY4741 parental strains and fen1 gene deletion strain, which all showed reduced 

growth in the presence of DEA previously. Aspartic acid, 2-aminoadipic acid, and ornithine were 

shared between LCB1/lcb1 and fen1 gene mutant strains. These two yeast strains expressed a reduced 

level of sphingolipids as mentioned in Chapter 3. Ferulic acid was the only metabolite commonly 

changed in response to DEA between LCB1/lcb1 mutant strain and its parental strain BY4743. 
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Figure 10. Venn diagram showing the list of intracellular metabolites that are shared between or 

unique to 4 Saccharomyces cerevisiae strains used in this research. All intracellular metabolites 

showed significant (p<0.05) changes in the presence of disalt of epipyrone A. The S. cerevisiae strains 

included; BY4743: diploid parental strain of LCB1; LCB1: LCB1/lcb1 mutant strain that showed 

relative resistance against disalt of epipyrone A; BY4741: haploid parental strain of fen1; and fen1: 

fen1 gene deletion strain that showed hypersensitivity towards the antifungal compound. 
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4.4 DISCUSSION 

In this study, the metabolic responses of 4 different strains of S. cerevisiae to DEA were 

investigated using metabolomics platform. The 4 strains included LCB1/lcb1 and fen1 mutant strains, 

which showed resistance and hypersensitivity towards the antifungal compound, respectively, in our 

previous study (Chapter 3). Their respective parental strains were also used as the control, including 

diploid BY4743 and haploid BY4741 strains.   

The majority of the intracellular metabolites of BY4743 and BY4741 parental strains showed 

significant changes in their levels after 3 hours of incubation with DEA. This indicated that the 

antifungal effect of DEA possibly took place in these strains after 3 hours (T3), which coincided with, 

and supports the result obtained from the time-to-kill analysis in our previous study (Chapter 2). On 

the other hand, S. cerevisiae LCB1/lcb1 and fen1 mutants showed resistance and hypersensitivity 

towards DEA, respectively, exhibited significant changes to the majority of their affected intracellular 

metabolites immediately (T0) after the addition of the antifungal compound. One common difference 

in these two deletion mutant strains compared to their respective controls was the reduced level of 

cellular sphingolipids produced (Funato & Riezman, 2002; Gao et al., 2018; Oh et al., 1997). The role 

of sphingolipids on buffering yeast cells against various stress factors present in the environment, 

including antibiotics such as AmB and echinocandin class of antifungal drugs, are well known (K. 

Healey et al., 2015; Sharma et al., 2014). Therefore, this suggested a possible role of sphingolipids in 

delaying the interaction between S. cerevisiae and DEA as well. 

Intracellular glutathione was one of 2 metabolites that showed significantly (p<0.05) lower 

levels in the presence of DEA compared to the controls for the BY4743 and BY4741 parental strains, 

and the fen1 deletion strain of S. cerevisiae that showed hypersensitivity towards the antifungal 

compound. This indicated possible oxidative stress caused by DEA.  Glutathione is a non-protein thiol 

that plays an important antioxidant role in the oxidative stress response of living cells (Lu, 2014; 

Penninckx, 2002). The lower relative abundance of this metabolite observed in the presence of DEA 
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3 hours (T3) after incubation with the antifungal compound in both parental strains, and immediately 

after addition in fen1 deleted strain, indicates that the decrease in glutathione abundance at these time 

points was in response to the presence of reactive oxygen species (ROS) (Thangamani et al., 2018). 

The level of glutathione in these 3 yeast strains then increased again to match the control by the 

following sampling points, which suggested that the cells were trying to replenish its level. The 

intracellular relative abundance of glutamic acid − a precursor of glutathione, was constantly lower 

than the control in fen1 deletion strain. This suggested constant production of glutathione in response 

to continuous oxidative stress, which coincided with the accumulation of reactive oxygen species (ROS) 

in fen1 and elo2 deletion strains reported previously (Montefusco, Matmati, & Hannun, 2013). 

No significant changes were observed in the level of glutathione or its intermediates in S. 

cerevisiae deletion strain for LCB1/lcb1, which showed resistance towards DEA. This suggests the 

potential presence of a mechanism that may be participating to overcome the oxidative stress, which 

could contribute to the resistance of the strain against the antifungal compound. The identification of 

this mechanism will require further investigation.  

