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Abstract 

Chemical sanitisers are needed for controlling microbial contamination and growth 

in various settings, including healthcare, domestic settings and the food industry. 

One promising sanitiser with proposed applications in the food industry is the 

oxidising sanitiser electrolysed water (EW). For EW applications to be effective, a 

more in-depth understanding of EW mode-of-action is needed, together with the 

identification of limiting factors associated with the chemical matrices in relevant 

EW applications.  

This study investigated the reactivity of EW with different organic substances. For 

this purpose, the common food spoilage fungus Aspergillus niger was treated with 

EW in the presence or absence of the organic materials. The sanitiser retained 

partial fungicidal activity at high levels of added soil, commonly associated with 

freshly harvested produce. By narrowing down the reactivity of EW from complex 

matrices to specific organic molecules, proteins and amino acids were found to 

strongly suppress EW fungicidal activity.  

The potential implications of EW reactivity with proteins and amino acids within 

cells were investigated in the fungal model organism Saccharomyces cerevisiae. 

This capitalised on the advanced understanding of the uptake and metabolism of 

diverse compounds and the availability of convenient genetic tools in this model 

organism. Pre-culture with methionine but not with other tested amino acids 

increased yeast resistance to subsequent treatments (in the absence of 

methionine) with sanitisers (EW, sodium hypochlorite, ozonated water). Further 

tests suggested a direct role of the methionine molecule itself, as opposed to 

downstream products of methionine metabolism or methionine misincorporation 

in proteins, in increasing yeast EW resistance. Intracellular methionine oxidation 
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can disturb FeS cluster proteins and this study found that EW treatment impairs 

FeS cluster protein activity.  

Because active species in EW can be inactivated by organic compounds, 

microorganisms may be exposed to low effective EW doses during EW treatments 

where organic matter is present. When low, sub-lethal EW doses were applied to 

A. niger, early germination events and colony growth post-treatment were 

delayed and there was increased variation in size among resultant colonies. The 

delay and increased variation were non-heritable and were observed with chlorine-

containing sanitisers (EW, sodium hypochlorite) but not the chlorine-free oxidant 

ozonated water. The collective findings led to a hypothesis that chloramine 

formation within spores during EW treatment may contribute to the observed 

phenotypes. 

This study increases the understanding of limiting chemical factors for EW 

applications and sheds light onto the cellular mode-of-action of EW and the fungal 

response mechanisms to sanitiser treatments. Such insights can improve the 

rational development of EW application processes and contribute to understanding 

and prediction of antimicrobial efficacy in diverse settings.  
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1 Introduction

1.1 Fungi in the environment 

1.1.1 Characteristics 

Fungi represent one of the eukaryotic kingdoms of life, distinct from other 

kingdoms such as plants or animals (Hawksworth, 1991). The group encompasses 

highly diverse species, from single-cell yeasts to moulds to mushrooms (Bridge 

and Spooner, 2001, Walker and White, 2017). Many fungal species form a 

mycelium that can stretch over large areas up to several hectars, contributing to 

the spread of fungal cells and spores (Bridge and Spooner, 2001). These mycelia 

are formed by hyphae, which are filamentous structures of interconnected cells 

that provide cytoplasmic connectivity (Dighton, 2016). Hyphae are however 

compartmentalised by septa which can be closed by Woronin bodies, blocking the 

connectivity (Bleichrodt et al., 2012). Yeast cells divide mitotically by cell division 

either as diploid and haploid cells and the conversion between the two states 

occurs by meiosis of diploid cells and mating of haploids, respectively (Gimeno 

and Fink, 1992, Fischer et al., 2020). On the other hand, the hyphae of 

filamentous fungi grow apically by cell-wall extension and exocytosis processes, 

while specialised structures produce spores (either sexually or asexually) which 

disperse into the environment and can grow into a new hyphal network upon 

germination (Riquelme et al., 2018). The spores can survive in dry conditions for 

many years (Zukiewicz-Sobczak, 2013). 

1.1.2 Occurrence, benefits of fungi and the fungal threat 

Fungi occur in aquatic, terrestrial and marine ecosystems, generating nutrients 

and food for plants and animals, and they can withstand extreme conditions such 

as freezing temperatures at the poles or low-nutrient environments (Dighton, 
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2016). In soil, fungi take part in degradation processes and in mycorrhizal 

relationships with plant roots but can also act as pathogens (Bridge and Spooner, 

2001). Symbiotic associations between fungi and green algae or cyanobacteria 

are known as lichens (Asplund and Wardle, 2017). Fungi can also be used for 

bioremediation of pollutants (Priyadarshini et al., 2021) or for industrial 

production of food products, pharmaceuticals, biofuels and more (Walker and 

White, 2017). Fungal species are found in samples from the healthy human gut, 

such as Saccharomyces cerevisiae, species of Candida, Cladosporium, Aspergillus 

and Penicillium, usually identified by in-vitro cultivation and/or molecular methods 

(Hallen-Adams and Suhr, 2017).  

Airborne fungal spores are abundant in outdoor and indoor air and some of these 

fungi can present health risks for immunocompromised patients (Rainer et al., 

2001). Several mould species also have allergenic properties (Zukiewicz-Sobczak, 

2013). Many different fungal species, especially moulds, have been found in 

drinking water samples, for instance in hospital air and water systems, including 

pathogenic, toxigenic and allergenic species (Hageskal et al., 2009, Rainer et al., 

2001). Generally, pathogenic fungi globally result in an estimated 1.6 million 

deaths per year (Bongomin et al., 2017). Plant-pathogenic fungi can cause 

diseases in crop plants or forests which necessitates the application of control 

strategies such as fungicides to protect crops (van der Does and Rep, 2017). 

Fungal crop diseases represent a serious problem for maintaining food security 

and they cost billions of dollars due to crop loss every year (Savary et al., 2012). 

Damage by fungi also plays a role in the deterioration of paintings, stone 

monuments, buildings and other materials (Singh, 1994, Sterflinger, 2010, 

Sterflinger and Pinzari, 2012). 
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1.2 Fungi and the food industry 

1.2.1 Food spoilage as a global concern 

Fresh food such as fruits and vegetables are part of a healthy diet but are also 

susceptible to spoilage. Food losses due to fungal spoilage are common for 

perishable foods such as fruits and vegetables, with sources of contamination 

ranging from pre-harvest (irrigation water, soil, contaminated seeds) to post-

harvest steps (handling, storage and transportation, cross-contamination) 

(Bhilwadikar et al., 2019). Warm and humid climates or extreme weather events 

further increase the risk of spoilage (FAO, 2019). According to the Food and 

Agriculture Organization of the United Nations, around 50% of fruits and 

vegetables are lost at different stages of the food supply chain from agriculture 

up to and including the consumer level (FAO, 2011). The food supply chain 

describes all the steps that are necessary to produce and bring foods such as fresh 

fruits and vegetables to the consumer (Figure 1-1). In food processing factories, 

fungal contamination can persist on food handling surfaces, containers, walls and 

floor surfaces, increasing the risk of postharvest contamination of the produce 

(Bernat et al., 2017, Snyder and Worobo, 2018). Food losses at the post-harvest, 

processing and distribution stages amount to between 10 and 40% of the initial 

fruit and vegetable production, depending on the geographical region (FAO, 

2011). More recently, it has been estimated that at least 14% of global food 

production is lost at the post-harvest level up to (not including) the retail level. 

Roots, tubers, oil-bearing crops, fruits and vegetables contribute the most to these 

food losses, with 20–25% of the produced weight being lost (FAO, 2019).   

 
 
Figure 1-1: Food supply chain. Adapted from Longfield (2017). 
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Food losses are an important economic problem. For instance, it has been 

estimated that grain losses in Eastern and Southern African countries alone 

correspond to a value of US$1.6 billion per year (the estimated value of total 

production is US$11 billion) (The World Bank et al., 2011). In addition, the loss of 

food represents a waste of land, water, resources and energy. Considering that 

815 million people suffered from malnutrition worldwide in 2016 (FAO et al., 

2017), the loss of edible food also becomes an ethical problem. The urgency of 

providing sufficient amounts of food to all people was underlined by the award of 

the 2020 Nobel Peace Prize to the World Food Programme. To reduce the risk of 

microbial spoilage, the main principles developed by the US Food and Drug 

Administration focus on preventing the exposure of food to contaminating 

organisms at every point of the production and supply chain (FDA, 1998). This 

includes the implementation of good agricultural practices, the prevention of 

contamination from water, proper handling of manure as well as workers’ hygiene.  

1.2.2 Principles of microbial food spoilage 

Microorganisms naturally degrade organic matter and this is essential for nutrient 

recycling (Blackburn, 2006). The general term for this is biodegradation, and it is 

used actively by some food industries, e.g., in fermentation. If unwanted 

degradation and microbial growth occur on food, this is generally regarded as 

spoilage. One key group of food spoilage microorganisms are moulds (filamentous 

fungi). Moulds produce a diversity of degradative enzymes and their actions can 

lead to off-flavours, discoloration, rotting and formation of toxins or allergenic 

particles (Filtenborg et al., 1996). Other food spoilage microorganisms include 

bacteria (e.g., Pseudomonas, Clostridium) and yeasts (e.g., Candida, 

Saccharomyces) (Blackburn, 2006). Yeasts and moulds are important in food 

spoilage because they are able to grow on a wide range of products. This is due 

to their ability to grow on various chemical substrates while also exhibiting a high 
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tolerance to low pH, low water activity, low temperature and the presence of 

preservatives (Huis in't Veld, 1996). In general, harvested vegetables will often 

(but not exclusively) become spoiled by bacteria, whereas the low pH of fruits 

favours the growth of fungi (Brackett, 1987, Oms-Oliu et al., 2010). Spoilage 

yeasts such as Zygosaccharomyces bailii are a common problem in soft drink 

preservation (Stratford et al., 2020). 

In addition to food spoilage that is visible or detectable after sensory inspection, 

food (including fruits and vegetables) can be a carrier for pathogenic 

microorganisms (Steele and Odumeru, 2004). In recent years, there have been 

several well-documented outbreaks of food related diseases in western countries. 

Examples include the presence of enterohemorrhagic Escherichia coli O104:H4 

(EHEC) on sprouts (Burger, 2012) and the contamination of yoghurt with the 

pathogenic fungus Mucor circinelloides (Lee et al., 2014b). However, food borne 

illnesses pose an especially big threat in developing countries, due to low or 

missing regulatory standards in combination with a growing food production 

industry (WHO, 2015). Worldwide, the WHO report recorded 600 million 

foodborne illnesses and 420,000 related deaths in 2010. 

1.2.3 Food spoilage fungi and mycotoxin production 

Many filamentous fungi cause spoilage of harvested produce. Penicillium strains 

like P. digitatum or P. italicum can cause green and blue mould on citrus fruits, 

leading to significant economic losses (Palou, 2014). Peach and nectarine fruits 

are most commonly spoiled post-harvest by species of Monilinia, Rhizopus and 

Botrytis cinerea (Bernat et al., 2017). A range of Aspergillus species can spoil 

various fresh fruits and vegetables, dried fruits, nuts and coffee beans, such as 

A. niger and A. carbonarius (Perrone et al., 2007), and A. flavus is also well known 

to spoil grains, nuts and pulses, including animal feed commodities (Fakruddin et 
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al., 2015). A major concern relating the consumption of (especially non-visibly) 

spoiled produce is the production of mycotoxins by filamentous fungi, mainly 

Aspergillus, Alternaria, Fusarium and Penicillium, with cytotoxic, carcinogenic or 

mutagenic effects (Martinović et al., 2016, Barkai-Golan, 2008c). Among the 

Aspergilli, maybe the most important food spoilage species is A. flavus which 

produces aflatoxins including the highly carcinogenic aflatoxin B1 (Klich, 2007). 

Other toxins produced by Aspergilli include aflatoxins B2, G1 and G2, produced by 

A. flavus, A. parasiticus and A. nomius, and ochratoxin A, the latter being 

produced by species in the Aspergillus sections Circumdati and Nigri (see 1.3.1) 

(Perrone et al., 2007, Barkai-Golan, 2008a). A common spoilage organism of 

apples and other fruits, P. expansum, produces patulin and a range of other toxic 

metabolites (Andersen et al., 2004). Apart from patulin, Penicillium species also 

produce ochratoxin A, citrinin, penicillic acid, cyclopiazonic acid and penitrem 

(Barkai-Golan, 2008b). Because spoilage fungi can also infect animal feed, the 

mycotoxins may even find their way into human food consumption through 

animal-derived products such as dairy or eggs (Martinović et al., 2016).  

1.3 The food spoilage fungus Aspergillus niger  

1.3.1 Biology of A. niger 

In the present study, the food spoilage organism A. niger was studied because it 

spoils commodities such as onions (Kumar et al., 2015), and internal 

conversations with Ozo Innovations Ltd. had indicated an industrial interest in 

control strategies against this fungus. The genus Aspergillus consists of 

filamentous fungi that produce mitotic conidiospores for reproduction (Figure 1-2) 

(Klich, 2009). For many Aspergillus species, sexual reproduction has been 

reported, involving fruiting bodies called cleistothecia and the formation of 

ascospores (O’Gorman et al., 2009). A. niger is one of more than 250 Aspergillus 
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species, and nowadays, 27 Aspergillus species have been grouped in the Nigri 

section (split into seven clades including the A. niger clade). These Nigri species 

are distinguishable with molecular methods and are highly similar in morphology 

(Massi et al., 2021). So far, a sexual cycle has not been shown for A. niger 

although research is ongoing due to findings such as the existence of mating type 

genes in this species (Ellena et al., 2020). A. niger grows aerobically and can be 

found on organic matter such as soil, litter, compost and decaying plant material 

(Schuster et al., 2002). The fungus expresses enzymes for the degradation of 

lignocellulose and is important for the global carbon cycle (Baker, 2006). 

Industrially, A. niger has been cultivated as a source of citric acid and various 

enzymes since 1919 (Schuster et al., 2002). 

A range of mycotoxins are produced by different Aspergilli (such as ochratoxins, 

gliotoxin and fumonisin in A. niger), and they can lead to mycotoxicoses when 

ingested or inhaled (Klich, 2009, Noonim et al., 2009). At least 40 Aspergillus 

species are clinically important (Klich, 2006). Alongside A. fumigatus, A. flavus 

and A. terreus, A. niger is one of the Aspergillus species that are found most often 

in soil and that are also the most relevant in allergies, whereas invasive 

aspergillosis is mainly caused by A. fumigatus and A. flavus, with only few cases 

being related to A. niger (Klich, 2009). Furthermore, A. niger can be involved in 

ear infections (Schuster et al., 2002). However, A. niger spores are widely 

distributed in our every-day surroundings and rarely manage to colonise the body 

unless the patient is susceptible due to an immunodeficiency (Schuster et al., 

2002). 

1.3.2 Contamination and degradation issues associated with A. niger 

Within buildings, A. niger and other Aspergillus species commonly occur in damp 

or wet areas (Klich, 2009). In the context of food, A. niger commonly occurs on 
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tomatoes (Hasan, 1995), onions (Massi et al., 2021), grapes (Cabañes et al., 

2002, Logrieco et al., 2009) and coffee beans (Figure 1-2) (Noonim et al., 2009). 

Colonisation with A. niger can lead to degradation of the edible parts of plants 

(mostly post-harvest) and potentially mycotoxin production, such as ochratoxin A 

or fumonisin B2 formation on grape berries (Taniwaki et al., 2018, Logrieco et al., 

2009). Apart from dangers related to mycotoxin formation by A. niger, the fungal 

growth can result in decay, rotting, off-flavours and colourations (Perrone et al., 

2007). Aside from fruits and vegetables, A. niger is also a common contaminant 

of yoghurt (Gougouli and Koutsoumanis, 2017). Outbreaks of A. niger resulting in 

black mould disease have been reported in agriculture (e.g., in onions) (Lorbeer 

et al., 2000). While exact numbers are difficult to obtain, post-harvest onion losses 

have been estimated to amount to 25–40% in India, the second-largest onion 

producing country in the world, with microbial spoilage contributing 10–12% of 

the losses, mainly caused by fungi including A. niger (Kumar et al., 2015). 

 
 

Figure 1-2: Aspergillus niger. Left: Schematic of Aspergillus condiophores. From Klich 
(2009). Right: Agar plate cultivation of A. niger and other fungal species from coffee beans. 
From Perrone et al. (2007). 
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1.4 Preventing microbial contamination: Sanitisation, 

disinfection and sterilisation 

Different terms describe the reduction or elimination of microorganisms on or in 

inanimate materials and foods. Generally, disinfection refers to the killing of all 

microorganisms except spores, whereas sanitisation means the reduction of 

microbial counts to acceptable levels (Block, 2001). For sanitisers, the reduction 

requirements lie between 5 log reduction for food surfaces and 3 log reduction for 

non-food surfaces within 30 seconds, whereas disinfectants must be effective 

within 10 minutes (Pfuntner, 2011). A similar definition for sanitisers against 

suspended microorganisms (5 log in 30 s) and biofilms (3 log in 30 s) has been 

given (Hricova et al., 2008). Sterilisation, on the other hand, describes the 

removal or destruction of all viable microorganisms, including spores (Block, 

2001). In the food industry, “commercial sterility” is often used as a verifiable 

definition for the safety of sterile food. Commercially sterile products such as 

canned food have to be free of microorganisms capable of growing at normal room 

temperature storage, and the sterilisation process is usually validated by a 

≥12 log reduction of Clostridium botulinum (Anderson et al., 2011). The 

requirements are summarised in Table 1-1. 

Table 1-1: Requirements for reducing and eliminating the microbial load.  

Criteriaa Sanitisation Disinfection Sterilisation 

Reduction of microbial 
load? 

✓ ✓ ✓ 

Free of vegetative 
microbial cells?  

 ✓ ✓ 

Free of spores?   ✓ 

Reduction requirements 5 log in 30 s (food 
surfaces, suspended 
microorganisms), 
3 log in 30 s 
(non-food surfaces, 
biofilms) 

10 min Commercially 
sterile: 
≥12 log for 
C. botulinum 

a Criteria as reported by Pfuntner (2011), Hricova et al. (2008), Block (2001) and 

Anderson et al. (2011). 
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1.5 Food preservation and sanitisation 

1.5.1 Challenges of fresh produce treatments 

Fruits and vegetables are commonly washed with tap water to remove dirt and 

microorganisms. Wei et al. (2017) found that the efficiency of tap water washing 

of strawberries, cherry tomatoes and bayberries was limited to a maximum 1 log 

reduction of yeasts and moulds. Water can be contaminated with microorganisms 

and this can also introduce microbial load to the produce during the washing step 

(Pichel et al., 2019). There are other postharvest treatments that are applied to 

help maintain the fresh quality of fruits and vegetables. Additionally, sanitising 

treatments must be used on food handling utensils or surfaces.  

The treatment of fresh produce faces the challenges of preserving taste, colour, 

texture and smell of the product and avoiding harmful chemical residues, while 

being efficient and economically feasible (Al-Haq et al., 2005). Some conventional 

preservation techniques include lowering the water activity (drying/curing) and 

fermentation (Gould, 1996, Ross et al., 2002). However, these treatments cannot 

be used on fresh fruits and vegetables without markedly altering the properties of 

the produce. Different treatments can be combined to give additive or synergistic 

inhibitory effects. This concept is known as the hurdle technology (Figure 1-3) and 

allows the use of less stringent treatments (Leistner, 1992, Leistner and Gould, 

2002). 

 
 

Figure 1-3: Visualization of the hurdle technology. Microorganisms can overcome 
individual hurdles, but the combination of different hurdles prevents microbial growth. t, 
temperature; aw, water activity; pH, acidification; Eh, redox potential; pres., preservatives. 
Re-drawn from Leistner (1992). 
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1.5.2 Physical treatments 

Heat treatment is used to inactivate microorganisms and insects as well as 

degradative enzymes that play a role in fruit ripening processes (Mahajan et al., 

2014). Often, heat is applied by hot water dipping, which significantly reduces 

fungal growth on fruits, resulting in up to 4–20 x lower numbers of spoiled fruits 

(Hong et al., 2014, Maxin et al., 2012). In contrast, cold storage of food decreases 

the rate of metabolic reactions and thereby slows down microbial growth (Jay, 

1995). Treating milk with heat and gamma radiation (described below) resulted 

in 5 log and 7 log reductions of E. coli, respectively (D’Aoust et al., 1988, Garin-

Bastuji et al., 1990) and approx. 3 log reductions of Bacillus spores in milk 

products (Hashisaka et al., 1990). Such efficiencies vary for different microbial 

species and food matrices and are compared for the different treatment methods 

in Table 1-2. To allow a simplified comparison between treatment methods and 

microbial reduction rates, treatment efficiencies reviewed in Table 1-2 were rated 

in this study according to their reported log10 reduction rate against the test 

requirements of the European disinfection standards, where 5 log reduction 

(bacteria) and 4 log reduction (fungi) are required in suspension to pass the 

European norm for disinfectants, and 4 log and 3 log for surface tests (Fraise, 

2008, Sandle, 2017). 

To circumvent the possibility of heat-related damage to the produce, emerging 

non-thermal technologies such as pulsed electric fields, oscillating magnetic fields, 

high power ultrasound, high hydrostatic pressure and non-thermal plasma (a type 

of ionised gas) have been studied (Afshari and Hosseini, 2013). Atmospheric cold 

plasma may find applications for in-package sanitisation of fresh produce (Deng 

et al., 2019). Plasma treatments reduced fungal contamination on nuts although 

long treatment times (>10 min) were necessary to achieve one log reduction 

(Devi et al., 2017). Better fungal reduction (~3 log) was achieved with in-package 
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plasma treatments (5 min) of strawberries, where the plasma is generated and 

retained within the packaging container, enabling prolonged exposure of 

microorganisms to microbicidal plasma species (Misra et al., 2014). Other studies 

reported reductions of approx. 3–4 log for bacteria and S. cerevisiae on different 

food matrices (apples, melons, mangoes, egg shells, apple juice, cheese) after 

plasma treatment (Afshari and Hosseini, 2013).  

Ultrasonic treatments can be combined with chemical treatments (e.g., chlorine 

based) to increase the sanitisation efficacy (Demirci et al., 2020). Accordingly, 

ultrasound alone gave low reductions of yeasts and moulds on green asparagus 

(~0.3 log) but combination with acetic acid + gibberellic acid increased the effect 

to ~1.3 log (acids alone: ~0.6 log) (Wang and Fan, 2019). Other potential 

methods are high hydrostatic pressure or pulsed electric fields but so far they are 

reported mostly for processed produce such as fruit juices (Demirci et al., 2020, 

Pinto et al., 2020). Combining heat treatment with high pressure markedly 

improved inactivation of fungal ascospores in a strawberry puree (Timmermans 

et al., 2020). 

UV radiation can be applied to decontaminate surfaces by causing DNA damage in 

microbial cells (Lado and Yousef, 2002). UV exposure also activates plant defence 

mechanisms in harvested fruits and vegetables (Charles and Arul, 2007, Zhang 

and Jiang, 2019). Pulsed light consists of broad spectrum electromagnetic 

radiation (from the UV to the infrared range) and is more effective than continuous 

UV treatments, and commercial pulsed light systems are available (Deng et al., 

2019). Fungal spoilage of strawberries after 8 days of storage was reduced by 16–

42% after pulsed light treatment for 2–40s (Duarte-Molina et al., 2016). 

Alternatively, fruits and vegetables can be treated with gamma radiation. Ionising 

irradiation is more common for killing of microflora on dry food products but has 
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gained interest for fresh produce more recently (both for direct killing of pathogens 

and stimulation of plant defence), although negative effects on quality and critical 

consumer perception are ongoing challenges (Demirci et al., 2020, Jeong and 

Jeong, 2018). An additional concern can be regulatory, especially in the EU, where 

some countries limit the use of irradiation to dried herbs, spices and vegetable 

seasonings, while the application extends to fresh produce in the US and other 

parts of the world (Eustice, 2018). Medium doses (1–10 kGy) lead to reductions 

in microbial counts, and high doses (>10 kGy) are effective in killing bacteria and 

fungi (Ferrier, 2010). However, high doses often affect the fruit quality negatively 

(Mahajan et al., 2014). Low doses (<1 kGy) have been shown to delay ripening 

and extend shelf life (Mahto and Das, 2013, Pandey et al., 2013). Irradiation of 

quince fruit (1.2–2.1 kGy) reduced spoilage by yeasts and moulds after 5–15 days 

by up to 3.8–4.9 log (Hussain et al., 2019). On cucumbers, irradiation (2–3 kGy) 

delayed fungal spoilage (by one week) but finally resulted in higher fungal spoilage 

(after 28 days), potentially due to tissue softening (Khalili et al., 2017). 

Physical treatments are also commonly applied to sanitise food packaging, 

reducing the risk of spoilage during storage and transport (Demirci et al., 2020). 

In comparison to chemical treatments, physical methods do not remove dirt and 

plant debris and they may lead to physical (e.g., thermal) damage to the produce. 

Additionally, some of the described methods may be challenging to scale-up and 

implement in high-throughput industrial settings (Deng et al., 2019, Ali et al., 

2018, Demirci et al., 2020). 
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Table 1-2: Comparison of the efficiency of sanitisation and disinfection methods 

on food and fresh produce. 

Method Organism Produce Efficiencya Reference 
 

Heat 
treatment 
 

 

Escherichia. coli, 
Campylobacter 
spp., Yersinia 

enterocolitica 
 

 

milk 
 

high 
 

 

(D’Aoust et 
al., 1988) 

 

Heat+high 
pressure 

 

Talaromyces 
macrosporus, 

A. fischeri 
ascospores 
 

 

strawberry 
puree 

 

high 
 

(Timmermans 
et al., 2020) 

 

-radiation 
 

E. coli, Salmonella 

Dublin 

 
Bacillus spp. 
spores 
 
 

yeasts and moulds 

 

milk 

 

 
cheese, ice 
cream, frozen 
yoghurt 
 

quince fruit 
 
 

 

high 

 

 
sufficient 
 
 
 

sufficient 

 

(Garin-Bastuji 

et al., 1990) 

 
(Hashisaka et 
al., 1990) 
 
 

(Hussain et 
al., 2019) 
 

 

Plasma 

treatment 

 

E. coli, Salmonella 

spp. 
S. cerevisiae 
 
 
total yeasts and 
moulds, A. flavus, 
A. parasiticus 

 
yeasts and moulds 
 
 
E. coli, Salmonella 
spp., S. cerevisiae 

 

fruits, egg shells 

 
mango, melon 
 
 
peanuts 
 
 

 
strawberries 
 
 
apples, melons, 
mangoes, egg 

shells, apple 
juice, cheese 
 

 

low/sufficient 

 
sufficient 
 
 
low 
 
 

 
sufficient 
 
 
low/sufficient 

 

reviewed by 

(Afshari and 
Hosseini, 
2013) 
 
(Devi et al., 
2017) 
 

 
(Misra et al., 
2014) 
 
reviewed by 
(Afshari and 

Hosseini, 
2013) 

 

Ultrasound 
 

yeasts and moulds 
 

green asparagus 
 

low 
 

(Wang and 

Fan, 2019) 
 

 

Chlorine 
treatment 

(free 
available 

chlorine) 
 

 

E. coli 
 

 
Listeria 

monocytogenes 
 
 
yeasts and moulds 
 

 
yeasts and moulds 
 
 
yeasts and 
moulds, 
Aspergillus section 

Flavi 

 

lettuce 
 

 
food contact 

surfaces or 
suspensions 
 
sugar snaps 
 

 
oyster 
mushrooms 
 
Brazil nuts 

 

low 
 

 
high 

 
 
 
low 
 

 
low 
 
 
low 

 

(Beuchat, 
1999) 

 
reviewed by 

(Hoelzer et 
al., 2012) 
 
(Van Haute et 
al., 2013) 

 
(Ding et al., 
2011) 
 
(Ribeiro et 
al., 2020) 
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Table 1-2 (cont.) 

 

Ozone 
 

 

bacteria (E. coli, 
Salmonella spp., 
L. monocytogenes)  
 
 
 

 
yeasts and moulds 

 

berries, apples, 
dried figs, 
pistachios, 
potatoes, 
spinach, 
cantaloupes 

 
strawberries, 
apples, spinach 

 

mostly low, 
sometimes 
sufficient/high 
in fruits 
 
 

 
low 

 

reviewed for 
bacteria and 
fungi by 
(Horvitz and 
Cantalejo, 
2014) 

 
 

 

Peracetic acid 
(PAA) 
 
 
 

 

Enterobacter 
sakazakii 
 
yeasts and moulds 

 

apples, tomato, 
lettuce 
 
carrots 
 

 

sufficient/high 
 
 
low/sufficient 
 

 

(Kim et al., 
2006) 
 
(Landfeld et 
al., 2010) 

 

Electrolysed 

water (EW) 

 

bacteria and fungi 
 

fruits and 

vegetables 

 

mostly 

low/sufficient 
 

 

see Table 1-3 

a The efficiency is given as a rating of relative efficiency according to the log reductions of 

microbial counts described in the cited literature reports (high: ≥5 log reduction; 
sufficient: 4 log for bacteria, 3 log for fungi and spores; low: lower than sufficient). The 
rating system was employed in this study based on the European norms for disinfectant 
requirements, see main text for details (Fraise, 2008, Sandle, 2017). 

 

1.5.3 Chemical treatments 

Fresh produce can be washed with chemical sanitisers to reduce the fungal load. 

The most common choice for many years has been chlorine treatment in the form 

of washes with dissolved hypochlorite salts; the application and efficacy of which 

have been reviewed (Kaczmarek et al., 2019, Bhilwadikar et al., 2019). 

Alternative chemical treatments include chlorine dioxide (ClO2), alcohols, copper 

sulphate (CuSO4), organic acids, hydrogen peroxide (H2O2), ozone gas (O3) and 

peracetic acid (PAA). A common challenge with most chemical treatments is their 

effectiveness at dosages and treatment times that do not also adversely affect the 

produce. Additional concerns with specific treatments are low chemical stability 

(H2O2, PAA, O3), safety concerns in factories (ClO2, PAA, O3) and toxicity of 

residues (CuSO4, ClO2) (Bastarrachea et al., 2019, Deng et al., 2019); these 

concerns contribute to the ongoing use of hypochlorite salts. The efficiencies of 

common chemical treatments in food applications are compared in Table 1-2. 
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Sanitisers based on hypochlorite salts are used at a range of 50 to 200 mg L-1 free 

available chlorine (FAC; pH-dependent mix of –OCl, HOCl and Cl2) (Olaimat and 

Holley, 2012). A review of 11 different studies estimated an average log reduction 

of 5.5 (95% confidence interval: 4.4–6.6) for killing of Listeria monocytogenes in 

food applications, with exposure times between 8 seconds and 30 min (one study 

additionally tested 48 h exposure) (Hoelzer et al., 2012). Elsewhere, it has been 

shown that FAC treatment reduces bacterial concentrations on lettuce moderately 

(up to 2.5 log reduction) and not sufficiently to eliminate bacterial growth 

(Beuchat, 1999). Yeast and moulds on sugar snaps, brazil nuts and oyster 

mushrooms were reduced by only up to 1–2 log by FAC treatment at 100–

250 mg L-1 (Van Haute et al., 2013, Ding et al., 2011, Ribeiro et al., 2020). 

Chlorine may play a bigger role in keeping the washing water itself free of 

contaminants (Aruscavage et al., 2006). The presence of organic materials (such 

as blended lettuce leaves or proteins) can decrease the sanitising effect of FAC in 

the processing water and on food surfaces (Zhang et al., 2009, Hoelzer et al., 

2012). Importantly, high levels of FAC are expected to leave residues on treated 

items and might impact the quality of fresh products (Artés et al., 2009), see also 

1.5.4.  

Alternatively, fumigation with sulphur dioxide or ozone can be used for sanitisation 

(Mahajan et al., 2014). Food treatments with ozone were reviewed (Horvitz and 

Cantalejo, 2014) and the specific application of aqueous ozone (ozonated water) 

is described below (1.8.3). Ozone is a highly reactive oxidizing gas that, compared 

to chlorine, is effective on a wider spectrum of microorganisms. The efficiency 

varies with different microorganisms, food matrices and ozone concentrations, but 

often lies between 2–3 log microbial reductions, with exposure times usually 

between 1 min and 1 h (Horvitz and Cantalejo, 2014). 
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Peroxyacetic acid (PAA) has strong oxidizing properties and can be used on fruits 

and vegetables without the production of harmful by-products (Carrasco and 

Urrestarazu, 2010). Fungal contaminants were shown to be decreased by up to 

3.5 log after PAA treatment, and bacterial concentrations were reduced by up to 

5 log (Kim et al., 2006, Landfeld et al., 2010). 

Exposure of fruits and vegetables to (optimised levels of) nitric oxide (NO), a plant 

signalling molecule, slows down the maturation and senescence process and 

thereby delays fruit ripening and the occurrence of postharvest diseases (Singh et 

al., 2013). Following the same principle, inhibitors of ethylene action, a ripening-

inducing plant hormone, are available (Martinez-Romero et al., 2007).  

Fruits and vegetables can be covered with edible coatings that protect against 

spoilage, which requires safe-to-eat coating materials that do not negatively affect 

the taste (Dhall, 2013, Lin and Zhao, 2007). Non-edible waxes or edible, 

biodegradable coatings (e.g., chitosan) can be applied to citrus fruits, preventing 

fungal growth and preserving the physiological quality and integrity of the fruit, 

and representing a potential fungicide delivery route (Palou et al., 2015). Modified 

atmosphere packaging after the harvest, processing and potential sanitising 

treatments can further increase the shelf life of fresh produce (Mahajan et al., 

2014). Different packaging technologies can influence factors such as CO2 levels 

or moisture passively or actively. For instance, the incorporation of oxygen 

scavenger material into packaging reduced the amount of fungal decay on berries 

(Niazmand and Yeganehzad, 2020). Choosing the right sanitisation and 

preservation method(s) will depend on the application parameters, such as the 

produce type or the organic load during the sanitisation treatment (Van Haute et 

al., 2015).  
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1.5.4 Chemical contamination arising during sanitisation processes 

Generally, chemical components from sanitiser solutions can be deposited on 

treated produce or accumulate in effluent water. Depending on the concentration, 

chemical stability and toxicity of the compounds, this can pose a serious problem 

and may limit the allowable dosage and therefore effectiveness of a given 

treatment. For instance, these considerations limit the concentrations of ClO2 that 

can be applied in fresh produce treatments and necessitate subsequent water 

rinses (Deng et al., 2019). This in turn produces more contaminated water that 

may need to undergo remediation. In addition to direct toxic effects from the 

sanitiser chemistry, the reactivity of the sanitiser with organic and inorganic 

compounds during the sanitising process can lead to the formation of by-products 

with harmful effects. For instance, the redox reaction between ClO2 and matrix 

constituents yields harmful chlorite (ClO2
-) and chlorate (ClO3

-) (Van Haute et al., 

2017). Chlorate can also form during sodium hypochlorite treatments (Tudela et 

al., 2019). 

When free available chlorine (FAC) reacts with organic matter, so-called 

chlorinated disinfection by-products can form, including trihalomethanes, 

haloacetic acids, chlorates and amino acid chlorination products (such as 

aldehydes, nitriles and carboxylic acids) (Tudela et al., 2019, Gil et al., 2019, How 

et al., 2018). This represents a health risk both in the processing water and on 

the washed produce due to the genotoxicity and carcinogenicity of some by-

products (Villanueva et al., 2015). Maximum levels of certain disinfection by-

products are therefore regulated by the EU (EU, 1998, EU, 2020b), the US (USEPA, 

2009), and in WHO guidelines (WHO, 2017). The progress towards more stringent 

regulations (EU, 2020b) and demands for clearer food labelling (Gracia and de-

Magistris, 2016) underline the importance of controlling by-product formation 

during food sanitisation.  
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An FAC of at least 10 mg L-1 has been recommended for sufficient microbial 

(bacterial) reduction in industrial produce washing (Luo et al., 2018). Higher levels 

are commonly used up to 200 mg L-1 (Kaczmarek et al., 2019), the maximum 

level allowed by the US food and drug administration for washing food for human 

consumption (FDA, 2019). The level of accumulation of different disinfection by-

products in processing water was shown to depend on the produce type (lettuce, 

red cabbage, onion, mixed baby leaves) and the FAC level, but can exceed the 

drinking water limits of the EU, US and WHO even at 10 mg L-1 FAC (Tudela et al., 

2019). Accumulation of disinfection by-products on lettuce, strawberries and 

cabbage has also been shown after sodium hypochlorite washing (Lee et al., 

2019). Removal of chlorine and disinfection by-products in the effluent water can 

be achieved using dechlorination chemicals or activated carbon filters (Hermant 

and Basu, 2013, Gil et al., 2019). However, these measures add a processing 

step, and do not help with residues already deposited on the washed produce. 

1.6 Electrolysed water 

1.6.1 Production technologies 

In conventional chlorine treatment of post-harvest produce, calcium hypochlorite 

is shipped in dry form and needs to be fully dissolved in water to limit damage to 

the produce, whereas sodium hypochlorite is only stable in solution, making 

shipping more expensive (Mishra et al., 2018). Using electrochemistry, solutions 

of the required free available chlorine concentration can instead be produced on-

site and in response to demand, from cheap, safe ingredients (water and NaCl) 

(Zhang et al., 2018).  The product, electrolysed water (EW), is a sanitiser that was 

first developed in Russia and has been used extensively for medical applications 

in Japan since the 1980s (Hricova et al., 2008, Rahman et al., 2016). It can be 

produced in electrochemical cells (Figure 1-4). The chambers of the cell are filled 
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with water and dissolved salts (if applicable). The two chambers are separated by 

a semi-permeable membrane, and they both contain an electrode. When electric 

current is applied, electrons flow from the anode to the cathode, with oxidation 

events taking place at the anode, reductions at the cathode. This electrolysis 

process results in acidic electrolysed water (AEW) with a high oxidation-reduction 

potential (ORP) in the anode chamber and basic electrolysed water (BEW) with a 

very negative ORP at the cathode (Hricova et al., 2008). 

 
 

Figure 1-4: Water electrolysis in an electrochemical cell. The chamber is filled with 
a salt solution. When electric current is applied, acidic electrolysed water is produced at the 
anode and basic electrolysed water is formed at the cathode. From Hricova et al. (2008). 

 

AEW can be used as a sanitiser, whereas BEW is more suitable for cleaning 

purposes as it removes grease and dirt (Rahman et al., 2016). In many 

applications, such as household use, cosmetic applications and drinking water 

treatment, extreme pH values and corrosiveness pose a problem. In these cases, 

neutral electrolysed water (NEW) is favourable (Deza et al., 2005). NEW is 

obtained by increasing the pH of AEW by adding OH– ions or by electrolysis in 

single-cell systems without a membrane (Deza et al., 2007, Izumi, 1999, Gil et 

al., 2015). Electrolysis in flow-through electrolysers that continuously produce EW 

Electron flow 
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is preferred over the use of non-flow-through single-chamber systems because 

the latter decrease the electrolysis efficiency and increase chlorate formation 

(Zhang et al., 2018). The EW that is a focus of the present study is produced in a 

flow-through cell without a membrane where direct current is applied across layers 

of boron-doped diamond electrodes, producing a single type of EW, instead of 

separate AEW and BEW production (specifications by Ozo Innovations Ltd.). 

1.6.2 Formation of active species in EW 

The initial electrochemical reactions that take place at the electrodes during EW 

production are shown in Figure 1-4 and can be summarised as follows (Hricova et 

al., 2008): 

Anode: 2 𝐻2𝑂               → 4 𝑒– + 𝑂2 ↑  +4 𝐻+ 

  2 𝐶𝑙–                  → 2 𝑒– + 𝐶𝑙2 ↑  

Cathode: 2 𝐻2𝑂 + 2 𝑒–   → 2 𝑂𝐻– +  𝐻2 ↑ 

The chlorine molecule can then disproportionate to form hypochlorous acid: 

  𝐶𝑙2 + 𝐻2𝑂      → 𝐻𝑂𝐶𝑙 + 𝐻+ + 𝐶𝑙– 

Due to these and additional reactivities, generation of EW involves the formation 

of free chlorine species (Cl2, HOCl, –OCl), and other active compounds at low 

levels, including chlorine dioxide (ClO2) and reactive oxygen species (ROS) such 

as ozone, hydrogen peroxide, superoxide and hydroxyl radicals through varied 

oxidation reactions of water molecules (Jeong et al., 2009, Zhang et al., 2018). 