Intracellular levels of proline commonly showed significantly lower relative abundance in the 

presence of DEA compared to its control in all 4 strains of S. cerevisiae. Given that its extracellular 

level was significantly higher in the presence of the antifungal compound compared to the control in 

all yeast strains as well, this indicates that DEA disrupted the uptake of proline that was added along 

with the medium immediately after TB. One explanation for this could be that due to the disrupted 

activity of the membrane permeases responsible for the uptake of general amino acids and/or specific 

to proline, such as Gap1 and Put4, respectively (Garrett, 2008; Ghaddar et al., 2014; Skrzypek, Nagiec, 

Lester, & Dickson, 1998). These permeases are transported to the membrane to acquire the substrate, 

then are internalised after ubiquitination followed by multivesicular body (MVB) sorting pathway for 

degradation once they complete their role (Erpapazoglou et al., 2008; Lauwers et al., 2010). It was 

previously reported that mannose-inositol-phosphoceramide (MIPC) deficient cells of Saccharomyces 
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pombe accumulate Aat1 − a homologue of Gap1 in S. cerevisiae (Nakase et al., 2010). In addition, 

supplementation of phytosphingosine (PHS), an intermediate of MIPC, was shown to block the 

transport of a number of amino acids into the cell − including proline, through their specific amino 

acid transporters (Skrzypek et al., 1998). Therefore, interruption of proline uptake by the cell in the 

presence of DEA suggests that the antifungal compound may have affected sphingolipids and their 

biosynthesis of the yeast cells as well, which supported the results obtained in Chapter 3. However, 

given that the significant changes in the level of proline was observed in LCB1/lcb1 deletion strain, 

which was resistant to DEA, as well as the other strains that showed decreased in their growth in 

presence of the antifungal compound (Chapter 3), disruption of proline uptake may not be important 

in the antifungal modes of action.  

The intracellular relative abundance of suberic acid showed significantly lower levels in the 

presence of DEA compared to the control in all four strains of yeast. The role of this metabolite in 

yeast metabolism or its activity in response to antifungal compounds is not well studied. However, in 

humans, suberic acid was reported to derive from fatty acid ω-oxidation pathway − an alternative to 

the β-oxidation of fatty acids in yeast as a derivative of oleic acid (Ohta et al., 2009). These are 

processes required for the oxidative degradation of fatty acids  to use them as carbon sources in yeast 

(Hiltunen et al., 2003). Fatty acids oxidation disorder in humans was shown to affect β-oxidation, 

which showed accumulation of very long chain fatty acids (VLCFAs) (Roermund, Waterham, Ijlst, & 

Wanders, 2003). In our previous study (Chapter 3), increased abundance of Sur1 protein was observed, 

which suggested accumulation of inositol-phosphoceramide (IPC), a complex sphingolipid comprising 

VLCFAs. Therefore, the decrease in relative abundance of intracellular suberic acid observed in this 

research suggests possible interruption on β-oxidation of the yeast by DEA.  

Para-toluic acid was one of the metabolites in which its intracellular relative abundance showed 

significantly higher levels in all 4 strains used in this research in response to DEA compared to their 

controls. Para-toluic acid is a phenolic acid, which are a group of plant secondary metabolites that 
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contain at least one hydroxylated aromatic ring, and are produced in response to a stressing 

environment (Dey & Kuhad, 2014; Siddiqui, Thodey, Trenchard, & Smolke, 2012). Phenolic acids are 

generally known to be synthesized from tyrosine and phenylalanine, and have antioxidant activities 

(Dey & Kuhad, 2014; Okcu, Ayhan, Altuntas, Vural, & Poyrazoglu, 2016). Para-toluic acid is an 

intermediate of para-xylene degradation pathway (Kanehisa & Goto, 2000), and the production of this 

metabolite in yeast was reported through the engineering of yeast strains or during wine fermentation 

where its precursors such as para-coumaric acid are present or supplemented (Kosel, Čadež, & Raspor, 

2014; Shinohara, Kubodera, & Yanagida, 2000; Siddiqui et al., 2012). The increase in para-toluic acid 

in all 4 yeast strains suggests that the para-xylene degradation pathway was possibly interrupted by 

DEA, which led to accumulation of its intermediates including para-toluic acid. However, production 

of para-toluic acid by yeast in ordinary media without any supplementation, or its role in yeast is not 

well studied. Therefore, this could be a marker for S. cerevisiae exposure to DEA.  