Many of the non-chlorine components are unstable. Among the chlorine species 
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found in EW, hypochlorous acid (HOCl) has the strongest antimicrobial effect but 

dissociates to hypochlorite (‒OCl) between pH 6.5 and 8.5 and forms Cl2 gas at 

very low pH (<3) (Rahman et al., 2016), and the pH-dependent mix of these three 

species is commonly referred to as free available chlorine (FAC, see 1.5.3). 

Chlorine in the form of HOCl is 80 x more effective at sanitisation than the 

dissociated -OCl, and the highest amounts of HOCl can be found in EW solutions 

at pH 5.0 to 6.5, sometimes referred to as slightly acidic electrolysed water 

(SAEW) (Cao et al., 2009). 

The antimicrobial activity of EW is attributed to either the chlorine compounds, 

ROS, the high oxidation-reduction potential, the pH (for AEW) or most likely a 

combination of these (Al-Haq et al., 2005, Li et al., 2014). Compared to 

conventional sanitisation with dissolved hypochlorite salts such as NaOCl, the 

additional non-chlorine active species can increase the efficacy of EW (Graça et 

al., 2020). These additional chemical species may help attain fungal killing at 

lower FAC concentrations, so allowing decreased formation of chlorinated 

disinfection by-products while maintaining antimicrobial efficacy during the 

sanitisation process. 

1.6.3 Chlorine based disinfection kinetics 

The free available chlorine of chlorine-based sanitisers reacts with organic 

compounds and inorganic species (such as Fe2+, NH3) present during the 

sanitisation process (Tchobanoglous et al., 2003). This chlorine demand of the 

matrix has to be met before reaching a “breakpoint” where free chlorine 

accumulates and is then available for antimicrobial activity. The process can be 

divided into four steps (Figure 1-5). First, chlorine (in the form of FAC) is 

“introduced” into a water sample, either by adding concentrated chlorine solution 

or hypochlorite salts, or by electrochemical generation in-solution (in the case of 
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EW production), and reducing agents that may be present in the water sample 

(e.g., Fe2+, H2S, some organic substances; present in non-purified water or waste 

water streams) can inactivate the FAC by reducing it to chloride ions (Cl–) (step 1 

leading up to point A in Figure 1-5). Once these reducing agents are oxidised, any 

additional (non-reacted) free chlorine in the solution can react with ammonia and 

organic compounds, forming combined chlorine such as mono- and di-chloramines 

(step 2, shown between point A and B in Figure 1-5; this second step occurs 

provided that the initial free chlorine concentration exceeds the level necessary to 

satisfy the chlorine demand of step 1). If the chlorine concentration in the solution 

is even higher (due to a high initial FAC dose, or continuous increase by ongoing 

electrochemical generation), the formed mono- and di-chloramines (combined 

chlorine) will react with the additional (yet unreacted) FAC (free chlorine) to form 

nitrogen trichloride (NCl3) or chloride ions with the formation of nitrous oxide 

(N2O) and nitrogen (N2). This is represented by the loss of combined chlorine in 

step 3 (between B and C in the figure). At the breakpoint (C in the figure), the 

described processes are satisfied. If the free chlorine concentration that was 

initially added to the solution exceeds the level that is necessary to reach the 

breakpoint, or if additional free chlorine is generated electrochemically in the 

solution after reaching the breakpoint, free (unreacted) chlorine (FAC) can 

accumulate in the solution, in addition to any non-destructed combined chlorine, 

in step 4. It should be noted that the precise shape of the chlorine curve can 

depend on the matrix e.g., the extent of step 3 may be less pronounced when 

organic nitrogen compounds are present (Tchobanoglous et al., 2003). 
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Figure 1-5: Schematic breakpoint chlorination. The graph describes the order of 
processes after free chlorine (FAC) is introduced into a water sample, either by adding 
concentrated solution or by electrochemical generation in-solution. Step 1, free chlorine is 

reduced by any reducing agents already present in the water sample. 2, any amino 

compounds already present in the water sample react with free chlorine that was not used 
up in step 1, generating combined chlorine. 3, combined chlorine compounds generated in 
step 2 react with free chlorine that was not used up in steps 1+2, resulting in the 
destruction (reduction) of the combined chlorine. 4, reactions between water constituents 
and the introduced free chlorine are satisfied at the breakpoint, and any free chlorine that 
was not used up by steps A–C can accumulate. See text for details. Re-drawn from 
Tchobanoglous et al. (2003). 

 

If hypochlorous acid or hypochlorite salts are dissolved in residue-free water, the 

final concentration of free chlorine species should be similar or identical to the 

added dose. Similarly, if residue-free water is electrolysed, the generated chlorine 

species should all be in the form of free (unreacted) chlorine. However, if in either 

case the water (that is used for dissolving the salts or for electrolysis) contains 

chemical residues, the final concentration of free chlorine species (FAC) in the 

water will be lower, depending on those residues and their reactivity with free 

chlorine species. If the objective is to sanitise the water sample directly, or to 
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introduce chlorine into the water and then use it for secondary sanitisation (e.g., 

in the case of EW production), then the efficacy of the sanitisation will therefore 

also depend on the chemical residues in the original water sample. This means 

that in order to achieve a required level of sanitisation, a higher dose of 

hypochlorite salts may need to be added, or longer electrolysis may need to be 

applied, in order to reach sufficient levels of free chlorine species (FAC) in a 

residue-containing water sample. This is because in order to reach the chlorination 

breakpoint, the chlorine demand of the matrix needs to be satisfied. Such a 

chlorine demand could occur either when a water sample is being disinfected 

directly (by adding concentrated sanitiser), such as waste water which usually 

contains organic or inorganic constituents, or when the water used for generating 

EW contains chemical constituents due to limited prior purification, or when a 

chlorine solution (containing FAC) is used to sanitise contaminated surfaces, and 

the free chlorine species reacts with contaminants such as organic compounds. 

Importantly, the formation of harmful by-products such as trihalomethanes occurs 

during the pre-breakpoint steps after the chlorine demand of ammonium ions has 

been satisfied (see 1.5.4 for details about by-products) (Liu et al., 2018, Stefán 

et al., 2019). The chlorination reactions further depend on different factors such 

as pH, temperature and chlorine-to-ammonia ratio, and a high organic matter 

content will increase the disinfection by-product formation (Devi and Dalai, 2021). 

On the other hand, breakpoint chlorination can be used to remove high ammonium 

levels from drinking water sources to prevent the formation of high nitrite levels 

(Stefán et al., 2019). 

Some of the reaction products such as chloramines may retain mild oxidising 

activity (Hawkins et al., 2003). Chloramines can also be used as sanitisers and 

are referred to as combined chlorine as opposed to free chlorine (FAC) 

(Tchobanoglous et al., 2003). In drinking water distribution systems, especially in 
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the United States, monochloramine (NH2Cl) is used as a residual sanitiser. This 

means that water leaving the treatment plants contains a controlled chloramine 

level in order to reduce the growth of microorganisms in the distribution system, 

although some problematic microorganisms can survive such conditions (Waak et 

al., 2019). 

1.6.4 Antimicrobial properties 

The antimicrobial efficacy of EW products depends on different factors. Generally, 

a lower pH favours killing (consistent with shifting the equilibrium to more HOCl 

and less –OCl), as do a higher chlorine concentration (FAC) and higher oxidation-

reduction potential; water temperature and hardness can further influence the 

process (Ding and Liao, 2019). Different mechanistic effects have been suggested, 

including oxidation and damage to membranes, proteins, enzymes and DNA and 

modification of ATP production by the oxidation-reduction potential of EW 

(Ramírez Orejel and Cano-Buendía, 2020). 

Electrolysed water is active against a range of bacterial and fungal species and 

the efficacies have been reviewed (Hricova et al., 2008, Huang et al., 2008). In 

suspension, treatment with AEW or NEW usually leads to reductions of microbial 

counts >5 log, but lower efficiencies have been reported in some experiments for 

Bacillus spp., Salmonella typhimurium, L. monocytogenes, Staphylococcus aureus 

and conidia of Aspergillus and Penicillium. Treatments are usually short (0.5–

15 min) with low FAC (10–90 mg L-1). Some evidence suggests that Gram-positive 

bacteria are more resistant to EW treatment than Gram-negative bacteria, and 

spores more resistant than vegetative cells (Ding and Liao, 2019). Electrolysed 

water was shown to be effective against A. niger in suspension, as well as against 

other important human- or plant-pathogenic fungi such as A. fumigatus, different 

Candida species, Alternaria sp. and Botrytis cinerea (Buck et al., 2002, Ünal et al., 
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2014, Gunaydin et al., 2014). Furthermore, other food spoilage species (A. flavus 

and P. digitatum) in suspension and/or on orange surfaces were successfully 

inactivated with electrolysed water (Xiong et al., 2014, Xiong et al., 2010, Youssef 

and Hussien, 2020). This underlines the potential of using electrolysed water to 

help prevent food spoilage by fungal species such as A. niger.  

As noted above, the additional active species in EW compared to pure free 

available chlorine sanitisers (e.g., dissolved hypochlorite salts) may result in 

stronger fungicidal activities and lower required FAC concentrations. Accordingly, 

yeast populations on apple slices were reduced more strongly (~1 log difference) 

by EW than NaOCl (Graça et al., 2020).  A greater effectiveness of EW compared 

to NaOCl has been also observed against yeasts and filamentous fungi (by 

~0.3 log) despite the fact that the chlorine concentration (FAC) of the EW solution 

was lower than the FAC of the NaOCl solution (20 mg L-1 versus 150 mg L-1) 

(Koide et al., 2009). However, the pH of the NaOCl solution in the cited study was 

higher than the pH of EW, shifting the chemical equilibrium to the less damaging 

–OCl, which could potentially explain the lower effectiveness of NaOCl compared 

to EW in the cited study. Similarly, EW (30 mg L-1) inactivated S. aureus on leafy 

vegetables at least as well as or better than NaOCl (100 mg L-1, higher pH than 

the EW) (Kim et al., 2018). EW also reduced E. coli populations more strongly 

than NaOCl (up to 0.3 log more for planktonic cells and 0.8 log more in biofilms), 

although NaOCl was found to act faster (the superior EW effect occurred after 

approx. ≥1 h treatment) (Meireles et al., 2017). In contrast, stronger and also 

faster inactivating effects on bacteria have been reported with EW compared to 

NaOCl at the same FAC (Ersoy et al., 2019). Similarly, Ogunniyi et al. (2019) 

showed that EW inactivated bacteria as well as or better than NaOCl. On spring 

onions, a greater antibacterial effect of EW compared to NaOCl was reported 

(difference of approx. 1 log reduction) although the effects of both sanitisers were 

more similar on other tested produce (chives, chicory, tomatoes) (Ju et al., 2017). 
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1.7 Applications of EW 

1.7.1 Versatile role as a sanitiser and beyond 

Electrolysed water is used as a sanitiser in medical applications, agriculture, food 

and livestock industries (Huang et al., 2008, Kim et al., 2000a). For instance, EW 

can be used to disinfect medical equipment contaminated with viral particles 

(Sakurai et al., 2003), and for bacterial decontamination of surfaces (Boyce, 

2016). In 2020, EW was found to inactivate SARS-CoV-2 particles in a FAC 

concentration-dependent manner (Takeda et al., 2020). EW-sprays reduced the 

bacterial surface load in a residential care home in one study (Meakin et al., 2012). 

EW has also been proposed for direct patient contact in wound care, as an 

antibacterial nasal spray, for hand sanitising, and as a mouthwash (Yan et al., 

2021, Lux et al., 2021). Electrolysis units that produce alkaline (basic) EW (BEW) 

from tap or mineral water are widely used in Japan to produce EW for drinking or 

cooking (Koseki et al., 2007). Alkaline electrolysed water can be consumed by 

drinking and has been suggested to be beneficial for gastrointestinal symptoms 

and general well-being (Tanaka et al., 2019). Electrolysis may improve the taste 

of water with a high calcium concentration but worsen the taste in case of low 

calcium concentrations (Koseki et al., 2007). 

Waste water that contains high levels of oxidisable constituents and ammonia 

nitrogen can be treated by electrolysis, resulting in the oxidation of the chemical 

constituents and removal of ammonia by oxidation to N2 and NCl3 (Meng et al., 

2020), as described above for the principles of breakpoint chlorination (1.6.3). 

Furthermore, nitrate and nitrite can be removed by cathodic reduction (Yao et al., 

2019). Blackwater (untreated waste water from toilet systems) can be sanitised 

by electrolysis and optimisation of the electrolysis process is ongoing (Thostenson 

et al., 2018).  
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The application of EW as a sanitiser in the food industry is described below. In 

addition, EW can be used to degrade pesticides on fruits and vegetables (Wu et 

al., 2019b, Qi et al., 2018). Fungal mycotoxins such as aflatoxins on peanuts or 

maize feed, ochratoxin in grape berries or deoxynivalenol in wheat grains can be 

degraded by EW although the formation of chlorinated by-products may be a 

concern (Pankaj et al., 2018, Lyu et al., 2018, Gómez-Espinosa et al., 2017, 

Magistà et al., 2021). EW has also been reported as an elicitor for the 

accumulation of beneficial bioactive compounds in broccoli sprouts (Li et al., 

2018). Apart from applications in medical settings, the food industry and waste 

water treatments, further potential uses of EW have been proposed, e.g, as a tool 

for harvesting microalgae by flocculation (Lee et al., 2018). 

1.7.2 Electrolysed water as a sanitiser in the food industry 

EW has been in use for a number of years, but its potential for treating fresh 

produce is still being explored and developed (Youssef and Hussien, 2020).  

Several companies currently offer commercial EW generating systems that are 

recommended for fresh produce washing or food handling surface 

decontamination, for use by the food industry or at home, e.g., EcoloxTech, 

TaeyoungE&T, Ozo Innovations. The development of portable EW generators has 

also been described (Zhang et al., 2018), and hand-held EW spray bottles are 

already available on the UK market, e.g., the H2O e3 eActivator Cleaning System. 

EW treatment efficiency has been evaluated for microbial inactivation on different 

vegetables (lettuce, cucumber, spinach, carrots, alfalfa seeds and sprouts, green 

onions, mushrooms, cabbage and more), and the efficiencies lie mostly between 

1 and 4 log reduction (Huang et al., 2008, Rahman et al., 2016, Afari and Hung, 

2018). On fruits (apples, strawberries, tomatoes), similar reductions can be 

achieved, with higher reductions (5–7 log) for tomatoes (note that log reduction 



Introduction 

30 

 

tests are often performed on produce after inoculation with the organism(s) of 

interest, allowing the application of high microbial loads and the determination of 

high log reduction rates) (Rahman et al., 2016, Hricova et al., 2008). EW can also 

be used on minimally processed (fresh-cut) fruits and vegetables, with reductions 

mostly between 1 and 3 log (Ali et al., 2018). Apart from fruits and vegetables, 

other applications include the sanitisation of shelled eggs (2–6 log microbial 

reduction, see Table 1-3), treatment of drinking water for chickens or dairy ewes 

(Bodas et al., 2013, Bugener et al., 2014) and spray disinfection in layer breeding 

houses (Hao et al., 2013). Microbial contamination on surfaces can also be 

sanitised effectively with EW, e.g., on plastic or wooden cutting boards (4–8 log 

reduction) (Deza et al., 2007, Hricova et al., 2008), whereas the reported 

efficiencies on ceramics, glass and stainless steel were lower in some studies (2–

5 log reduction) (Jiménez-Pichardo et al., 2021, Hricova et al., 2008).  

Efficiencies of different EW applications are summarised in Table 1-3. As in Table 

1-2 above, for ease of comparison the outcomes are rated as ‘high’ (≥5 log 

reduction), ‘sufficient’ (4 log for bacteria, 3 log for fungi) and ‘low’ (below 

sufficient). The efficiency of EW in tests can depend on several parameters, 

including the EW properties, the sanitising method as well as the method and 

concentration of microbial inoculation on the food surface (Koseki et al., 2003). 

Different studies apply varying EW concentrations, treatment times and washing 

procedures, making direct comparisons difficult. However, many of the studies 

indicate reductions of cell counts between 1–4 log. EW can therefore be expected 

to reduce spoilage and extend shelf life, but not completely disinfect the produce, 

depending partly on the initial microbial load. Accordingly, the fungal load on 

vegetables can increase over the storage period despite an initial killing effect 

(Martínez-Hernández et al., 2013). This underlines the need for additional 

measures such as reducing the microbial contamination of food during growth, 
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harvest and processing of fruits and vegetables, as well as adequate storage 

and/or packaging post-treatment. 

Table 1-3: Comparison of the efficiency of EW treatment of fresh produce.  

Organism Produce Efficiencya,b Reference 
 

Total bacteria 
 

 

pea sprouts 
 
 

fresh-cut carrot, 
spinach, bell 
pepper, radish, 
potato 

 
fresh-cut cabbage 
 

 

low (1.6) 
 
 

low (2.6) 
 
 
 

 
high (5) 
 

 

(Zhang et al., 
2019) 
 

(Izumi, 1999) 
 
 
 

 
(Chen et al., 2018) 
 

 

Common food 
spoilage bacteria 
(E. coli, Salmonella 
spp., 

L. monocytogenes) 
 
 
 
 
 

 
 
 

 

carrots, cucumbers, 
leaf vegetables, 
mushrooms 
 

fruits (apples, 
strawberries) 
 
tomatoes, green 
onions 
 

lettuce, spinach 
 
 

 

low (~1–3) 
 
 
 

low (~2) 
 
 
high (7.5, >5) 
 
 

low (~1) 
 
 

 

reviewed for 
various fruits and 
vegetables by 
(Hricova et al., 

2008, Rahman et 
al., 2016, Afari and 
Hung, 2018)  
 
 
 

(Ogunniyi et al., 
2021) 
 

 

Common food 

spoilage bacteria 
(E. coli, Salmonella 
spp., 
L. monocytogenes) 
 

 

lettuce 

 
 
egg shells 

 

low-sufficient (4.5) 

 
 
low-sufficient (4) 
 

 

(Koseki et al., 

2003) 
 
(Park et al., 2005) 
 
 

 

L. monocytogenes 
 
 
 

 

apples 
 
 
egg shells 
 

 

low (1) 
 
 
low (2.2) 
 

 

(Sheng et al., 
2020) 
 
(Rivera-Garcia et 
al., 2019) 
 

 

Salmonella 
Enteritidis 
 

 

egg shells 
 

 

high (5.5) 
 

 

(Cao et al., 2009) 
 

 

E. coli 

 

 

egg shells 

 

 

high (>6.4) 

 

 

(Medina-Gudiño et 

al., 2020) 
 

 

S. aureus 
 

 

lettuce, chicory, 
cabbage 
 
 

 

low (1.5) 
 

 

(Kim et al., 2018) 
 

 

Brettanomyces 
bruxellensis 

 

grapes 

 

low (1.4) 

 

(Cravero et al., 
2018) 

 

Fungi 
(yeasts/moulds) 
 
 
 

 

cucumber, 
strawberries 
 
carrot pieces 
 

 

low (1.6–2) 
 
 
low (2) 
 

 

(Koseki et al., 
2004) 
 
(Rahman et al., 
2011) 
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Table 1-3 (cont.) 
 

Fungi 
(yeasts/moulds) 
 

 

fresh-cut cabbage 
 
pea sprouts 
 
 
broccoli 

 
 
 
broccoli 
 
 

mung bean sprouts 
 

 

sufficient (3) 
 
low (1.2) 
 
 
sufficient (3) 

 
 
 
sufficient (3.5) 
 
 

low (2) 
 

 

(Chen et al., 2018) 
 
(Zhang et al., 
2019) 
 
(Martínez-

Hernández et al., 
2013) 
 
(Navarro-Rico et 
al., 2014) 
 

(Liu and Yu, 2017) 
 

a The efficiency is given as a rating of relative efficiency according to the log reductions of 

microbial counts described in the cited literature reports (high: ≥5 log reduction; 

sufficient: 4 log for bacteria, 3 log for fungi and spores; low: lower than sufficient). The 

rating system was employed in this study based on the European norms for disinfectant 
requirements, see main text for details (Fraise, 2008, Sandle, 2017).  
b In brackets: maximum log reduction achieved. Note that ratings lower than the 
maximum log reduction indicate that lower efficiencies were achieved in some conditions. 

 

1.8 EW and water resilience 

1.8.1 Advantages of the on-site generation and chemistry 

A major advantage of electrolysed water, compared to other chemical sanitisers, 

is that it is simple to produce (Rahman et al., 2016). Apart from the production 

unit, the process only requires water, salt (often NaCl) and electricity, which 

makes EW easily accessible, less expensive than other chemical disinfectants and 

enables production on demand (Robinson et al., 2013, Yukihiro et al., 2003). The 

on-site production from cheap, safe substrates eliminates the need for transport, 

handling and storage of concentrated chemical disinfectant (Gil et al., 2015). The 

commercial availability of EW generators (see 1.7.2) makes this technology widely 

accessible and could provide sanitising solutions even in remote areas. The low 

requirements render the production of EW environmentally-friendly, energy-

saving and independent of non-renewable resources, subject to the electricity 

source (Al-Haq et al., 2005).  
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The active components of EW can also react back to the substrates salt and water 

and the oxidising/sanitising effects of EW can be easily inactivated by mixing with 

organic matter, e.g., after use (Huang et al., 2008). These reversion processes 

may allow the re-use of the water. The caveats of this process (i.e., by-product 

formation) are discussed below (1.8.2). In the food industry, the continuous 

electrolysis of produce wash water or chilling brine can allow the recirculation and 

re-use of water and help prevent cross-contamination (Gómez-López et al., 2015, 

Liu et al., 2006). Similarly, electrolysis can be applied to water recirculation 

systems in aquaculture such as fish ponds (Ben-Asher and Lahav, 2016). Such re-

use can help address the problems of water scarcity and improve access to clean 

water. The on-site, on-demand production allows generation of only as much EW 

as is needed, reducing the waste of water resources which may occur when surplus 

stored liquid sanitiser has to be disposed of after the end of its shelf life. 

Furthermore, some studies claim that EW is non-toxic and does not pose a health 

threat (Huang et al., 2008), however a cytotoxic effect of acidic EW has been 

shown in a dose-dependent manner (Reis et al., 2020) (the alkaline EW produced 

at the cathode did not have a cytotoxic effect in the cited study, and the drinking 

water application cited in 1.7.1 was for alkaline EW, too). Like with many other 

chemical sanitisers, the effect of EW on human health and environmental 

organisms will therefore depend on the EW dosage. Encouragingly, results from 

animal and in-vitro studies suggest that usage of low concentrated EW 

(≤60 mg L-1 FAC) could have beneficial health effects in medical applications such 

as beneficial effects on mammalian cells during wound healing (resulting in faster 

in-vitro wound closure) or as a mouthwash while having no or low cytotoxic effects 

(Reis et al., 2020, Morita et al., 2011). 
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1.8.2 Challenges of EW applications 

1.8.2.1 Formation of by-products during the electrolysis process 

 

During the water electrolysis, chlorate (ClO3
–) and perchlorate (ClO4

–) are formed 

at the anode or from reactions between FAC and ozone or hydroxyl radicals in 

solution (Jung et al., 2010). Those compounds, especially perchlorate, pose 

serious health threats (Richardson et al., 2007, Srinivasan and Sorial, 2009). 

During FAC-based sanitisation, chlorates can accumulate in the wash water and 

the produce, with levels depending on the type of washed produce (López-Gálvez 

et al., 2019). EW treatment of irrigation water increased the chlorate levels in the 

water, and resulted in chlorate accumulation on irrigated lettuce (López‐Gálvez et 

al., 2018, Garrido et al., 2020). The levels measured in these studies were below 

but close to the updated (now less stringent) regulatory limits in the EU (EU, 

2020a). It is therefore important to control and limit the formation and deposition 

of those residues on treated products. Removal of chlorates from effluent water is 

difficult due to their high water solubility and persistence (Jung et al., 2010). 

Another concern is the possibility of chlorine gas emission, especially during the 

generation of AEW (Al-Haq et al., 2005, Huang et al., 2008), see also 1.6.2. To 

prevent the formation of the health-adverse chlorine gas, production of neutral or 

slightly-acidic EW is preferred to acidic EW (Ali et al., 2018). On the other hand, 

formation of chlorate/perchlorate increases with increasing pH due to the shift 

from HOCl to –OCl, with the highest levels recorded at pH 7.2 and above (Jung et 

al., 2010). This indicates that the pH conditions during electrolysis have to be 

carefully chosen. 

1.8.2.2 Shelf life of EW 

Another challenge might be the limited shelf life of electrolysed water. The 

oxidation-reduction potential of one AEW product was only stable for 1-2 months, 
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and the free chlorine (570 mg L-1 FAC) decreased strongly from the first day of 

storage (Robinson et al., 2013). At 4°C, the AEW was more stable than at 20°C. 

After one year of storage at 4°C, the AEW still achieved high bactericidal activity 

(>5 log reduction) in the absence of FAC, which may be due to the stable low pH 

of about 1.5. The bactericidal efficacy of a more neutral low-chlorine EW (pH 6–

7, 10 mg L-1 FAC) decreased by 1–3 log within 7–14 days of room temperature 

storage in the dark (Rahman et al., 2012). Open storage and light both decreased 

the chlorine content of EW (pH 6–7, 20–200 mg L-1 FAC) over the first two weeks 

of storage (Xuan et al., 2016). In stored solutions, non-FAC oxidative species may 

be less relevant (compared to FAC) due to their short-lived chemical stability, 

whereas they may play a bigger role in direct electrolyser systems where 

microorganisms are present during the electrolysis itself (Jeong et al., 2007). In 

line with the manufacturer’s recommendations (Ozo Innovations Ltd.), the EW in 

this study was stored in the dark at 4°C and used within 2.5 weeks of its 

generation. While the on-site production from simple substrates is an advantage 

of EW compared to conventional sanitisers, the above data also suggest it may be 

a necessity. 

1.8.2.3 Chemical inactivation of EW and formation of by-products during EW application 

The use of EW for sanitisation and disinfection is likely to be limited by the 

reactivity of EW with organic substances (Oomori et al., 2000). A lowered 

fungicidal efficiency of EW should be expected for treatment of dirty surfaces or 

liquids containing dissolved organic compounds. The presence of proteins lowers 

the efficacy of several common sanitisers (e.g., PAA, quaternary ammonium 

compounds) but chlorine (FAC) based sanitisers tend to be the most strongly 

affected (Hoelzer et al., 2012). The effect of relevant organic compounds on the 

fungicidal activity of EW will be discussed and investigated further in Chapter 2. 



Introduction 

36 

 

The potential by-products of FAC based sanitisers are described above (1.5.4, 

1.6.3). A promising result following irrigation of lettuce with AEW was that only 

low levels of trihalomethanes were present in both the water and lettuce (López‐

Gálvez et al., 2018). However, other studies detected higher levels of 

trihalomethane formation when treating process water with EW, likely due to the 

increased levels of chemical constituents of such water (Gil et al., 2015). While 

the addition of organic matter to EW can increase the formation of disinfection by-

products, the exact level of by-product formation depends on the chemistry of the 

organic compounds (Lee et al., 2017). Compared to NaOCl, conflicting results 

have been reported about higher or lower disinfection by-product accumulation 

following EW treatment (Clayton et al., 2019, Gil et al., 2019). Food-industry 

specific by-products can also form when EW is applied: EW treatment of grapes 

may result in higher levels of the off-flavour compound 2,4,6-trichloroanisole in 

wine post-fermentation (Gabrielli et al., 2020, Giacosa et al., 2019). 

1.8.3 Alternatives: ozonated water 

Although EW might allow the use of lower free available chlorine concentrations 

(see preceding sections), disinfection by-products remain a potential concern (Gil 

et al., 2019, Wang et al., 2019, Clayton et al., 2019), underlining the desirability 

for FAC-free alternatives. Ozonated water can be produced by electrolysis using 

water alone (Sekido and Kitaori, 2008, Lutz et al., 2017). Therefore, it shares with 

EW the benefits of on-site production from safe substrates, but not the 

disadvantage of FAC content. Instead, ozone is formed that first decomposes to 

other reactive species, e.g., hydroxyl radicals, and finally to oxygen and water 

(Baggio et al., 2020, Wang et al., 2020). Therefore, ozonated water treatment 

does not usually leave residues on the produce (Brodowska et al., 2018), although 

certain by-products such as carbonyls or bromates might form in the presence of 

organic matter or bromide ions (Papageorgiou et al., 2017, Wu et al., 2019a). 
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Similar levels of yeast killing were reported when comparing grapes treated with 

EW or ozonated water, at only 5 mg L-1 ozone versus 400 mg L-1 FAC in the EW 

(Cravero et al., 2018). However, ozonated water (0.7–5 mg L-1 ozone) was less 

effective than EW (5–34 mg L-1 FAC) in inactivating fungi on various fresh-food 

surfaces (Degala et al., 2020, Koseki and Isobe, 2007). This may reflect the 

difficulty of maintaining sufficient ozone levels due to its low stability, which may 

require cooling below room temperature to increase the stability and water 

solubility of ozone (Deng et al., 2019, Galdeano et al., 2018). Ozone in aqueous 

and gaseous phases has been approved by the US food and drug administration 

for use in food for human consumption (FDA, 2001). Ozonated water generators 

are commercially available (e.g., Absolute Ozone, GreenTeck Global) and several 

food brands use ozone treatments (Hinkle, 2017). Challenges of ozone treatment 

include its short half-life (seconds to hours, depending on parameters like water 

quality), health concerns associated with ozone gas formation and risk of corrosion 

(Baggio et al., 2020, Brodowska et al., 2018). 

1.9 Need for further understanding of antimicrobial 

EW efficacy 

As discussed above, chemical sanitisers and disinfectants have applications for 

control of microbial contamination and growth in diverse settings, with a global 

market exceeding US$20 billion per year. That looks set to increase with the 

heightened public awareness and concern arising from the Covid-19 pandemic. 

For applications of antimicrobial sanitisers to be effective, there is a need to 

understand limiting factors associated with chemical matrices presented by the 

relevant applications, ideally supported by understanding of antimicrobial mode-

of-action. 
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Several mechanisms of EW action against microorganisms have been suggested, 

including damage (e.g., oxidative) to proteins, membranes and DNA, perturbation 

of electron flow and inhibition of steps in central metabolism (Ramírez Orejel and 

Cano-Buendía, 2020, Ali et al., 2018, Gil et al., 2015). Mode-of-action studies 

have generally focussed on bacteria. More research is needed to pinpoint and 

validate potential mechanisms in fungi, especially those with relevance for the 

food industry. Growth of moulds such as A. niger is difficult to control and can 

result in severe food losses and adverse health effects (see 1.3.2). It is important 

to identify molecular targets of EW as well as fungal response and defence 

mechanisms for a better understanding and prediction of EW efficacy in different 

application scenarios. The FAC and ROS in EW can cause oxidative stress in 

organisms (discussed further in Chapter 3) and consideration of this in relation to 

other pro-oxidants could further the understanding of fungal response to oxidative 

stress. Furthermore, variability in the stress resistance of spores or cells within 

one (genetically identical) population can influence the survival of microorganisms 

in stress conditions, and such phenotypic heterogeneity is further described in the 

context of EW action in Chapter 4. 

Whereas the FAC is generally believed to be the main factor in antimicrobial EW 

action, other ROS can be formed (1.6.2) and studies have also shown an influence 

of the oxidation-reduction potential and pH (Li et al., 2014, Kim et al., 2000b). 

While there are likely to be parallels with the actions of pure FAC sanitisers such 

as NaOCl, the additional properties of EW may modulate the effects. Furthermore, 

the EW produced in different generators can differ in composition, e.g., depending 

on the production technology (anodic/acidic or neutral EW) or the electrode 

material (Zhang et al., 2018). It is therefore important to assess new EW 

technologies, as they may compare with previously-studied types of EW.  
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As discussed above, efficacy of sanitisers such as NaOCl or EW is negatively 

affected by the presence of organic contaminants (1.6.3, 1.8.2.3). At the same 

time, access to clean drinking water and microbial food safety are primary 

concerns in countries with poor sanitation systems (Roche et al., 2017). Climate 

change-related events such as flooding can increase the contamination of drinking 

water resources (Pichel et al., 2019). While EW can theoretically be generated in 

remote areas, given a generating unit and access to electricity, the effects of 

different organic contaminants need to be better understood in order to assess 

realistic limits for such chemicals in applications. Otherwise, EW treatment may 

increase disinfection by-product concentrations while not achieving microbial 

killing and could, in the worst case, do more harm than good. 

1.10 Aims and objectives 

This thesis aims to further the understanding of the fungicidal action of EW, with 

particular regard to food industry applications. For this purpose, electrolysed water 

from Ozo Innovations (brand name eloclearTM) was studied and applied to treat 

the common food spoilage organism A. niger as well as the fungal model organism 

Saccharomyces cerevisiae. EW applications used here were short-term treatments 

(5 min) to model short contact times between sanitiser and surface (i.e., produce) 

in the food industry or in other (industrial) settings.  

The efficacy of EW treatments can be affected by the presence of organic materials 

(1.8.2.3), and the aim of Chapter 2 was to elucidate such reactivity between EW 

and different organic substances, in order to better understand the matrix-

dependent efficacy of EW. Treatment of freshly harvested produce with EW is likely 

to occur in the presence of incidental environmental soil load and the impact of 

soil samples on EW efficacy against A. niger was studied in this thesis. There is a 

need to identify specific molecules that interact with EW, and this study used a 
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top-down approach that led to the identification of proteins and specific amino 

acids that were highly reactive with the EW.  

Based on the identified reactivities between EW and amino acids as well as 

proteins, it was hypothesised that EW might also react with these compounds 

within cells and that this may underpin cellular mechanisms of EW toxicity. The 

aim of Chapter 3 was to identify cellular targets and EW mode-of-action by 

studying the effects of EW in the model organism S. cerevisiae. This capitalised 

on the advanced understanding of the metabolism and uptake mechanisms of 

diverse compounds in this model organism, and the availability of different 

deletion and overexpression strains. 

Because active species in EW can be inactivated by organic compounds, 

microorganisms may be exposed to low effective EW doses during EW treatments 

where organic matter is present. In Chapter 4, the response of A. niger to EW 

treatments, specifically to low doses, was studied. Effects of EW treatments on 

fungal growth behaviour and spore-to-spore variation were detected and further 

investigated, with the aim to better understand the fungal response to EW and to 

assess potential consequences for sanitiser application settings.
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2 EW and organic substances: reactivity and 

inactivation

2.1 Introduction 

2.1.1 Presence of organic compounds during sanitising treatments 

When EW is used in its potential industrial or domestic applications, it will often 

come into contact with both organic and inorganic matter. In the case of food-

washing with EW, this could be soil or dirt on the surface of freshly harvested 

fruits and vegetables, components of the fresh produce (especially in the case of 

cuts/damage to the surface) or water contaminants. The latter may be deposited 

on the produce from a water washing step prior to EW treatment, or may be 

present in the water used to generate or dilute the EW. This is especially relevant 

in parts of the world that lack reliable access to high-quality clean drinking water. 

Examples of inorganic water constituents are ammonia, nitrite and nitrate ions, 

metals, chloride and sulphate ions, whereas organic constituents in water samples 

are often proteins, carbohydrates and fats or their constituent parts 

(Tchobanoglous et al., 2003). It is well known that high levels of organic matter 

can decrease the FAC concentration and antimicrobial effects of FAC based 

sanitisers (Kaczmarek et al., 2019). This represents a problem when reliable, 

consistent sanitising results are required.  

2.1.2 Reactivity of EW components 

The FAC in chlorine based sanitisers (such as EW) can react with inorganic and 

organic compounds, e.g., ammonia and amino acids, resulting in decreases in 

both the FAC and antimicrobial effect (Oomori et al., 2000). Such a chlorine 

demand of the matrix has to be met before FAC accumulates that is then available 
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for antimicrobial activity (discussed in more detail in 1.6.3) (Tchobanoglous et al., 

2003). The chloramines resulting from the reaction of FAC with organic or 

inorganic nitrogen compounds can retain mild oxidizing activity (Mood, 1950, 

Hawkins et al., 2003). This highlights the importance of survival-based tests 

compared to FAC analysis for a more complete assessment of EW efficacy. The 

effect of organic compounds on the activity of EW will also depend on the reactivity 

of such compounds with the different EW components (including non-chlorine 

species) whose relative contributions to overall EW action are unclear. In addition 

to the inactivation of EW species, potentially toxic by-products from the reactivity 

of EW with organic compounds present a safety concern regarding the treated 

produce or water (see 1.5.4 and 1.8.2.3). 

2.1.3 Reactivities of relevant organic materials 

The initial focus of this chapter is on investigating the effect of soil on EW, which 

is particularly important as residual surface soil is common on many types of fruits 

and vegetables subject to sanitisation treatments. Based on the results obtained 

and because previous studies indicated strong reactivities between EW and amino 

acids, peptides and protein-rich foods (Oomori et al., 2000, Jo et al., 2018), the 

second focus will be on proteins and amino acids. However, it should be noted 

that other compounds such as lipids (abundant in many foods) can also be 

oxidised by reactive oxygen species, leading to peroxidation of unsaturated fatty 

acids (Avery, 2011), and could therefore influence the activity of EW and the 

success of a sanitising treatment. 

2.1.3.1 Soil composition 

Generally, the minerals or compounds in soil are composed of the elements 

oxygen, silicon, aluminium, iron, calcium, sodium, potassium, magnesium and 

other elements in small quantities (Lade, 2001). But different soil types vary in 
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their chemical and physical properties, which may influence their reactivity with 

EW. For instance, soil is often characterised based on its textural fractions. In a 

common classification system (as used by the United States Department of 

Agriculture), sand, silt and clay correspond to large (50–2000 µm), medium (2-

50 µm) and small (<2 µm) particle sizes (Martín et al., 2018). The individual soil 

particles can interact to form aggregates which result in local microenvironments 

in soil ecosystems (Harvey et al., 2020) and which could also alter the accessibility 

of soil components to EW during a sanitising treatment. Organic matter in soil 

stems from plant litter and microbial biomass and their degradation products 

(Kögel-Knabner, 2002). Functional classes of soil organic matter are varied, 

including aliphatic, aromatic, phenol, carboxylate, polysaccharide, hydroxyl, 

amine and amide compounds (Margenot et al., 2015)., and some of these are 

likely to be reactive with EW. Processing techniques such as soil sterilisation can 

affect the soil properties, e.g., by reducing the aggregation and increasing the 

dissolved organic matter fraction (Berns et al., 2008). In the cited study, the 

authors found that sterilisation by -irradiation produced less change than 

sterilisation by autoclaving. Consequently, the soil in the present study was 

-irradiated to achieve sterilisation. 

2.1.3.2 Effect of ROS on proteins and amino acids  

As mentioned above, the second focus of this chapter is to study the reactivity 

between EW and proteins or amino acids, because such reactivity has previously 

been indicated and also because proteins and amino acids are oxidation-sensitive, 

and EW contains oxidising chemical species (chlorine species and non-chlorine 

ROS).  Sensitivity of proteins to oxidative damage depends on protein properties 

such as amino acid composition, conformation, accessibility of redox-sensitive 

sites, charge distributions and potential metal-binding sites (Chang et al., 2020, 

Avery, 2011). Oxidation of proteins by hydroxyl radicals leads to radical formation 

at -carbon atoms or in the side chains. Subsequent reactions with superoxide or 
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Fe(II) can result in peptide bond cleavage (Stadtman and Levine, 2003). Proteins 

are also highly reactive with FAC, leading to chlorination of amino groups and side 

chains and further downstream modification reactions (Hawkins et al., 2003).  

Protein oxidation at certain residues (e.g., arginine, histidine, proline, lysine, 

threonine, tryptophan) results in irreversible carbonylation (Avery, 2011, 

Fedorova et al., 2014). Phenylalanine and tyrosine are also oxidised by various 

ROS types (Stadtman and Levine, 2003). The main oxidation product of 

methionine is methionine sulphoxide (Hawkins et al., 2003). Cysteine can be 

oxidised at the thiol(ate) group by various oxidants, yielding the sulphenic acid 

form (Poole, 2015). The reactivity of amino acids with specific ROS depends on 

the conditions, for instance at neutral pH (~7), cysteine is more reactive with H2O2 

than methionine (Davies, 2005, Winterbourn and Metodiewa, 1999), but at low 

pH (<5), H2O2 is more likely to oxidise methionine than cysteine because cysteine 

is usually protonated at low pH (Levine et al., 2000). 

2.1.4 Aims 

It is known that NaOCl or EW can react with organic compounds, depending on 

the chemistry of those compounds. However, a clear understanding of the 

reactivities of EW with organic constituents of environmental samples is missing. 

This work focused on the reactivity of soil and EW to help understand and predict 

the feasibility of EW treatments in the food industry and beyond. Furthermore, a 

complex mix of organic compounds (YEPD broth medium) was used to dissect 

which compound classes produce the inactivation of EW, and in that way leading 

to characterisation of proteins and specific amino acids that are highly reactive 

with EW. Most previous studies focused on the bactericidal effect of EW in the 

presence of organic compounds, however extensive data on the fungicidal effect 

is lacking. Therefore, the impacts on EW efficacy were studied by assessing the 
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efficacy against the common food spoilage fungus A. niger, including both a 

standard laboratory strain (A. niger N402) and A. niger isolates from 

contaminated Indian onions.  
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2.2 Materials and methods 

Unless otherwise specified, chemicals were obtained from Sigma-Aldrich or Oxoid 

Ltd., Thermo Fisher Scientific. 

2.2.1 Fungal strains and growth conditions 

The study used the filamentous fungus Aspergillus niger N402 (ATCC 64974). 

A. niger was maintained and grown at 28°C on Potato Dextrose Agar (PDA, Oxoid) 

or YEPD (2% [w/v] bacteriological peptone (Oxoid, Basingstoke, UK), 1% [w/v] 

yeast extract (Oxoid), 2% [w/v] D-glucose). Conidia were harvested in 0.1% [v/v] 

Tween 80 from PDA slopes after one week of growth, filtered through a 40 µm cell 

strainer and spore densities were counted in a haemocytometer. If applicable, 

conidia were cultivated in YEPD for 2–4 h (allowing activation/swelling) or 

germinated and grown for 2 days (150 rev min-1, 28°C, initial inoculum adjusted 

to 105 spores mL-1), and swollen conidia (after 2–4 h) were harvested by 

centrifugation (537g, 10 min) followed by washing twice (9000g, 4 min) and 

resuspending in 0.1% Tween 80 (see 2.2.2.1 for harvest of mycelium after 

2 days). Where necessary, YEPD was solidified with 2% [w/v] agar (Sigma-

Aldrich, St. Louis, MO).  

2.2.2 Isolation of wild fungal strains and ITS sequencing 

2.2.2.1 Strain isolation and preparation of genomic DNA 

Onion samples with black mould contamination were kindly provided by Jain Farm 

Fresh Foods Ltd. in Jalgaon, India. Swabs of the fungal contamination were streak 

plated onto YEPD agar, incubated at 28°C for 2 days and 8 colonies that showed 

A. niger-like morphology were selected (isolates 1–8). Spores from these colonies 

were grown on PDA slopes as described above. Genomic DNA from the 8 wild 

isolates and the A. niger N402 lab strain was extracted using the Wizard® Genomic 
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DNA Purification Kit, following the manufacturer’s protocol for isolation of genomic 

DNA from plant tissue, as follows: Mycelium from 2-day old YEPD cultures 

(105 spores mL-1, 50 mL, 28°C, 150 rev min-1) was harvested by filtration through 

Miracloth and ground to a powder in liquid nitrogen. In a 1.5 mL reaction tube, 

600 µL Nuclei Lysis Solution was mixed with the powder, followed by incubation 

at 65°C for 15 min. After cooling down to room temperature, 3 µL RNase Solution 

was added, the tubes inverted 2–5 times and incubated at 37°C for 15 min. After 

centrifugation (15,000g, 3 min), the supernatant was mixed with 200 µL Protein 

Precipitation Solution and vortexed for 20 s at high speed. After another 

centrifugation step to separate the precipitated proteins from the DNA in solution 

(15,000g, 3 min), the supernatant was added to 600 µL isopropanol, mixed by 

inversion and centrifuged (15,000g, 1 min). The pellet was washed by adding 

600 µL 70% ethanol and inverting several times. After centrifugation (15,000g, 

1 min), the supernatant was removed, and the pellet left to air-dry. The pellet 

was then rehydrated at 4°C overnight in 100 µL DNA Rehydration Solution (10 mM 

Tris-HCl, pH 7.4, with 1 mM EDTA), and the obtained genomic DNA was stored at 

–20°C.  

2.2.2.2 PCR amplification and DNA sequencing 

Internal Transcribed Spacer (ITS) regions were amplified by PCR using the primers 

ITS1 (5'-TCCGTAGGTGAACCTGCGG-3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-

3'), described previously (White et al., 1990). The PCR conditions were as follows: 
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Table 2-1: PCR conditions for the amplification of ITS regions. 

Ingredient Final concentration in 
PCR reaction 

Final amount (50 µL 
PCR reaction) 

10 µL genomic DNA 2 ng µL-1 100 ng 

1 µL dNTPs 0.2 mM 10 nmol 

2.5 µL ITS1 primer 0.5 µM 0.025 nmol 

2.5 µL ITS4 primer 0.5 µM 0.025 nmol 

2.5 µL DMSO 5% 2.5 uL 

10 µL 5X Phusion® HF 
reaction buffer 

1X 1X 

0.5 µL Phusion® HF DNA 
polymerase 

0.02 U µL-1 1 U 

21 µL water –  

 

PCR programme Cycles 

98°C (5 min) 1x 

98°C (0.5 min) 

35x 55°Ca (0.5 min) 

72°C (0.5 min)b 

72°C (10 min) 1x 

10°C (hold) 1x 
a 50°C for isolate 1 and 2 
b 2.5 min for isolate 1 and 2 (these conditions were chosen after 
previous PCR at above conditions was unsuccessful for isolates 1 
and 2) 

 

 

PCR products were purified using the NucleoSpin® Gel & PCR CleanUp Kit 

(Macherey-Nagel), following the manufacturer’s instructions. Samples were sent 

for sequencing with primer ITS4 to Eurofins Genomics EU Sequencing GmbH 

(Cologne, Germany). The sequencing results obtained were analysed using: 

(i) the NCBI BLAST® blastn tool (using standard settings) to identify matches of 

the obtained sequences with ITS sequences from known fungal species, and 

(ii) the EMBL-EBI Clustal Omega Multiple Sequence Alignment tool 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Madeira et al., 2019). Sequences 

and alignments were visualised using SnapGene® Viewer 5.1.7. 

2.2.3 Electrolysed water (EW), NaOCl and ozonated water 

Eloclear® electrolysed water (EW) was provided by Ozo Innovations (Kidlington, 

UK). The EW was manufactured electrochemically in single-cell units with a pH 

8.7–9.3 and a free available chlorine (FAC) concentration between 1800–

https://www.ebi.ac.uk/Tools/msa/clustalo/
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2000 mg L-1. The FAC concentration was checked prior to experiments using the 

HACH® DPD Free Chlorine Reagent (Permachem®) in a HACH® Pocket 

ColorimeterTM II. EW was stored in plastic containers in the dark at 4°C for up to 

2.5 weeks. Dilutions (v/v) were prepared in HPLC grade water (unless stated 

otherwise) immediately prior to use. NaOCl solution (5% chlorine) was purchased 

from ACROS Organics™, Fisher Scientific, stored at 4°C and the FAC concentration 

was checked using the DPD reagent prior to experiments. Ozonated water was 

produced using an Enozo Sanitizing Spray Bottle (SB-100HD) from Enozo 

Technologies, Inc. (North Andover, MA), kindly provided by GreenTeck Global 

(Wallingford, UK). The bottle was filled with sterile filtered tap water (4°C) and 

ozonated water was produced by spraying for 5 s. The water was used within 30 s 

(Chapter 2, Chapter 4) or 2 min (Chapter 3) of its generation. 

2.2.4 Soil samples 

Soil samples from arable land with varying chemical and textural properties were 

kindly provided by Hannah Cooper (University of Nottingham). The soil properties 

are listed in Table 2-2. An additional uncharacterised sample (“soil 8”) was 

autoclaved soil from an untreated control site at the Woburn long-term sludge 

experiment, UK (http://www.era.rothamsted.ac.uk/Other#SEC11) (Gibbs et al., 

2006). All samples (including the previously-autoclaved sample) were sterilised 

using γ-irradiation for 4 days, corresponding to a total dose of 22–26 kGy. 

Samples were then passively dried at 37°C for 4 weeks until a constant weight 

was reached. 

 

 

http://www.era.rothamsted.ac.uk/Other#SEC11
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Table 2-2: Soil type characterisation. Data and samples were kindly provided by 

Hannah Cooper (University of Nottingham). 

# Particle Size 
Characterisation 

LOIa 
[%] 

Sand 
[%] 

Silt 
[%] 

Clay 
[%] 

pH 

1 Sandy_Silt_Loam 7.76 24.6 64.4 10.9 7.71 

2 Sandy_Clay_Loam 7.66 66.8 12.6 20.6 7.9 

3 Sandy_Clay_Loam 3.82 65.8 10.6 23.6 7.88 

4 Sandy_Clay_Loam 13.68 59.3 21.7 18.9 7.73 

5 Clay 7.78 34.4 30.5 35.1 6.38 

6 Sandy_Clay_Loam 6.18 66.8 12.6 20.6 7.71 

7 Sandy_Clay_Loam 5.85 55.5 24.3 20.2 8.1 
a LOI (loss on ignition) is a measure for organic matter content. 

 

2.2.5 Fruits and vegetables 

Blueberries, tomatoes and spinach leaves were purchased from Sainsbury’s (SO 

Organics brand) and washed in sterile distilled water (SDW) before use. To reduce 

potential microbial contamination of the produce surface, UV treatment was 

applied using the Sterilisation programme (90 s) of a GS Gene Linker® UV 

Chamber (BioRad). 

2.2.6 EW or NaOCl treatment of A. niger 

Electrolysed water was diluted in sterile water to 22.5% [v/v] (equals 400–

450 mg L-1 FAC) and either mixed or not with different organic substrates (either 

fruits or vegetables, soil samples, Tween 80, YNB (0.69% yeast-nitrogen base 

without amino acids, Formedium, Norfolk, UK), YEPD components, proteins [as 

specified later] or amino acids). Five minutes after mixing with EW, the solutions 

or suspensions were used to treat freshly harvested conidia (final density 105 

spores mL-1 unless stated otherwise) at final concentrations of 20% EW [v/v], 

≤0.01% [v/v] Tween 80 (0.1 mg mL-1). Treatment volumes were between 0.1–

1 mL (0.1 mL when treatment and recovery were in 96-well plates, 0.5–1 mL in 

reaction tubes for agar plating experiments) except for experiments where fruits 

and vegetables were added which required 20 mL EW to cover the surface area. 

The surface area per treatment was approximately 14 cm2 (blueberries, 2 fruits), 
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30 cm2 (spinach, 1 leaf) and 22 cm2 (tomatoes, 1 fruit), and fruits and leaves 

were intact during the treatments. After defined periods (1–7 min), EW 

treatments were stopped by mixing with an equal or higher volume of two-times 

concentrated (2X) YEPD. After appropriate dilution in YEPD, 100 µL samples were 

plated onto YEPD agar and incubated for at least 2 days, 28°C before colony 

counting. For recovery in broth after EW treatment, 100 µL samples were 

transferred to 96-well plates and incubated statically at 30°C. Growth was 

determined by OD600 readings at appropriate time points in either a BioTek® EL800 

or a PowerWave XS2 microplate reader. In certain experiments, sodium 

hypochlorite (NaOCl) treatment was used for comparison (7.8-fold dilution of the 

purchased solution). NaOCl was diluted in sterile water as specified and used as 

described above for EW. 

2.2.7 Heat treatment after EW treatment to assess potential 

synergistic effect of combined treatments 

After EW treatment of A. niger spores (0.23–9.5% EW, 0.1 mL treatment volume), 

spores suspended in YEPD (0.15 mL) were transferred into 0.2 mL reaction tubes 

and heat treated for 1 min (actively cooling down to 18°C for a 1 min hold after 

the treatment) in a Prime Thermal Cycler, Techne (Cole-Parmer, Stone, UK). 

Different temperatures were achieved with a gradient setting (settings on PCR 

cycler: temperature: 59°C, gradient: 20°C, resulting in 50.3°C [1st column from 

the left on the heating block], 52.5°C [3rd], 54.6°C [4th], 58.2°C [6th], 60.1°C 

[7th], 63.8°C [9th] and 67.3°C [11th]). Heat treatment was carried out ~15–20 min 

after the EW treatment. Aliquots of 100 µL were subsequently incubated statically 

for OD600 determination over time, as described above (2.2.6). 
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2.2.8 Determination of protein and humic acid contents of soil 

samples 

A citrate extraction and a modified Lowry assay were performed as described 

previously (Redmile-Gordon et al., 2013). Briefly, 8 mL of 20 mM citrate buffer 

(pH 7) was added to 1 g of dried soil in 15 mL polypropylene centrifuge tubes and 

autoclaved for 30 min (117°C). After autoclaving, the tubes were cooled on ice 

and then centrifuged (3500g, 20 min, 4°C). The supernatant was stored at 4°C 

for the Lowry assay (“citrate extract”). 

In an alternative citrate + SDS extraction protocol (Chen et al., 2009), 10 mL of 

250 mM citrate buffer (pH 8) was added to 1 g dried soil in 50 mL centrifuge tubes 

and shaken for 4 h (Stuart® see-saw rocker SSL4, 70 rev min-1, with vortexing at 

0 h, 2 h and 4 h). After centrifugation (2876g, 15 min, 4°C), the supernatant was 

collected as “citrate extract II”. 10 mL SDS buffer (1% [w/v] SDS, 0.1 M Tris-HCl 

(pH 6.8), 20 mM DTT) was added to the pellet, shaken for 30 min (see-saw 

rocker, as above), and centrifuged to obtain the supernatant (“SDS extract”). The 

“citrate extract II” and the “SDS extract” were combined for the Lowry assay 

(“citrate+SDS extract”). 

The modified Lowry assay was performed separately for both extracts. For the 

assay, 50 µL extract samples (“citrate extract” or “citrate+SDS extract”, diluted 

between 1:5 and 1:12.5 depending on the assay signal of the extract) were 

transferred to 96-well plates and mixed with 50 µL of PBS containing either BSA 

as protein standard or a humic acid (Sigma-Aldrich) standard (standard 

concentrations in PBS: BSA, 40–640 mg L-1; humic acid, 160–640 mg L-1). Assay 

reagents A and B were prepared by mixing solutions 1, 2 and 3. Solution 1: 

0.35 g mL-1 CuSO4.5H2O in deionised water. Solution 2: 0.07 g mL-1 sodium 

potassium tartrate in deionised water. Solution 3: 0.07 g mL-1 Na2CO3 in 0.35 N 
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NaOH. Reagent A was prepared by mixing solutions 1, 2 and 3 in the ratio 1:1:100, 

and reagent B was the same except solution 1 was substituted with deionised 

water. To each extract + standard combination, 100 µL of CuSO4-containing 

reagent A (in plate A, for protein and humic acid determination) or of CuSO4-free 

reagent B (in plate B, for humic acid determination) was added. Samples were 

incubated for 10 min in the dark, followed by the addition of 100 µL 1X Folin-

Ciocalteu Phenol reagent (ThermoFisher) and 30 min incubation in the dark. The 

absorbance at 750 nm was determined with a BioTek® microplate reader 

(Epoch2). After subtraction of a blank (PBS + reagents), the absorbances 

corresponding to protein (Absprot) and humic acid (Abshum), respectively, were 

calculated from the absorbance readings for plates A and B (AbsA and AbsB) 

(Frølund et al., 1995):  

𝐴𝑏𝑠𝑝𝑟𝑜𝑡 = 1.25 (𝐴𝑏𝑠𝐴 − 𝐴𝑏𝑠𝐵)    𝐴𝑏𝑠ℎ𝑢𝑚 = 𝐴𝑏𝑠𝐵 − 0.2𝐴𝑏𝑠𝑝𝑟𝑜𝑡 

2.2.9 Determination of protein content in YEPD 

The Pierce™ Modified Lowry Protein Assay (ThermoFisher) was performed 

according to the manufacturer’s Microplate Procedure. Samples (20 µL of either 

YEP, peptone or yeast extract, diluted to between 100–600 mg L-1) were mixed 

with 20 µL BSA standard (25–750 mg L-1). Modified Lowry Reagent (200 µL) was 

added, before incubation for 10 min in the dark and subsequent addition of 20 µL 

1X Folin-Ciocalteu Phenol Reagent. After 30 min incubation in the dark, 

absorbance at 750 nm was determined with a BioTek® microplate reader 

(Epoch2). 

2.2.10 In-vitro assays with fluorescent dyes 

The fluorescent probes hydroxyphenyl fluorescein (HPF) and aminophenyl 

fluorescein (APF) (Setsukinai et al., 2003) were supplied by Sigma-Aldrich at 
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5 mM in dimethylformamide (DMF). These were diluted in HPLC grade water to 

50 µM. Dye (10 µL of the 50 µM dilution) was mixed with 10 µL water or diluted 

amino acids or antioxidants (final assay concentration 0.3–10 µM), and 80 µL 

oxidant (diluted EW, NaOCl, pure ozonated water or 30% H2O2) was added. 

Fluorescence was recorded immediately (within 2 min of oxidant addition) and at 

further time points up to 1 h, with excitation at 485/20 nm and emission at 

528/20 nm (BioTek® microplate reader Synergy HTX).  

Dihydroethidium (DHE) was obtained from Thermo Fisher Scientific and 2',7'-

dichloro-dihydro-fluorescin diacetate (DCF) from Sigma-Aldrich. These dyes were 

diluted in water to 5 µM for DCF and 5–3000 µM for DHE (no fluorescence was 

detected at any of these concentrations), and used as described for APF and HPF 

above. 

2.2.11 Statistical analysis and software 

Tests for statistical significance were according to a two-tailed paired t-test, 

correcting for multiple comparisons by controlling the false discovery rate at FDR 

<5%, using a two-stage step-up method (Benjamini et al., 2006). The calculations 

were performed within GraphPad Prism 8 software. Paired tests were used to 

control for observed between-experiment variation in EW effect-size. At least 

three independent replicates were analysed in each case. Significance was defined 

by a p-value <0.05. Linear regressions were calculated in Prism 8, to determine 

R2 and p-values. Correlation analysis was performed within MATLAB® 2018a, 

calculating Pearson’s correlation coefficient and significance with the command 

“corrplot(y,'testR','on')” [y being a matrix of soil characteristics and spore 

survival].   
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2.3 Results 

2.3.1 EW efficacy against A. niger   

2.3.1.1 Killing of laboratory strain (N402) and wild isolates of A. niger by EW treatment 

Freshly harvested conidia of A. niger were killed by short-term EW treatment 

(5 min), when the EW was used at full strength (1800–2000 mg L-1 FAC, detection 

limit ~1–2% survival, Figure 2-1 A). Dilutions of EW and shorter treatment times 

allowed more survival. Concentrations between 0.3–1% EW (5.4–20 mg L-1 FAC) 

were found to result in intermediate killing effects (<1 log) after 5 min and these 

conditions were selected for subsequent experiments requiring partial survival. 

The effect of high concentrations (≥3% EW [≥54–60 mg L-1 FAC]) was assessed 

further (see below). It was also noted that germinating conidia were more 

sensitive than dormant spores to EW treatment (Figure 2-1 B). 
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Figure 2-1: Survival rates of A. niger N402 treated with EW. Conidia (A,B) or 
germinating conidia (B, 2 h or 4 h germination in YEPD, 150 rev min-1, 28°C) were treated 
with the specified EW dilutions (% [v/v], in sterile tap water or HPLC grade water (A) or 

HPLC grade water (B)), for 1 or 5 min as specified (A) or 5 min (B). Survival was 
determined by plating 100 µL of appropriate dilutions on YEPD agar and subsequent colony 
enumeration, calculated as a percentage relative to an untreated control. The detection 
limit was ~1–2% survival. Mean data ± SD are shown for at least 3 biological replicates. 
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The EW sensitivity of the laboratory strain (N402) was compared to wild isolates 

of A. niger from Indian onion samples. To assess the strain identities, the internal 

transcribed spacer (ITS) regions between the 18S and 28S rRNA genes (including 

the 5.8S gene) were amplified with the primers ITS1 and ITS4 and sequenced 

with ITS4 (sequences can be found in Appendix A, 6.1.1) (White et al., 1990). 

Alignments of the resulting sequences with the EMBL-EBI Clustal Omega Multiple 

Sequence Alignment tool (Madeira et al., 2019) showed that the ITS sequences of 

the wild A. niger isolates closely matched the laboratory strain sequence: when 

strains with short sequencing lengths were excluded (isolates 5 [27 bp] and 7 

[133 bp]), the multiple sequence alignment revealed a 422 bp-consensus 

sequence that matched all other strains (isolates 1–4, 6, 8 and N402), except for 

two 1 bp-differences that were detected in the sequence for isolate 4 (more 

differences were observed towards the start and end of the sequences, where 

sequencing inaccuracies may occur, see Appendix A, 6.1.2).  

The NCBI BLAST® blastn tool revealed sequence matches to existing A. niger ITS 

sequences of various A. niger strains and isolates (MBL1511, BFW, Asp-7136, 

AR2, An3-2, JS-1, MSR3, MSR4) in the top-two matches (sorted by ascending 

E values, a statistical parameter which describes how likely a match was obtained 

by chance) for all isolates (these matches had 95–100% sequence identity, see 

Appendix A, 6.1.3; see text below for the top-two matches sorted by descending 

% sequence identity), except isolate 5 which matched best to a Penicillium ITS 

sequence (2nd best match was Aspergillus tubingensis, no A. niger sequence was 

detected in the top 100 hits), most likely due to the very low sequencing length 

for this isolate (27 bp). In some other cases, the best match (sorted by E value) 

was to an unclassified fungal species (isolate 6) or to an A. tubingensis ITS 

sequence (isolate 2, 8 and strain N402; the 2nd best match was A. niger in all 

these cases), most likely due to a high ITS sequence similarity between A. niger 

and A. tubingensis (Accensi et al., 1999) and potential sequencing errors at the 
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beginning and end of the obtained sequencing reads, which would explain the 

A. tubingensis match for the N402 strain. In the case of isolate 7, the top two hits 

matched an uncultured Aspergillus clone and A. terreus, respectively. When the 

BLAST matches were sorted by % sequence identity, the % identity of the first 

two hits was higher (99–100%), and in this case, the first two hits were A. niger 

strains or isolates (bendaryC, TSE15.2, AHBR3, AR2, RS_10, 7M1, DUCC5709, 

CM_MY17_59) for all the isolates in this study, except for isolates 5 and 7.  

With the exception of isolates 5 and 7, the most frequent organism among all 

significant blast-hits were A. niger matches (57–76% of all significant matches). 

In conclusion, the ITS data suggest that isolates 1–4, 6 and 8 may be A. niger 

strains. However, it should be noted that ITS sequencing alone is not sufficient for 

precise species identification and should ideally be combined with sequencing of 

protein-coding loci such as the calmodulin and -tubulin genes (Alshehri and 

Palanisamy, 2020), which may have helped to better distinguish between closely 

related species. Here, it was deemed sufficient that some of the wild isolates were 

likely true A. niger isolates to allow comparison with the EW sensitivity of A. niger, 

so further steps for more precise strain identification were not taken. The 

organisms were assayed with EW. All of the isolates showed similar EW sensitivity 

compared to the N402 laboratory strain (Figure 2-2; isolate 7 was tested in one 

biological replicate only and showed survival similar to isolates 6, 8 and N402 [not 

shown]). Some strains seemed to survive better compared to N402 (e.g., survival 

of strains 1 and 2 at 0.6% EW was on average ~50–60% and ~40% for N402), 

but there was high variation between biological replicates and the killing effect 

was still in a similar order of magnitude for the different strains. This suggests 

that the lab strain is a suitable model for assessing the EW response of A. niger. 

However, it is possible that some wild strains of A. niger such as the ones isolated 

here would show somewhat increased levels of EW resistance compared to the 

results obtained for A. niger N402 in other experiments throughout this thesis. 
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Figure 2-2: Survival rates of wild A. niger isolates from Indian onions compared 

to the laboratory strain A. niger N402. Conidia were treated for 5 min with the specified 
EW dilutions (% [v/v] in HPLC grade water) and survival was determined by plating 100 µL 
of appropriate dilutions on YEPD agar (in technical duplicates) and subsequent colony 
enumeration. The data show mean values ± SD for at least 3 biological replicates. See 
main text for strain details. 

 

2.3.1.2 Log reduction rates of spore viability on agar 

To assess further the efficacy of EW against A. niger N402, after EW treatment 

(105 spores mL-1 in the treatment mix), diluted samples (~100–200 spores) as 

well as concentrated samples (x 25 and x 200 concentrated) were spread plated 

onto YEPD agar plates. The survival was assessed by colony enumeration and 

calculated relative to an untreated control. 10–100% EW resulted in approx. 3–

4 log reduction in spore outgrowth after 5 min treatment, with some variation 

between replicates including reductions >4 log in some cases (Figure 2-3). 

Electrolysed water at a concentration of 20% (360–400 mg L-1 FAC; 5 min 

exposure) was used throughout to give high killing with 105 spores mL-1 in the 

treatment mix, achieving >3 log killing (confirmed in specific experiments as 

stated, see 2.3.2.2 and 2.3.3). 



Chapter 2: EW and organic substances 

59 

 

10
0%

 E
W

20
%

 E
W

10
%

 E
W

3%
 E

W

0

1

2

3

4

5

L
o

g
 r

e
d

u
c
ti

o
n

mean

repl1

repl2

repl3

repl4

+
+

+ + +

 
Figure 2-3: Log reduction rates for EW treatments of A. niger spores as 
determined by recovery on agar plates. A. niger suspensions were treated for 5 min 
with full strength or diluted EW (3–100% [v/v] in HPLC grade water; spore concentration 
in treatment mix was 105 spores mL-1). Treatments were stopped by inactivation with 
2X YEPD and three different dilutions were plated onto YEPD agar (~2–4 x 104, ~2–5 x 103 
and 1–2 x 102 spores per plate, in technical duplicate). Log reduction rates were calculated 
from the resulting survival (colony forming units relative to no-EW control). If colonies were 

distinguishable and reliable for more than one dilution (between ~10 and 200 colonies), 
the average of the resulting reduction rates was used. If no colonies were found on any of 
the plates, the theoretical reduction rate for 1 cfu per plate (on both technical duplicates) 
at the highest spore concentration was calculated and is given in the graph, indicated by a 
“+” above the bar, to represent the minimum log reduction achieved by the treatment 
condition (the real reduction rate is > the given value). Results are shown for 4 independent 

biological replicates separately and also the mean of each set of replicates (in pink). 

 

2.3.2 Influence of environmental organic substances on EW efficacy 

2.3.2.1 Fruits and vegetables 

Because EW may be used on fresh fruits and vegetables, the effect of the presence 

of these products on EW efficacy against A. niger was tested. Adding intact 

blueberries, spinach or tomatoes did not impact the killing by EW of A. niger 

spores in suspension (20% EW [360–400 mg L-1 FAC], 5 min treatment, Figure 

2-4). UV treatment was employed to prevent contamination from natural 

microorganisms on the purchased produce, however no contamination from non-

UV-treated samples was detected when plating EW treatment and control samples 

on YEPD agar for A. niger outgrowth post-treatment (30 µL samples from 20 mL 

treatment volumes, diluted 1:33.3 before plating). UV-treated produce also did 

not influence the EW efficacy. It should be noted that in an application process, 
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the ratio of produce to EW may be higher and damaged fruits and vegetables may 

influence the EW effect more due to increased accessibility of reacting organic 

substances in tissue wounds and juices (no macerated or damaged fruits were 

tested in this study). Adding soil (100 mg mL-1 wet soil) resulted in slightly 

increased survival of EW treatment in one replicate (0.5%; no detectable growth 

in the other two replicates), so the effect of soil was studied further (2.3.2.2). The 

positive control YEPD is discussed below (2.3.3).  
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Figure 2-4: Influence of the presence of fruits, vegetables and soil on the EW 

efficacy. A. niger spores were treated with 20% [v/v] EW (dilution in sterile tap water) for 
6 min in the presence or absence of different organic materials and survival was determined 

by spread plating aliquots containing 100 spores (~60 in one replicate) in technical 
duplicate on YEPD agar and subsequent colony enumeration. A) Data are mean values ± SD 
from at least 3 biological replicates, except UV treated produce: n = 2. B) Example of an 
EW treatment with added fruits, vegetables or soil. Blueberries: surface area approx. 
14 cm2 (2 berries in 20 mL EW), spinach: approx. 30 cm2 (1 leaf), tomatoes: approx. 
22 cm2 (1 fruit). UV treatments were carried out in a GS Gene Linker® UV Chamber 

(BioRad) for 90 s. The soil sample was soil “8” (see 2.2.4), used here without -irradiation 
or drying. *Outgrowth from YEPD-containing treatments was delayed compared to non-EW 

controls (by up to 4 additional days of growth at room temperature after the initial 2 day 
incubation at 28°C); the data shown are for this longer incubation time.  
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2.3.2.2 Soil samples 

Potential applications of EW in the fresh food industry, among other applications, 

may be affected by soil residues on produce or other contaminants; a factor that 

could alter EW activity. Effects of soil on EW activity were therefore tested. In 

standard experimental conditions, EW at a 20% [v/v] dilution (360–400 mg L-1 

FAC) was sufficient to kill >3 log spores of A. niger in 5 min (see “control” in Figure 

2-5; no colony formation was detected when plating ~2000 spores per plate after 

EW treatment). Adding soil (dried and -sterilised) to EW treatments inactivated 

EW-dependent killing only at high soil levels (Figure 2-5 A,C). The soil 

concentration (750 mg mL-1) shown in the figure was chosen after preliminary 

tests with soil “8” showed that smaller soil additions were insufficient for 

suppressing EW activity (not shown). The data are presented both as log reduction 

rates (Figure 2-5 panels C,D) and as survival rates (linear scale, panels A,B) as 

this helps visualize differences in the sizes of the inactivation effects between the 

soil types. Four out of eight tested soils did not give full EW inactivation even at 

750 mg mL-1. The strongest inactivation effect was observed for one soil sample 

(soil 4) which gave full inactivation of EW at 100 mg mL-1 and more limited EW 

action (<2 log killing) at 30 mg mL-1 (Figure 2-5 B,D). At 750 mg mL-1 added soil, 

sample 7 seemed to inactivate EW the strongest, however at lower soil additions 

(100 mg mL-1), soil 7 had a weaker inactivation effect than soil 4 (Figure 2-5). 

The soil concentrations necessary to inactivate EW were compared to a complex 

mix of organic compounds (YEPD, a fungal growth medium). This mix at only 

5 mg mL-1 was sufficient to inactivate EW fully.  
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Figure 2-5: Inactivation of fungicidal EW activity by soil material. Soil 
(characteristics of soils 1–7 listed in Table 2-2), YEPD or water (control) were added as 
specified to 22.5% [v/v] EW and incubated for 5 min, before exposing A. niger spores to 
the (supplemented) EW for 5 min, final concentration 20% EW. Survival rates (A,B) and 

log reduction rates (C,D) were determined by colony growth on YEPD agar after up to 
3 days. A,C) Soil added to a final concentration of 750 mg mL-1. B,D) Soil added to final 
concentrations of 100 or 30 mg mL-1. Data are means ± SD from at least 3 biological 
replicates (except soil 8 in A: n = 2). The log reduction was >3 in control samples (+, no 
cfu detected when plating ~2000 spores). In panels B,D >3 log reduction was detected 
with soil 8 in two out of 3 biological replicates (#). 

 

To explain the differences observed for the different soil types, and because YEPD 

gave strong EW inactivation and contains high protein levels (see below), the 

organic content of the soil samples was dissected. The protein content and the 

humic substance content of the soils were determined in citrate extracts and, to 

increase the range of extracted proteins, also in citrate+SDS extracts (Chen et 

al., 2009). Protein levels were low (below 5–10 mg g-1 soil) compared to the humic 
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substance levels (>12 mg g-1; Figure 2-6 B) and these low protein levels for the 

different soil types did not appear to correspond with their relative EW inactivation 

efficiencies (Figure 2-5 A,C). Soil 4 showed a high level of humic substances (in 

both types of extract; Figure 2-6 A) and had the strongest inactivating effect on 

EW (Figure 2-5 B,D). Humic substances in soil extracts are formed by 

accumulation, aggregation and degradation of organic molecules (Lehmann and 

Kleber, 2015). The extraction methods used here do not claim full representation 

of all soil organic matter, but the comparison between the soil types indicates a 

higher organic content in soil 4 compared to the other soil types (see Discussion 

2.4.3). 
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Figure 2-6: Determination of organic and protein content in soil extracts. Organic 
compounds from soil samples (characteristics listed in Table 2-2) were extracted with 
protocols using either citrate or citrate+SDS (see 2.2.8). With a modified Lowry assay, both 
the organic content, measured as humic acid (A), and the protein content (B) were 
measured (Redmile-Gordon et al., 2013). Values are means of 2 technical replicates ± SD. 

B) No protein was detected in at least one of the technical replicates for soils 1, 4 and 8 
(with both extraction methods) and soil 2 (citrate + SDS extract). 

 

A Pearson’s correlation analysis revealed no significant correlation between any of 

the soil characteristics (textural properties, pH and organic content as given in 

Table 2-2 and Figure 2-6) and the effect on EW efficacy against A. niger spores 

(Figure 2-7). However, a moderate (non-significant) correlation between spore 
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survival and sand content or silt content was found, where spore survival 

increased with decreasing particle size (i.e., decreasing sand content/increasing 

silt content). In soil particle characterisation, sand represents large and silt 

smaller particles, see 2.1.3.1 (Martín et al., 2018). Fungal survival of the 

treatments (i.e., EW inactivation by soil) increased with decreasing particle size, 

i.e., with increasing total surface area of particles in the treatments. Furthermore, 

a moderate, non-significant positive correlation between LOI (measure of soil 

organic content) and the survival was found, consistent with the findings above 

regarding the high organic-content of soil 4.  

 
Figure 2-7: Correlation matrix for soil characteristics and EW inactivation by the 
soil. Data from Table 2-2, Figure 2-6 and Figure 2-7 (excluding soil 8). Numbers indicate 
Pearson’s correlation coefficient and a red colour indicates significance (p≤0.05, two-
tailed). Surv., survival rates of A. niger treated with 20% EW with 750 mg mL-1 added soil 

sample (1.0 = 100% survival). prot., protein content in citrate extracts of the soil samples. 
hum, organic content in citrate extracts. pSDS, protein content in citrate+SDS extracts. 
hSDS, organic content in citrate+SDS extracts. LOI: loss on ignition (measure of organic 
content). Correlation calculated and plotted in MATLAB® 2018a. 
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2.3.3 Influence of YEPD medium, a ‘model’ complex mix of organic 

substances 

Because of the above indication of a relationship between soil organic load and 

EW inactivation, YEPD, a complex mix of organic substances, was selected for 

investigating the effects of different organic constituents of this fungal growth 

medium. Increasing additions of YEPD progressively inactivated the fungicidal 

activity of EW (20% EW [360–400 mg L-1 FAC], Figure 2-8 A; 1 min EW treatment 

in the control without added substances resulted in at least 2.5 log spore killing). 

YEPD consists of peptone (40% [w/w] of the YEPD dry weight), yeast extract (YE, 

20% [w/w]) and glucose (40% [w/w]). Further testing showed that two of the 

individual components (peptone and YE) each had inactivating effects on EW, but 

glucose did not (Figure 2-8 B). Both peptone and YE contain high protein 

concentrations, determined as 98% and 52% [w/w], respectively (Table 2-3; 

these are estimates as non-protein substances can interfere with the Lowry 

reaction in complex mixtures, Everette et al. (2010)). The inactivating effect was 

then examined with purified proteins (Figure 2-9; 5 min EW treatment resulted in 

at least 3 log spore killing). Lysozyme and bovine serum albumin (BSA) 

inactivated EW at a concentration range similar to peptone and YE (0.5–

1 mg mL-1) but achieved a more complete inactivation (~100% inactivation at 

1 mg mL-1 BSA or lysozyme). Lysozyme seemed to inactivate EW better than BSA. 

With peptone and YE, colony formation by surviving spores was delayed by up to 

4–5 additional days compared to control growth without treatment, whereas with 

BSA or lysozyme, most colonies were small but visible after the usual 2 day growth 

period. Spore suspensions in this study were prepared in Tween 80 (final 

concentration in EW treatments is 0.01–0.1 mg mL-1 Tween 80) and it was 

confirmed that the presence of Tween did not interfere with EW efficacy (Figure 

2-8 A,B). A different fungal growth medium, YNB, did not reduce the EW efficacy 
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(Figure 2-8 B), although it should be noted that the concentration of its 

constituents was lower compared to the YEPD components tested in the same 

experiment, but the YNB concentration was comparable to the concentrations 

tested in Figure 2-9, where YE, BSA and lysozyme reduced the EW efficacy. 
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Figure 2-8: Inactivation of fungicidal EW activity by YEPD. Organic constituents were 

included at the indicated concentrations in EW preparations (20% EW, [v/v]) used to treat 
A. niger spores. A) YEPD [consisting of peptone (40% [w/w] of the dry weight), yeast 
extract (20%), glucose (40%)], B) YEPD components (YE, yeast extract; YEP, YE + 

peptone; YEPD, YEP + glucose), YNB (without added glucose), Tween 80. The organic 
components were added 5 min prior to use of the EW for short-exposure (A, 1 min; B, 
7 min) treatments of spores. Survival rates were determined by colony counts on YEPD 
agar. Values shown are means from biological triplicates ± SD, except Tween additions in 
A: n = 2. B) Appearance of colonies was delayed after some treatments, as specified where 
% survival after up to a week (black) is greater than from counts at 2 days (pink; growth 
was at 28°C for the first 2 days and then at room temperature). 

 

Table 2-3: Protein concentrations in YEP components. 

 YEPb Peptone YEc 

Protein 

concentration 
(w/w) [%]a 

82.3 ± 5.9 98.4 ± 23.0 52.0 ± 4.4 

a Determined using the Pierce™ Modified Lowry Protein Assay (ThermoFisher). Data are 
means from technical triplicates ± SD. 
b YEP comprised 66.7% peptone and 33.3% YE, reflecting the relative compositions of 
these components in YEPD medium. 
c YE, yeast extract. 
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Figure 2-9: Inactivation of fungicidal EW activity by pure proteins, yeast extract 
and peptone. Organic constituents were included at the indicated concentrations (A, 
1 mg mL-1; B, 0.5 mg mL-1) in EW preparations (20% EW, [v/v]) used to treat A. niger 
spores. YE, yeast extract; YEP, YE+peptone; BSA, bovine serum albumin. The organic 
components were added 5 min prior to use of the EW for 5 min treatments of spores. 

Survival rates were determined by colony counts on YEPD agar. Values shown are means 
from biological triplicates ± SD. Appearance of colonies was delayed after some treatments, 
as specified where % survival after up to a week (black) is greater than from counts at 
2 days (pink; growth was at 28°C for the first 2 days and then at room temperature). 

 

2.3.4 Influence of amino acids 

2.3.4.1 Comparing the 20 main proteinogenic amino acids 

To dissect protein constituents that may contribute to EW inactivation, the effects 

of the protein building blocks, amino acids, were tested. To compare their effects, 

the amino acid concentrations necessary to inactivate EW were determined at an 

EW concentration that, on its own, results in >3 log reduction of A. niger spores 

(20% EW [360–400 mg L-1 FAC]). All 20 tested amino acids supplied at between 

5 to 7 mM at least partly inactivated fungicidal EW activity (Figure 2-10 A). The 

strongest inactivating effects on EW (i.e., at amino acid concentrations lower than 

2.5 mM) were found for tryptophan (Trp), tyrosine (Tyr, for which 2.5 mM was 

the highest concentration attainable due to low Tyr solubility in water), cysteine 

(Cys) and methionine (Met). Certain other amino acids [arginine (Arg), histidine 

(His), asparagine (Asn)] also showed a mild elevation in EW inactivation compared 

to the remaining amino acids, evident at later time points (Figure 2-10 B). 
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Figure 2-10: Inactivation of fungicidal EW activity by amino acids. Amino acids were 

included at the indicated concentrations in EW preparations (20% EW, [v/v]) 5 min prior 
to 5 min EW treatment of A. niger spores. Growth was determined in YEPD broth by OD600 
readings and normalised to control growth without EW treatment. A) Readings after 24 h 
for all tested amino acids. B) Readings after 24 h, 48 h and 72 h for selected amino acids 
to highlight growth delays. Mean values are shown from 3 biological replicates (except 
lysine: n = 2). Within each replicate experiment, assays were split across two 96-well 
plates, both of which contained Met and a no-amino acid (water) control as internal 

controls, shown as (I) and (II). Tyrosine values ≥2.5 mM are missing due to limited water 
solubility. Numerical values and standard deviations are listed in Appendix B (6.2.1). 