The extracellular level of para-toluic acid was significantly higher in the presence of DEA 

compared to the control in BY4743 and BY4741 parental strains and LCB1/lcb1 deletion strain, which 

showed resistance against DEA. However, no significant changes in the extracellular relative 

abundance of para-toluic acid was observed for fen1 deletion strain, which showed hypersensitivity 

towards the antifungal compound. This suggests that the failure to export this metabolite out of the cell 

may be related to the hypersensitivity of the yeast against DEA. 
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5.1 GENERAL DISCUSSION 

Epicoccum species of fungus are well-known to produce a wide range of secondary metabolites 

with a diverse biological activity (Burge & Buckley, 1976; Hufendiek et al., 2017; Ikawa et al., 1978; 

Peng et al., 2012; Shu et al., 1997; Zimmermann, 1995), including antifungal properties against various 

phytopathgenic fungi in the laboratory and in field applications (Alcock et al., 2015; Kortekamp, 1997; 

Larena et al., 2005; Pieckenstain et al., 2001; Talontsi, Dittrich, Schüffler, Sun, & Laatsch, 2013b; Van 

Roel et al., 2012). However, none of these antifungal compounds have been studied thoroughly in 

terms of their modes of action. The discovery of antifungal compounds with novel modes of action is 

critical in future applications (Genilloud, 2014). In this context, I decided on an in-depth investigation 

on secondary metabolites with antifungal properties that are produced by Epicoccum italicum ICMP 

19927. The main aim of this thesis was to elucidate the mode of action of the antifungal secondary 

metabolites derived from this fungus.  

The first experiment (Chapter 2) was focused on the purification and identification of the 

secondary metabolite produced by E. italicum that was exhibiting antifungal properties. Analysis on 

the fungal crude extract showed its complexity with possible presence of antifungal compounds with 

multiple isomers. Through purification of the crude extract, I obtained a pure form of a compound, 

confirmed its antifungal activity against both moulds and yeasts, and revealed its identity through 

NMR spectroscopy. The initial attempt to elucidate the modes of action of the purified antifungal 

compound was carried out by observing the interaction of its sublethal dosage against a library of S. 

cerevisiae with non-essential or essential genes deleted, and a library of the yeast with GFP-tagged 

proteins (Chapter 3). This provided unbiased screening of the antifungal compound against various 

strains of S. cerevisiae, and provided evidence on the genes, their encoded proteins, and their pathways 

that may be interacting with DEA. In addition, the metabolic responses of S. cerevisiae, including the 

strains that showed resistance and hypersensitivity towards the antifungal compound, were observed 

(Chapter 4). Analysis of the changes of both intra- and extra-cellular metabolites of different yeast 



CHAPTER V 
 

 
140 

 

strains in response to the antifungal compound and comparing them against the control supported the 

observations of the previous chapters and suggested additional effect of the antifungal compound on 

yeasts that were not observed previously. In combination, the data allowed me to generate a hypothesis 

on the potential modes of action of the purified antifungal compound of E. italicum. 

The antifungal compound purified from the crude extract of E. italicum ICMP 19927 was 

identified as disalt (presumably sodium) of epipyrone A. It exhibited antifungal activity against both 

moulds and yeasts with the maximum MIC of 0.03 mg/mL against S. cerevisiae. It was indicated to 

exhibit its antifungal properties after 3 hours of incubation with S. cerevisiae. Interestingly, the disalt 

form of this compound was never reported previously to our knowledge. Even though the antifungal 

activity of epipyrone A was reported (Van Roel et al., 2012), and its chemical structure studied (Preindl 

et al., 2017), the modes of action of itself, or of DEA, was never investigated or elucidated previously. 