 

2.3.4.2 The effect of oxidised methionine 

Because Met can be oxidised to methionine sulphoxide (MetO) and Met was among 

the amino acids that were the most reactive with EW (2.3.4.1), the inactivating 

effects of Met and MetO were compared. EW and also NaOCl were inactivated by 

lower concentrations of Met than MetO (Figure 2-11 A,B), consistent with a lower 

oxidant scavenging capacity of the oxidised form. Surprisingly, high 

concentrations of MetO (5–7 mM) in combination with EW treatment resulted in 

partial growth inhibition whereas intermediate MetO concentrations (2.5–3.5 mM) 

showed EW inactivation (better fungal growth), and such a difference between the 

effect of high and intermediate concentrations was not observed with (reduced) 
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Met. The growth inhibitory effect was even more pronounced when MetO 

concentrations between 21–42 mM were mixed with EW (one replicate; Figure 

2-11 C; absolute OD600 values are shown here to demonstrate the absence of 

inhibition with MetO alone in the water control). When spores were diluted 1:10 

in YEPD instead of 1:2 after treatments, the inhibition at high MetO concentrations 

disappeared, whereas without the dilution, an inhibition was visible even when the 

pre-mixed EW and MetO were inactivated by YEPD addition before addition to the 

A. niger spores (Figure 2-12 A,B). One explanation for the growth inhibition could 

be the potential formation of a toxic product in the medium upon oxidation of 

MetO by EW. This product may be less susceptible to inactivation by YEPD than 

the EW active chemical species, which would explain the growth inhibition that 

was observed when adding spores to the EW-MetO mix after the YEPD inactivation 

step.    
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Figure 2-11: Inactivation of fungicidal EW activity by Met and MetO. Amino acids 
were included at the indicated concentrations in EW preparations (20% EW, [v/v]) or NaOCl 

dilutions (6400 mg L-1, see comment at the end of this legend) 5 min prior to 5 min EW 
treatments of A. niger spores. Outgrowth of treated spores was determined in YEPD broth 
by OD600 readings after 40 h or 72 h. A,B) Two time points of the same experiments. 
Readings are normalised to control growth without EW treatment. C) Separate experiment 
with higher amino acid concentrations. Mean values are shown from 3 biological replicates 
(A,B) or data from 1 replicate (C). Numerical values and standard deviations for A and B 

are listed in Appendix B (6.2.2). MetO, methionine sulphoxide. ctrl, control (no EW). aa, 

amino acid. Regarding the NaOCl concentration, it should be noted that this concentration 
was calculated after diluting a purchased 5% NaOCl solution 1:7.8 but was not confirmed 
by FAC measurement. In other experiments, the measured FAC of dilutions of the 
purchased NaOCl solution was lower than the calculated FAC, therefore it is likely that the 
actual NaOCl concentration was lower than stated.  
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Figure 2-12: Investigating potential toxic product formation from MetO-EW-
reactivity that may persist after YEPD inactivation of EW. i) Amino acids were 
included at the indicated concentrations in EW preparations (20% EW, [v/v]) 5 min prior 

to 5 min EW treatment of A. niger spores. ii) Amino acids and EW were incubated for 5 min, 

followed by YEPD addition to inactivate the EW, and subsequent treatment of A. niger 
spores with the inactivated EW (inactiv.), to assess whether fungal growth inhibition at high 
MetO levels (mixed with EW) occurs even when fungal spores are not exposed to active 
EW. In both cases, outgrowth of treated spores was determined in YEPD broth by OD600 
readings after 40 h. A) Inactivating the EW with YEPD (either before or after the spore 
treatments) dilutes the treatments (and Met/MetO concentrations) by 1:2. B) Samples from 

the same experiments as in A were further diluted with YEPD before assessing the 
outgrowth in broth (final dilution 1:10), to determine whether dilution of a proposed toxic 
product would abolish the growth inhibition effect. Mean values are shown from biological 
duplicates. Numerical values and standard deviations are listed in Appendix B (6.2.2). 
MetO, methionine sulphoxide. aa, amino acid. ctrl, control (no EW); inactiv., EW inactivated 
prior to spore treatment by mixing with 2X YEPD. 

 

2.3.5 Amino acids inactivate the oxidising properties of EW 

2.3.5.1 Reactivity of Met and Cys with the FAC in EW 

Methionine and other amino acids might be directly oxidised by EW, with 

simultaneous depletion of oxidising species in EW. The oxidising properties of EW 

were assayed with the oxidation-sensitive fluoroprobes HPF and APF. These 

probes enable the distinction between FAC (–OCl/HOCl) and other ROS (mainly 

•OH and ONOO–). While the reactivity of APF and HPF with other ROS is of a similar 

order (albeit up to 5x stronger with APF), APF reactivity with FAC is up to 600x 

stronger than HPF (Setsukinai et al., 2003). HPF fluoresces strongly only at 

≥5-fold excess of FAC (Flemmig et al., 2012). To test selective detection of FAC 

with APF but not HPF, equimolar levels of probe and oxidant were used (5 µM 

probe; the FAC of EW [~1800 mg L-1] would correspond to 5.5 µM HOCl at 

0.016% [v/v] EW [~0.3 mg L-1 FAC]). Only APF was fluorescent at these levels, 
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whereas EW concentrations ≥0.8% resulted in both APF and HPF fluorescence 

(Figure 2-13 A). A similar pattern was observed for diluted NaOCl (0.008% [0.24–

0.25 mg L-1 FAC], 3.2–3.3 µM, Figure 2-13 D), indicating that the FAC might be 

(one of) the main oxidising agent(s) in the EW. The strong correlation between 

fluorescence signals in response to NaOCl and EW (Figure 2-14) further supports 

that the FAC in EW may be the main oxidising species. 

The amino acids His, Ala, Arg, Asn, Trp, Met and Cys (chosen based on a stronger 

EW inactivation effect compared to other amino acids, see Figure 2-10, plus Ala 

as a negative control) were added to the EW and NaOCl oxidant solutions, to test 

effects on APF oxidation. At 1.2 µM added amino acid, only methionine and 

cysteine produced significant decreases in the APF-oxidising properties of either 

EW or NaOCl (Figure 2-13 B,E). Interestingly, this differed from the results 

obtained by the growth assay in Figure 2-10 where Trp inactivated EW more 

strongly than Met and Cys. 

Because Met is expected to be oxidised and the work above indicated that reduced 

L-Met inactivated EW better than MetO (2.3.4.2), these molecules along with the 

D-isomer of Met were compared also for effects on APF oxidation by EW and NaOCl 

(Figure 2-13 C,F). L-Met and D-Met resulted in an equally strong reduction of the 

oxidising properties of both EW and NaOCl. MetO had a weaker effect on APF 

oxidation by EW and NaOCl, in keeping with a model in which oxidation of Met to 

MetO by EW or NaOCl reduces FAC species which are then no longer available for 

oxidation of APF.  

Increasing concentrations of Met and Cys additions decreased the APF 

fluorescence signal, consistent with a concentration-dependant quenching of EW 

and NaOCl oxidising activity (Figure 2-15 A,B). The quenching effect of Cys was 

stronger than that of Met at all tested concentrations.  
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Figure 2-13: Influence of amino acids on the oxidising properties of EW and 

NaOCl. A,D) The fluorescent ROS probes APF and HPF (5 µM) were mixed with different 
dilutions of EW (A) or NaOCl (D) [100% (v/v) EW = 1800–2000 mg L-1 FAC; 100% NaOCl 
= 3000–3100 mg L-1 FAC]. Fluorescence (RFI, relative fluorescence intensity) was recorded 
within two minutes of mixing. B,C,E,F) The effect of amino acids (1.2 µM) supplemented in 
the APF-oxidant mix on the fluorescence signal was tested at approximately equimolar 

concentrations of dye (5 µM) and EW (0.016% EW; 5.5–6.1 µM HOCl [FAC expected to be 
primarily HOCl]; B,C), or NaOCl (0.008% = 3.2–3.3 µM; E,F). Mean values ± SD are shown 

for at least 3 replicates. aa, amino acid. *p<0.05; **p<0.01; ns, not significant; according 

to paired t-test (two-tailed) with correction for multiple comparisons by controlling the false 
discovery rate at 5% FDR (Benjamini et al., 2006). 

 

0 50 100 150 200
0

50

100

150

200

250

APF fluorescence (RFI)

with EW

A
P

F
 f

lu
o

re
s

c
e

n
c

e
 (

R
F

I)

w
it

h
 N

a
O

C
l

    R squared 0.9906

    P value <0.0001

 
Figure 2-14: Correlation between NaOCl and EW induced APF fluorescence. Data 
from Figure 2-15. Fluorescence of APF mixed with NaOCl or EW and increasing 

concentrations of Met or Cys was recorded within two minutes of mixing and resulting 
values are plotted (RFI, relative fluorescence intensity). The linear regression, coefficient 
of correlation (R2) and p-value of the regression are given. 
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Figure 2-15: Influence of increasing Met and Cys concentrations on the oxidising 
properties of EW and NaOCl. The fluorescent ROS probe APF (5 µM) was mixed with Met 

or Cys and 0.016% EW (~5.5–6.1 µM HOCl) (A) or 0.008% NaOCl (3.2–3.3 µM) (B). 
Fluorescence (RFI, relative fluorescence intensity) was recorded within two minutes of 
mixing. Mean values ± SD are shown for at least 3 replicates. aa, amino acid. *p<0.05; 
**p<0.01; ***p<0.001; according to paired t-test (two-tailed) with correction for multiple 
comparisons by controlling the false discovery rate at 5% FDR (Benjamini et al., 2006). 
Comparisons are between amino acid addition and amino acid free control (no aa) unless 
specified by a connecting line. 

 

2.3.5.2 Comparing effects of Met and Cys to other antioxidants 

The strength of inactivation of the oxidising properties of EW and NaOCl by Met 

and Cys was compared to that of other common antioxidants. Cys and Cys-

containing antioxidants (reduced glutathione, N-acetyl-cysteine) decreased the 

APF-oxidising properties of both oxidants the most (Figure 2-16). The effect of 

Met was in a similar range as dithiothreitol (DTT) and ascorbate. 
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Figure 2-16: Reactivity of antioxidants with EW and NaOCl. The fluorescent ROS 

probe APF (5 µM) was mixed with antioxidants (1.2 µM) and 0.016% EW (~5.5–6.1 µM 
HOCl) (A) or 0.008% NaOCl (3.2–3.3 µM) (B). Fluorescence (RFI, relative fluorescence 
intensity) was recorded within two minutes of mixing. Mean values ± SD are shown for at 

least 3 replicates. GSH, reduced glutathione. NAC, N-acetyl-cysteine. DTT, dithiothreitol. 

Ascorbate, sodium L-ascorbate. DMSO, dimethyl sulphoxide. 

 

2.3.5.3 Testing other dyes and oxidants 

Other probes for reactive oxygen species were tested. The fluoroprobe DCF (2',7'–

dichlorofluorescin diacetate) was much less sensitive in this assay than APF and 

HPF (above) whereas no fluorescence was detected with the dye DHE even at high 

EW concentrations (Figure 2-17 A). It was noted that with high EW concentrations, 

such as 80% (1440–1600 mg L-1 FAC; 27–30 mM HOCl), the fluorescence of DCF, 

APF and HPF decreased within minutes after the first reading (not shown), 

suggesting oxidative damage to the dyes. In contrast, the fluorescence signal in 

the experiments above where lower FAC was used (2.3.5.1, 0.016% EW and 

0.008% NaOCl) was stable over a 1 h period. Additionally, high EW concentrations 

required the use of higher amino acid concentrations (1.5–6 mM) in order to see 

their effect, which in the case of some amino acids stabilised the fluorescence or 

even led to a slow fluorescence increase over a 1 h period in oxidant-free water 

controls (with all tested dyes, not shown). This suggested reactivities of the dyes 

with amino acids when the latter were supplied at high concentrations, likely to 

interfere with measurements of oxidation by EW or NaOCl (there was no evidence 
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for such artefacts at the low oxidant and amino acid concentrations used in the 

APF experiments above). Due to the high EW concentrations required for a DCF 

signal, this dye was not used to further investigate the reactivity of EW and amino 

acids. Similarly, NaOCl only resulted in DCF fluorescence at high oxidant 

concentrations (Figure 2-17 B) and fluorescence was lost within 10 min after the 

first measurement. 

As a non-chlorine oxidant, H2O2 was tested. Only APF resulted in a fluorescence 

signal but it was of much lower intensity than the signals achieved with EW and 

NaOCl (Figure 2-17 C, with undiluted H2O2 [30%; 8.8 M]). APF fluorescence was 

stable or increased over time, ruling out oxidative damage to the dye as was seen 

with high EW concentrations. 6 mM Cys quenched the APF fluorescence whereas 

6 mM Met did not (15 mM Met was tested in one additional replicate [not shown] 

and did not decrease the APF fluorescence). Due to the low signal intensity, no 

further tests were carried out with H2O2. 
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Figure 2-17: Reactivity of EW, NaOCl and H2O2 with ROS-/FAC-fluoroprobes. A) 
EW dilutions (100% [v/v] EW = 1.8–2.0 g L-1 FAC, 34–38 mM HOCl) were mixed with the 
fluorescent dyes DCF (5 µM) and DHE (pooled data from experiments with 5–3000 µM dye, 
no fluorescence recorded at any tested concentration in this range). B) NaOCl dilutions 
(100% [v/v] NaOCl = 3.0–3.1 g L-1 FAC, 40–42 mM) were mixed with DCF. C) 30% H2O2 
(8.8 M) was mixed with the fluorescent dyes DCF, HPF, APF. Met and Cys were included as 
specified. Fluorescence (RFI, relative fluorescence intensity) was recorded within two 

minutes of mixing. Dye concentrations were 5 µM for DCF, APF and HPF and 5–3000 µM 
for DHE (no fluorescence was detected at any of these concentrations). Mean values ± SD 
are shown for at least 3 replicates, except for A: concentrations between 0.016% and 8% 
EW are 1–2 replicates. 
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2.3.5.4 Reactivity of Met and Cys with ozonated water 

Ozonated water was applied as a different, non-chlorine oxidant, to help dissect 

effects that may be attributed to FAC versus ROS. In contrast to EW, ozonated 

water produced similar fluorescence responses with APF and HPF (Figure 2-18 A), 

consistent with the relative ROS selectivity of the probes (Setsukinai et al., 2003). 

No DCF or DHE fluorescence could be detected with ozonated water (not shown). 

Met and Cys could suppress the oxidising actions of ozonated water on APF and 

HPF (Figure 2-18 B,C; note Figure 2-19 for details about the choice of time points 

for HPF fluorescence readings). However, this suppression required higher 

concentrations of the amino acids (10 µM) than for EW inactivation (1.2 µM). At 

10 µM amino acid, fluoroprobe oxidation by EW was nearly fully suppressed by 

Met and Cys and partially suppressed by Asn (Figure 2-18 D). These results may 

suggest a lower reactivity of the amino acids with ozonated water than with EW 

(Figure 2-13 vs. Figure 2-18), although it is also possible that the concentration 

of active species was higher in ozonated water than in EW (note however that the 

fluorescence intensity of APF mixed with ozonated water was lower than when APF 

was mixed with EW, suggesting less active species in ozonated water, although 

this could also be due to differences in the reactivity of the two oxidants with APF). 

The strong reactivity of both NaOCl and EW with Met and Cys suggests that FAC, 

as opposed to other potential ROS components of EW, is likely the main EW 

component reacting with these amino acids. 
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Figure 2-18: Influence of amino acids on the oxidising properties of ozonated 
water. The fluorescent ROS probes APF and HPF (5 µM) were mixed with ozonated water. 
Fluorescence (RFI, relative fluorescence intensity) was recorded within two minutes of 

mixing and again 13 min later. B,C) Effects of amino acids supplied at the specified 

concentrations in the APF-ozonated water mix (B) or HPF-ozonated water mix (C). Because 
HPF fluorescence strongly increased within the first few minutes, and no significant effect 
of the amino acids was visible at the first time point (<2 min), data for the 15 min time 
point are shown for HPF (cf. Figure 2-19). D) Effect of high amino acid concentrations 
(10 µM) supplied in an APF-EW mix (experimental details as described in Figure 2-13). 
Mean values ± SD are shown for at least 3 replicates. *p<0.05; **p<0.01; ***p<0.001; 

ns, not significant; according to paired t-test (two-tailed) with correction for multiple 
comparisons by controlling the false discovery rate at 5% FDR (Benjamini et al., 2006). 
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Figure 2-19: APF and HPF fluorescence with ozonated water over a 1 h period. 
Ozonated water was mixed with the fluorescent dyes APF (A) or HPF (B) and 10 µM amino 
acids, as specified. Fluorescence (RFI, relative fluorescence intensity) was recorded over a 
1 h period. Selected time points are shown in Figure 2-18 B and C. Whereas APF 
fluorescence increased slightly in all samples over time (preserving relative relationships 

between the different treatments), differences between conditions became more 
pronounced over time with HPF. The forth of the plotted time points (t<15 min) was used 
to compare the conditions in Figure 2-18. Data are mean ± SD for at least 4 replicates. 
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2.3.6 Heat treatment 

Different sanitising treatments are often applied in combination to increase the 

antimicrobial efficacy, and previous studies had indicated a beneficial effect of EW 

combined with heat treatment (Ovissipour et al., 2018, Han et al., 2018). The EW 

in this study was combined with subsequent heat treatment (Figure 2-20). 

Synergies for drug combinations are usually assessed by calculating the FIC 

(fractional inhibitory index) but this requires 2-fold concentration differences 

between tested dosages in a series. With heat treatment, this was not achievable 

as the thermal killing effect takes place over a small range of temperatures. 

Instead, here the EW concentration and heat treatment that resulted in the lowest 

detectable growth (when combined) were compared separately and in 

combination. In both biological replicates, the growth in the combination appeared 

to be lower than expected from (the product of the fractional growth obtained for) 

each treatment individually (repl1: combination of 2.16% EW [~40 mg L-1 FAC] 

and 60.1°C — relative growth 0.76 [effect of EW alone] x 0.48 [effect of heat 

treatment alone] = 0.36, versus 0.08 measured; repl2: combination of 4.54% EW 

[~95 mg L-1 FAC] and 60.1°C — 0.50 x 0.66 = 0.33 versus 0.04 measured; Figure 

2-20). Therefore, the combination of EW and heat treatment may be beneficial in 

an application setting, although the presented data alone do not establish that the 

effect size is necessarily large enough to make this a commercially-viable strategy. 

It may be also beneficial to test heat treatment prior to or simultaneously with EW 

treatment.   
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Figure 2-20: A. niger EW treatment followed by heat treatment. Spores of A. niger 
N402 were treated with EW (0.23–20% [v/v] in SDW, ~4–400 mg L-1 FAC, 5 min). 
Treatments were stopped by adding equal volumes of 2X YEPD and 150 µL aliquots were 

heat treated (50.3–67.3°C) for 1 min (Prime Thermal Cycler, Techne). Growth was 
determined in YEPD broth by OD600 readings after 48 h and normalised to control growth 
without EW treatment. Fields are labelled with the numerical value. Data from 1 biological 
replicate each in A and B. RT, room temperature. 
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2.4 Discussion 

Sanitisers are widely used in many industrial and domestic settings. In the food 

industry, A. niger is a relevant spoilage fungi, and this study showed EW to be 

effective in killing A. niger spores of a laboratory strain and of A. niger isolates 

from contaminated onions. One key consideration of EW applications is the 

potential for incidental dampening of activity, e.g., by contaminating organic 

matter. This study used a top-down approach, starting from complex substances 

and narrowing down reactivity to specific organic molecules. The EW retained 

partial fungicidal activity with high levels of added soil, and soil with higher organic 

load gave stronger inactivation of EW. The fungal growth medium YEPD, a complex 

mix of organic substances, strongly inhibited EW activity, and this was linked to 

the protein-rich components of YEPD. Pure proteins and amino acids strongly 

inactivated EW, and specific amino acids were identified that were specifically 

reactive with EW, compared to the rest of the amino acids. Knowledge of such 

reactivities is important for estimating the outcome of potential EW applications 

where organic materials may be present. 

2.4.1 EW efficacy 

The EW used in this study resulted in (on average) 3–4 log killing of A. niger 

spores at FAC concentrations between 180–2000 mg L-1 (10–100%) (with 105 

spores mL-1 in the treatment mix and 5 min treatment). Other studies found EW 

(55 or 80 mg L-1, pH 2.8 or 6) to be effective against A. niger spores (5 or 1.2 x 

105 spores mL-1 in the treatment mix) so that no growth was observed after 30 s 

or 5 min treatment, respectively (Buck et al., 2002, Gunaydin et al., 2014). In 

those studies, the growth assays after the treatment assessed % germination 

(assessed by microscopy) from 200 spores or colony formation from 120 spores 

and showed full inhibition. Due to the low number of assessed spores, a 

meaningful log reduction rate cannot be determined. The EW in this study at a 
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similar FAC (54–60 mg L-1, 3% EW) achieved slightly less than 3 log killing (on 

average 2.9 log). In a recent study, EW (121 mg L-1 FAC, pH 2.8, 15 min) resulted 

in less than 2 log killing of A. niger spores (and less than 1 log for one tested 

strain) (Gonçalves Lemos et al., 2020). However, this study used a European 

Standard protocol for assessing disinfectants in which spores are suspended in a 

1 g L-1 peptone solution with added milk powder. Both of these additives would be 

expected to strongly interfere with the EW efficiency, considering the results 

presented here for similar types of additions in EW treatments. 

Generally, early germinating conidia (2 or 4 h germination in YEPD) were more 

sensitive to the EW in the present study than dormant conidia (treated within ~1 h 

after harvesting, in 0.1% Tween), consistent with the role of spores as stabilised 

cells that are formed in adverse conditions and that exhibit increased stress 

resistance (Dijksterhuis, 2017). In application settings, a mixture of germinating 

and un-germinated spores may be present (e.g., on onion surfaces). The results 

here indicate that the effectiveness of an EW treatment should be modelled based 

on the response of dormant spores in order to ensure killing of either stage. The 

sensitivity of later germination stages or mycelium was not tested here. 

Different natural environments will select for fungal strains with different 

phenotypes and genotypes. Different fungal strains from the same species isolated 

from different locations can display different behaviour and stress tolerance 

depending on their site of isolation, and compared to common lab strains (Ashu 

et al., 2018, Kvitek et al., 2008). Environmental isolates obtained from 

contaminated onions showed ITS-sequence similarity with known A. niger strains 

and some of the isolates may be A. niger strains. However, these isolates showed 

similar EW sensitivity as the laboratory strain A. niger N402. This result supports 

the use of EW for effective control of A. niger spores present during industrial 

treatments, e.g., on contaminated onions. However, it should be kept in mind that 
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strains may behave differently depending on their environment (e.g., growing on 

artificial media vs. fruit/vegetable surfaces) which could affect their stress 

resistance. 

2.4.2 Inactivation of EW by organic compounds 

In the case of processing applications relevant to the food industry, sanitisation 

may be influenced by soil and complex organic mixtures derived from fresh 

produce or from processing and irrigation water. Prior removal of soil with water 

washing steps would increase the water consumption and require subsequent 

sanitisation of the wash water. It has previously been reported that different 

complex organic substances (peptone, glycine, milk, minced meat, chopped 

cabbage, and river natural organic matter) can react with the FAC in EW, depleting 

the FAC and forming combined chlorine with lower sanitising activity than FAC 

(Oomori et al., 2000, Ogunniyi et al., 2019). Combined chlorine compounds such 

as chloramines (from reaction of FAC with amines) can retain mild oxidising 

activity (Hawkins et al., 2003). Therefore, survival-based tests were used in this 

study instead of FAC analysis in order to assess the EW efficacy in the presence 

of organic substances.  

Results of the present study indicated that fungicidal EW activity is not affected 

by the presence of intact fruits and vegetables. While this is promising for potential 

applications, the EW:fruit ratio in an industrial setting may differ from that tested 

here, and microorganisms attached to the fruit surface or in crevices may be more 

protected from EW than spores in suspension (spores were treated in suspension 

in the experiments here). Damage to the fruit surfaces would alter the pH 

(influencing the FAC-composition) and allow juices to interact with the EW. It is 

likely that these factors would increase the risk of inactivating the active species 

in EW during an industrial washing/sanitising process. Notably, electrolysed water 
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has been successfully applied to reduce the microbial contamination of freshly cut 

vegetable pieces, with the relative efficacy of treatment depending on the 

vegetable type (Izumi, 1999). In a different study, EW did not prevent mould 

spoilage around wounds on apples, but was effective at reducing cross-

contamination between apples (Okull and Laborde, 2004). The risk of inactivation 

of EW activity will need to be determined with the specific produce or produce 

group in mind, and food properties such as antioxidant contents may help to 

predict the inactivation risk. However, in this study, the chosen focus was the 

reactivity of EW with soil, seeing as soil contamination is likely to be present in 

the washing process of many different types of fruits and vegetables, marking the 

relevance of further understanding the effects of such soil contamination. 

2.4.3 Inactivation of EW by soil 

Unexpectedly large additions of soil (30–750 mg mL-1) were needed to decrease 

the fungicidal activity of EW in this study. Smaller amounts of soil had little or no 

effect. This result resonates with the high levels of NaOCl (6%) used to remove 

organic compounds from soil samples (Margenot et al., 2015) and indicates that 

EW can be used for sanitisation in the presence of moderate levels of soil, or even 

for the sanitisation of soil samples (Harvey et al., 2020). Reactive oxygen species 

can be scavenged in soil by plant-derived tannins and other phenolic compounds 

(Rimmer, 2006). The FAC, hydrogen peroxide or other ROS present in EW could 

be similarly inactivated after direct oxidation of soil organic compounds. On the 

other hand, potential reactions with inorganic metal species (hydroxyl radical 

formation involving H2O2 [Fenton chemistry] or HOCl [Fenton-type reaction]) 

could lead to reactivities with a broader range of aromatic and other organic 

compounds due to the high reactivity of hydroxyl radicals (Mikutta et al., 2005, 

Panasenko et al., 2013). Consistent with the proposed scavenging of reactive EW 

species (or secondarily derived hydroxyl radicals) by soil organic compounds, the 
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soil type with the highest organic content in this study (a sandy clay loam soil) 

had the strongest inactivating effect on EW. Its high organic content was 

supported both by analyses performed here, as well as a higher loss-on-ignition 

value (LOI, an indicator of soil organic matter) (Table 2-2).  

Previously, the bactericidal activities of EW and NaOCl were reported to be 

inactivated to a similar extent by complex natural organic matter (Ogunniyi et al., 

2019). Whereas NaOCl targets certain soil organic constituents (sterols, long-

chained lipids, lignin dimers), other soil compounds (such as alkylaromatics, 

short-chain lipids, carbohydrates and peptides) are less reactive (Sleutel et al., 

2009). The latter finding was explained by potential protective effects of the soil 

minerals and structure that may shield molecules such as peptides from NaOCl 

exposure. Interestingly, a moderate (but not significant) correlation between 

decreasing particle size and EW activity (spore inactivation) was apparent for the 

soil samples tested here [Pearson’s correlation coefficient for spore survival versus 

silt (smaller) or sand (larger) particle content were 0.48 or -0.52, respectively]. 

This is consistent with less shielding of molecules by smaller particles. It is clear 

from the results that some fungicidal activity of EW persisted at moderate levels 

of soil contamination, although this could be coincident with the formation of by-

products of concern, such as trihalomethanes from the reaction of soil organic 

compounds with the FAC (Jackman and Hughes, 2010). 

It is important to note that soil particles form aggregates and microorganisms 

within these aggregates can be protected from some (but not all) external 

stressors (Harvey et al., 2020). Microorganisms within environmental soil samples 

may therefore be somewhat protected from EW killing, despite the proposed low 

inactivation of EW by soil additions. In the present experiments, A. niger spores 

were added to the EW-soil suspension externally, although it is still possible that 

mixing steps by vortexing and settling processes of soil components resulted in 



Chapter 2: EW and organic substances 

86 

 

partial enclosure of fungal spores in protected soil aggregations. Therefore, when 

loss of fungicidal EW activity was detected in experiments, this may not always 

be caused by chemical reactivity and inactivation of FAC (or other) species, but 

may also be caused by physical protection of the fungal spores by soil structures 

against the active EW. 

2.4.4 Inactivation of EW by proteins and amino acids 

2.4.4.1 Reactivity with complex organic substances and proteins 

In the literature, partial or full inactivation of EW occurred over a wide 

concentration range for different organic substances (0.04–100 g L-1): Tests on 

natural river organic matter showed full removal of the FAC of EW (5 mg L-1) at 

about 0.04 g L-1 organic matter whereas the EW retained partial bactericidal 

activity at 0.04 g L-1 organic matter (Ogunniyi et al., 2019), potentially due to 

formation of bactericidal by-products from reactions between the EW and organic 

matter. In a different study, the FAC of EW (50 mg L-1) was removed within 10 min 

by 100 g L-1 chopped cabbage, and more slowly (over 60 min) by 1 g L-1 minced 

meat or 5 g L-1 milk (Oomori et al., 2000). Dry manure on eggshells partially 

inactivated the bactericidal activity of EW with 10–30 mg L-1 FAC (Bing et al., 

2019). 

These varied results underscore the need to understand further EW reactivity with 

different chemical components of complex organic mixes. Inactivation of the FAC 

and the bactericidal activity of EW (31–50 mg L-1 FAC) has been reported with 

0.1–1 g L-1 peptone (Oomori et al., 2000, Jo et al., 2018). Results in the present 

study indicated comparable reactivity of the EW (at 360–400 mg L-1 FAC) with 

~1 g L-1 peptone, yeast extract or pure proteins, according to fungicidal activity. 

As proteins are highly abundant in all living organisms and in many foods or as 

surface-contaminants, these are important considerations for EW applications. 
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Purified lysozyme inactivated EW fungicidal activity slightly better than BSA, which 

may be due to the smaller size of lysozyme (higher surface area, more terminal 

amino groups per g protein) or differences in amino acid composition. If EW also 

reacts with cellular proteins (e.g., exposed membrane proteins), fungi that 

produce proteins with higher EW reactivity may inactivate EW more efficiently, 

thereby potentially preventing severe (intra-)cellular EW-induced damage and 

surviving treatment better.  

It is well known that FAC readily reacts with proteins (Hawkins et al., 2003). In a 

study that investigated the inactivation of NaOCl by BSA, it was found that the 

sanitising potency of 300 mg L-1 FAC was inactivated by ~4 g L-1 BSA (higher BSA 

concentrations up to ~70 g L-1 were needed in some experiments) (Pappen et al., 

2010). The higher BSA concentration required compared to the present study 

(1 g L-1 BSA) may be explained by a difference between the assays used: the cited 

study pre-mixed BSA and bacteria and added NaOCl (6 min incubation) whereas 

here, EW and BSA (or other protein samples) were pre-mixed and allowed to react 

for 5 min before proceeding to a 5 min treatment of the fungal spores, most likely 

leading to a more complete inactivation of the active EW species before the start 

of the treatment. Taken together, it is likely that the inactivation of EW by proteins 

and protein-rich mixtures is (at least partly) due to the reaction of the FAC in EW 

with the proteins. 

In contrast to the effects of proteins, EW (360–400 mg L-1 FAC) retained its 

fungicidal activity when 2 g L-1 glucose was added. Consistent with these results, 

Oomori et al. (2000) found no decrease of the FAC of EW (50 mg L-1) when adding 

glucose (0.1 g L-1). In a different study, glucose addition (0.005–0.010 g L-1) 

accelerated the decay of the FAC of EW (starting at 6–7 mg L-1) over 120 h, with 

very little effect visible at the first time point at 2h (Duan et al., 2016). This raises 

an interesting point, as certain compounds that are less reactive (and/or reacting 
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more slowly) with EW than proteins may still affect its long-term activity. While 

this would be less relevant for the treatment of fruits and vegetables (which 

require short treatment times to reduce adverse effects on the quality), it may be 

more important if EW is stored for a few days and the water that is used to 

generate or dilute EW contains contaminants with such decay-accelerating effects. 

2.4.4.2 Reactivity of the FAC with amino acids 

The reactivity of amino acids, the components of proteins, with FAC (HOCl/–OCl, 

at pH 7.4) is reported to decrease in the order: Cys > Met > cystine ≈ His ≈ 

-amino group (in free amino acids) ≈ terminal amino group (in proteins) > Trp 

> Lys > Tyr ≈ Arg > backbone amides > Asn ≈ Gln (Pattison and Davies, 2001, 

Storkey et al., 2014). Here, amino acids with the strongest EW-inactivation effects 

were Cys, Met, His, Trp, Tyr, Arg and Asn, with Met and Cys found to suppress 

most strongly the oxidising properties of EW and NaOCl. The results were in close 

agreement with the above reactivity data for FAC, suggesting that the FAC 

component of EW could at least partly account for EW reactivity with (and 

inactivation by) proteins and amino acids. The pH of the amino acid solutions may 

influence the chemical reactivities, for instance Cys is less prone to oxidation at 

low pH than at high pH (Levine et al., 2000), and the reactivity of FAC depends 

on the pH, as HOCl is typically more reactive than –OCl (Hu et al., 2017). However, 

the pHs of the different amino acid stock solutions (which were between pH 3.2 

and 10.9 for the different solutions) were not correlated with their effect on EW 

activity (Appendix C, 6.3). Interestingly, the results obtained for effects of amino 

acids on EW activity as assessed by spore survival (2.3.4.1) differed somewhat 

from effects of amino acids on the oxidative properties of EW determined in-vitro 

(2.3.5.1). Namely, Trp seemed to inactivate EW more strongly (allowing survival 

at lower levels of added amino acid) than Met and Cys, whereas the latter were 

the most reactive with EW in the in-vitro assays. It is possible that the oxidation 

of Met and Cys yields toxic by-products that inhibit spore survival, as was 
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hypothesised for MetO oxidation (2.3.4.2). For instance, FAC-mediated oxidation 

of free cystine (the oxidation product of 2 x Cys) yields the chloramine N,N-

dichlorocystine which retains oxidative activity (Nagy and Ashby, 2005), although 

the oxidative activity of this product may not be strong enough to react with the 

fluorescent dye in the in-vitro assay. A lower oxidative activity of the product 

compared to FAC would be expected because the oxidised product [i.e., the 

chloramine] in a redox reaction will have a lower oxidising potential than the 

oxidising substrate [i.e., the FAC] (otherwise the redox reaction would not occur 

in this direction). For several chloramines, reaction rates with reducing agents that 

are ~105 x lower than the reaction rates of HOCl with the same reducing agents 

have been reported (Peskin and Winterbourn, 2001), indicating a large difference 

between the oxidising potential of FAC and chloramines. 

These considerations could mean that in the presence of low amino acid levels, 

Cys reacts with EW to form cystine, and remaining reactive EW species further 

oxidise cystine to form the chloramine (or other possible oxidation products). This 

would reduce the fluorescence signal in the in-vitro assay due to the assumed 

lower oxidising activity of the product (consistent with the observed low 

fluorescence at low additions of Cys in this assay), whereas in the survival assay 

the presence of the chloramine (or other possible toxic products) could inhibit the 

fungal growth. At higher levels of Cys addition, the active species in EW can be 

fully consumed by the reaction of Cys with EW, so that no (or less) secondary 

reactions take place and no (or only low levels of the) chloramine is formed, 

consistent with fungal survival at higher Cys additions. This again highlights the 

importance of survival-based assays, because Cys levels higher than suggested 

by in-vitro assays may be tolerated during a sanitising treatment without losing 

the fungicidal effect of EW. But the formation of by-products and their toxicity 

should be considered, especially when treating food surfaces or drinking water. 
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Among the other tested antioxidants, reduced glutathione inactivated EW and 

NaOCl to a similar extent as Cys, and this is consistent with reported reactivity 

rates for both compounds with FAC (Peskin and Winterbourn, 2001, Storkey et 

al., 2014). Lower reactivities were reported for NAC, in a similar order of 

magnitude to the reactivity of Met with FAC (Storkey et al., 2014), whereas the 

present results indicate that NAC had higher EW-reactivity than Met. For DTT and 

ascorbate, the reactivity with FAC is lower compared to glutathione (at neutral 

pH) (Peskin and Winterbourn, 2001, Folkes et al., 1995), and this is consistent 

with the results here. Overall, both Met and especially Cys inactivated EW and 

NaOCl to a similar extent as the common antioxidants that were tested in this 

study, indicating the potential importance of these amino acids for influencing the 

FAC of such sanitisers. 

2.4.4.3 Reactivity of non-chlorine ROS with amino acids 

Non-chlorine products of electrolysis were tested here by using ozonated water. 

Amino acid reactivity of ozone is reported to decrease in the order Cys > Trp ≈ 

Met > Phe ≈ His (Sharma and Graham, 2010). The rate constants for Cys and Met 

reactivity with ozone are of the order 106 M-1 s-1 (pH 8) whereas reactivities of Met 

and Cys with FAC are of the order 107–108 M-1 s-1 (pH 7.4) (Storkey et al., 2014). 

This supports the present data, which indicate that Met and Cys have greater 

inactivating effects on NaOCl and EW than on ozonated water, consistent with a 

primary role for the FAC in the reactivity of EW with these amino acids.  

Several amino acids are known to be especially prone to oxidation, such as Pro, 

Arg, Lys, Thr, Trp, Phe, Tyr, Cys and Met (Baraibar et al., 2013). However, the 

data presented here on EW reactivity and amino acids matches better the specific 

reactivities of FAC (little particular effect with Pro, Lys, Thr or Phe was observed 

here). While non-chlorine ROS may contribute to the antimicrobial effect of EW, a 

major role is less likely in stored EW solutions (as used here) due to the short life 
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time of these ROS (Jeong et al., 2007). Within cells, FAC species may also lead to 

formation and conversion of other ROS species which arise as respiratory by-

products: HOCl reacts with superoxide radicals and with iron to form hydroxyl 

radicals, and with hydrogen peroxide to form singlet oxygen (Panasenko et al., 

2013). Hydroxyl radicals are highly reactive and can oxidise most cellular 

molecules, including all proteinogenic amino acids (rate constants >107 M-1 s-1), 

the most reactive of which include Met and Cys (>109 M-1 s-1) (Xu and Chance, 

2005). 

To further model the formation of both FAC and chlorine-free ROS during the 

electrolysis process, the fungicidal activity of a mixture of NaOCl and H2O2 was 

tested (Appendix D, 6.4). However, adding H2O2 resulted in spore survival at 

NaOCl concentrations that, applied alone, were effective at killing A. niger spores. 

Hypochlorite compounds can oxidise H2O2 to O2 (initially forming highly reactive, 

unstable singlet oxygen 1O2), while being reduced to Cl– in the process (Held et 

al., 1978). This reduction of the active FAC would explain the loss of killing 

observed upon H2O2 addition to NaOCl. Interestingly, a different study has shown 

a synergistic effect of NaOCl and H2O2 against bacteria (Lontsi Djimeli et al., 

2014). This different outcome may be related to differences in the experimental 

design including the applied concentrations, which were not specified in the cited 

study, but may have been lower to achieve a bactericidal effect compared to the 

spore treatment here. A different study supported a synergistic fungicidal effect 

of NaOCl and H2O2 but used sequential treatment, possibly to avoid the chemical 

reactivity of the two compounds (Cerioni et al., 2009). Other approaches of mixing 

oxidants to mimic EW (e.g., including O3 and ClO2) have been reported (Bradford, 

2011). In the present study, it was decided that the approach of comparing EW, 

NaOCl and ozonated water was more feasible and at the same time avoided the 

problem of chemical reactivity within oxidant mixtures, so providing for a clearer 

interpretation of the data. 
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2.4.5 Conclusions 

The electrolysed water used in this study shows good sanitisation efficiency 

against A. niger spores (>3 log). A >4 log reduction was reached in several 

experiments (with 10–100% EW), which is the requirement of the European 

disinfection standard for fungi in suspension (Sandle, 2017). The EW was effective 

against environmental food spoilage isolates identified as A. niger. However, the 

efficiency is highly dependent on the chemical matrix of a treatment. The presence 

of relatively high levels of soil still allow partial killing. Adverse effects of soil in 

EW treatments will depend on whether very high levels of soil are reached, and 

high organic content in the soil will decrease the EW activity more strongly. 