The evidence obtained in this research suggested the presence of a multiple number of antifungal 

modes of action of DEA. Identification of more than one antifungal mode of action for this compound 

was expected from the beginning, as currently available antifungal drugs, including polyene class 

antifungal drugs (Anderson et al., 2014; Bari et al., 2015; Gray et al., 2012), have been suggested 

and/or have shown to have multiple antifungal modes of action (Denning, 2002; Eschenauer et al., 

2007; François et al., 2006). Evidence suggested that DEA was affecting sphingolipids and their 

biosynthesis in yeast, potentially the long chain base (LCB). In addition, VLCFAs were suggested to 

provide resistance to the yeast against the antifungal compound. Sphingolipids  are known to play 

various crucial roles in fungal biology, including signal transduction, stress responses, and endocytosis 

of membrane proteins, therefore, it is becoming acknowledged as a potential target for future antifungal 

drugs to overcome current limitations (Perfect, 2017; Rollin-pinheiro, Singh, & Poeta, 2016). 

Furthermore, it was also reported that inositol-phosphoceramide (IPC), an intermediate of 

sphingolipids biosynthesis and which was one of the potential targets of DEA, is of particular interest 

as it is known to play an important role in the pathogenesis of pathogenic fungal species (Rollin-
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pinheiro et al., 2016). Therefore, DEA studied in this research possesses great potential to be used as 

an antifungal drug in various fields in the future. DEA was also observed to disrupt the functions of 

proteins on plasma membrane of the yeasts, such as amino acid permeases that are required for the 

uptake of nutrients. This was possibly a consequence of changes in the quantities and ratio of the 

sphingolipids produced by the yeast. The summary of the overall effect of DEA identified on 

sphingolipid biosynthesis of S. cerevisiae are shown in Fig. 1. The other antifungal modes of action of 

DEA observed throughout the research included oxidative stress caused by the antifungal compound, 

and possible disruption of the fatty acid oxidation pathway. A possible marker for DEA exposure in S. 

cerevisiae was identified, para-toluic acid, which its intracellular relative abundance increased 

significantly in response to the antifungal compound. Not all mentioned observations were reported 

for other polyene class antifungal drugs. This suggests that DEA may have an alternative antifungal 

mode of action when compared to other polyene class antifungals. I speculate that this is linked to 

DEA’s characteristic linear structure, which was different from the ring structure of the other drugs of 

the polyene family (Madden et al., 2014; Park et al., 2011)



 
 

 

Figure 1. Sphingolipid biosynthesis pathway in Saccharomyces cerevisiae, and the overall potential effect of disalt of epipyrone A that are involved. Genes 

are indicated by italics and metabolic intermediates are in regular lettering. The genes knockouts that were used in metabolomics are in red. The summary of 

results obtained from chemical-genetic profiling are outlined in yellow. The summary of results obtained from metabolomics are outlined in green. Adapted 

from Dickson, 2010 and K. R. Healey, Katiyar, Raj, & Edlind, 2012.



 
 

5.2 FUTURE DIRECTIONS 

Confirmation of the target of disalt of epipyrone A 

Throughout the chemical-genetic profiling, fluorescent microscopy, and metabolomics, the 

profile of disalt of epipyrone A (DEA) obtained were compared against the results of the other polyene 

class of antifungal drugs reported in the literature. However, given that some of those drugs, such as 

amphotericin B and nystatin, are readily available in the market, repeating experiments carried out in 

this project with them as a positive control/reference to obtain the full profile in the future will be 

necessary. Comparisons of this full profile acquired from the polyene antifungal drugs against the 

profile of DEA obtained in this project will reinforce and confirm the possibility that those two have 

different antifungal modes of action.  

In addition, repeated experiments, especially the haploinsufficiency profiling, should be carried 

out in the future. Non-significant growth of the essential gene knocked-out strains in presence of DEA 

during haploinsufficiency profiling was indicated through the ANOVA analysis. However, 

comparisons of the LCB1/lcb1 mutant strain individually against its parent strain BY4743 indicated 

significant growth difference in presence of DEA when analysed with the student’s t-test. Repeating 

of the experiments, which will increase the number of replicates tested, will improve and confirm the 

results obtained in this research.  