Conversely, the presence of proteins or amino acids (especially Cys, Met, Trp, 

Tyr), even at low levels (~1–5 mM for EW at ~360–400 mg L-1 FAC), during EW 

treatments should be expected to strongly reduce the killing efficiency. The 

reactivity of amino acids with FAC specifically has been studied extensively, and 

this study indicates similar reactivities for EW. These findings increase the 

understanding of inactivation of EW by proteins or protein-rich mixtures. Proteins 

are highly abundant in all living organisms and many foods, such as meat, dairy, 

soy, potatoes (Slavin and Lloyd, 2012, Hoffman and Falvo, 2004), so assessment 

of protein levels is highly relevant for using EW in the food industry. It is also 

relevant for regions of the world that lack access to clean drinking water, where 

water treated with or coming into contact with EW may contain such constituents 

as the ones tested here. An additional risk of the reactivity between EW and 

organic compounds is the formation of toxic by-products such as trihalomethanes 

or chloramines which have been reported both for conventional FAC treatment 

and EW. Depending on the application, the reactivity of EW with relevant organic 

substances should be determined, ideally using studies such as the present one 

to predict reactivities followed by testing the reactivity in the specific (industrial) 

treatment setting. Based on these reactivities, the accumulation of potential by-

products then needs to be monitored.  
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3 EW in a yeast model: cellular targets and 

mode of action of EW

3.1 Introduction 

3.1.1 Oxidative stress in cellular systems 

When organisms grow aerobically, so-called reactive oxygen species (ROS) such 

as the superoxide anion radical (O2
•–) and hydrogen peroxide (H2O2) can be 

formed when oxygen undergoes incomplete (monoelectron) reduction at the 

respiratory chain complexes (Larosa and Remacle, 2018). Other ROS species are 

singlet oxygen (1O2) and hydroxyl radicals (•OH) (Breitenbach et al., 2015). 

Reactions occur between the different ROS types, often producing more ROS 

(Aguirre et al., 2006, Fedorova et al., 2014). The free chlorine species 

hypochlorous acid can undergo reactions that yield ROS (Panasenko et al., 2013). 

EW treatment has been shown to result in ROS accumulation in fungal cells 

(Mokudai et al., 2015). ROS can oxidise most cellular molecules, causing damage 

to DNA, RNA, proteins, lipids, polysaccharides and small metabolites (Breitenbach 

et al., 2015). Oxidative reactions include the oxidation of amino acid residues such 

as Lys, Arg, Pro, Thr, Met, Cys and Tyr, some of them resulting in carbonyl 

formation (see 2.1.3.2), as well as oxidation of low-density lipoprotein or poly-

unsaturated fatty acids, and oxidative modification of DNA bases which can lead 

to mutagenesis events (Liguori et al., 2018). However, in addition to damage 

caused by ROS, the formation of ROS can also serve important cellular functions, 

such as signalling and immune response (Foyer and Noctor, 2005, Lau et al., 

2008, Spooner and Yilmaz, 2011).  



Chapter 3: EW in a yeast model 

94 

 

3.1.2 Cellular defences against oxidative stress 

Oxidative stress occurs when ROS accumulate inside cells and cannot be 

scavenged sufficiently by the different defence mechanisms. This is often caused 

by external factors such as ionizing radiation, ROS inducing chemicals, hydrogen 

peroxide, ozone, hypochlorous acid, heavy metals or heat stress (Angelova et al., 

2005, Abrashev et al., 2008, Dukan and Touati, 1996, Sies et al., 2017). Cells use 

a range of mechanisms to prevent, detoxify or repair ROS and oxidative damage.  

Preventative measures include packaging DNA in more ROS-resistant chromatin 

structures containing proteins or the accumulation of ROS-scavenging pigments 

(Sies et al., 2017). ROS-scavenging mechanisms are widely conserved and include 

enzymatic defence mechanisms such as superoxide dismutases, catalases, 

peroxidases (Angelova et al., 2005, Zadrąg-Tęcza et al., 2018) and non-enzymatic 

ROS buffering systems such as glutathione, -tocopherol, ascorbic acid, pyruvate, 

methionine, cysteine or mannitol (Piedrafita et al., 2015, Ruijter et al., 2003). 

Generally, filamentous fungi have a greater variety of ROS defence mechanisms 

than unicellular fungi due to a larger number of antioxidant enzymes and the 

production of antioxidant secondary metabolites (Aguirre et al., 2006). In addition 

to systems that target ROS directly, other ROS defence mechanisms repair 

damage caused by ROS (Boiteux et al., 2017, Avery and Avery, 2001, Delaye et 

al., 2007). 

3.1.3 Role of methionine in oxidative stress conditions 

3.1.3.1 Methionine sulphoxide reductase (MSR) system 

Whereas carbonylation of different amino acid residues during oxidative stress is 

irreversible, one major repair mechanism for oxidised proteins focuses on oxidised 

methionine residues (Sideri et al., 2009). Several oxidants such as hypochlorous 

acid readily oxidise free and protein-bound Met at the sulph-hydryl group, yielding 

methionine sulphoxide (MetO) (Storkey et al., 2014, Khor et al., 2004b). MetO 
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can be reduced to Met by the highly conserved methionine sulphoxide reductases, 

abbreviated as MSR or MXR enzymes (Figure 3-1) (Brot et al., 1981, Grimaud et 

al., 2001, Delaye et al., 2007). MetO has a chirality centre at the sulphur atom 

and MsrA (Mxr1) reduces the (S)-stereoisomer, whereas MsrB (Mxr2) reduces the 

(R)-stereoisomer (Kryukov et al., 2002). In yeast, MsrA can reduce free and 

protein-bound (S)-MetO, whereas MsrB reduces protein-bound (R)-MetO and the 

free (R)-MetO molecule is reduced by an additional fRMsr enzyme (Le et al., 

2009). Other enzymes with MetO reducing capabilities have been reported in 

bacteria (MetP, DMSO reductases) (Tarrago et al., 2020). Previously, it was 

believed that yeast MsrA is localised in the cytoplasm and MsrB in the 

mitochondria, but a recent study challenges this compartmentalisation, showing 

that MsrB can also be found in the cytoplasm and suggesting yet unknown 

regulatory mechanisms regarding the localisation (Nicklow and Sevier, 2020). In 

proteins, surface exposed methionine residues are believed to help scavenge ROS, 

preserving the protein’s functionality by protecting other residues from damage 

(Levine et al., 1996). However, Met residues can also be a liability during oxidative 

stress: certain Met residues in the Aspergillus niger glucose oxidase were 

experimentally substituted with other amino acids, and this variant showed 

increased stability in oxidative conditions (Kovačević et al., 2019). In addition to 

a ROS scavenging function, the reversible oxidation of methionine can regulate 

and modulate protein function (Drazic et al., 2013, Wang and Pan, 2016, Nicklow 

and Sevier, 2020).  
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Figure 3-1: Oxidation and reduction of methionine in yeast. Methionine (Met) can be 
oxidised to methionine sulphoxide (MetO) by various pro-oxidant agents. MSR enzymes 
revert MetO back to Met. R1: hydroxyl group for free Met, C-terminal protein backbone for 

protein-bound Met. R2: hydrogen for free Met, N-terminal protein backbone for protein 
bound Met. Structure drawn in ChemDraw®

 Professional. 

 

3.1.3.2 Methionine biosynthesis and uptake 

Methionine-prototrophic strains of S. cerevisiae can synthesise Met starting from 

exogenous sulphate which, after uptake and multi-step reduction to sulphide, is 

incorporated into homocysteine (catalysed by Met15), followed by conversion to 

Met (Figure 3-2) (Ljungdahl and Daignan-Fornier, 2012). Met conversion to SAM 

(a universal methyl group donor) is carried out by two enzymes and methylation 

reactions involving SAM yield S-adenosyl-homocysteine which can be converted 

back to homocysteine, completing a Met cycling mechanism (Loenen, 2006). In 

the S. cerevisiae BY4741 strain used in this study, the MET15 (also called MET17 

or MET25) gene is disrupted, making the strain Met auxotrophic due to the lack of 

homocysteine synthesis. 

 
 

Figure 3-2: Methionine biosynthesis and cycling. Modified from Ljungdahl and 
Daignan-Fornier (2012). 
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Regulation of the Met biosynthesis (and uptake) genes (the MET regulon) is carried 

out by the transcription factor Met4, together with the DNA-binding proteins Cbf1 

and Met31/Met32 and the cofactor Met28: Met4-dependent genes are 

downregulated in the presence of high Met levels (Sadhu et al., 2014, McIsaac et 

al., 2012). This sensing relies on intracellular Cys (another downstream product 

of homocysteine) and potentially SAM (Sadhu et al., 2014, Hansen and 

Johannesen, 2000). In S. cerevisiae, two methionine-specific transporters take up 

exogeneous Met, called Mup1 (high affinity transporter) and Mup3 (low affinity) 

(Gits and Grenson, 1967, Isnard et al., 1996). Five additional broad-specificity 

transporters contribute to the Met uptake: Agp3, Agp1, Bap2, Bap3 and Gnp1. 

Upon switching yeast to high Met medium, Mup1, Mup3 and Agp3 are down-

regulated (by Met4-dependent transcriptional regulation combined with 

ubiquitylation of the transporter proteins), whereas Agp1, Bap2, Bap3 and Gnp1 

are upregulated by the amino acid sensing system SPS (Menant et al., 2006). 

3.1.4 FeS cluster proteins 

3.1.4.1 Roles of FeS clusters in cellular function 

A group of proteins that is generally highly sensitive to oxidative stress are 

proteins with iron sulphur (FeS) cofactors. FeS clusters consist of iron atoms (Fe2+ 

or Fe3+) connected by sulphides (S2-). The most common cluster formations are 

[2Fe-2S], [3Fe-4S] and [4Fe-4S] (Imlay, 2006). The presence of FeS cofactors is 

highly conserved and required for diverse protein functions, some of them 

essential for viability (Alhebshi et al., 2012). They are important for processes 

including redox enzyme activity and electron transfer (e.g., in mitochondrial 

respiration), iron homeostasis, DNA maintenance, replication and repair, 

translation and ribosome metabolism (Imlay, 2006, Lill and Freibert, 2020). FeS 

cluster protein synthesis is highly conserved in eukaryotes and relies on two 
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processes: the mitochondrial iron-sulphur cluster (ISC) assembly and the cytosolic 

iron-sulphur protein assembly (CIA) (Braymer and Lill, 2017). 

Examples of FeS cluster proteins (and the ones analysed in the present study) are 

aconitase (encoded by aco1 and aco2 in yeast), Rli1 and Yah1. The essential 

[2Fe-2S] ferredoxin Yah1 is involved in the ISC, but it also functions in other 

pathways such as the biosynthesis of coenzyme Q (Pierrel et al., 2010). Rli1 is an 

essential, highly conserved [4Fe-4S] protein involved in critical cellular functions 

such as translation initiation, ribosome export from the nucleus during biogenesis 

and ribosome recycling (Schuller and Green, 2017, Kispal et al., 2005). Aconitase, 

a [4Fe-4S] enzyme, is part of the citric acid cycle where it catalyses the conversion 

of citrate, via cis-aconitate, to isocitrate by a dehydration/hydration reaction 

(Beinert et al., 1996). Other aconitase functions include a role in lysine 

biosynthesis (Aco2 in yeast), in the methylcitrate cycle, and, after FeS cluster 

disassembly in iron depletion conditions, conversion of aconitase into a regulatory 

iron-responsive element-binding protein (Fazius et al., 2012, Brock et al., 2002, 

Narahari et al., 2000). 

3.1.4.2 Sensitivity of FeS clusters to oxidative stress 

FeS clusters in proteins can be oxidised by ROS which can result in the release of 

Fe from the cluster (Imlay, 2006). This renders certain FeS cluster proteins 

sensitive to oxidation, with two main consequences: (i) loss of function of FeS 

proteins; (ii) release of iron from FeS clusters can contribute to the Fenton 

reaction yielding hydroxyl radicals, resulting in additional ROS damage (Avery, 

2011). In line with this increase in ROS, overexpression of the FeS protein Yah1 

has been shown to increase pro-oxidant sensitivity of cells, potentially related to 

increased Fe release upon oxidative damage (Vallières et al., 2017). Examples of 

oxidative damage to FeS cluster proteins are the oxidation sensitivity of aconitase, 
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isopropylmalate isomerase, 6-phospho-gluconate dehydratase and 

homoaconitase (Jang and Imlay, 2007, Lalève et al., 2016, Wallace et al., 2004). 

An interesting link between methionine oxidation and FeS cluster damage has 

been reported (Sideri et al., 2009). Accumulation of MetO in yeast (due to deletion 

of the MSR genes) resulted in increased FeS cluster damage, suggesting that MSR 

proteins may exhibit an indirect protective function of FeS clusters. In addition, 

overexpression of the FeS protein Rli1 rescued a ROS sensitive phenotype of an 

msrΔ deletion strain (Alhebshi et al., 2012). Further connections between Met and 

iron metabolism have been found in the present study and reported previously 

and are addressed in the discussion (3.4.7). 

3.1.5 Aims 

Results from the previous chapter suggested that EW is highly reactive with amino 

acids, and among all tested amino acids, Met was one of the more reactive amino 

acids. As discussed, this result matches the known reactivity of FAC, suggesting 

also an important role of FAC in the EW mode of action. Furthermore, EW is known 

to have oxidising properties and to induce ROS accumulation. However, exact 

targets of EW and response mechanisms in fungi are not known (see 1.9) and 

were therefore addressed in this chapter. Because amino acids are abundant in 

cells, it was hypothesised that EW may react with intracellular amino acids, 

including with Met. This hypothesis was tested in the yeast model organism 

S. cerevisiae because it readily takes up amino acids from its growth medium and 

the uptake mechanisms are well researched, with genetic tools and auxotrophic 

strains available as convenient research tools. Based on the observed reactivity 

of amino acids with EW, the effect of providing increased levels of amino acids to 

the yeast cells were tested here. Methionine pre-culture was found to provide 

protection against EW, and this effect was further studied to determine whether 
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the protective effect was associated with the Met molecule itself, Met metabolism 

products or Met misincorporation into proteins. Moreover, it was tested whether 

EW treatment may lead to FeS cluster protein damage. These proteins are known 

to be oxidation sensitive and damage to FeS cluster proteins has also previously 

been observed in conditions of increased Met oxidation (Sideri et al., 2009). The 

study was carried out to provide new knowledge on the fungicidal mode of EW 

action that could help to rationally improve the generation and application of EW, 

while also adding to the understanding of the yeast response to oxidative stress.  
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3.2 Materials and methods 

3.2.1 Fungal strains and growth conditions 

The study used the yeast strains Saccharomyces cerevisiae BY4741 (MATa; 

his3-1; leu2-0; met15-0; ura3-0), BY4742 (MAT; his3-1; leu2-0; lys2-0; 

ura3-0), BY4743 (MATa/; his3-1/his3-1, leu2-0/leu2-0; met15-0/MET15; 

LYS2/lys2-0; ura3-0/ura3-0) and deletion mutants isogenic with the BY4741 

parent: trp1Δ, alt1Δ, arg4Δ, his3Δ (from Euroscarf, Germany). The MSRA and 

MSRB genes were overexpressed under the control of their native promoters in 

multicopy plasmids YEp351 and YEp352, respectively (2-micron replication 

system, expected copy number ~10–40 (Romanos et al., 1992, Wai et al., 2000)), 

as described previously (Sumner et al., 2005). Overexpression of FeS proteins 

under the control of the tetO promoter (with cultivation in the absence of 

doxycycline to derepress the promoter) was with the previously constructed 

plasmids pCM190-RLI1-HA (Alhebshi et al., 2012) and pCM190-YAH1-HA 

(Vallières et al., 2017). Strains expressing a fusion protein of mCherry and yeast 

enhanced GFP from the yEpRG-CGA plasmid (TDH3 GAP promoter, Appendix E, 

6.5) (Altamura et al., 2016) and mutagenised versions were generated in the 

BY4741 background in this study as described below (3.2.2). Yeast strains were 

cultured at 30°C in either YEPD broth (see 2.2.1) or, where specified, YNB broth 

(0.69% yeast-nitrogen base without amino acids (Formedium, Norfolk, UK), 2% 

[w/v] D-glucose). Amino acids or uracil (Ura) were added to YNB as needed for 

strain auxotrophies or plasmid selection (20 mg L-1 histidine, 100 mg L-1 leucine, 

30 mg L-1 lysine, 20 mg L-1 methionine, 20 mg L-1 uracil). Where necessary, 

media were solidified with 2% [w/v] agar (Sigma-Aldrich, St. Louis, MO, US).  
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3.2.2 Generating yEpRG constructs to assess Met misincorporation 

3.2.2.1 Site-directed mutagenesis 

The plasmid yEpRG harbours a construct encoding a fusion protein of yeast-

optimised mCherry (yEmRFP) and yeast-enhanced GFP (yEGFP) (Altamura et al., 

2016). The Met71 (ATG codon) in the mCherry protein encoded by yEpRG was 

replaced with Glu, Lys, Asp or Arg by site-directed mutagenesis, using the NEB® 

Q5® Site-Directed Mutagenesis Kit. The mutagenesis PCR (conditions in Table 3-1) 

was carried out with the primers in Table 3-2, using the NEB® Phusion® High-

Fidelity DNA Polymerase instead of the Mutagenesis Kit’s Q5® polymerase.  

Table 3-1: Mutagenesis PCR conditions for the amplification of yEpRG. 

Ingredient Final concentration in 
PCR reaction 

Final amount (50 µL PCR 
reaction) 

0.5 µL plasmid DNA 0.5 ng µL-1 25 ng 

1 µL dNTPs 0.2 mM 10 nmol 

2.5 µL primer forward 0.5 µM 0.025 nmol 

2.5 µL primer reverse 0.5 µM 0.025 nmol 

1.5 µL DMSO 3% 1.5 uL 

10 µL 5X Phusion® HF 

reaction buffer 

1X 1X 

0.5 µL Phusion® HF DNA 
polymerase 

0.02 U µL-1 1 U 

31.5 µL water – – 

 

PCR programme Cycles 

98°C (5 min) 1x 

98°C (0.5 min) 

35x 60°C (0.5 min) 

72°C (3.33 min) 

72°C (5 min) 1x 

10°C (hold) 1x  

 

Table 3-2: Mutagenesis and sequencing primers for yEpRG. 

Primer Sequence (3’ → 5’)a 

GAA forward (Glu) ACCACAATTTgaaTATGGTTCAAAAGC 

AAA forward (Lys) ACCACAATTTaaaTATGGTTCAAAAGC 

GAT forward (Asp) ACCACAATTTgatTATGGTTCAAAAGCTTATGTTAAAC 

AGA forward (Arg) ACCACAATTTagaTATGGTTCAAAAGC 

mutagenesis reverse GACAAAATATCCCAAGCAAATG 

sequencing forward GGTGAAGGTGAAGGTAGA 

sequencing reverse TGAGTAACAGTAACAACACC 
a The codon targeted by mutagenesis is specified by lower case letters.  
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Next, 1 µL PCR product was treated with 1 µL NEB® KLD Enzyme Mix 

(5’ polynucleotide kinase, DNA ligase, DpnI) in a 10 µL reaction containing 1X KLD 

Reaction Buffer for 5 min at room temperature. The reaction mix was then added 

to 50 µL NEB® chemically competent E. coli DH5 and the cells were incubated on 

ice for 30 min, followed by 30 s at 42°C and another 5 min on ice. The cells were 

then suspended in 950 µL SOC medium (provided by the kit) and 100 µL of 

appropriate dilutions were plated onto LB-Amp (100 µg mL-1 Amp) agar plates, 

then incubated at 37°C. The original yEpRG plasmid was transformed by adding 

1 µL plasmid (~500 ng) to 50 µL competent E. coli cells and following the steps 

as above. For each construct, five single colonies were selected from the 

transformation plates (2 for the original yEpRG plasmid) and grown overnight in 

LB-Amp broth. Plasmids were extracted and purified using the NucleoSpin® 

Plasmid Kit (Macherey-Nagel), following the manufacturer’s instructions.  

3.2.2.2 Plasmid verification 

For transformation of S. cerevisiae BY4741 (modified protocol from Gietz and 

Woods (2002)) with the candidate plasmids (above), 5 mL of exponentially 

growing yeast cells were harvested (537g, 2 min), resuspended in 1 mL 0.1 M Li-

Acetate and incubated at 30°C for 10 min. Cells were harvested by centrifugation 

(1150g, 4 min) and resuspended in the transformation mix: 240 µL 50% [w/v] 

PEG 4000 (final 33.7%), 36 µL 1 M Li-Ac (final 0.1 M), 52 µL DNA carrier (final 

0.29 g L-1), 28.5 µL water. The plasmid DNA was added (7.5 µL, equivalent to 

~200–500 ng) and the mix was incubated at 30°C for 30 min, followed by 20 min 

at 42°C. Cells were centrifuged, resuspended in PBS and 100–200 µL of 

appropriate dilutions was plated onto selective YNB agar plates containing His, Leu 

and Met for incubation at 30°C (yEpRG encodes a URA3 marker). 

Yeast cells expressing mCherry from plasmid yEmRFP exhibit a red phenotype 

(Keppler-Ross et al., 2008), so only those transformations that resulted in white-
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green colonies, indicating the loss of mCherry fluorescence (=successful 

replacement of the Met71 codon by mutagenesis) were selected for further 

experiments (a weak green colour stemming from the GFP expression). The 

corresponding plasmids (2–4 per construct) were sent for sequencing together 

with the relevant sequencing primers (Table 3-2) to Eurofins Genomics EU 

Sequencing GmbH (Cologne, Germany). The sequencing results obtained were 

analysed for the correct sequence of the mutagenesis region. Sequences were 

visualised using SnapGene® Viewer 5.1.7. The obtained strains are listed in Table 

3-3. For some plasmids, the sequencing results obtained with the forward primer 

were ambiguous (see remarks in the table), although the results obtained with 

the reverse sequencing primer confirmed the correct sequence at the mutagenesis 

site. Strains transformed with plasmids that gave ambiguous sequencing results 

were not used in the experiments in this study. The sequences of the yEmRFP-

GFP fusion protein and adjacent regions of the plasmid confirmed by sequencing 

in this study are available in Appendix E (6.5). 

Table 3-3: Met misincorporation reporter constructs based on yEpRG. 

Strain/plasmid 
ID 

Amino acid 
at position 
71 in 
mCherry 

Used in 
this study? 

Remarks 

mCh-GAA-1 

Glu 

yes / 

mCh-GAA-2 yes / 

mCh-GAA-3 yes / 

mCh-GAA-4 yes / 

mCh-AAA-2 

Lys 

yes (plate 
reader onlya) 

Seq. fw primer repeatedb, 
low quality in mutagenesis regionc 

mCh-AAA-4 yes / 

mCh-GAT-2 

Asp 

yes (plate 
reader only) 

Seq. fw primer repeated, 
low quality in mutagenesis region 

mCh-GAT-5 yes / 

mCh-AGA-1 

Arg 

yes / 

mCh-AGA-2 no low quality in mutagenesis region 

mCh-AGA-3 yes (plate 
reader only) 

Seq. fw primer repeated, 
low quality in mutagenesis region 

mCh-1 

Met 

yes / 

mCh-2 yes (plate 
reader only) 

/ 

a See 3.2.3. No flow cytometry experiments were performed with this strain. 
b The first sequencing result obtained with the forward primer displayed unexpected 
bases at the position of interest, so the sequencing was repeated. The result from the 
second sequencing displayed the expected bases with a low read quality, see c. 
c Background signal in the region of interest decreased the sequencing quality/reliability 
in reactions using the forward sequencing primer. 
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3.2.3 Fluorescence detection in a fluorescence microplate reader 

To assess the mCherry and GFP fluorescence, a selection of the yeast strains 

expressing the generated yEpRG variants (Table 3-3) was incubated in black 96-

well plates (CELLSTAR®
 96-well plates with black wells and clear bottom) in 

selective YNB or non-selective YEPD (starting OD600~0.1, 30°C, continuous linear 

shaking at 1096 rev min-1). The OD600, GFP fluorescence (excitation: 485/20 nm, 

emission: 528/20 nm) and mCherry fluorescence (excitation: 540/35 nm, 

emission: 600/40 nm) were measured every 2 h in a BioTek® microplate reader 

(Synergy HTX). 

3.2.4 EW, NaOCl or ozonated water treatment of S. cerevisiae 

Yeast cultures were inoculated to OD6000.5 from overnight starter cultures in 

broth (from single colonies) and cultured to exponential phase (OD6001.8) in YNB 

broth (10 mL in 50 mL shake flasks). For amino acid pre-culture experiments, 

different amino acids, S-adenosyl methionine chloride dihydrochloride (SAM, 

≥75% purity) or N-acetyl cysteine (NAC) at up to 0.3 mM were included in the 

experimental cultures. All pre-culture conditions were in buffered YNB (0.1 M 

potassium phosphate pH 6.0), apart from experiments that included Met or Lys 

pre-culture only (Met addition did not affect the pH of YNB broth and Lys addition 

increased the pH minimally, from pH~5.45 without Lys addition to pH~5.7 with 

0.3 mM Lys). Cells were harvested by centrifugation (1150g, 4 min), washed two 

times in equal volumes of HPLC grade water, and diluted to OD6002 in HPLC grade 

water. Aliquots of 10 µL cell suspension were transferred to 96-well plates, and 

treated for 5 min with 90 µL of either diluted EW (usually 0.03–0.05% [0.5–1 mg 

L-1 FAC], up to  0.5% [9–10 mg L-1 FAC]), NaOCl (0.6–0.7 mg L-1 FAC) or ozonated 

water (see 2.2.3 for sanitiser details). Treatments were stopped by adding 100 µL 

of 2X YEPD. For recovery in broth, aliquots (100 µL) were transferred to fresh 96-

well plates and cultured at 30°C with continuous linear shaking (1096 rev min-1) 
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in a BioTek® microplate reader (Epoch2 or Synergy HTX). The OD600 was measured 

every 30 min and used to estimate survival as described below. Survival on agar 

plates was determined by plating 50 µL of appropriate dilutions onto YEPD agar 

plates and subsequent colony enumeration. 

3.2.5 Arsenite and paromomycin treatment of S. cerevisiae 

Yeast cultures in YNB medium supplemented with the appropriate amino acids 

were diluted to OD6000.5 for 3.5 h-treatments or to OD6000.01 for 20 h-

treatments. Between 125–250 µM sodium arsenite or 25–200 µM paromomycin 

was added to cultures (control: stressor-free YNB). Suspensions were grown in 

100 µL aliquots in 96-well plates at 30°C (continuous linear shaking; 1096 rev 

min-1) in a BioTek® microplate reader (Epoch2). The OD600 was measured every 

30 min and readings at either 3.5 h or 20 h were used to estimate the growth. 

3.2.6 Heat treatment of S. cerevisiae 

After EW treatment (0.01–0.5% EW [0.2–10 mg L-1 FAC]), cells suspended in 

YEPD (50 µL or 150 µL, as specified) were transferred to 0.2 mL reaction tubes 

and heat-treated for 5 min (actively cooling down to 22°C for a 1 min hold after 

the treatment) as described in 2.2.7. The gradient setting on the PCR cycler to 

achieve different temperatures was: temperature: 59°C, gradient: 20°C (as 

before) or temperature: 41°C, gradient: 28°C, resulting in 30.2°C (2nd column 

from the left on the heating block), 45°C (8th column) and 50.4°C (10th column). 

Heat treated samples (40 µL or 100 µL) were brought to 100 µL with YEPD as 

necessary and recovery in broth was assessed in 96-well plates as described above 

(3.2.4). 
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3.2.7 Estimating yeast survival according to growth recovery in broth 

Growth curves from broth cultures after treatments (described above) were 

analysed for the period of exponential growth using RStudio (code is available in 

Appendix F, 6.6). For every six consecutive OD600 values during this period 

(overlapping; i.e., every string of 3 hours within the exponential growth period), 

the exponential regression was determined. The 3-hour period with the highest 

slope was selected and extrapolation to the y-intercept of the regression was used 

as an estimate for density of viable cells at t = 0 h, similar to the methods 

described by Fernández-Niño et al. (2018) and Qiu et al. (2017). For validation of 

the method, S. cerevisiae BY4741 was diluted and aliquots (50 µL) spread plated 

to determine linearity of correlation between values for calculated starting cell 

density (measured OD600 divided by dilution factor), viability (colony forming 

units, cfu) and the y-intercept of growth in broth (see 3.3.1.2). Linearity of the 

correlation was also examined for cfu (agar) and y-intercept (broth) 

determinations with EW treated yeast cells. Survival estimates based on the 

y-intercept determination are referred to as recovery rates throughout. 

3.2.8 Aconitase and fumarase assay in cell extracts 

The method was as described previously (Lalève et al., 2016). Briefly, 

S. cerevisiae BY4741 was grown to exponential phase in 50 mL YEPD (250 mL 

shake flasks). Cells were washed, pooled and treated with EW (for in-vivo 

treatments but not for in-vitro EW treatments, described below) as outlined above, 

except that cell suspensions were concentrated to OD600200 in water and 1 mL 

suspension was treated with 19 mL EW (0.3% [v/v], equivalent to 5.4–6 mg L-1 

FAC) with treatments inactivated using 20 mL of 2X YEPD (for survival analysis, 

samples were taken at this point, diluted and spread to YEPD agar for cfu 

determination, or used for recovery analysis in YEPD broth). Cells were harvested 

(2876g, 4°C, 10 min), transferred to a 4°C (aerobic) room and resuspended in 
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250 µL cold resuspension buffer (0.72 mM MnCl2 in 10 mM MES [pH 6], HaltTM 

Protease Inhibitor Cocktail [1X], with oxygen depleted by pre-incubation in 10% 

CO2, 10% H2, 80% N2 for at least 2 h). Cells were lysed with 500 µL cold glass 

beads (acid washed, 425–500 µm (Sigma Aldrich), pre-conditioned with 

resuspension buffer) in 7 vortexing cycles (one cycle comprised of 30 s at high 

speed followed by 30 s on ice), centrifuged (15,900g, 4°C, 5 min) and aliquots of 

the supernatants (50 µL) frozen in liquid nitrogen and stored at –80°C. Protein 

concentrations in the extracts were determined with the Bio-rad Protein Assay Kit 

according to the manufacturer’s Microassay Procedure. For in-vitro EW 

treatments, 155 µg protein extracted from untreated cells was mixed with EW 

(final concentration 10% EW [v/v], 180–200 mg L-1 FAC) or primaquine (500 µM) 

for 20 min, in the absence or presence of 3 mM methionine or cysteine. Aliquots 

(~25 µL) from the in-vitro treatments comprising 140 µg protein or aliquots of 

140 µg protein from in-vivo treatments (EW treated cells) were then mixed with 

aconitase buffer (50 mM potassium phosphate buffer [pH 7.4], 30 mM DL-isocitric 

acid trisodium, 0.6 mM MnCl2) or fumarase buffer (50 mM potassium phosphate 

buffer [pH 7.4], 50 mM L-malic acid) to a total volume of 700 µL in quartz 

cuvettes. The absorbance at 240 nm was recorded every 30 s for 30 min (baseline 

correction at 340 nm, DeNovix DS-11 FX+ Spectrophotometer/Fluorometer). The 

enzyme activity was determined from the gradient of the linear portion of the 

absorbance curve with the extinction coefficients ε240(cis-aconitate) = 

3.6 mM-1 cm-1; ε240(fumarate) = 2.44 mM-1 cm-1 (Lalève et al., 2016), reaction 

volume v = 0.7 mL, protein mass m = 0.14 mg, optical path length d = 1 cm: 

𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [
𝜇𝑚𝑜𝑙

min  𝑚𝑔
] =  

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 [
1

𝑚𝑖𝑛
]  𝑣[𝑚𝐿]

𝜀240𝑛𝑚 [
𝑚𝐿

 𝜇𝑚𝑜𝑙 𝑐𝑚
]  𝑚[𝑚𝑔] 𝑑[𝑐𝑚]
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3.2.9 Reconstitution of aconitase FeS clusters 

The reconstitution assay was adapted from previous protocols (Ollagnier-de-

Choudens et al., 2001, Moulis and Meyer, 1982, Mons et al., 2018). The extraction 

buffer (MES) of crude protein extracts (3.2.8) was replaced by Tris buffer (0.1 M, 

pH 8) by applying 400 µg protein in 140 µL MES buffer to 2 Vivaspin® 500 columns 

(Sartorius,  Surrey, UK) and adding 750 µL Tris buffer to each column across three 

rounds of centrifugation to concentrate the sample (15,000g, 30 min, 4°C, aerobic 

conditions). A final volume of ~70 µL per spin column with 1–2% residual MES 

was reached and samples from both columns were then pooled.  

Half of the protein extract in Tris buffer (70 µL) was used for a “pre-reconstitution” 

assay of aconitase and fumarase activity as described above (31.5 µL sample used 

per assay). The other 70 µL were incubated with 5 mM DTT for 30 min before 

adding 100 mM NaCl, 100 µM Na2S and 100 µM ammonium iron(II) sulphate 

((NH4)2Fe(SO4)2(H2O)6; Mohr’s salt) to a final volume of 100 µL and incubating for 

2 h (the incubations were at ~25°C in oxygen-free conditions [10% CO2, 10% H2, 

80% N2]). Aconitase and fumarase activity were measured (as described above) 

in 40 µL aliquots after the reconstitution. Due to observed low stability of 

aconitase, a “quick reconstitution” protocol was adapted where the buffer 

exchange step was skipped and the protein extract in MES (150–160 µg protein) 

was incubated either in atmospheric or oxygen-free conditions with the 

reconstitution chemicals (DTT, NaCl, Na2S, Fe2+, concentrations as above, 40 µL 

total volume) for 20 min at room temperature before determining the aconitase 

activity for an aliquot of 140 µg protein. Protein extracts and reconstitution 

reactions were kept in plastic tubes which may have introduced oxygen into the 

samples.  
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3.2.10 Flow cytometric analysis of the Met misincorporation reporters 

Samples from growing YNB cultures (either stressor-free YNB, arsenite or 

paromomycin treatments or Met pre-culture in YNB) were harvested by 

centrifugation (1150g, 4 min), washed and resuspended in PBS for analysis by 

flow cytometry as described below. For other experiments, EW treatments were 

carried out as described in 3.2.4, except that overnight cultures were diluted to 

OD600~0.03–0.05 and cultivated overnight to reach exponential phase. After 

harvesting and washing cells in HPLC grade water, cells (100 µL) were treated 

with 900 µL EW (0.01–0.03% EW [v/v], 0.2–0.6 mg L-1 FAC) for 5 min, and 

treatments were stopped by adding 1 mL 2X YEPD (larger treatment volumes 

compared to 3.2.4 were needed to achieve sufficient cell numbers for flow 

cytometry). Recovery in broth was assessed as above (3.2.7). Aliquots (500 µL) 

of the YEPD-inactivated treatments were added to 10 mL YEPD and incubated for 

0.5–2 h in shake flasks at 30°C, 120 rev min-1. Cells were harvested by 

centrifugation (537g, 5 min), washed once with PBS (1150g, 4 min) and 

resuspended in PBS for flow cytometric analysis. Cells were analysed with a Sony 

ID7000TM Spectral flow cytometer. GFP fluorescence was recorded with 488 nm 

excitation and 493.9–530.3 nm emission filter and mCherry fluorescence with 

561 nm excitation and 589.5–624 nm emission filter. Events were gated based on 

SSC-Area vs. FSC-Area plots and doublets/cell clumps were excluded based on 

FSC-Height vs. FSC-Area plots. In the resulting “single-cell” gate, data for 

~10,000 cells were collected per sample.    

3.2.11 Statistical analysis and software 

Tests for statistical significance and linear regression were performed as described 

in 2.2.11. Flow cytometry data were analysed within the Beckman Coulter 

Kaluza 2.1 software.  
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3.3 Results 

3.3.1 Yeast treatment with EW 

3.3.1.1 Sensitivity of yeast to EW treatment 

The effectiveness of EW on the yeast S. cerevisiae BY4741 was confirmed at low 

EW dilutions (0.03–0.1% [v/v], equivalent to 0.5–2 mg L-1 FAC, treatment of 

water-washed cells, Figure 3-3). Survival on agar plates (cfu) was strongly 

reduced (≥2.5 log) after 5 min treatment with EW dilutions of 0.1%. The survival 

was further assessed in suspension (growth in YEPD after EW treatment) and 

recovery rates were determined by y-intercept extrapolation as described below 

(3.3.1.2). Partial killing of the yeast cells was confirmed for the EW range between 

0.02–0.1% (0.4–2 mg L-1 FAC, Figure 3-4). The survival rates estimated in broth 

were lower than those determined on agar (e.g., 0.05% EW resulted in ~70% 

survival on agar and ~8% recovery in broth), which could be related to any lag 

before resumption of exponential growth in broth, which would affect accuracy of 

the y-intercept extrapolation for estimating the surviving cell numbers (see 

3.3.1.2). In addition, survival may have been affected by minor changes in the 

EW manufacturing (experiments were ~2 years apart) or the dilution of EW in 

sterile distilled water (SDW) or sterile tap water in Figure 3-3 (as opposed to HPLC 

grade water in Figure 3-4; see 3.3.1.3 for an assessment of EW dilution effects).  

 

 

 

 



Chapter 3: EW in a yeast model 

112 

 

w
at

er
 c

ontr
ol

0.
03

0.
05

0.
06

0.
07

0.
08 0.

1

1

10

100

1000

10000

100000

C
fu

 (
1
0
0
 µ

L
)-1

% EW [v/v], 5 min

A B

 
 
Figure 3-3: Yeast survival after EW treatment according to cfu on agar plates. 
S. cerevisiae BY4741 was treated with increasing concentrations of EW (5 min, 0.03–0.1% 
[v/v]; equivalent to ~0.5–2 mg L-1 FAC, EW dilutions were in SDW or sterile tap water). A) 
Survival was assessed by spread plating 50 µL of appropriate dilutions and subsequent 
enumeration of colony forming units (cfu) on YEPD agar, given as cfu per 100 µL undiluted 

suspension. Mean values ± SD are shown for at least 3 biological replicates (except 0.07%, 
0.08% and 0.1%: n = 2). B) Log reductions were calculated based on data shown in A 
(reduction rates were calculated separately for each replicate and the values in B are mean 
± SD of the reduction rates for the different replicates). The detection limit was ~3.2 log 
reduction.  
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Figure 3-4: Yeast survival after EW treatment according to recovery in YEPD 

broth. S. cerevisiae BY4741 was treated with increasing concentrations of EW (5 min, 
0.01–0.1% EW [v/v]; 0.2–2 mg L-1 FAC, dilutions in HPLC grade water) and survival was 
estimated by subsequent recovery in YEPD broth (see 3.3.1.2). Mean values ± SD are shown 

for 6 biological replicates. 

 

% 

EW 

[v/v] 

Log 

reduction 

Survival 

rate 

[%] 

0.03 0.04 ± 0.16 97 ± 32 

0.05 0.16 ± 0.09 71 ± 14 

0.06 0.48 ± 0.59 56 ± 50 

0.07 0.96 ± 0.70 19 ± 22 

0.08 1.09 ± 1.16 27 ± 37 

0.1 2.52 ± 0.09 0.3 ± 0.1 
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3.3.1.2 Developing a higher throughput method to estimate yeast survival in broth 

Spread plating for cfu counts to estimate numbers of viable cells is a laborious 

method, while simple optical density (OD) readings do not discriminate live from 

dead cells. In order to establish a more convenient method for estimating cell 

survival post stress, it was reasoned that the timing of detectable exponential 

growth in broth, starting from suspensions with low viable cell numbers, should 

reflect the starting number of viable cells. Accordingly, growth curves from broth 

cultures after EW and other treatments were analysed for the period of 

exponential growth, determining the y-intercept of the exponential regression of 

the exponential phase as an estimate for the density of viable cells at t = 0 h (see 

Methods 3.2.7). For validation of the method, S. cerevisiae BY4741 was diluted 

and aliquots (50 µL) spread plated to test linearity of correlation between values 

for calculated starting cell density (based on the OD600 of the undiluted suspension 

divided by the dilution factor), viability (colony forming units, cfu) and the 

y-intercept of growth in broth (Figure 3-5 A,B). Growth on agar was highly 

correlated with both the starting cell density (panel A) and the y-intercept 

(panel B). The y-intercept values were lower than the calculated starting OD600 

values (~30–50% of the OD600 values; data in panels A and B are from the same 

experiments). This may suggest either limited viability of non-stressed cultures, 

or a lag-phase effect that underestimates the starting density as determined by 

y-intercept extrapolation. Therefore, y-intercept values should not be interpreted 

as real absolute starting densities, but comparing the y-intercepts of different 

(treatment) conditions should allow to estimate relative survival. For this reason, 

linearity of correlation was also examined for cfu (agar) and y-intercept (broth) 

determinations with EW treated yeast cells (Figure 3-5 C). Following EW 

treatment, the correlation between cfu (agar) and y-intercept (broth) was weaker 

than with non-stressed cell suspensions but still strong (R2 = 0.74 vs. R2 = 0.97). 