Comparisons between epipyrone A and its disalt form 

In Chapter 2, we observed changes in the NMR spectra of DEA in an acidic condition, which 

represented conversion to epipyrone A. This indicated that the chemical and physical properties, such 

as solubility and absorption rate, and the biological activities including the MIC and the spectrum of 

antimicrobial activity, of DEA may be different from its non-salt form (Tunali, Karaca, Iscan, Demirci, 

& Benkli, 2012). Therefore, I used buffered medium in all the experiments carried out in this research 

to maintain epipyrone A in the disalt form. Further research should be carried out to compare the 
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differences in between two different form of epipyrone A. This may indicate the suitability of each 

form for different purposes in future usage.  

Toxicity of DEA on mammalian cells 

To use this compound in medical and agricultural fields in the future, its toxicity against 

mammalian cells must be investigated. This is especially important as the polyene chain of the drugs 

is known to bind to cholesterol of mammals as well, causing toxic side effects on hosts in high 

concentrations (Carmody et al., 2005; Kotler-Brajtburg et al., 1979; Serhan et al., 2014). These side 

effects limit the usage and effectiveness of the antifungal drugs (Carmody et al., 2005; Kotler-

Brajtburg et al., 1979; Serhan et al., 2014). Information regarding the toxicity of DEA on mammalian 

cells would allow us to confirm if it will be toxic to hosts, and to decide on how the antifungal 

compound should be used and delivered depending on the applications. This may suggest if the 

modification of the structure is required, which is often the case in other antifungal drugs to improve 

the effectiveness while decreasing the toxicity (Juliano et al., 1985).  

Location of the antifungal activity of DEA 

One of the questions that arose during the research was regarding the location of the antifungal 

activity of DEA, whether it acts on the surface or is internalised into the target fungal cells. Other 

polyene class of antifungal drugs are known to act on the surface level by interacting with ergosterol 

directly or by forming an aggregate (Anderson et al., 2014; Bari et al., 2015; Gray et al., 2012; Sharma 

et al., 2014). However, no evidence was found in this research that suggests interaction of DEA with 

ergosterol, despite its polyene chain within the structure. Given that DEA may interact with 

sphingolipids directly, it is possible that it may act on the surface of the target fungi as well (Cerantola 

et al., 2007; Dickson, 2010), yet, a confirmation is required. 

An experiment to identify if DEA is causing leakage of the cell content as in other polyene 

class of antifungal drugs will complement further antifungal activity studies in comparison to other 
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polyenes. The polyene class of antifungal drugs, such as amphotericin B and nystatin, are known to 

form pores on the membrane of cells, causing leakage of cell contents that ultimately leads to cell death 

(Andriole, 1999; Carrillo-Munoz et al., 2006; Escudero et al., 2015; Kotler-Brajtburg et al., 1979; 

Serhan et al., 2014). The measurement of K+ leakage from eukaryotic cells such as human erythrocytes 

and C. albicans is often carried out to measure the toxicity of polyene class of antifungal drugs (Midez, 

Hopfer, & Mehtal, 1989). This will confirm if DEA is forming pores as in other drugs of the same 

class, as well as if this is participating in the antifungal modes of action of the compound.  

Use of DEA to identify compounds with similar antifungal modes of action  

Throughout the research, I obtained a profile of effects on yeast in response to DEA through 

chemical-genetic profiling, haploinsufficiency, GFP-tagged protein library screening, and 

metabolomics. These profiles allow identification of natural/synthetic compounds from various 

sources with similar modes of action through comparisons. This will be crucial in the identification of 

the part of their chemical structure that they may be sharing, which will likely be responsible for their 

commonly exhibited antifungal property. Chemical modifications of the DEA based on the identified 

of the other active agents may identify more efficient and effective antifungal drugs. In addition, this 

may allow us to identify a better source of the compound with the same antifungal modes of action 

(Cole, 2014; Genilloud, 2017; Hahn, 2014). 

Further analysis on the effect of DEA on sphingolipids and their biosynthesis 

The results I obtained in this research clearly pointed out the possible effect of DEA on 

sphingolipids and their biosynthesis. Additional experiments in the future may further support these 

findings.  