Some deviation may be caused by non-killing effects such as a growth delay of 

stressed cells (Lu et al., 2009) which cannot be easily detected by cfu 
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enumeration, resulting in lower survival estimates based on the y-intercept than 

based on cfu enumeration. Overexpression of certain genes was found to affect 

EW resistance in this study (see below, 3.3.4, 3.3.5.2) and it was tested in one 

comparative experiment whether such EW resistance (relative to empty-vector 

control strains) could be detected with both methods, i.e., cfu enumeration and 

y-intercept determination. The yeast strains were treated with EW and it was 

found that survival of EW treatment calculated from the y-intercept was generally 

lower than that based on cfu but very similar relative effects of the genetic 

manipulations were observed with both methods in the comparative experiment 

(Figure 3-5 D), e.g., higher survival of the RLI1 overexpressing strain compared 

to its empty vector control (this result [EW resistance of the overexpression strain] 

is presented in more detail in 3.3.5.2). Overall, the results support the use of 

growth extrapolation to the y-intercept for estimating starting viable-cell density. 

Throughout, EW was diluted to give estimated survival between 5% and 50% 

(unless stated otherwise). The lower limit was to counter experimental variation 

observed at very low starting viable-cell densities. The upper limit (50%) was to 

minimise the relative influence of potential growth-delay effects (as opposed to 

cell death events) on the measurements: survival rates calculated with the 

present method are estimates as they may encompass a contribution from any 

lag phase extension, and will therefore be referred to as recovery rates after 

treatments. 
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Figure 3-5: The y-intercept method for estimating survival in broth cultures as 
recovery. A,B,C) S. cerevisiae BY4741 was diluted in SDW to different starting densities 
(A,B) or treated with increasing concentrations of EW (C) (0.01–0.1% EW [v/v] in SDW or 

sterile tap water; 0.2–2 mg L-1 FAC). The starting OD600 was calculated by measuring the 
OD600 of an undiluted yeast suspension and dividing by the corresponding dilution factor. 
Survival on agar was determined after treating samples of equal cell densities with 

increasing EW concentrations and by spread plating appropriate dilutions and subsequent 
enumeration of colony forming units (cfu), given as cfu per 100 µL undiluted suspension. 
For growth in broth, 100 µL cells were cultured in 96-well plates in a BioTek® microplate 
reader (30°C, 1096 rev min-1) and, for the period of highest growth rate (maximum slope 
in an exponential regression), the y-intercept was determined (see Methods 3.2.7). The 
correlation coefficient (R2) and p-value of the linear regression are specified. Data are from 
at least 3 biological replicates, individual data points are shown ± SD of 2–3 technical 

replicates. Cfu values in C include the data presented in Figure 3-3. D) S. cerevisiae BY4741 
transformed or not with the specified plasmids were treated with 0.03% [v/v] EW (0.5–
0.6 mg L-1 FAC) for 5 min before survival was assessed on agar and in broth as described 
for A-C (data from 1 biological replicate). WT, wild type.  

 

3.3.1.3 Diluting EW in water: effect of water purity on EW strength 

As discussed in 1.6.3 and Chapter 2, the chlorine or oxidant demand of water used 

for diluting EW might negatively affect its sanitising ability. EW diluted in sterile 

tap water had a lower FAC and resulted in higher yeast recovery than EW diluted 

in sterile distilled water (SDW, Figure 3-6 A; a low EW dilution [0.05%] was 
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chosen to give partial survival and allow comparison of effects between water 

types), probably due to organic or inorganic constituents of the tap water. 

Treatment with EW diluted in HPLC grade water resulted in yeast recovery that 

appeared to be lower than recovery after treatment with SDW-diluted EW in one 

experiment (Figure 3-6 B). To avoid interference from the dilution water, and to 

ensure consistency, HPLC grade water was used when working with EW in most 

other experiments described in this chapter (for diluting EW, preparing yeast cell 

suspensions for treatments, and for water control treatments) unless stated 

otherwise. This may explain the lower recovery rate at EW dilutions around 0.03% 

[v/v] presented in most figures (including Figure 3-4; ~21% recovery at 0.03% 

EW; dilution in HPLC grade water) compared to the EW effect summarized in 

Figure 3-3 (~97% survival at 0.03% EW; dilution in SDW or sterile tap water). It 

should be noted that in addition to potential reactivity of EW with water 

constituents, the pH of different water samples as well as osmotic shock conditions 

of cells in purified water may influence the overall EW efficacy and survival. 
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Figure 3-6: Recovery of yeast after treatment with EW diluted in water of different 
purities. S. cerevisiae BY4741 was treated with diluted EW (0.05% [v/v], 5 min). Cell 
suspensions and EW dilutions were prepared in SDW or tap water that was sterilized by 
autoclaving in plastic tubes or glass bottles or by filtration (0.22 µm filter pore size) (A) or 
in HPLC grade water or filtered SDW (B). SDW1 and SDW2 (A) are from two separate water 

purification units (both PURELAB® Option CV35 by ELGA Veolia, UK). Survival was 
estimated by subsequent recovery in YEPD broth (see 3.3.1.2), and recovery rates were 
calculated relative to a control treatment with the corresponding water type (filled bars). 
Data from 1 biological replicate. Free available chlorine (FAC) concentrations were 
measured in 0.1% EW dilutions and are plotted on the right y-axis (white bars). 
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3.3.2 Pre-culture with different amino acids before EW treatment 

reveals protective effect of Met 

3.3.2.1 Met pre-culture exhibits protective effect, but no other tested amino acids 

In the previous chapter, certain amino acids were noted to affect EW activity 

particularly strongly (2.3.4.1). It was hypothesised that the level of these amino 

acids within cells (accumulated free amino acids or protein-bound, influenced by 

uptake of exogeneous amino acids or biosynthesis) might influence cellular EW 

resistance (defined as recovery from EW treatment). This was tested first by 

supplying higher levels of these amino acids to cells for defined incubation periods 

followed by removal of any remaining extracellular amino acid before the EW 

treatment. This was to avoid chemical inactivation of EW by extracellular amino 

acids, allowing study of the effect of amino acid accumulated by cells. Lower EW 

concentrations (0.03–0.05% [v/v]; 0.5–1 mg L-1 FAC) than in the previous 

experiments on amino acids and A. niger spores (2.3.4.1) were needed with S. 

cerevisiae to avoid complete killing, so that the response to EW could be studied. 

Survival of S. cerevisiae was estimated as recovery by culturing cells in broth after 

EW treatment and determining the y-intercept of the exponential phase as 

described above (3.3.1.2). Exogenously supplied amino acids can be readily taken 

up by yeast cells. Pre-culture of yeast for 4–5 h in defined medium (amino-acid 

free YNB, supplemented with required amino acids for strain auxotrophies, see 

Figure 3-7) supplemented with different amino acids (0.3 mM), followed by EW 

treatment in the absence of amino acids, revealed a protective effect of 

methionine (Figure 3-7 A). Pre-culture with Met increased EW recovery by 1.5 

fold (FDR adjusted p = 0.0158, comparing between control-YNB with 0.13 mM 

Met and pre-culture condition [0.3 mM Met]). Other amino acids chosen based on 

the EW inactivation results (2.3.4.1; Trp, Tyr, Arg, His and Asn) did not exhibit a 

protective effect (Arg and Tyr actually gave slight sensitization). Pre-culture with 

Cys inhibited yeast growth so it could not be tested. Pre-culture with N-acetyl-
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cysteine (NAC), commonly used as a Cys precursor, did not inhibit yeast growth 

but did not protect against EW (Figure 3-7 B). Additionally, the amino acid lysine 

was tested because Lys pre-treatment had previously been reported to increase 

resistance against pro-oxidant treatment (Olin-Sandoval et al., 2019). However, 

no protective effect against EW treatment could be observed in the present study 

in either the Lys prototrophic (BY4741) or the Lys auxotrophic (BY4742) strain of 

S. cerevisiae (Figure 3-7 C). 
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Figure 3-7: Influence of cellular methionine on recovery after EW treatment. 
Survival of yeasts after EW treatment (0.03–0.05% [v/v] in HPLC grade water; 0.5–

1 mg L-1 FAC, 5 min) was estimated by subsequent recovery in YEPD broth (see 3.3.1.2). 
S. cerevisiae BY4741 (A,B,C) or BY4742 (C, as specified) were pre-cultured with amino 
acids at the specified total concentrations for 4–5 h prior to treatment; control growth and 
pre-culture were in YNB broth also containing 0.1338 mM Met, 0.129 mM His, 0.763 mM 
Leu, 0.178 mM Ura (HLMU, for BY4741), or without Met for BY4742 (C). Where amino acids 
were added to the control broth, the specified pre-culture concentration (0.2 mM or 

0.3 mM) refers to the final total concentration (i.e., including the control-broth content). 
YNB was buffered (0.1 M potassium phosphate buffer pH 6) in A and B. Cells were washed 
in HPLC grade water before treatment. NAC, N-acetyl cysteine. All plots: mean values ± SD 
are shown for at least 3 biological replicates, with different replicate experiments 
distinguished by different symbols. Significant differences versus relevant controls are 
denoted by *p<0.05; **p<0.01; ns, not significant; according to paired t-test (two-tailed) 
with correction for multiple comparisons by controlling the false discovery rate at 5% FDR 

(Benjamini et al., 2006). 

 

3.3.2.2 The protective effect is not related to yeast amino acid auxotrophies 

The protective effect of Met was not dependant on the Met auxotrophy 

(biosynthetic defect demanding externally supplied Met) of the S. cerevisiae 

BY4741 laboratory strain used above, as the isogenic Met-prototrophic strain 
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S. cerevisiae BY4742 was also protected by Met pre-treatment (Figure 3-8 A). 

Furthermore, deletion strains auxotrophic for Trp (trp1Δ), Arg (arg4Δ) or His 

(BY4741: met15Δ, his3Δ), and the “partial” alanine auxotroph alt1Δ (which 

accumulates less (but not zero) intracellular Ala than the wild type (Peñalosa-Ruiz 

et al., 2012)); Ala did not have a particularly strong EW inactivation effect 

[2.3.4.1], and was used as a control amino acid), were not protected by their 

respective amino acid (Figure 3-7 A, Figure 3-8 B). 
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Figure 3-8: Influence of cellular methionine on yeast recovery after EW treatment 

is independent of amino acid auxotrophies. Survival of yeasts after EW treatment 
(0.03–0.05% [v/v], diluted in HPLC grade water; 0.5–1 mg L-1 FAC, 5 min) was estimated 
by subsequent recovery in YEPD broth (see 3.3.1.2). S. cerevisiae BY4742 (A) or BY4741 
(a met15Δ methionine auxotroph) and deletion strains isogenic to BY4741 (trp1Δ, 
tryptophan auxotroph; arg4Δ, arginine auxotroph; alt1Δ, “partial” alanine auxotroph) (B) 
were pre-cultured with the specified amino acids at the specified total concentrations for 
4–5 h prior to treatment; control growth and pre-culture were in YNB broth also containing 

0.1338 mM Met, 0.129 mM His, 0.763 mM Leu, 0.178 mM Ura (B), plus 0.21 mM Lys for 
BY4742 (A, “HLMUK”). Where amino acids were added to the control broth, the pre-culture 
concentration (0.13 or 0.3 mM) refers to the final total concentration (i.e., including the 
control-broth content). YNB was buffered (0.1 M potassium phosphate buffer pH 6) in B. 
Cells were washed in HPLC grade water before treatment. Mean values ± SD are shown for 
at least 3 biological replicates, with different replicate experiments distinguished by 

different symbols. Significant differences versus relevant controls are denoted by *p<0.05; 

**p<0.01; ns, not significant; according to paired t-test (two-tailed) with correction for 
multiple comparisons by controlling the false discovery rate at 5% FDR (Benjamini et al., 
2006). 

 



Chapter 3: EW in a yeast model 

120 

 

3.3.2.3 Met also protects against NaOCl and ozonated water 

Because EW is likely to contain different active species, it was tested whether the 

observed effect of Met pre-culture on resistance to EW (Figure 3-7, Figure 3-8) 

was mimicked with NaOCl treatment. Similar to EW, pre-culture with Met gave 

increased resistance to NaOCl treatment (Figure 3-9 A). To test non-FAC 

components, ozonated water was used. Like EW, ozonated water was produced 

using an electrolysis technology but, unlike EW, it does not contain FAC. In water, 

ozone reacts to form other reactive species such as highly reactive hydroxyl 

radicals (Wang et al., 2020). Recovery after ozonated water treatment was also 

increased after Met pre-culture (Figure 3-9 B). The results suggest that Met may 

protect against both chlorine and non-chlorine active species in EW. 
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Figure 3-9: Influence of cellular methionine on recovery after NaOCl and ozonated 
water treatment. Survival of yeasts after treatment was estimated by subsequent 
recovery in YEPD broth (see 3.3.1.2). A) Treatment for 5 min either with EW or NaOCl, in 

parallel, both oxidants at 0.7 mg L-1 FAC (diluted in HPLC grade water). B) Treatment with 
ozonated water, used within 2 min of its generation for a 5 min treatment. Data are shown 
only for experiments where cell recovery was >10%, to minimise the influence of technical 
variation that was observed in response to ozonated water stress. A,B) S. cerevisiae 
BY4741 was pre-cultured with amino acids at the specified total concentrations for 4–5 h 
prior to treatment; control growth and pre-culture were in YNB broth also containing 
0.1338 mM Met, 0.129 mM His, 0.763 mM Leu, 0.178 mM Ura (HLMU). The Met pre-culture 

concentration (0.3 mM) refers to the final total concentration (i.e., including the control-
broth content). Cells were washed in HPLC grade water before treatment. Mean values 
± SD are shown for at least 3 biological replicates, with different replicate experiments 
distinguished by different symbols. Significant differences versus relevant controls are 
denoted by *p<0.05; according to paired t-test (two-tailed) with correction for multiple 
comparisons by controlling the false discovery rate at 5% FDR (Benjamini et al., 2006). 
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3.3.3 Distinguishing a role for Met itself as opposed to a downstream 

metabolism product 

3.3.3.1 The protective effect can be reproduced with D-Met but not SAM pre-treatment 

All cellular life relies on L-isomers of amino acids, and it was confirmed that 

S. cerevisiae BY4741 is unable to grow on D-Met as the sole Met source, whereas 

growth in medium containing L-Met was not affected by D-Met addition (Figure 

3-11). Adding D-Met to medium containing L-Met (0.13 mM) to a total of 0.3 mM 

Met (D+L) did not mimic the protective effect observed with 0.3 mM L-Met in the 

Met-auxotrophic strain BY4741 (Figure 3-10 A). In contrast, adding D-Met to 

medium free of L-Met for the pre-culture of the Met prototrophic strain BY4742 

resulted in a protective effect; the effect of D-Met was actually larger than the 

effect of L-Met pre-culture (Figure 3-10 B). Increased D-Met uptake in medium 

free of L-Met may potentially be due to a lack of competition for the Met uptake 

systems (such as Mup1) in the absence of L-Met (Gits and Grenson, 1967, Isnard 

et al., 1996) and potentially due to a lack of feedback inhibition that would 

downregulate Met uptake systems in the presence of L-Met (downregulation relies 

on Cys and potentially SAM, products of enzymatic reactions of L-Met, see 

3.1.3.2). This protective effect of the metabolically inactive D-Met suggests a 

direct role of the Met molecule itself in EW resistance. 

The first metabolism product of methionine utilisation is S-adenosyl-methionine 

(SAM) (Ljungdahl and Daignan-Fornier, 2012). Pre-treatment with SAM did not 

improve resistance of the BY4741 strain to EW, further supporting a role of Met 

itself in protection, rather than a Met metabolic product (Figure 3-10 C). SAM 

uptake and utilization was confirmed by the restoration of growth of S. cerevisiae 

BY4741 in Met-free, SAM-supplemented medium (Figure 3-11; note that these 

assays are limited by the SAM-purity [≥75%]). The possibility that an effect of 
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the presence of L-Met on SAM uptake could explain the above lack of effect of SAM 

on EW resistance (similar to the suggested effect on D-Met above) was ruled out 

by pre-treating BY4742 with SAM in Met-free medium, which did not consistently 

protect the yeast against EW (Figure 3-10 D). Cysteine is a further metabolic 

product of Met (Figure 3-2) with important antioxidant activity (Ljungdahl and 

Daignan-Fornier, 2012, Tamura et al., 2010) but pre-treatment with the Cys 

precursor NAC (described above) did not protect against EW treatment (Figure 

3-7 B). 
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Figure 3-10: Influence of methionine isomers or SAM on yeast recovery from EW 
treatment. Survival of yeasts after EW treatment (0.03–0.05% [v/v], in HPLC grade 
water; 0.5–1 mg L-1 FAC, 5 min) was estimated by subsequent recovery in YEPD broth (see 

3.3.1.2). Pre-culture of S. cerevisiae BY4741 (A,C) or BY4742 (B,D) with L-Met, D-Met or 

S-adenosyl-methionine (SAM) at the specified total concentrations for 4–5 h prior to EW 
treatment; control growth and pre-culture were in YNB broth also containing 0.1338 mM 
Met, 0.129 mM His, 0.763 mM Leu, 0.178 mM Ura (HLMU, A,C), or 0.21 mM Lys instead of 
Met for BY4742 (HLUK, B,D). Where amino acids were added to the control broth, the pre-

culture concentration (0.3 mM) refers to the final total concentration (i.e., including the 
control-broth content). YNB was buffered (0.1 M potassium phosphate buffer pH 6) in C 
and D. Cells were washed in HPLC grade water before EW treatment. Mean values ± SD 
are shown for at least 3 biological replicates, with different replicate experiments 
distinguished by different symbols. Comparisons of interest were tested by paired t-tests 
(two-tailed) with correction for multiple comparisons by controlling the false discovery rate 

at 5% FDR (Benjamini et al., 2006); *p<0.05; ns, not significant. 
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Figure 3-11: Yeast growth in minimal medium supplemented with different Met 

sources. Culture density of S. cerevisiae BY4741 was determined at 3 h intervals in a 
shaking plate reader (starting OD600~0.1). The growth medium was YNB broth (buffered, 

0.1 M phosphate buffer pH 6) supplemented with 0.129 mM His, 0.763 mM Leu, 0.178 mM 
Ura (HLU) plus Met or S-adenosyl-methionine (SAM) at the specified concentrations. Mean 
values ± SD are shown for 3 biological replicates. 

 

3.3.3.2 The Met protective effect is already evident after only 10 min pre-treatment 

Saturation of Met uptake is reported to occur within 10 min of Met addition to Met-

free medium (Schwabe and Bruggeman, 2014), and regulation of the uptake 

systems in response to high Met levels, as evidenced by the elimination of the 

high-affinity transporter Mup1 from the membrane (see also 3.1.3.2), commences 

within 10 min (Menant et al., 2006). In the present study, 10 min L-Met pre-

culture was sufficient to increase resistance of yeast to EW, and longer Met pre-

treatments did not add further advantage; if anything, 10 min pre-culture resulted 

in the highest protective effect (Figure 3-12; t2). 
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Figure 3-12: Influence of Met pre-culture of varying duration on recovery from 
subsequent EW treatment. Survival of yeasts after EW treatment (0.03–0.05% [v/v], in 
HPLC grade water; 0.5–1 mg L-1 FAC, 5 min) was estimated by subsequent recovery in 
YEPD broth (see 3.3.1.2). Pre-culture of S. cerevisiae BY4741 with Met at the specified 
concentration for varying durations during exponential growth: t1, <0.5 min; t2, 10 min; 

t3, 2–2.5 h; t4, 4–5 h; t5, 20 h (sub-cultured after ~16 h), before harvesting cells for EW 
treatments. Control growth (HLMU) was in YNB broth containing 0.1338 mM Met, 0.129 mM 
His, 0.763 mM Leu, 0.178 mM Ura, and Met was added to reach a total concentration of 
0.3 mM for pre-culture conditions. Cells were washed in water before EW treatment. Mean 
values ± SD are shown for at least 3 biological replicates, with different replicate 
experiments distinguished by different symbols. *p<0.05; **p<0.01; ns, not significant; 
according to paired t-test (two-tailed), comparing between HLMU control and Met pre-

culture unless shown by a connecting line, with correction for multiple comparisons by 

controlling the false discovery rate at 5% FDR (Benjamini et al., 2006). 

 

3.3.4 Overexpression of methionine sulphoxide reductases protects 

against EW 

Methionine residues can be naturally oxidised to methionine sulphoxide (MetO) 

but can be reduced back to methionine by cellular methionine sulphoxide 

reductases, encoded by MSRA, MSRB and fRMSR in yeast. It was hypothesised 

that Met oxidation by EW could explain the above protective effects on cells of 

adding Met in its reduced form, suggesting a potential role of accumulated Met as 

a direct ROS scavenger in EW stress. Accordingly, improved maintenance of 

reduced Met by MSR activity should also increase resistance to EW. The yeast 

MsrA and MsrB enzymes were overexpressed under the control of their native 
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promoters on multicopy plasmids (2-micron replication system, expected copy 

number ~10–40 (Romanos et al., 1992, Wai et al., 2000)) as characterised 

previously (Sumner et al., 2005), either alone or in combination. In all cases, 

resistance of yeast to EW was significantly increased by elevated MSR expression 

(Figure 3-13), suggesting that the level of reduced Met specifically is important 

for resistance to EW.  
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Figure 3-13: Influence of overexpressing MetO-reducing activities on recovery 
from EW treatment. S. cerevisiae BY4741 overexpressing MSRA and MSRB in multicopy 
vectors YEp351 and YEp352, respectively, encoding methionine sulphoxide reductases (ev, 
empty vector). Survival of yeasts after EW treatment (0.03–0.05% [v/v], in HPLC grade 
water; 0.5–1 mg L-1 FAC, 5 min) was estimated by subsequent recovery in YEPD broth (see 

3.3.1.2). Cells were washed in HPLC grade water before treatment. Mean values ± SD are 
shown for at least 3 biological replicates, with different replicate experiments distinguished 
by different symbols. Comparisons of interest were tested by paired t-tests (two-tailed) 
with correction for multiple comparisons by controlling the false discovery rate at 5% FDR 
(Benjamini et al., 2006); *p<0.05; **p<0.01. 

 

3.3.5 Damage to FeS cluster proteins 

3.3.5.1 Activity of the FeS cluster protein aconitase is decreased after EW treatment 

Methionine in its oxidised state (MetO) in cells has previously been reported to 

increase oxidative damage to iron-sulphur clusters (Sideri et al., 2009). We 

hypothesised that the protection against EW by methionine observed in the 

present study could be related to the maintenance of FeS protein function. Protein 
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extracts from yeast were exposed to EW (10% [v/v]; 180–200 mg L-1 FAC). 

Primaquine exposure served as a positive control as this drug is known to target 

FeS clusters (Lalève et al., 2016). Relative activity of the FeS cluster protein 

aconitase (normalised to fumarase activity) was decreased by 70% in EW treated 

extracts (Figure 3-14 A; note that fumarase is also a citric acid cycle enzyme but 

does not contain an FeS cluster). The absolute enzyme activity (Figure 3-14 B) of 

fumarase was affected much less by EW compared to aconitase (absolute 

fumarase activity was decreased by 20%, paired t-test (two-tailed) of EW-

treated vs. untreated fumarase activity gives an FDR-adjusted p-value = 0.250; 

absolute aconitase activity was decreased by ~73%, FDR-adjusted 

p-value = 0.020). As fumarase activity was not strongly affected by EW 

treatments, aconitase only was assayed in further in-vitro experiments, at 

standardised protein-extract additions. Adding Met or Cys to the in-vitro EW 

treatments of protein extracts suppressed the strong inhibition of aconitase 

activity by EW (Figure 3-15).  
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Figure 3-14: Decreased activity of the FeS protein aconitase after in-vitro EW 
treatment. Crude protein extracts from exponentially growing S. cerevisiae BY4741 cells 
were treated in-vitro with 500 µM primaquine (PQ), 10% [v/v] EW [180–200 mg L-1 FAC] 

or HPLC grade water (control) for 20 min, before determination of aconitase and fumarase 
activities. A) Aconitase activity is normalised to fumarase activity (a non-FeS protein). B) 
Absolute activities. Mean values ± SD are shown for at least 3 biological replicates. 
*p<0.05; ns, not significant; according to paired t-test (two-tailed) with correction for 
multiple comparisons by controlling the false discovery rate at 5% FDR (Benjamini et al., 
2006). 
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Figure 3-15: Met and Cys protect aconitase from inhibition by EW in-vitro. Crude 

protein extracts from exponentially growing S. cerevisiae BY4741 cells were treated in-
vitro with 10% [v/v] EW [180–200 mg L-1 FAC] or HPLC grade water (control) for 20 min, 
before determination of aconitase activity. Met or Cys (3 mM) were added to protein 
extracts shortly before EW exposure. Mean values ± SD are shown for at least 3 biological 
replicates. *p<0.05; ns, not significant; according to paired t-test (two-tailed) with 
correction for multiple comparisons by controlling the false discovery rate at 5% FDR 
(Benjamini et al., 2006). aa, amino acid. 

 

To test whether similar effects on aconitase activity could be detected during in-

vivo EW treatment of yeast cells, a lower EW dilution (0.3% [v/v]; 5.4–6 mg L-1 

FAC) was used for yeast cell treatments, to avoid non-specific effects due to 

lethality, yielding 80% cell viability according to cfu counts and >50% according 

to the y-intercept method (Figure 3-16 C; difference between the methods was 

not unexpected, see 3.3.1.2). Enzyme assays with protein extracts obtained from 

the EW-treated cells revealed a ~22% decrease in relative aconitase activity 

(p = 0.0425) (Figure 3-16 A,B; note that the decrease of absolute (as opposed to 

normalised) aconitase activity is not significant (p = 0.056) as it does not take 

into account the slight decrease in fumarase activity, as an internal control for 

general protein activity, in the EW treated samples). A protocol for FeS cluster 

reconstitution adapted from published protocols (Moulis and Meyer, 1982, Mons 

et al., 2018, Ollagnier-de-Choudens et al., 2001) was tested on protein extracts 

of EW treated yeast cells (0.3% EW, samples from Figure 3-16), however the FeS 
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cluster reconstitution was not successful in restoring aconitase activity (see 

Appendix G, 6.7), which may be due to observed low aconitase stability at room 

temperature during the reconstitution protocol, the need for further processing 

steps (e.g., purifying the enzyme from the crude protein extract), the presence of 

oxygen during the reconstitution (performed in plastic tubes) or due to additional 

damage to the aconitase enzyme by EW that cannot be repaired by reconstituting 

the FeS cluster, such as (potentially irreversible) damages to amino acid side 

chains (e.g., aconitase contains 18 Met-residues, 9 Cys, 9 Trp, 21 Tyr and these 

amino acids were highly reactive with EW in other experiments in this thesis). 
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Figure 3-16: Decreased aconitase activity after EW treatment of yeast cells (in-
vivo). In-vivo EW treatment (0.3% [v/v] EW; 5.4–6 mg L-1 FAC, 5 min) of exponentially 
growing S. cerevisiae BY4741 cells followed by protein extraction and determination of 
enzyme activities (the dense yeast suspensions needed for sufficient protein yield required 
a higher % EW in these experiments for comparable effect to other in-vivo treatments in 

this study). A) Aconitase activity is normalised against fumarase activity (a non-FeS 
protein). B) Absolute aconitase and fumarase activities. C) Survival of the yeast cells was 
determined by spread plating appropriate dilutions on agar plates and subsequent colony 
enumeration as well as by estimating recovery in YEPD broth (y-intercept method, see 
3.3.1.2). Mean values ± SD are shown for at least 3 biological replicates. *p<0.05, 
according to paired t-test (two-tailed). 

 

3.3.5.2 Overexpression of the FeS protein Rli1 increased yeast recovery from EW 

treatment 

A different FeS protein, the essential Rli1 protein, has roles in critical cellular 

functions such as translation, ribosome biogenesis and recycling (Young et al., 

2015). It is an important target of oxidative stress due to impaired supply of the 
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FeS-cofactor to the protein under such conditions, and Rli1 overexpression in 

yeast increases resistance to pro-oxidants (Alhebshi et al., 2012). Overexpression 

of Rli1 increased yeast resistance to EW (Figure 3-17). In contrast, overexpression 

of a different essential FeS-protein, the ferredoxin Yah1 involved in mitochondrial 

FeS cluster assembly, did not reproducibly increase resistance to EW, though Yah1 

overexpression was previously associated with pro-oxidant sensitivity (Vallières et 

al., 2017). Taken together, the results in this section suggest that FeS cluster 

proteins are an important cellular target of EW action. 
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Figure 3-17: Effect of overexpression of FeS cluster proteins on yeast recovery 
from EW treatment. Overexpression of the essential FeS proteins RLI1 or YAH1 from 
vector pCM190 (ev, empty vector) in S. cerevisiae BY4741. Survival of yeasts after EW 

treatment (0.03–0.05%; 0.5–1 mg L-1 FAC, 5 min) was estimated by subsequent recovery 
in YEPD broth (see 3.3.1.2). Mean values ± SD are shown for at least 3 biological replicates, 
with different replicate experiments distinguished by different symbols. *p<0.05; ns, not 
significant; according to paired t-tests (two-tailed) with correction for multiple comparisons 
by controlling the false discovery rate at 5% FDR (Benjamini et al., 2006). 

 

3.3.6 Investigating Met mistranslation in yeast in response to EW 

treatment 

3.3.6.1 Fluorescent reporters for detecting Met misincorporation 

In conditions of oxidative stress, Met misincorporation into proteins has been 

reported to increase in mammalian cells and this effect has been proposed to be 
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a protective response mechanism against ROS-induced protein damage (Netzer 

et al., 2009). Met misincorporation into proteins in unstressed conditions has been 

reported in S. cerevisiae for Arg/Lys to Met substitutions (Wiltrout et al., 2012). 

It was hypothesised that Met misincorporation may take place during/after EW 

stress conditions, and that this may contribute to the protective effect of Met pre-

culture against EW treatment. A fluorescence-based reporter construct for Met 

misincorporation has been developed previously for mammalian cells, using a 

GFP-mCherry fusion protein (Gomes et al., 2016). The mCherry fluorophore is 

normally formed in an auto-catalysed reaction of three amino acids, one of which 

is Met. Replacing Met with a different amino acid will result in a non-fluorescent 

protein, as shown for substitutions with Lys, Asp and Glu (Gomes et al., 2016). In 

mCherry gene variants encoding for such substitutions, a gain-of-fluorescence 

represents the misincorporation of Met at the mutated position.  

Similar constructs were generated for S. cerevisiae in this study. The starting 

plasmid was yEpRG which contains a fusion of yeast codon-optimised mCherry 

(yEmRFP) and yeast-enhanced GFP (yEGFP) (Altamura et al., 2016). The 

fluorophore of mCherry consists of Met-Tyr-Gly (Shaner et al., 2004) which are 

located at residues 71–73 in yEmRFP. The Met codon (ATG) was mutated to Glu 

(GAA), Lys (AAA), Asp (GAT) or Arg (AGA). The choice of amino acids was based 

on the constructs published previously (Gomes et al., 2016) and the reported Met 

misincorporation events in yeast (Wiltrout et al., 2012). For each amino acid, the 

yeast-optimal codon was chosen based on the same codon-optimisation that was 

employed to generate yEmRFP (Keppler-Ross et al., 2008). 

The absence of mCherry fluorescence was confirmed for yeasts expressing the 

mutagenised constructs (Figure 3-18 D). The growth behaviour of the two clones 

independently transformed with the original yEpRG plasmid (strains “mCh-1” and 

“mCh-2”) was very similar to strains transformed with the mutagenised constructs 
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(Figure 3-18 A). Regarding the GFP fluorescence, small differences in fluorescence 

intensity were detected between the strains (Figure 3-18 C). For mCh-1 and 

mCh-2, the GFP and mCherry fluorescences per unit volume of culture increased 

similarly with increasing cell density (Figure 3-18 B), as expected for the 

expression of a fusion protein.  
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Figure 3-18: Growth and fluorescences of mistranslation reporter strains. 

S. cerevisiae BY4741 transformed with variants of yEpRG (depicted by different symbols 
and colours, see Table 3-3 for strain details) were grown in YNB broth supplemented with 
the appropriate amino acids. The OD600 (A), GFP (C) and mCherry (D) fluorescence (RFI, 
relative fluorescence intensity per unit culture volume) were recorded every 2 h in a 
BioTek® Synergy HTX microplate reader. The background reading for cell-free medium was 
subtracted from the fluorescence values. B) The GFP (green circles) and mCherry (red 
squares) fluorescences of the mCh-1 and mCh-2 strains expressing the non-mutagenised 

fusion protein increased proportionally with the OD600 (black triangles). Mean values ± SD 

are shown for 4 technical replicates (1 biological replicate).  

 

The yEpRG plasmid carries the URA3 gene as a selection marker, restoring the 

ability to synthesise uracil in yEpRG-transformed ura3Δ-mutant yeast strains 

(such as S. cerevisiae BY4741). Recovery after EW treatment was carried out in 

non-selective YEPD medium throughout this study which, containing uracil, does 

not positively select for yEpRG-expressing cells. However, the strains retained 

their GFP and (for the mCh-1 and mCh-2 strains) mCherry fluorescences in YEPD 
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throughout the exponential phase for at least 10 h (Figure 3-19 A–C). This 

supported use of a short-term recovery in YEPD after EW treatment prior to 

assessing the mistranslation. The 5 min-EW treatment is likely too short for 

mistranslation event to be detectable in newly synthesized protein, so a 

subsequent recovery phase allowed for some continued protein synthesis to 

address this. An alternative approach would have been to test prolonged EW 

treatments (>5 min), however relevant effects in this chapter (i.e., EW protective 

effect of Met pre-culture) were observed when treating yeast with EW for 5 min 

and, to maintain consistency, 5 min-EW treatments were therefore chosen for 

assessing Met misincorporation. 
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Figure 3-19: Growth and fluorescences of mistranslation reporter strains in non-
selective YEPD. S. cerevisiae BY4741 strains transformed with variants of yEpRG were 
grown as described in Figure 3-18, using YEPD broth instead of selective YNB medium. A) 
OD600 reads of yeast growth. B) GFP fluorescence (RFI, relative fluorescence intensity per 
unit culture volume). C) mCherry fluorescence. Data from 1 biological replicate. 

 

3.3.6.2 Detecting background Met misincorporation with the fluorescent reporter 

constructs 

The strains expressing the different yEpRG variants were assessed by flow 

cytometry. The non-transformed control strain (BY4741) showed no mCherry or 

GFP fluorescence, and the mCh-1 strain showed a linear relationship between 

mCherry and GFP fluorescence of individual cells (Figure 3-20), as expected for 

the expression of a fusion protein. In the strains carrying the mutagenised 

constructs mCh-AGA-1, mCh-GAT-5 and mCh-AAA-4, most cells showed GFP 
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fluorescence but not mCherry. However, the mCh-GAA-1 strain showed low levels 

of mCherry fluorescence, especially in cells expressing high levels of the fusion 

protein as indicated by a high GFP signal (Figure 3-20). This gain of mCherry 

fluorescence suggested that Glu-to-Met misincorporation events may take place 

in non-stressed conditions in S. cerevisiae, similar to the results obtained 

previously for mammalian cells (Gomes et al., 2016).  

Strain YNB YEPD 

BY4741 

  

mCh-1 

  

mCh-GAA-1 
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mCh-AAA-4 

  

mCh-GAT-5 

  

mCh-AGA-1 

  

Figure 3-20: Dot plots of cellular mCherry and GFP fluorescences obtained by flow 
cytometry. S. cerevisiae BY4741 transformed or not with yEpRG variants (see Table 3-3) 
were grown in selective YNB medium or switched to YEPD for 1.5 h. Cell doublets were 
excluded based on the FSC area-to-height ratio of events (not shown). For each cell 
(represented by single points), the mCherry fluorescence is plotted on the y-axis against 

the GFP fluorescence on the x-axis. Data are from one representative from 2 biological 
replicates. ~10,000 cells were analysed per sample. 

 

The median mCherry fluorescence was calculated to help illustrate the results 

observed in the dot plots. Compared to the other mutagenised constructs, the 

mCh-GAA-1 strain showed an increase in the median mCherry fluorescence 

(Figure 3-21 A; significant according to paired two-tailed t-tests with 

FDR-correction comparing mCh-GAA1 to the other strains). Notably, the mCherry 
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fluorescence was higher for cells grown in YEPD than in YNB, for all tested strains. 

The GFP fluorescence varied depending on the strain and was highest for the 

mCh-GAT-5 strain (Figure 3-21 B). In contrast to mCherry, the GFP fluorescence 

was lower in YEPD than in YNB for some of the strains. 
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Figure 3-21: Median mCherry and GFP fluorescences of the yEpRG variant strains. 

S. cerevisiae BY4741 transformed with yEpRG variants (see Table 3-3) were grown in 
selective YNB medium or switched to YEPD for 1.5 h. The median fluorescence from all cells 
of a sample (excluding doublets) was determined by flow cytometry. A) mCherry 

fluorescence, B) GFP fluorescence. Mean values (of the medians) ± SD are shown for 

2 biological replicates (mCh-AAA-4, mCh-GAT-5, mCh-AGA-1) or at least 6 biological 

replicates (mCh-GAA-1, mCh-1). RFI, relative fluorescence intensity. 

 

The mCherry and GFP proteins are expressed as a fusion protein. The GFP 

fluorescence can therefore serve as a measure for the amount of fusion protein 

expressed. Consequently, the mCherry fluorescence was normalised against the 

GFP fluorescence. To avoid working with very low numbers, the resulting ratio was 

multiplied by the factor 1000 ([mCherry fluorescence / GFP fluorescence] * 1000). 

Different individual cells expressed the fusion protein to different extents, as 

shown by the cellular GFP fluorescence within samples which was detected over 

the wide range of 0–105 relative units (see x-axis in Figure 3-20). In the 

mCh-GAA-1 strain, the detected mCherry fluorescence remained low and 

relatively similar across cells with GFP levels ranging from ~0 up to ~104 relative 

units (Figure 3-22 A). This meant that the mCherry/GFP ratio was comparatively 
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high at the lowest cellular GFP levels (Figure 3-22 B). Therefore, these particular 

high values reflect large changes in the GFP fluorescence rather than in mCherry 

fluorescence, and so do not indicate mistranslation events. This trend to high 

ratios at low GFP values was observed for all the mutagenised strains but not for 

the mCh-1 strain due to the higher mCherry fluorescence in this strain. 

A cut-off value was therefore chosen at <8000 RFI GFP fluorescence, represented 

by the vertical line in Figure 3-22 B, to exclude high ratios caused by low GFP 

fluorescence. For further experiments below, ratios of mCherry/GFP (termed 

“relative mCherry fluorescence”) were only calculated for cells which had a GFP 

reading equal or larger than 8000, i.e., cells expressing amounts of the fusion 

protein deemed sufficient for any observed increases in the ratio to represent real 

relative increases in mCherry fluorescence (i.e., misincorporation events). 

Consistent with the above observations, the mCherry/GFP ratio was very low in 

the mCh-GAT-5, mCh-AAA-4 and mCh-AGA-1 strains and was increased in the 

mCh-GAA-1 strain (Figure 3-23). The low but detectable increase in the ratio for 

the mCh-GAA-1 strain in the control conditions supports the use of the ratio as a 

measure of Met misincorporation (consistent with the observed mCherry 

fluorescence in this particular strain, Figure 3-20, Figure 3-21). The ratio of the 

mCh-GAA-1 strain was between ~0.5–1% of the ratio calculated for the mCh-1 

strain which expresses the unmodified mCherry protein. Methionine 

misincorporation at Lys and Arg positions was detected at a frequency of 0.66% 

in 9 yeast proteins (Wiltrout et al., 2012), but the % fluorescence ratio here may 

not directly translate into % misincorporation. 
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Figure 3-22: Relative mCherry expression: calculating the mCherry/GFP ratio. 
Data for the mCh-GAA-1 strain (cultivated in YNB) which expresses the mCherry(M71E)-
GFP fusion protein. A) Dot plot of the cellular mCherry and GFP fluorescences (~12,500 
analysed cells). B) The ratio of mCherry divided by GFP (multiplied by factor 1000 to avoid 
low decimal numbers) was calculated for each cell and plotted against the cell’s GFP 
fluorescence. The y-axis was limited to 100 but ratios >100 were also detected (at low GFP 

values). The vertical line represents a cut-off at GFP = 8000 relative units, to exclude very 
high ratios caused by low GFP fluorescence (at low GFP, detected mCherry was not visibly 
increased, see A).  
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Figure 3-23: Relative mCherry fluorescence in the yEpRG variant strains. 
S. cerevisiae BY4741 transformed with yEpRG variants (see Table 3-3) were grown in 

selective YNB medium or switched to YEPD for 1.5 h. After excluding events with GFP 
fluorescence <8000 relative units, the ratio of mCherry to GFP fluorescence was calculated 
for each cell (multiplied by factor 1000, see Figure 3-22 for details), and the median ratio 

was determined for each replicate. The bars show the mean values ± SD of the median for 

2 biological replicates (mCh-AAA-4, mCh-GAT-5, mCh-AGA-1) or at least 6 biological 
replicates (mCh-GAA-1, mCh-1). Each bar is labelled with its averaged median value. 

 

A B 
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3.3.6.3 Does EW treatment increase Met misincorporation? 

To assess whether S. cerevisiae increases the Met misincorporation rate in 

response to EW treatment, in a first test the constructed strains were exposed to 

0.02% EW (~0.4 mg L-1 FAC) and the fluorescence was determined immediately 

post-treatment or after a 2 h recovery period in rich YEPD medium. No increase 

in the mCherry/GFP ratio was detected compared to the untreated controls (Figure 

3-24 A). The yeast recovery rate was around 70–80% (except mCh-1: 43%; note 

that recovery of mCh-1 was not consistently lower in other experiments, cf. Figure 

3-26), indicating high survival (Figure 3-24 B).  
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Figure 3-24: Relative mCherry fluorescence from the Met misincorporation 
constructs after 0.02% EW treatment. S. cerevisiae BY4741 transformed with yEpRG 
variants (see Table 3-3) were treated with 0.02% [v/v] EW [~0.4 mg L-1 FAC] for 5 min. 
Cells were analysed by flow cytometry immediately post-treatment (0h) or after 2 h 
recovery in YEPD (30°C, shaking). A) The mCherry and GFP fluorescences of cells were 
determined and the fluorescence ratio calculated for each event as described in the legend 
to Figure 3-22. ~9,000 cells per sample were analysed. For each condition, the median of 

the per-cell fluorescence ratios was determined. EW, grey bars; ctrl: no-treatment control, 
black bars. B) Survival of yeasts after EW treatment was estimated by subsequent recovery 
in YEPD broth (see 3.3.1.2). Data from 1 biological replicate. 

 

Because no increase in Met misincorporation was detected after treatment with 

0.02% EW and 2 h recovery in YEPD, recovery periods between 0.5 and 1.5 h 

were also tested in combination with different EW concentrations (0.01–0.03% 

EW; 0.2–0.6 mg L-1 FAC). The following experiments were performed using the 
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mCh-GAA-1 and mCh-1 strains only; the other mutagenised constructs 

(mCh-AAA-4, mCh-GAT-5, mCh-AGA-1) had shown no or only very low mCherry 

fluorescence, so mCh-GAA-1 was deemed more promising due to the detectable 

apparent levels of background Met misincorporation with this construct. The other 

constructs were tested in follow-up experiments using the “optimal” EW treatment 

conditions determined as described below. Strain mCh-1 was used as a control 

strain to assess any non-specific effects that EW treatment may have on the GFP 

or mCherry fluorescence, as fluorescence changes in this strain do not represent 

Met misincorporation events (the mCherry gene in this strain already encodes the 

correct Met71).  

For an initial quality check, the GFP fluorescence of both the mCh-GAA-1 and 

mCh-1 strains was assessed post-EW treatment. A small trend towards lower 

median fluorescence with increasing % EW was observed for these strains (Figure 

3-25 A,B), which may have been related to decreasing viability (<15% recovery 

at 0.03% EW, except mCh-1 in one experiment (83%), Figure 3-26 C). The 

differences between GFP fluorescence of EW-treated samples compared to control 

samples were not significant, indicating that reporter protein expression was not 

disrupted non-specifically by the treatment, so mistranslation could be assessed 

in these conditions, especially at 0.01% and 0.02% EW. 

Unexpectedly, the median mCherry fluorescence was reduced after treatment with 

0.01% EW (Figure 3-25 C,D), which was only significant for the mCh-GAA-1 strain 

after 1 h recovery, although FDR-adjusted p-values were close to significant (p = 

0.05–0.07) for 1.5 h and 1 h in both strains. At 0.03% EW, the mCherry 

fluorescence in the mCh-1 (control) strain seemed somewhat increased, further 

suggesting that the low survival at this treatment condition may result in 

unspecific effects, making this high EW concentration less appropriate to assess 

mistranslation compared to the other two concentrations. 
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Figure 3-25: Effect of EW treatment on cellular GFP and mCherry fluorescence. 
S. cerevisiae expressing yEpRG variants (mCh-GAA-1 [A,C], mCh-1 [B,D]) were treated 
with EW (0.01–0.03% [v/v]; 0.2–0.6 mg L-1 FAC, 5 min) and recovered in YEPD for 0.5–

1.5 h (ctrl, no-EW control). Cell samples were analysed by flow cytometry and the median 
GFP (A,B) and mCherry fluorescence (C,D) was measured. Mean values ± SD of the medians 

are shown for 4 biological replicates. Values of individual replicates are specified by different 
symbols and colours. Significance tests compared all treatments with the respective no-EW 
control; **p<0.01; according to paired t-test (two-tailed) with correction for multiple 

comparisons by controlling the false discovery rate at 5% FDR (Benjamini et al., 2006). 
RFI, relative fluorescence intensity. 

 

To assess the Met misincorporation rate, the mCherry/GFP ratio was calculated in 

the mCh-GAA-1 strain. No significant increase in the ratio was detected at any of 

the EW concentrations tested (Figure 3-26 A). Small apparent increases 

(consistent across all four replicates) in the ratio after treating with 0.02% EW 

and recovering for either 1 or 1.5 h (compared to the untreated controls) were 

not significant and could not be reproduced in further experiments (see Figure 

3-28, Figure 3-29 and Figure 3-30). In the mCh-1 strain, an increase in the 

mCherry/GFP ratio was detected in some replicates at 0.03% EW, further 

supporting that non-specific effects may take place at this treatment concentration 
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(Figure 3-26 B). Consistent with the observed decrease in median mCherry 

fluorescence for samples treated with 0.01% EW (Figure 3-25), the ratio for this 

condition was reduced compared to the control in most replicate experiments 

(non-significant in mCh-GAA-1, significant at the 0.5 h time point in mCh-1). It 

was observed that the recovery rate in 0.01% EW-treated samples was >100% 

in 3 out of 4 replicates (Figure 3-26 C).  
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Figure 3-26: Relative mCherry fluorescence from the Met misincorporation 
constructs after EW treatment and recovery. S. cerevisiae expressing yEpRG variants 
(mCh-GAA-1 [A,C], mCh-1 [B,C]) were treated with EW (0.01–0.03% [v/v]; 0.2–
0.6 mg L-1 FAC, 5 min) and recovered in YEPD for 0.5–1.5 h (ctrl, no EW-control). A,B) 

Samples were analysed by flow cytometry to determine the mCherry and GFP fluorescence 
of individual cells and the fluorescence ratio was calculated for each cell as described in 

Figure 3-22. For each condition and replicate, the median of the ratios was determined. C) 
Survival of yeasts after EW treatment was estimated by subsequent recovery in YEPD broth 

(see 3.3.1.2). Bars show means ± SD for 4 biological replicates. Values of individual 

replicates are specified by different symbols and colours. In A and B, significance tests 
compared all treatments with the respective no-EW control; *p<0.05; according to paired 
t-test (two-tailed) with correction for multiple comparisons by controlling the false 
discovery rate at 5% FDR (Benjamini et al., 2006). 
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Because a small, non-significant increase in the mCherry/GFP ratio was detected 

with the mCh-GAA-1 strain at 0.02% and 1.5 h, these conditions were also tested 

in other clones of mCh-GAA-strains generated in this study, named mCh-GAA-2, 

mCh-GAA-3 and mCh-GAA-4 (see Table 3-3). Strains mCh-GAA-1–3 showed 

comparable fluorescence intensities of both GFP and mCherry whereas these 

signals were much weaker in the mCh-GAA-4 strain (Figure 3-27 A,B). However, 

all four strains had detectable levels of mCherry fluorescence that were higher 

than the mCherry levels obtained with the other constructs (mCh-AGA-1, 

mCh-AAA-4, mCh-GAT-5; Figure 3-21), indicating background Glu-to-Met 

misincorporation events in all four mCh-GAA clones. 
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Figure 3-27: GFP and mCherry fluorescence in the strains mCh-GAA1–4. 
Exponentially growing S. cerevisiae expressing yEpRG variants with a M71E mCherry 
mutation (mCh-GAA-1–4) were harvested (YNB prior to treatment), and treated with 
0.02% [v/v] EW [~0.4 mg L-1 FAC] for 5 min, followed by 1.5 h recovery in YEPD (ctrl, no 
EW-control). Fluorescence was determined by flow cytometry. A) Median GFP fluorescence. 
B) Median mCherry fluorescence. Data from 1 biological replicate (~11,000 cells were 

analysed per sample), except mCh-GAA-1: mean values (of the medians) ± SD are shown 

for 2 biological replicates both grown on the same day as the other strains. RFI, relative 

fluorescence intensity. 

 

The mCherry/GFP ratio was calculated to assess the Met misincorporation rate 

after EW treatment in the different mCh-GAA-strains. This experiment consists of 

one biological replicate only and therefore does not allow the assessment of 

statistical significance, however comparing the results of the different mCh-GAA 
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clones to each other will indicate whether any observed effect is consistent across 

the clones. In contrast to the previous results (Figure 3-26 A), treatment with 

0.02% EW combined with 1.5 h recovery in YEPD did not result in a higher 

mCherry/GFP ratio in the mCh-GAA-1 strain compared to the untreated control in 

this experiment (Figure 3-28 A). Similarly, the mCh-GAA-2 and mCh-GAA-4 

strains showed no increase, however a small increase was detected in 

mCh-GAA-3. Potentially, this may be related to the yeast recovery rates in this 

experiment (≥100% for mCh-GAA-1, -2 and -4; Figure 3-28 B) which was higher 

than the recovery at the same treatment condition in the previous experiment (up 

to 84%; Figure 3-26 C), whereas the recovery of mCh-GAA-3 (70%) was more 

similar to the previous experiment. 
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Figure 3-28: Relative mCherry fluorescence in the mCh-GAA-1–4 strains after EW 
treatment. S. cerevisiae expressing yEpRG variants with a M71E mCherry mutation 

(mCh-GAA-1–4) were harvested (YNB prior to treatment), and treated with 0.02% [v/v] 

EW [~0.4 mg L-1 FAC] for 5 min, followed by 1.5 h recovery in YEPD (ctrl, no EW-control). 
A) Samples were analysed by flow cytometry to determine the mCherry and GFP 
fluorescences of individual cells and the fluorescence ratio was calculated for each event as 
described in Figure 3-22. For each condition and replicate, the median of the ratios was 
determined. B) Survival of yeasts after EW treatment was estimated by subsequent 
recovery in YEPD broth (see 3.3.1.2). Data from 1 biological replicate (~11,000 cells were 

analysed per sample), except mCh-GAA-1: mean values (of the medians) ± SD are shown 

for 2 biological replicates both grown on the same day as the other strains. 
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Finally, the condition that resulted in a small, non-significant increase of the 

mCherry/GFP ratio in the mCh-GAA-1 strain in the first experiment (Figure 3-26 A) 

was applied to the other mutagenised strains. The ratio was not increased after 

EW treatment compared to the control for any of the strains, including the 

mCh-GAA-1 strain in this experiment (Figure 3-29 A). The yeast survival was in 

the expected range (~70–80% recovery) and slightly higher in the mCh-GAA-1 

strain (2 replicates, 83 and 99%, Figure 3-29 B). This experiment consisted of 

one biological replicate only and was not repeated due to the apparent lack of 

effect of EW treatment on the relative mCherry fluorescence. Taken together, the 

data do not support the hypothesis that 5 min EW treatments induce Met 

misincorporation in yeast. 
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Figure 3-29: Relative mCherry fluorescence from different yEpRG variants after 
0.02% EW treatment and 1.5 h recovery. S. cerevisiae BY4741 transformed with 
yEpRG variants (see Table 3-3) were treated with 0.02% [v/v] EW [~0.4 mg L-1 FAC] for 
5 min, and recovered in YEPD for 1.5 h. A) The mCherry and GFP fluorescences of cells 

were determined by flow cytometry and the fluorescence ratio was calculated for each 
event as described in Figure 3-22. For each condition and replicate, the median of the ratios 

was determined. B) Survival of yeasts after EW treatment was estimated by subsequent 
recovery in YEPD broth (see 3.3.1.2). Data from 1 biological replicate (~12,000 cells were 
analysed per sample), except mCh-GAA-1: mean values (of the medians) ± SD are shown 

for 2 biological replicates both grown on the same day as the other strains. 
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3.3.6.4 Does Met pre-culture affect the Met misincorporation? 

Growing S. cerevisiae in medium with increased Met concentrations (0.3 mM 

instead of 0.13 mM) prior to EW treatment increased the yeast survival after the 

treatment (see 3.3.2). One possible explanation could be that increased Met levels 

lead to higher levels of Met misincorporation into proteins, which would then 

protect other residues in the proteins against oxidative damage, as proposed 

previously (Netzer et al., 2009, Lee et al., 2014a). In a first set of experiments, 

the mCh-GAA-1 and mCh-1 strains were exposed to increased Met levels (0.3 mM) 

in YNB for 4 h before sampling for flow cytometry. No difference in the 

mCherry/GFP ratio was recorded when comparing the 0.13 mM Met condition with 

the 0.3 mM Met condition (Figure 3-30 A). In a second experiment, mCh-GAA-1 

was cultured with high Met levels for 17 h, cells were harvested and washed to 

remove extracellular Met and subsequently treated with EW and recovered for 

1.5 h in YEPD. The cells pre-exposed to 0.3 mM Met actually showed decreased 

mCherry/GFP ratios compared to the 0.13 mM Met condition, both after 0.02% EW 

treatment and in the untreated control (Figure 3-30 C). Observed differences 

between the control in panel C (decreased ratio at 0.3 mM Met), and similar 

samples in panel A (no decrease), may relate either to the differences in Met pre-

culture duration (4 h in A vs. 17 h in C), sampling from different media (sampling 

directly from the pre-culture YNB medium in A vs. sampling from the YEPD 

recovery medium in C) and/or the growth phase at which cells from the Met pre-

culture were harvested from YNB for assay (for flow cytometry assay in A and for 

EW treatment/recovery, followed by flow cytometry, in C), which was at higher 

OD600 values for the samples in panel C than in A (Figure 3-30 B,D). The decrease 

in the mCherry/GFP ratio does not support the hypothesis that Met pre-culture 

protects yeast cells against EW by increasing the Met misincorporation rate. In 

this experiment, the initially suggested increase in mCherry/GFP ratio compared 

to the control after 0.02% EW treatment (Figure 3-26) could not be reproduced, 

similar to a lack of increase in Figure 3-28. The yeast recovery at this 
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concentration was higher (83–111% recovery, Figure 3-30 E) than in Figure 3-26 

(≤84%) and more similar to Figure 3-28 (≥100%). Taken together, the present 

data do not support a strong effect of Met pre-culture and EW treatment on the 

Met misincorporation rate in yeast. 
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Figure 3-30: Relative mCherry fluorescence from the Met misincorporation 
constructs after Met pre-culture and EW treatment. A,B) S. cerevisiae expressing 
yEpRG variants (mCh-GAA-1, mCh-1) were grown in YNB in the presence of 0.13 or 0.3 mM 
Met for 4 h. C–E) Met pre-culture with mCh-GAA-1 as in A, except that the pre-culture 

period was 17 h, and samples were treated with EW dilutions (0.02–0.03% [v/v]; 0.4–
0.6 mg L-1 FAC, 5 min) and recovered in YEPD for 1.5 h (ctrl, no-EW control). Note that the 
data from the 0.13 mM condition of 2 of the replicates in this dataset is the same 
mCh-GAA-1-data as shown in Figure 3-29. A,C) Samples were analysed by flow cytometry 

to determine the mCherry and GFP fluorescences of individual cells and the fluorescence 
ratio was calculated for each cell as described in Figure 3-22. For each condition and 
replicate, the median of the ratios was determined. B,D) The OD600 of the YNB cultures was 

recorded after 4 h (B) or 17 h (D) prior to harvesting cells from the pre-culture media. E) 
Survival of yeasts after EW treatment was estimated by subsequent recovery in YEPD broth 
(see 3.3.1.2). Bars show mean values ± SD for at least 3 biological replicates. *p<0.05; 

ns, not significant; according to paired t-test (two-tailed) with correction for multiple 

comparisons by controlling the false discovery rate at 5% FDR (Benjamini et al., 2006). 
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3.3.6.5 Testing the constructs with reported inducers of mistranslation: arsenite and 

paromomycin 

The study that developed the fluorescent reporter for mammalian cells used 

arsenite treatment to induce an oxidative stress-dependent increase in Met 

misincorporation (Gomes et al., 2016). Paromomycin at 8.1–40 µM is known to 

increase mistranslation events in yeast including stop-codon readthrough, Arg-to-

His and His-to-Tyr misincorporation (Vallières et al., 2020). The EW treatment in 

yeast did not have a strong effect on the Met misincorporation rate, as described 

in the preceding sections, so control treatments with other reported 

misincorporation-inducers (arsenite, paromomycin) might help to determine 

whether the lack of effect is specific to the EW treatment, or extends to other 

treatments, potentially suggesting general differences between yeast and 

mammalian cells regarding Met misincorporation. 

Treating yeast with 125 µM arsenite for 3.5 h in this study did not lead to a 

significant increase of the relative mCherry fluorescence in the mCh-GAA-1 strain 

(FDR-adjusted p = 0.126, paired two-tailed t-test), although the ratio was slightly 

increased compared to the untreated control in all 5 biological replicates, and no 

such increase could be observed in the mCh-1 strain (Figure 3-31 A). No increase 

in the mCherry/GFP ratio was observed after treatment with 100 µM or 200 µM 

paromomycin (Figure 3-31 A,B). These treatment concentrations were sub-lethal 

(Figure 3-31 C,D; OD600 values are given for culture in the presence of arsenite or 

paromomycin (continuous stress exposure) in these experiments instead of 

recovery rates which apply only for post-treatment growth analysis). A two-fold 

higher concentration of arsenite (250 µM) seemed to increase the relative 

mCherry fluorescence more strongly (Figure 3-31 B; 1.2-fold increase, non-

significant; FDR-adjusted p = 0.055). At this concentration, the growth was 

reduced by ~32% compared to the control growth (Figure 3-31 D). It cannot be 

ruled out that higher arsenite concentrations than used here may result in a 
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stronger and significant increase in relative mCherry fluorescence, indicative of 

Met misincorporation. However, higher concentrations would be expected to also 

reduce the yeast growth more strongly and mistranslation events in such 

conditions might be non-specific side-effects of high stress of cell death. 
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Figure 3-31: Relative mCherry fluorescence from the Met misincorporation 
constructs after arsenite or paromomycin exposure for 3.5 h. S. cerevisiae 
expressing yEpRG variants (mCh-GAA-1, mCh-1) were exposed to arsenite (ars) or 
paromomycin (PM) at the specified concentrations for 3.5 h in selective YNB broth in 

shaking conditions in a BioTek® microplate reader (ctrl: stressor-free YNB). A,B) The 
mCherry and GFP fluorescence of cells was determined by flow cytometry and the 
fluorescence ratio was calculated for each cell as described in Figure 3-22. For each 
condition and replicate, the median of the ratios was determined. C,D) Cells were inoculated 
to OD600~0.5 (dotted line) and the OD600 was determined after 3.5 h before sampling cells 

for flow cytometry analysis. Data are mean values ± SD for at least 3 biological replicates. 

 

Treatments with arsenite and paromomycin were additionally carried out 

overnight (20 h exposure). No increase in the mCherry/GFP ratio was observed 

with either 125 µM arsenite overnight or 25 µM paromomycin (Figure 3-32 A,B). 

Neither of these treatments reduced the yeast growth (Figure 3-32 D,E). 

Increasing the paromomycin concentration to 50 µM overnight increased the 
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mCherry/GFP ratio, however the ratio was also increased in the mCh-1 control 

strain (Figure 3-32 C), which suggests non-specific effects as this strain does not 

report on mistranslation. The growth was barely and non-significantly reduced 

when treating with 50 µM paromomycin (Figure 3-32 E). Higher paromomycin 

concentrations were tested (100 µM) but reduced the overnight growth of the 

strains (to ~50–60% of the control) and were therefore not analysed further. 

Taken together, the results suggest that Met misincorporation may not be strongly 

induced as a specific effect of arsenite or paromomycin in S. cerevisiae. Without 

a positive control, it cannot be said for sure whether the presented constructs are 

suitable for Met misincorporation detection during stress conditions in yeast. 
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Figure 3-32: Relative mCherry fluorescence from the Met misincorporation 

constructs after arsenite or paromomycin exposure for 20 h. S. cerevisiae 
expressing yEpRG variants (mCh-GAA-1, mCh-1) were exposed to arsenite (ars; A,D) or 

paromomycin (PM; B,C,E,F) at the specified concentrations for 20 h in selective YNB broth 
in shaking conditions in a BioTek® microplate reader (ctrl: stressor-free YNB). A–C) The 
mCherry and GFP fluorescence of cells was determined by flow cytometry and the 
fluorescence ratio was calculated for each cell as described in Figure 3-22. For each 
condition and replicate, the median of the ratios was determined. C–E) Cells were 
inoculated to OD600~0.01 and the OD600 was determined after 20 h before sampling cells 

for flow cytometry analysis. Data are mean values ± SD for at least 3 biological replicates, 

except B,E where n = 2. *p<0.05; according to paired t-test (two-tailed) with correction 
for multiple comparisons by controlling the false discovery rate at 5% FDR (Benjamini et 
al., 2006).  
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3.3.7 EW combined with heat treatment 

The effect of EW treatment combined with subsequent heat treatment on A. niger 

was studied in Chapter 2 (2.3.6). Here, combining 0.03% EW (0.54–0.60 mg L-1 

FAC) with subsequent 45°C heat treatment (both 5 min) of yeast resulted in lower 

recovery (11%) than expected from (the product of the fractional growth obtained 

for) each individual treatment (relative growth 0.248 [0.03% EW alone] x 0.69 

[heat treatment (45°C) alone] = 0.17, corresponding to 17%) (Figure 3-33). 

However, this difference was within one standard deviation of the mean of the 

observed recovery. Tests were repeated in two separate biological replicates with 

higher temperatures and an increased range and/or number of EW dilutions 

(Figure 3-34 A,B). Again, the growth in combination appeared to be lower than 

expected (panel A: combination of 0.03% EW and 54.6°C: 0.472 x 0.105 = 0.050, 

versus 0.013 measured; panel B: combination of 0.03% EW and 52.5°C: 0.259 x 

0.348 = 0.090, versus 0.019 measured). Based on these results, a short heat 

treatment (~50–55°C) after treatment with diluted EW (0.03%) may increase the 

inactivation of yeast, although the presented data alone are not sufficient to 

determine whether the effect size is sufficient to provide benefits in EW 

applications. The measured survival after combined EW + heat treatment in yeast 

was ~1.5–5 x lower than the expected survival (see above calculations), and this 

effect was smaller than the effect observed when exposing A. niger to EW and 

subsequent heat treatment (measured survival was ~5–8 x lower than the 

expected survival in A. niger, 2.3.6). 
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Figure 3-33: Yeast treatment with EW followed by heat treatment. Exponentially 
growing S. cerevisiae BY4741 were treated with EW (0.01–0.05% [v/v]; 0.2–1 mg L-1 FAC, 
dilutions in SDW, 5 min). Treatments were stopped by adding equal volumes of 2X YEPD 
and 50 µL aliquots were heat treated (30.2°C, 45°C or 50.4°C) for 5 min (Prime Thermal 

Cycler, Techne). Survival of yeasts was estimated by subsequent recovery in YEPD broth 
(see 3.3.1.2). Mean values (A) and standard deviation (B) are shown for 3 biological 
replicates, fields are labelled with the numerical value (missing values are <0.1 but >0). 
RT, room temperature. SDW, sterile distilled water. 
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Figure 3-34: Yeast treatment with EW followed by heat treatment, refined ranges. 

Exponentially growing S. cerevisiae BY4741 were treated with EW (0.01–0.05% [v/v]; 0.2–

1 mg L-1 FAC, diluted in SDW, 5 min). Treatments were stopped by adding equal volumes 
of 2X YEPD and 150 µL aliquots were heat treated (50.3°C–67.3°C) for 5 min (Prime 
Thermal Cycler, Techne). Survival of yeasts was estimated by subsequent recovery in YEPD 
broth (see 3.3.1.2). Data from 1 biological replicate each are shown in A and B, fields are 
labelled with their numerical value (missing values are <0.1 but >0, except SDW/RT 

control: 100%). RT, room temperature. SDW, sterile distilled water.  
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3.4 Discussion 

This chapter built on the reactivity of EW with amino acids identified in Chapter 2. 

It was observed here that supplying yeast cells with increased levels of Met prior 

to EW treatment results in higher yeast survival. This effect was unique to Met 

among the tested amino acids and was not linked to downstream metabolism 

products of Met, suggesting a protective role of Met itself. EW treatment also 

inactivated FeS cluster proteins, which have previously been reported to be 

susceptible to conditions where high levels of oxidised Met were present (Sideri et 

al., 2009). A potential role for Met misincorporation as a cellular response to EW 

in yeast was not supported by the results of this study. These results identify 

important targets of EW in yeast. 

3.4.1 Methionine as a scavenger of reactive species 

The data presented in this study suggest a potential protective system against 

EW-induced damage in-vivo, involving methionine. Pre-culture with methionine, 

to allow accumulation of the amino acid, specifically (compared to other amino 

acids) increased recovery from EW treatment. The effect could be mimicked by 

the D-Met isomer but not by the first metabolic product of Met utilisation (SAM), 

and occurred rapidly (within 10 min incubation with elevated Met). This suggested 

a role of the methionine molecule itself in protection against EW. Furthermore, 

the Met protective effect appeared to extend to a more general form of oxidative 

stress protection, as it could be reproduced with both NaOCl and ozonated water. 

One possible explanation is that free or protein-incorporated Met acts as a ROS 

scavenger during EW treatment, protecting other targets from EW-induced 

damage. Methionine can readily be oxidised by different ROS and FAC (Bin et al., 

2017, Storkey et al., 2014), and was demonstrated to react with EW in Chapter 2. 

Methionine residues in proteins are considered to confer a ROS scavenging action 
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that may protect other residues from oxidative damage (Schindeldecker and 

Moosmann, 2015). The proposed role of Met in ROS scavenging is supported by 

the Met/MetO recycling system, where methionine sulphoxide reductases (MSRs) 

re-reduce oxidised methionine (Lowther et al., 2000, Kim et al., 2014). The 

potential formation of toxic by-products from secondary oxidation of MetO was 

discussed in the previous chapter (2.3.4.2), and the risk of by-product formation 

when MetO accumulates would further necessitate continuous reduction of the 

MetO pool. The present data show that MSR overexpressing yeast cells had 

increased resistance to EW. This study also shows several parallels between EW 

and NaOCl. Elsewhere, HOCl produced by neutrophils as part of the immune 

response increased Met oxidation in E. coli, while elevated MSR expression gave 

increased bacterial survival of HOCl (Rosen et al., 2009). Replacing Met residues 

with norleucine residues in E. coli proteins increased the bacterium’s sensitivity to 

NaOCl, supporting the hypothesis that Met residues protect proteins from FAC 

stress (Luo and Levine, 2009). In yeast, deletion of MSRA or double deletion of 

MSRA/MSRB increased NaOCl sensitivity, and overexpression of MSRA or Met-rich 

proteins protected against NaOCl (Tarrago et al., 2012), similar to the protective 

effect of MSR overexpression against EW presented here. In the previous chapter, 

other amino acids (Trp, Tyr) were as or more effective at inactivating the fungicidal 

activity of EW than Met (when treating A. niger spores with the amino acid + EW 

mix, 2.3.4.1), although Met was more reactive with EW than Trp when assessing 

in-vitro activity (by assessing the oxidising activity of the amino acid + EW mix 

with the fluorescent probe APF, 2.3.5.1). Interestingly, Trp and Tyr did not provide 

protection when supplied to yeast prior to EW treatments. The lack of a specific 

oxidation repair system for these amino acids (such as the MSR system for Met) 

may explain why accumulation of non-Met amino acids does not improve yeast 

resistance to EW.  The role of Met in the cellular response to oxidative stress is 

further reflected by the upregulation of genes of oxidation-reduction and oxidative 

stress categories, including MsrA, in Met starvation conditions (Petti et al., 2011). 
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3.4.2 Met mistranslation: making use of the scavenging action 

3.4.2.1 Concept of Met misincorporation as a protective strategy of cells against ROS 

stress 

Methionine occurs naturally in cellular proteins but is not distributed equally. For 

instance, mitochondrial proteins (especially proteins of the inner mitochondrial 

matrix and respiratory chain) contain higher Met levels than the cellular average 

(Schindeldecker and Moosmann, 2015). In addition to genetically encoded Met 

residues, it has been shown in mammalian and yeast cells using tRNA-microarrays 

that Met can be aminoacylated to non-Met tRNAs, leading to misincorporation of 

Met into proteins (Netzer et al., 2009, Wiltrout et al., 2012), while mitochondrial 

tRNAs were found not to be misacylated with Met (Wiltrout et al., 2012). Many of 

the reported Met-misacylations replace charged or polar amino acids. Such 

hydrophilic amino acids tend to be located at the protein-water interface 

(Malleshappa Gowder et al., 2014) which means that the misincorporated Met 

residues are likely to be exposed to the aqueous environment. During oxidative 

stress conditions, the rate of Met-misacylation increases up to 10-fold in 

mammalian cells, suggesting a potential short-term protection due to elevated 

Met misincorporation that would shield other protein residues from oxidation 

(Netzer et al., 2009). Another effect of Met misincorporation may be the formation 

of protein variants with distinct (and potentially beneficial) activities and cellular 

localisation, shown for Ca2+/calmodulin dependent kinase in Ca2+ stress conditions 

(Wang and Pan, 2016).  

An increase of Met incorporation into fluorescent reporter proteins under oxidative 

stress conditions has previously been used as a measure of Met mistranslation 

events at the protein level (Lee et al., 2014a, Gomes et al., 2016), i.e., an 

alternative approach to using tRNA-microarrays. In these assays, a Met residue in 

the fluorophore was mutated to yield a non-fluorescent protein and 
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misincorporation restores fluorescence. This led to indirect indication of Met 

misacylation of tRNAGlu (Gomes et al., 2016), tRNALys, tRNAHis and tRNAGly (Lee et 

al., 2014a) and the misincorporation of such (misacylated) Met into the 

fluorescent reporter proteins in response to arsenite. In yeast, basal 

misincorporation in non-stressed conditions has also been demonstrated: Several 

cytosolic tRNAs were shown to be misacylated with Met in a microarray, and 

incorporation into proteins was confirmed in trypsin-digested peptides, where 

substitution of Arg and Lys by Met resulted in longer cleavage products (Wiltrout 

et al., 2012).  

3.4.2.2 Oxidative stress treatments did not increase Met misincorporation in yeast 

It was hypothesised that during or after EW stress, Met misincorporation into 

proteins may occur as a cellular stress response. Increased Met supply through 

the growth medium may increase the availability of Met for misacylation reactions 

and increase the chance of misincorporation. Overexpression of MSR enzymes 

should then also make the misincorporation strategy more successful by 

increasing the MetO reduction activity, consistent with the observed increased 

survival of such overexpression strains. The mCherry-GFP fusion protein reporter 

plasmids in this study were constructed following the previously published reporter 

plasmids for human cells (Gomes et al., 2016) and, consistent with the previously 

reported results, Met misincorporation events at a Glu codon could be detected in 

unstressed conditions in S. cerevisiae in this study. Fluorescence of the mCherry 

variant with the Met-to-Glu substitution (mCherry-Glu) could theoretically also be 

caused by fluorescence of this variant (through fluorophore formation involving 

Glu), however this has been addressed previously by showing that a 

recombinantly expressed mCherry-Glu variant is not fluorescent, and that Glu 

does not undergo fluorophore formation, suggesting that observed fluorescence 

in strains expressing mCherry-Glu variants (such as mCh-GAA in this study) is 

indeed caused by Glu-to-Met misincorporation events (Gomes et al., 2016). In 
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yeast, the Met-tRNA-synthetase forms a complex with Arc1p, a general tRNA-

binding protein, and the Glu-tRNA-synthetase, and it has been shown that this 

AME complex misacylates tRNAGlu with Met in-vitro whereas misacylations of 

tRNAMet with Glu are very rare (Wiltrout et al., 2012). The present study indicates 

that, consistent with such misacylation events, incorporation of Met at Glu codons 

(GAA) into proteins occurs in yeast cells. It should be noted that the mCherry 

sequence contains 24 GAA codons and it is not known how Met misincorporation 

at these other positions would affect the fluorescence. 

It could not be shown that EW treatment increases the Met misincorporation rate. 

A small, non-significant increase was recorded in one experiment but was not 

reproducible across experiments, potentially due to differences in the extent of 

EW effect (reflected in yeast survival) between the experiments. Even if the 

observed effect in the first experiment were a real effect, it is very small and would 

not suggest that Met misincorporation into proteins is a major part of the yeast 

response to EW. Paromomycin, a known inducer of mistranslation, also did not 

increase the Met misincorporation at concentrations between 25–100 µM, whereas 

previously, an increase in stop-codon read-through and Arg-to-His 

misincorporation was reported after 8.1 µM paromomycin treatment (16 h), and 

His-to-Tyr misincorporation at 40 µM (Vallières et al., 2020). Additionally, it could 

not be conclusively shown that arsenite treatment increased Met misincorporation 

in yeast, in contrast to the previous studies in mammalian cells (Gomes et al., 

2016, Lee et al., 2014a, Netzer et al., 2009). However, only one of the previous 

studies states the use of sub-lethal arsenite levels (Netzer et al., 2009), as used 

here, whereas the other relevant studies either did not comment on survival 

(Gomes et al., 2016) or used arsenite concentrations that reduced cell viability to 

~60% in similar experiments within the same paper (Lee et al., 2014a); this 

makes it difficult to rule out unspecific effects. Additionally, it is possible that the 

described short-term protective strategy of mammalian cells against oxidative 
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stress by Met misincorporation into proteins does not occur in yeast. For 

mammalian cells, it is known that the extracellular signal-related kinase ERK1/2 

phosphorylates two Ser residues (Ser209 and Ser825) in the Met-tRNA-

synthetase (MetRS), reducing the accuracy and inducing misacylation events (Lee 

et al., 2014a), but it is not known whether a similar mechanism exists in yeast: 

sequence alignments do not support a similar regulatory mechanism in yeast 

(application of the the NCBI BLAST® blastp tool during the course of this study 

showed that the yeast MetRS sequence aligns to residues 250–821 of the human 

sequence [51% identity], excluding the relevant Ser residues). 

Stress exposure may affect the fluorescence of the reporter proteins. Unexpected 

fluorescence phenotypes were observed in several experiments (decreased 

mCherry fluorescence after treatment of mCh-GAA-1 and mCh-1 with 0.01% EW, 

increased mCherry/GFP ratio in the mCh-1 strain after overnight treatment with 

paromomycin, increased GFP fluorescence but decreased mCherry fluorescence 

when switching from YNB to YEPD medium). Importantly, if the mCherry 

fluorescence is more strongly reduced than GFP fluorescence in a specific 

condition, this may hide increases due to mistranslation events in the GAA1 strain, 

potentially decreasing the sensitivity of the reporter. 

In this study, pre-treatment with D-Met resulted in increased recovery after EW 

treatment in the Met-prototrophic yeast strain (S. cerevisiae BY4742). Tight 

regulation prevents incorporation of D-amino acids into proteins (Kuncha et al., 

2019). This suggests that the observed protective effect of L-Met against EW 

treatment is at least partly due to free Met, consistent with the observed absence 

of a connection between EW and Met misincorporation into proteins, although it is 

also possible that the different Met isomers exert distinct protective mechanisms.  
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3.4.3 Methionine oxidation: potential regulatory roles 

In addition to a protective ROS scavenging effect, Met oxidation has been 

proposed as a posttranslational protein modification that regulates protein 

activity. A reported minor (potentially regulated) oxidase activity of MSR enzymes 

(catalysing the oxidation of Met to MetO) supports the idea of Met oxidation as a 

controlled regulatory mechanism (Lim et al., 2011, Cao et al., 2018). A new 

database (MetOSite, https://metosite.uma.es/) collates methionine 

sulphoxidation sites identified in proteins from different species where the Met 

oxidation state affects activity, protein-protein interaction, stability or protein 

localisation (Valverde et al., 2019). Inactivation of proteins by Met oxidation has 

been reported, for instance in the bacterial chaperone GroEL and the antioxidant 

enzyme catalase, two proteins important in the oxidative stress response (Khor et 

al., 2004a, Mahawar et al., 2011). One relevant example is the bacterial 

transcription factor HypT (also named YjiE) that is activated by HOCl mediated 

oxidation of three methionine residues and increases HOCl resistance upon 

activation (Drazic et al., 2013). It has been suggested that the oxidation results 

in a conformational change that enables DNA binding of HypT (Jo et al., 2019). 

So far, MetOSite lists three studies that discovered protein regulation by Met 

oxidation in S. cerevisiae. During oxidative stress such as from NaOCl, a co-

chaperone (Fes1) of a class of heat shock proteins (Hsp70s) is oxidised at three 

Met residues (potentially more), resulting in decreased activity of Fes1 and in 

consequence decreased activity of the Hsp70 proteins (Nicklow and Sevier, 2020). 

This was speculated to have one or several benefits during stress conditions, such 

as prolonged binding of misfolded peptides to Hsp70, enabling other binding 

partners to interact with Hsp70 which may favour degradation over re-folding, or 

activation of other stress responses. A different co-chaperone of Hsp70s, Mge1, 

important for protein import into the mitochondrial matrix, protein folding and FeS 

cluster biogenesis, loses activity upon Met oxidation, reversible by (mitochondrial) 

https://metosite.uma.es/
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MsrB activity (Allu et al., 2015). A strain expressing an oxidation resistant variant 

(M155L) of Mge1 survived better in oxidative stress conditions (Marada et al., 

2013). In enolase 1, oxidation of methionine 171 reduces the enzyme activity and 

an oxidation-resistant M171L protein conferred increased NaOCl resistance of the 

yeast, consistent with a regulatory role for the protein’s Met oxidation state (Lin 

et al., 2017). Therefore, whereas loss of activity after Met oxidation may be a 

form of incidental damage during oxidative stress, it could also improve stress 

resistance by triggering alternative processes or pathways. In future studies, it 

would be interesting to test whether Met oxidations in Fes1, Mge1 and enolase 1 

also play a role during EW stress. Another example of regulation mediated by Met-

oxidation is the nitrate-specific transcription factor NirA in Aspergillus nidulans 

which is inactivated when methionine 169 is oxidised but is activated and 

accumulates in the nucleus upon exposure to nitrate, correlated with reduction of 

the MetO residue (Gallmetzer et al., 2015). Interestingly, the Met reduction was 

independent of MsrA and MsrB in this case, while the oxidation was catalysed 

(maybe indirectly) by a flavin-containing monooxygenase (FmoB). Future efforts 

to identify further Met-oxidation regulatory effects will be helped by recent 

methodological advances, such as: isotopic labelling of unoxidised Met residues or 

probes specific for exposed Met residues on proteins allowing identification of 

reactive Met residues using LC-MS/MS (Lin et al., 2017, Bettinger et al., 2020), 

the computational prediction of MetO sites (Veredas et al., 2020) and the 

synthesis of MetO containing peptides (Cai et al., 2020). 