Direct detection and quantification of changes in the membrane fatty acids and sphingolipids 

of the S. cerevisiae strains, especially the ones with VLCFAs C20:0-C26:0 (Dickson, 2008), in 

presence and absence of the antifungal compound will provide crucial information to support the role 
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of fatty acids in buffering the yeast cells against DEA, as well as possibly identifying its target. This 

could not be achieved in this research, particularly in metabolomics, due to the derivatisation method 

I used. Use of other -omics methods, such as lipidomics, will help obtain additional data regarding this, 

where cellular lipid pathways and networks can be measured and characterised (Roberts, Mccombie, 

Titman, & Griffin, 2008). Global identification of lipid species, and relative quantification of their 

changes (Griffiths, Ogundare, Williams, & Wang, 2011; Milne, Ivanova, Forrester, & Brown, 2006) 

in presence of DEA compared to the control will provide deeper insight regarding the changes in lipids 

of the cells that are caused by the antifungal compound.  

 To narrow down the actual target of DEA, supplementation of exogenous substrates for the 

yeast cells can be carried out (T. Xu et al., 2012), such as the addition of ergosterol. If DEA binds to 

ergosterol like other drugs of the polyene class, supplementation of ergosterol should reduce the MIC 

of the antifungal compound as shown in amphotericin B (Robbins et al., 2016b). If there is no effect, 

this will further confirm that DEA indeed have different antifungal modes of action compared to the 

other antifungal drugs of the same class.  

The addition of another antifungal compound may be carried out to improve the results 

obtained in this research. In this research, reduced expression of LCB1 gene in S. cerevisiae, which 

encodes for a subunit of serine palmitotransferase, showed relative resistance towards DEA. The 

addition of another antifungal compound, myriocin, which inhibits serine palmitoyltransferase in S. 

cerevisiae (Dickson, 2010), may allow further inhibition of the LCB1/lcb1 without killing the cell. 

This may show higher resistance of the yeast cell towards the DEA, which would prove the results 

obtained in Chapter 3 that the serine palmitoyltransferase itself or its product are possibly the target 

of the antifungal compound. 

Another piece of evidence I observed throughout the project was the possible interruption of 

the membrane protein endocytosis and trafficking caused by DEA. Analysis of the yeast cells treated 
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with DEA in presence of FM 4-64 dye, which are often used to track the changes in the internalisation 

of membrane proteins and their sorting including MVB pathway, of the target fungi (Robbins et al., 

2016b), may support the results obtained in this research.  

Further analysis on the oxidative stress caused by DEA 

The presence of oxidative stress caused by DEA was suggested in this research through 

metabolomics approach. Further investigations can be carried out through the use of 

dihydrofluorescein diacetate or dihydrorhodamine 123, which are used to detect the intracellular 

oxidant formation caused by the tested drugs (Hempel, Buettner, O’Malley, Wessels, & Flaherty, 1999; 

Mesa-arango, Scorzoni, & Zaragoza, 2012). These will allow visual detection of free radicals through 

fluorescent probes.  

 

Through this research, I have confirmed that natural compounds from fungi that have not been 

studied in-depth previously can possess antifungal modes of action not previously reported in other 

drugs of the same family. This supported the importance of investigating the modes of action of natural 

compounds even if they present low potency.  Given that there are a vast number of natural compounds 

from fungi that are yet to be studied or discovered, this research supported that there is a high 

possibility of discovering compounds with new or novel antifungal modes of action which will take us 

one step closer to overcoming the limitations of the currently available antifungal drugs. 
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Appendix 1. 1H NMR spectra of disalt of epipyrone A 
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Appendix 1. 13C NMR spectra of disalt of epipyrone A. 
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Appendix 2. Correlated spectroscopy (COSY) spectra of disalt of epipyrone A. 
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Appendix 3. Rotating frame overhause effect spectroscopy (ROESY) spectra of disalt of epipyrone A. 
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Appendix 4. Heteronuclear single quantum coherence spectroscopy (HSQC) spectra of disalt of epipyrone A. 
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Appendix 5. Heteronuclear multiple bond correlation (HMBC) spectra of disalt of epipyrone A. 