3.4.4 Effects of methionine on the cell wall 

It is possible that increased supply of Met via the medium induces cellular 

processes that in turn increase cellular resistance to EW. It has been reported that 

Met supplementation (10 mM) increased the susceptibility of the yeast cell wall to 

enzymatic degradation, potentially due to lower glucan and mannan 
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concentrations, but also increased protein concentrations in the cell wall (Killick, 

1971). In the case of EW treatment, such increased protein levels in the wall might 

be beneficial: EW is inactivated by proteins (2.3.3), therefore if EW encounters 

increased protein levels before entering the cell, the active EW species may 

become inactivated before they cause intracellular damage. Yeast resistance to 

the cell-wall damage from calcofluor white was increased after deleting the genes 

encoding the Met uptake protein Mup1 or the SAM synthetase Sam1 (Zhao et al., 

2019), suggesting a potential connection between Met metabolism and cell wall 

stability or composition. Other possible Met effects may include ROS scavenging 

in the periplasmic space to protect the cell membrane from oxidation, in line with 

reported bacterial methionine-rich periplasmic peptides and periplasmic MetO 

reductases (Tarrago et al., 2020, Melnyk et al., 2015). 

3.4.5 FeS cluster proteins are EW targets 

Increased oxidant resistance has recently been described after pre-culture of 

yeast cells with high lysine, similar to the methionine pre-culture in this study 

(Olin-Sandoval et al., 2019). However, lysine pre-culture did not improve EW 

recovery in this study. The lysine effect was explained by potential regulatory 

effects of excess Lys entering polyamine metabolism, and by increased production 

of the ROS scavenger glutathione. The protective effect of Met pre-culture against 

EW may also, at least partly, be more indirect than purely ROS scavenging, and 

some possibilities have been discussed above. Furthermore, it has been shown 

previously that elevated MetO levels or decreased reduced-Met lead to increased 

oxidative targeting and turnover of FeS clusters (Sideri et al., 2009). Accordingly, 

increasing the level (via pre-culture) or maintenance (MSR overexpression) of 

reduced Met should help to keep FeS clusters intact in oxidising cellular 

environments. Oxidative stress in general is well known to target surface-exposed 

FeS clusters in proteins (Imlay et al., 2019). Superoxide and hydrogen peroxide 
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oxidise [4Fe-4S]2+ clusters to [4Fe-4S]3+, followed by release of iron yielding 

[3Fe-3S]1+, rendering FeS enzymes inactive (Imlay, 2006). FeS proteins such as 

ferredoxins are highly reactive with FAC (Albrich et al., 1981) although the 

reactivity depends on the protein, and some FeS clusters are more stable than 

others upon FAC exposure (Hurst et al., 1991). NaOCl may, potentially via ROS 

generation in cells, damage the clusters in bacterial FeS proteins (Romsang et al., 

2018). Damage to the mitochondrial FeS assembly machinery (ISC) in 

S. cerevisiae induces iron release and increases ROS formation, consistent with 

observed sensitisation to oxidants (Gomez et al., 2014). The present study shows 

that EW impairs activity of the FeS cluster protein aconitase, a known key target 

of pro-oxidant agents (Lalève et al., 2016). It should be noted that aconitase is 

mainly localised in the mitochondrial matrix and damage to aconitase is therefore 

likely an indirect/secondary effect of EW action, as chemical EW species will first 

encounter the cell wall, membrane and cytoplasm. The reconstitution of the FeS 

cluster was not successful. This may suggest shortcomings of the method due to 

technical constraints arising from the limited stability of the aconitase enzyme. 

The reconstitution was carried out in plastic tubes, which may introduce oxygen 

into otherwise oxygen-free conditions, potentially affecting the aconitase stability 

and reconstitution. Previously, chemical reconstitution of the FeS cluster in human 

ferredoxin was reported to be unsuccessful and successful reconstitution required 

the FeS transfer protein mNT (Mons et al., 2018), however the same group 

reported successful chemical reconstitution of (purified) aconitase [% restored 

activity not reported] (Ferecatu et al., 2014) (in the present study, aconitase 

reconstitution was attempted in crude protein extracts). Chemical reconstitution 

alone is generally only sufficient to repair clusters that have only lost their first 

(“labile”) iron. The unsuccessful reconstitution could mean three things: (i) EW-

induced FeS cluster damage was limited to the labile iron, but the method needed 

optimisation (e.g., true oxygen-free conditions); (ii) FeS cluster damage was more 
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extensive/irreversible; (iii) damage to the aconitase protein (e.g., amino acid 

oxidation) by EW contributed to the loss of enzymatic activity. 

3.4.6 The FeS protein Rli1 may be a target of EW treatment 

Rli1 overexpression protected against EW, similar to a reported protective effect 

against several pro-oxidants (Alhebshi et al., 2012). Rli1 is required for the nuclear 

export of ribosomes, initiation and termination of translation and ribosome 

recycling (Schuller and Green, 2017, Kispal et al., 2005). Rli1 function is highly 

conserved and essential for cells, requiring the mitochondrial and cytosolic FeS 

assembly machinery to assemble its two [4Fe-4S] clusters, pathways that are ROS 

hyper-sensitive (Gomez et al., 2014, Paul et al., 2015). Considering its essentiality 

for cell viability, this study suggests that Rli1 could be a key target of EW. EW was 

shown in Chapter 2 (2.3.3) to react strongly with proteins, potentially 

necessitating increased protein synthesis (to replace damaged proteins) during or 

after EW treatments. Rli1 has important roles for protein synthesis, so targeting 

of Rli1 by EW may also impact the cellular recovery from EW damage. Decreased 

Rli1 activity has been shown to increase mistranslation in the form of stop-codon 

readthrough, related to the role of Rli1 in translation termination (Khoshnevis et 

al., 2010). Rli1 overexpression was shown to reduce mistranslation (stop-codon 

read-through) events during mistranslation inducing treatments (Alhebshi, 2014). 

Therefore, if Rli1 function is decreased during EW treatment (e.g., by decreased 

FeS cluster assembly due to oxidative perturbation of FeS assembly pathways) 

this may additionally provoke mRNA mistranslation and protein misfolding events, 

offering another explanation for the protective effect of Rli1 overexpression. 

However, Rli1-dependent protection against the pro-oxidant paraquat was not 

linked to decreased mistranslation (Alhebshi, 2014). Accordingly, this study 

suggested that EW treatment does not induce Met misincorporation (3.4.2.2), 

although other types of mistranslation events are possible and were not 
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investigated here. Interestingly, Met has been reported to influence translation, 

including by increasing ribosome synthesis via the TORC1 pathway, resulting in 

increased translation capacity (Walvekar and Laxman, 2019) and suggesting a 

possible link between cellular Met and Rli1 function in ribosome export and 

recycling. 

3.4.7 The connection between methionine and FeS clusters 

As mentioned above, the reported contribution of reduced-Met to FeS cluster 

maintenance (Sideri et al., 2009) offers (partial) explanations for the protection 

by Met against EW. It is likely that FeS cluster proteins are EW targets that may 

be protected by the Met scavenging activity. Furthermore, connections between 

the regulation of methionine metabolism and iron homeostasis have been 

reported, e.g., transcriptional regulators of Met biosynthesis affect certain iron 

homeostasis genes (Petti et al., 2011) suggesting some connection between these 

pathways. Cbf1, one of the regulators of the sulphur metabolic genes involved in 

Met biosynthesis (see 3.1.3.2), also (potentially indirectly) binds to Aft1, a 

transcription factor for iron metabolism genes (Measday et al., 2005). 

Furthermore, other regulators of the MET regulon (such as Met4 and Met31) can 

directly or indirectly repress iron homeostasis genes, including Isu2, a gene of the 

FeS cluster biosynthesis pathway, repressed by Met31 and/or Met32 (McIsaac et 

al., 2012, Petti et al., 2012). Addition of Met might then result in the de-repression 

of these iron homeostasis genes by suppressing the activity of the Met-regulated 

transcription factors (Ouni et al., 2010). 

In a different study, iron utilisation was shown to be upregulated in Met restricted 

conditions in S. cerevisiae (Zou et al., 2017). Deletion of the MSRA and MSRB 

genes resulted in upregulation of Fe-regulon genes (Sideri et al., 2009). When 

two transcriptional regulators that regulate iron uptake and use (Aft1 and Aft2) 
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are deleted, yeast strains are Met auxotrophic in aerobic (but not anaerobic) 

conditions, rescued by addition of methionine or homocysteine (Blaiseau et al., 

2001). The cytosolic iron-sulphur protein assembly (CIA) component Met18 

(Mms19) is required for methionine biosynthesis (Stehling et al., 2012). The 

bacterial transcription factor HypT, activated by Met oxidation during HOCl stress, 

downregulates iron acquisition genes, resulting in lower intracellular iron levels 

(Drazic et al., 2013), which offers a concept by which the Met oxidation state could 

regulate iron metabolism, although such a regulatory mechanism may not be 

present in fungi. As mentioned above, Met oxidation in the yeast Mge1 protein 

inactivates its function (Allu et al., 2015), and Mge1 is involved in the transfer of 

assembled [2Fe-2S] clusters from Isu1/2 to Grx5, an essential step of FeS cluster 

assembly in mitochondria (Lill et al., 2015).  

Therefore, there are many potential connections between Met and iron 

homeostasis/FeS metabolism. As discussed earlier, the present data indicated a 

protective effect of Met, but not its downstream metabolic products. It is 

noteworthy nevertheless that the sulphide used for FeS biogenesis stems from 

cysteine (Stemmler et al., 2010), which is a downstream product of methionine 

(Ljungdahl and Daignan-Fornier, 2012), and FeS clusters are in most cases 

coordinated by cysteine residues of the protein (Imlay, 2006). However, pre-

treatment with the cysteine pre-cursor NAC did not protect against EW in this 

study. Finally, the SAM in radical SAM enzymes has been proposed to protect their 

[4Fe-4S] cluster from the attack of oxygen (Imlay et al., 2019), but again, SAM 

pre-treatment, although responded to by the yeast (allowing growth of the Met 

auxotrophic strain in Met-free medium, assuming SAM was not chemically 

degraded in the medium or that samples did not contain sufficient Met due to 

limited SAM purity [≥75%]), did not provide protection against EW treatment in 

this study. 
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3.4.8 Potential interactions between EW and heat treatments 

EW treatment followed by heat treatment resulted in lower fungal survival than 

expected based on an additive effect, when tested against A. niger (2.3.6) or 

S. cerevisiae (3.3.7), potentially suggesting a synergistic effect. Similarly, 

previous studies found significantly higher killing of bacteria when EW treatment 

was followed by heat treatment (51°C, on its own non-lethal) (Han et al., 2018), 

or of bacteria and fungi when EW treatment and heat treatment (up to 65°C) were 

applied simultaneously (Rahman et al., 2011, Liu et al., 2017, Ovissipour et al., 

2018). Future studies could also investigate heat treatment prior to EW treatment 

and the effect on proteins. Heat treatment leads to protein denaturation and 

unfolding, which may make amino acid side chains more accessible for subsequent 

reaction with EW and result in more complete protein inactivation. 

3.4.9 Conclusions 

Taken together, the data suggest a mode of action of EW that includes Met 

oxidation and FeS cluster damage. Other ROS targets and antioxidant systems 

described in 3.1.1 and 3.1.2 may be additionally involved in EW damage/repair. 

Met likely functions as a ROS scavenger that protects other cellular targets against 

EW induced damage, as well as NaOCl damage and (FAC-independent damage 

after) ozonated water treatment. Increasing the available Met levels, or shifting 

the equilibrium of Met/MetO towards the reduced form, could then increase the 

ROS scavenging capacity. The scavenging effect may be carried out by free Met 

(as suggested by D-Met induced protection) or protein-bound Met, however Met 

misincorporation into proteins was not found to be increased during the EW 

response. Nevertheless, this study produced some evidence at the protein level 

for Glu-to-Met misincorporation events in yeast in stress and non-stress 

conditions. Met oxidation in proteins may also regulate protein activity, triggering 

downstream effects that may be identified in future studies. The ROS scavenging 
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activity of Met may protect FeS cluster proteins from damage which have been 

indicated by the present study to be a target of EW treatment. This is another 

piece of evidence linking Met oxidation and iron metabolism, a connection that 

has been reported but is not fully understood yet. Additional effects of EW 

treatment cannot be ruled out. While the presented data do not suggest a 

protective role of Met metabolism products, it is noteworthy that one downstream 

product (via cysteine) is the ROS scavenger glutathione (Ljungdahl and Daignan-

Fornier, 2012). The first downstream metabolism product (SAM) is important for 

methylation reactions, for instance during the synthesis of phosphatidylcholine, 

an important component of biological membranes (Sadhu et al., 2014). 

Furthermore, Met-independent regulatory effects in response to EW treatment are 

likely, as for instance HOCl-responsive chaperones have been reported in bacteria 

(e.g., regulated by Cys oxidation or N-chlorination) (Goemans and Collet, 2019, 

Voth and Jakob, 2017). Chaperones activated by oxidative stress (H2O2 or 

H2O2+Cu2+) have also been reported in yeast (Jang et al., 2004, Voth et al., 2014).  

Regarding applications of EW in the food industry, the present results suggest that 

the growth substrate of food spoilage fungi has the potential to affect their survival 

of subsequent treatment. This could be relevant in the case of protein-rich foods 

or protein contamination of the process, even if the protein contaminant is not 

present during the EW treatment itself (similar to the pre-treatment conditions 

that were used in this study). The oxidative targeting of Met and FeS clusters may 

inform the rational combination of EW with other sanitising treatments (referred 

to as “hurdle technology” in the food industry, see 1.5.1). Importantly, the results 

obtained in the present chapter on the mode of action were informed by the results 

in Chapter 2, representing a top-down strategy where data on chemical reactivity 

of the sanitiser with likely industrial contaminants, via narrowing down the 

reactivity to specific molecules, led to the characterisation of cellular targets. This 

strategy may be useful to characterise other sanitisers or antimicrobials as well.
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4 Response of Aspergillus niger to EW: growth 

delays and heterogeneity of outgrowth from 

individual spores

4.1 Introduction 

4.1.1 Phenotypic heterogeneity in the microbiological stress response 

Within a population of genetically identical cells, variation between single cells can 

often be observed, and this phenomenon has been termed phenotypic (or non-

genotypic) heterogeneity (Ackermann, 2015). Such variation can be beneficial for 

a population because individual cells may survive stressful or fluctuating 

environments and because cellular tasks may be divided between cells within the 

population which can increase the growth rate and performance (Ackermann, 

2015, Holland et al., 2014). For instance, populations of the food spoilage yeast 

Zygosaccharomyces bailii were shown to contain a small sub-population with high 

resistance against the preservative sorbic acid (Stratford et al., 2014). Phenotypic 

heterogeneity can be caused by stochastic fluctuations in molecular processes 

(such as “noisy” gene expression or molecule distribution during cell division), 

differential activation of regulatory processes in different cells, periodic oscillations 

(such as cell cycle progression), cellular age, cell-cell interactions (through direct 

physical contact or signalling molecules) or epigenetic modifications (Ackermann, 

2015, Avery, 2006). Phenotypic heterogeneity commonly occurs at a frequency 

that cannot be explained by spontaneous genetic mutation, and phenotypic 

variation can be distinguished from genetic variation by assessing the inheritance 

of the phenotype of a sub-population (Smith et al., 2007, Avery, 2005).  
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Methods for assessing phenotypic heterogeneity include gradients of dose-

response curves for stressor treatments, fluorescent probes for individual 

metabolic functions, single-cell -omics or sequencing, microfluidic single-cell 

analysis and the analysis of micro- or macro-colony size (Hewitt et al., 2016, 

Dusny and Schmid, 2015). The growth rate of a cell is an indicator for the global 

physiological status of the cell. Colony formation rates depend partly on the 

growth rate of the starting cell(s) but, especially at the macro-colony level, the 

growth can be further influenced by heterogeneous divergence of single cells 

within colonies (Hewitt et al., 2016). Decreased mean colony-size and increased 

colony-to-colony size variation was demonstrated in Z. bailii growing under sorbic 

acid stress (Stratford et al., 2014). Factors like the proximity of competitor 

colonies and the accumulation of toxic by-products also influence variation in 

microbial  colony size (Chacón et al., 2018). When assessing phenotypic 

heterogeneity, one challenge is ruling out environmental fluctuations, as cells can 

respond rapidly to small changes in extracellular conditions (Dusny and Schmid, 

2015). 

4.1.2 Phenotypic heterogeneity in filamentous fungi 

As filamentous fungi grow into complex hyphal networks, in contrast to unicellular 

cell populations, heterogeneity can be assessed either at the level of individual 

fungal spores, in individual hyphae or zones of the same mycelium or in different 

isogenic mycelia (Hewitt et al., 2016). For Aspergillus spp., variation in transcript 

and protein levels and protein secretion has been found between hyphae of the 

same mycelium and between individual colonies. Hyphae of Aspergillus species 

are divided into cells by septa which contain pores to allow cytosolic transfer and 

mixing, but these pores can be plugged by Woronin bodies and this process can 

maintain hyphal heterogeneity by creating distinct hyphal zones (Bleichrodt et al., 

2012). Gene expression in A. niger colonies is differentially regulated between the 
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periphery and the centre of a colony, and between different peripheral hyphae 

(Vinck et al., 2011, Levin et al., 2007), and such differential regulation occurs 

e.g., in response to local changes in the available nutrient sources (Daly et al., 

2020). At the level of individual conidia, it was shown that the cell wall composition 

of A. fumigatus conidia is phenotypically heterogeneous and the level of 

heterogeneity undergoes changes throughout germination (Bleichrodt et al., 

2020). In the cited study, increased chitin levels in the cell wall of a conidial sub-

population was correlated with a higher tolerance to the antifungal drug 

caspofungin and higher numbers of ‘persister’ conidia that can evade host immune 

responses; thus providing a potential example of an adaptive advantage conferred 

to Aspergillus species through phenotypic heterogeneity. The temperature during 

A. fumigatus conidia formation impacts their properties, including sensitivity to 

stress treatment (heat, H2O2, UV), levels of accumulated compatible solutes, 

pigments and secondary metabolites (Hagiwara et al., 2017). Heterogeneous 

responses to heat stress were also demonstrated in A. niger conidia (some 

variation was due to uneven heating patterns but heterogeneity [biphasic killing 

curve] was still observed when all conidia were heated uniformly) (Fujikawa et al., 

2000). In addition, the lag time before germination of individual A. niger conidia 

(and other fungi) is heterogeneous, and both the lag time and its variability can 

increase in stressful conditions (Dagnas et al., 2017). The formation of conidia in 

conidiophores can also be a source of variation, as the age of conidia within one 

colony, as well as the position within a chain of formed conidia, can influence the 

properties of the single conidia (Dijksterhuis, 2019, Teertstra et al., 2017).  

4.1.3 Stress response of filamentous fungi 

As mentioned above, the growth of filamentous-fungal colonies differs in some 

important ways from that of single celled microorganisms (the latter forming 

through single-cell division events), as the former consist of an interconnected 
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hyphal network, and properties such as the hyphal branching frequency affect the 

radial growth rate of colonies (Pazouki and Panda, 2000, Fricker et al., 2017). 

Fungal spores also have some markedly different properties to vegetatively 

growing cells. Conidia are easily dispersed, show increased stress resistance 

compared to vegetative growth structures and can form during adverse 

conditions, e.g., during food processing and storage, therefore representing an 

important food spoilage risk (Dijksterhuis, 2017). While such fungal spores have 

low metabolic activity, examples of active repair mechanisms in ungerminated 

Penicillium spores in water have been reported (Dijksterhuis, 2019). Recently, it 

has been shown that fully developed Aspergillus conidia (before dehydration, 

which induces dormancy) exhibit transcriptional activity and modulate their 

transcription in response to environmental stress conditions (Wang et al., 2021). 

Furthermore, the fungal spore coat consists of a thick, pigmented cell wall, and 

molecules such as trehalose and polyols (especially mannitol in the case of 

A. niger) accumulate in the cytosol (Dijksterhuis, 2019, Teertstra et al., 2017). 

This is likely to impact the reactivity of incoming stressors (such as EW) with 

molecules within spores. For instance, mannitol is a hydroxyl radical scavenger, 

and whereas it has been reported that mannitol does not react notably with FAC 

directly (Arnhold et al., 1993), mannitol was shown to protect A. niger against 

NaOCl-induced oxidative stress (Ruijter et al., 2003). Filamentous fungi also tend 

to have a more diverse range of antioxidant enzymes than unicellular fungi, as 

well as secondary metabolites with antioxidant function (Aguirre et al., 2006, 

Kawasaki and Aguirre, 2001). It has previously been reported that stress 

responses in S. cerevisiae and other fungi can be similar yet differ in specific 

aspects (Milisavljevic and Kojic, 2020), serving as a reminder that mechanisms in 

model organisms can differ somewhat from other organisms of interest and that 

key results from model organisms should be experimentally validated in other 

organisms, too.  
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4.1.4 Aims 

Variability in the fungal stress response can represent a problem for food safety 

and spoilage modelling (Stratford et al., 2014, Dijksterhuis, 2017). This chapter 

addressed the possibility of EW inducing phenotypic variation in treated A. niger 

spores. Macro-colony area analysis after spore treatment and outgrowth was 

chosen to assess variation between individual colonies, because colony size 

analysis can be performed easily even with filamentous fungi. Sub-lethal EW levels 

were chosen to allow the study of cellular response mechanisms that may be 

hidden by more general cell death events at higher EW doses, and because the 

inactivation of active species in EW by organic substances (described in Chapter 2) 

may result in low effective EW doses in application settings where organic 

substances are present. Furthermore, the EW response of A. niger spores may 

differ in certain aspects to the EW response of S. cerevisiae, studied in Chapter 3. 

Specifically, it was tested whether the protective effect of Met pre-culture 

(observed in yeast) could be observed in A. niger, and the EW response of A. niger 

was studied more broadly by assessing transcriptome changes induced by EW 

treatment. 
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4.2 Materials and methods 

4.2.1 Colony size analysis 

Cultivation of A. niger and treatment with EW, NaOCl and ozonated water were as 

described in 2.2.1 and 2.2.6. EW was diluted to 0.03–0.4% [v/v] (0.5–8 mg L-1 

FAC) in HPLC grade water for experiments assaying colony size. NaOCl was diluted 

in HPLC grade water as specified (2–7.5 mg L-1) and ozonated water was used as 

described in 2.2.3. Chloramines were produced by mixing equal volumes of 40 µM 

amino acids solution (equimolar mix of alanine, arginine, asparagine, aspartate, 

glutamate, glutamine, glycine, histidine, isoleucine, leucine, lysine, methionine, 

phenylalanine, serine, threonine, tyrosine, valine, tryptophan) and 0.1% EW (1.8–

2 mg L-1 FAC, equivalent to 34–38 µM HOCl; resulting in the final mixed 

concentrations: 20 µM amino acids, 0.05% EW). The mix was held for 5 min 

before it was used for spore treatments. After 5 min treatments with EW, NaOCl, 

ozonated water or chloramines (500 µL treatment volume), treatments were 

stopped by mixing with an equal volume of 2X YEPD followed by 1:125 dilution in 

1X YEPD. Where specified, treatments were stopped by diluting 1:250 in HPLC 

grade water, or alternatively by adding equal volumes of L-ascorbic acid (40 or 

400 µM), 5 min incubation and subsequent 1:125 dilution in HPLC grade water. 

Appropriate dilutions (100 µL) were plated onto YEPD agar in order to achieve ~20 

colonies per plate. At least 5 plates were prepared as technical replicates per 

condition. Where specified, 7.5 mM ascorbic acid was included in the YEPD agar. 

After defined growth periods (44–51 h) at defined growth temperatures (28°C 

unless specified), colonies on plates were imaged using the auto setting of a Nikon 

D3200 digital camera with a Nikon DX AF-S NIKKOR 35 mm 1:1.8G lens. Images 

were then analysed in ImageJ 1.49k using a custom-build macro (see Appendix H, 

6.8). Colonies that were touching other colonies or the side of the agar plate were 
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excluded from the analysis, resulting in an average of ~40–60 analysed colonies 

per control condition in each experiment. 

4.2.2 Flow cytometric analysis of A. niger conidia and germlings 

Untreated or EW-treated spores were cultivated in YEPD (20 mL, 5 x 104 spores 

mL-1) for germination periods as specified (up to 2.5 h, 28°C, 150 rev min-1). 

Cultures were harvested (537g, 15 min), resuspended in 1 mL PBS, centrifuged 

(9000g, 4 min) and resuspended in 0.5 mL PBS. Analysis of germinated and non-

germinated spores in PBS was carried out in a BD FACS CantoTM A flow cytometer. 

Single spore events were gated based on light scatter properties (SSC-A/FSC-A) 

and doublet exclusion (SSC-H/SSC-A). The FSC-A was analysed as a measure of 

relative spore size to measure the swelling of spores during early germination 

(Hayer et al., 2013). 5000–10,000 single spore events were analysed per 

condition. 

4.2.3 In-vitro assays with fluorescent dyes and ascorbic or formic acid 

The in-vitro assay was performed as described in 2.2.10. Briefly, formic acid or 

ascorbic acid at 3.5–70 µM (final concentration) was mixed with 0.016% EW and 

incubated for 1–15 min as specified, before mixing with APF dye (5 µM). 

Fluorescence was recorded within 2 min of mixing with dye, with excitation at 

485/20 nm and emission at 528/20 nm (BioTek® microplate reader Synergy HTX). 

4.2.4 Amino acid pre-culture with A. niger 

4.2.4.1 Methionine pre-culture on YNB agar 

A. niger N402 was grown on YNB agar (0.69% yeast-nitrogen base without amino 

acids (Formedium, Norfolk, UK), 2% [w/v] D-glucose, 2% [w/v] agar) 

supplemented or not with 0.13–3 mM Met. Culture conditions, harvest of conidia 
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and EW treatment were as described in 2.2.1 and 2.2.6. EW was diluted to 0.4–

1% [v/v] (7.2–20 mg L-1 FAC) in HPLC grade water for spore treatments and 

survival was assessed by plating onto YEPD agar and subsequent colony 

enumeration. 

4.2.4.2 Amino acid pre-culture in AMM broth 

Aspergillus minimal medium (AMM) contained 6 g L-1 NaNO3, 2% [v/v] salt 

solution, 0.02% [v/v] trace elements and 10 g L-1 glucose, adjusted to pH 6.5 

(salt solution: 26 g L-1 KCl, 26 g L-1 MgSO4.7 H2O, 76 g L-1 KH2PO4; trace 

elements: 40 mg L-1 Na2B4O7.10 H2O, 80 mg L-1 CuSO4.5 H2O, 800 mg L-1 

FeSO4.H2O, 800 mg L-1 MnSO4.4 H2O, 800 mg L-1 NaMoO4.2 H2O, 8 g L-1 ZnSO4). 

Amino acids (methionine, arginine, histidine, asparagine, alanine) were added at 

0.3 mM (control: no amino acid added). Germination cultures (20 mL AMM) were 

inoculated to 106 spores mL-1 (28°C, 150 rev min-1, 4 h). Cultures were harvested 

by three rounds of centrifugation to remove any extracellular amino acids (537g, 

10 min and 2 x 3,381g, 4 min) and resuspended in 0.1% Tween 80. At least 

100 conidia were inspected visually under the microscope and swollen spores were 

counted to assess the beginning of germination. Suspensions were adjusted to 

106 spores mL-1 and treated with EW (0.1–1% [v/v]; 1.8–20 mg L-1 FAC) as 

described in 2.2.6. After addition of 2X YEPD to stop the treatment, 100 µL 

samples were incubated statically in 96-well plates at 28°C for OD600 

determination over time, as described in 2.2.6. 

4.2.5 Transcriptome analysis 

4.2.5.1 EW treatment of germinating conidia 

Suspensions of conidia (A. niger N402) were prepared as described in 2.2.1. 

Conidia were germinated in 1 L cultures (105 spores mL-1, 28°C, 150 rev min-1, 

6 h, medium: 67% [v/v] YEPD, 33% [v/v] Tween 80 0.1% (final 0.033% [v/v])) 



Chapter 4: Response of A. niger to EW 

175 

 

and harvested by filtration using 500 mL filter systems (0.22 μm PES, Sterilizing, 

Low Protein Binding, Corning Inc. Life Sciences, NY, US). Conidia were recovered 

from the filter by adding 2 x 10 mL Tween 80 (0.1% [v/v]) and gently dislodging 

conidia from the filter using a cotton swab, followed by centrifugation (537g, 3 

min), resuspension in 1 mL Tween 80 (0.1%) and filtering through a 40 µm cell 

strainer. Aliquots (500 µL) of the suspension were treated with either 50 mL EW 

(0.04% [v/v] diluted in sterile tap water; full strength EW pre-dilution for these 

experiments had ~1600–1700 mg L-1 FAC) or sterile tap water. At intervals, 

treatments were stopped by centrifugation (2876g, 10 min, 4°C) and 

resuspension in 10 mL YEPD. After appropriate dilution in YEPD, 100 µL samples 

were plated onto YEPD-agar and incubated for 2 days at 28°C before colony 

enumeration to assess the strength of the EW effect in the experiments. The 

remaining volume (of the YEPD-resuspended treatments) was centrifuged (2876g, 

10 min, 4°C), resuspended in 500 µL Tween 80 (0.1%), centrifuged (9000g, 

5 min, 4°C), resuspended in RNA extraction buffer (0.6 M NaCl, 0.1 M EDTA, 

0.2 M Na+CH3COO-, 4% [w/v] SDS), frozen in liquid nitrogen and stored at –80°C. 

4.2.5.2 RNA extraction 

Tubes with the EW-treated samples were placed into liquid nitrogen and the frozen 

samples were transferred into lysis chambers (pre-cooled at –20°C) together with 

0.5 mL glass lysis beads (150 µm, BDH Chemicals Limited, Poole, UK or Sigma-

Aldrich). Spore lysis was performed at 2000 rev min-1 for 4 min in a laboratory 

ball mill (Mikro U Dismembrator, Sartorius Stedim Biotech, Germany). The lysate 

was mixed on ice with 600 µL Lysis Buffer (Plant/Fungi Total RNA Purification Kit, 

Norgen Biotek, Thorold, Canada) and 6 µL -mercaptoethanol, then centrifuged 

twice (9000g, 5 min, 4°C) to obtain the clear aqueous phase free of debris. The 

solution was incubated at 55°C for 5 min to dissociate RNA-protein complexes. 

The following steps were according to the RNA Purification Kit’s manufacturer’s 

instructions, with samples kept on ice. The sample was applied to the kit’s filter 
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column, centrifuged (12,000g, 2 min) and the flow-through mixed 1:1 with pure 

ethanol. It was then applied to the kit’s spin column and washed three times with 

~500 µL Washing Buffer (20,000g, 2 min). The column was dried by 

centrifugation (2000g, 4 min) and air-dried for 10 min. RNA was eluted with 40 µL 

RNase free water (treated with 0.1% diethyl pyrocarbonate (DEPC) for 1 h and 

autoclaved twice) by centrifugation (200g, 2 min, then 12,000g, 2 min) and 

stored at –80°C.  

4.2.5.3 RNA quality control 

The RNA purity was assessed using a DeNovix Nanodrop by checking for 

A260/A280 and A260/A230 ratios ≥1.8. The RNA was quantified at the DeepSeq 

Facility at the QMC (Medical School, University of Nottingham) using the Qubit 

RNA BR Kit (following the manufacturer’s instructions). The RNA integrity was 

assessed by gel electrophoresis after mixing 100–200 ng RNA with 2X RNA loading 

dye (NEB), to confirm the presence of the 18S and 28S rRNA bands. Agarose gels 

(1.25% agarose, 0.2 µg mL-1 ethidium bromide) were prepared in TBE buffer 

(10.8 g L-1 tris, 5.5 g L-1 boric acid, 0.93 g L-1 EDTA).  

4.2.5.4 RNA-sequencing 

Further sample processing and transcriptome analysis were performed by the 

Centre for Genomic Research (CGR) at the University of Liverpool. RNA samples 

were depleted of DNA by treatment with Turbo DNase (Thermo Fisher). Ribosomal 

RNA was removed with the Human/Mouse/Rat RiboZero Magnetic Kit from 

Illumina. RNA-sequencing libraries were prepared using the NEBNext® UltraTM 

Directional RNA Library Prep Kit for Illumina® #E7420 with 15 amplification cycles 

and purified using AMPure XP beads. The quantity and quality of the generated 

cDNA were checked using Qubit, the Agilent 2100 Bioanalyser and by qPCR using 

the Illumina Library Quantification Kit from Kapa (KK4854) on a Roche Light Cycler 

LC480II. Sequencing was performed on 50 µL denatured cDNA (300 pM) using an 
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Illumina® HiSeq 4000 platform with version 1 chemistry using sequencing by 

synthesis (SBS) technology to generate 2 x 150 bp paired-end reads.  

4.2.5.5 Bioinformatic analysis  

The bioinformatic analysis and significance tests were also performed by the CGR 

(Liverpool). Base calling and de-multiplexing of indexed reads (assigning barcoded 

reads to separate samples after sequencing of pooled samples) were performed 

by CASAVA version 1.8.2 (Illumina) and trimming of Illumina adapter sequences 

was performed using Cutadapt version 1.2.1 with the option “–O3” to trim 3’ ends 

that matched the adapter sequence by at least 3 bp (Martin, 2011). Low quality 

bases were removed by trimming with Sickle version 1.200 with a minimum 

window quality score of 20. Reads shorter than 20 bp were also removed after 

trimming. The reads were mapped using Tophat version 2.1.0 (read mat 

orientation: “--library type fr firststrand”, number of hits to be reported: “-g 1”) 

(Langmead and Salzberg, 2012) to the reference genome of Aspergillus niger CBS 

513.88 available on the Aspergillus genome database (N402 reference genome 

was not available at the time of analysis, see also discussion section): 

http://www.aspergillusgenome.org/download/sequence/A_niger_CBS_513_88/c

urrent/A_niger_CBS_513_88_current_chromosomes.fasta.gz and 

http://www.aspergillusgenome.org/download/gff/A_niger_CBS_513_88/A_niger

_CBS_513_88_current_features.gtf 

Gene expression was calculated using htseq count (Anders et al., 2015) and raw 

count data were converted into FPKM (fragments per kilobase per million reads). 

The analysis of differentially expressed (DE) genes was performed in R (version 

3.3.3) using the EdgeR package (Robinson et al., 2010). A generalized linear 

model (GLM) (Nelder and Wedderburn, 1972) was used for data modelling, data 

were normalised using the Trimmed Mean M-value method to correct for 

http://www.aspergillusgenome.org/download/sequence/A_niger_CBS_513_88/current/A_niger_CBS_513_88_current_chromosomes.fasta.gz
http://www.aspergillusgenome.org/download/sequence/A_niger_CBS_513_88/current/A_niger_CBS_513_88_current_chromosomes.fasta.gz
http://www.aspergillusgenome.org/download/gff/A_niger_CBS_513_88/A_niger_CBS_513_88_current_features.gtf
http://www.aspergillusgenome.org/download/gff/A_niger_CBS_513_88/A_niger_CBS_513_88_current_features.gtf
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differences in library size among different samples and log2 fold change (logFC) 

values were calculated using tagwise dispersion. Significance was tested using a 

Likelihood Ratios (LR) test (Wilks, 1938) and p-values were adjusted for multiple 

testing using the false discovery rate (FDR) approach (Benjamini and Hochberg, 

1995). FDR-adjusted p-values <0.05 were defined as significant. 

4.2.6 Statistical analysis and software 

Tests for statistical significance, linear regression and flow cytometry analysis 

were performed as described in 2.2.11 and 3.2.11. RStudio (version 1.1.463) was 

used to generate histograms using the hist function (break width = 15, x-axis 

range = 0, 255) and heatmaps of logFC values using the gplots::heatmap.2 

function. The Aspergillus genome database, AspGD (Cerqueira et al., 2014) was 

used to obtain gene annotations and to analyse gene ontology (GO) terms among 

DE genes by using the GO Slim Mapper (http://www.aspergillusgenome.org/cgi-

bin/GO/goTermMapper). 

  

http://www.aspergillusgenome.org/cgi-bin/GO/goTermMapper
http://www.aspergillusgenome.org/cgi-bin/GO/goTermMapper
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4.3 Results 

4.3.1 Effect of sub-lethal and partially lethal EW treatment on A. niger 

conidia and their outgrowth 

4.3.1.1 Sub-lethal EW treatment delays the formation of A. niger colonies post-treatment 

In sanitising and disinfecting treatments, EW needs to be applied at a 

concentration that is sufficient to fully inactivate fungal spores. However, in 

practice that may not always be possible. One concern is the quenching of active 

species in EW by the presence of organic matter (see Chapter 2). This may lead 

to lower effective EW concentrations in an application, resulting in some survival 

of target fungi. In order to understand such risks, effects of low EW levels on spore 

outgrowth of A. niger were tested. Suspensions of A. niger conidia were treated 

with diluted EW (≤0.4%, equal to ≤8 mg L-1 FAC, allowing partial or full survival, 

cf. Figure 2-1). After the treatment, spores were diluted in YEPD and plated on 

YEPD agar. The colony areas arising from samples treated with 0.06–0.4% EW 

(1–8 mg L-1 FAC) were decreased by 14–60% compared to the no-EW control 

(boxplot of colony areas for one representative replicate shown in Figure 4-1 A). 

There was a significant negative correlation between the mean colony area and 

the EW dose (Figure 4-1 B). The survival was ~100% for EW doses up to 0.3% 

(Figure 4-1 C; note that survival was ≥100% in 2 replicates and below 100% for 

1 replicate). This indicates that the observed growth delay post-treatment occurs 

independent of a killing effect, and even sub-lethal concentrations of EW can delay 

subsequent spore outgrowth of A. niger. The decreased colony area arising from 

EW-treated spores may be related to slow outgrowth, increased lag time before 

outgrowth or a combination of these and other potential mechanisms, and the 

term ‘growth delay’ will be used throughout to encompass such processes (except 

where slow growth specifically was tested, cf. 4.3.2). 
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Figure 4-1: Low concentrations of EW delay subsequent spore outgrowth of 
A. niger. Spores were treated with EW dilutions (0.03–0.4% [v/v] in HPLC grade water; 
0.5–8 mg L-1 FAC) for 5 min. 100 µL of appropriate dilutions were plated onto YEPD agar 
and the size (area) of colonies was measured after 44 h by imaging (see 4.2.1). A) The 

distribution of colony areas in pixels is shown for 1 replicate. The boxes extend from the 
25th to the 75th percentiles (the line within the boxes is the median) and the whiskers show 

the 5th and 95th percentiles, with values above and below the whiskers shown as individual 
points. n, number of analysed colonies (colonies that were touching another colony or the 
edge of the plate were excluded for colony area analysis [but included for survival rate 

determination in C]). B) The average ± SD of the mean colony area at different EW 

concentrations is shown for 3 replicates together with the linear regression. C) Survival 
was determined by colony enumeration and calculated relative to the untreated control 
(ctrl). The survival of the individual biological replicates is shown with superimposed 

symbols. repl, biological replicate. Mean values ± SD are shown for 3 biological replicates, 

except 0.03% and 0.08%: n = 1 and 0.06%: n = 2.  

 

4.3.1.2 Sub-lethal EW treatment increases the colony size variation 

It was further studied whether all colonies were affected by low level EW 

treatments in the same way, or whether single spores would react differently to 

the treatment, resulting in a larger range of colony sizes (= areas) after the 

recovery period. Such differences may occur when different spores accumulate 

different levels of damage (e.g., protein damage), which may also be related to 
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intrinsic differences between single spores (e.g., protein composition differences). 

To study such variation, the coefficient of variation (CV = standard deviation 

divided by the sample mean) of the colony areas was calculated. In the untreated 

control samples, the CV was lower at later time points (48 h, higher mean colony 

area) than at the earlier time point (44 h, lower mean colony area, Figure 4-2 A). 

Therefore, there could be a risk of overestimating CV values for EW treated 

samples at the 44 h time point due to the growth delay in these samples. To 

account for such effects, the CV of EW-treated samples was assessed at a time 

point at which the mean colony size of the EW treated sample was similar to the 

mean colony size of the control at 44 h, and these CVs were compared to the 44h 

control CV value. The variation in colony area (CV) was generally higher in EW-

treated samples than in the control (Figure 4-2 A). The CV increased with 

increasing EW dose, and this correlation was statistically significant (Figure 4-2 B).  
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Figure 4-2: Low concentrations of EW increase the colony size variation in 

A. niger. Spores were treated as described in the Figure 4-1 legend (data from same 

experiments). A) The mean colony area (in pixels, black bars) and the coefficient of 
variation (CV, %, pink) were determined after defined growth periods (44–48 h, as 
specified) that resulted in a similar mean colony area in the treated samples as in the 
untreated control at 44 h. 46/48 h refers to cases where different time points were chosen 
for the different biological replicates, reflecting day-to-day variation in the absolute effect 

size of the growth delay. B) The linear regression of the CV values at the different EW 
concentrations displayed in A. Mean values ± SD are shown for 3 biological replicates, 

except 0.03% and 0.08%: n = 1 and 0.06%: n = 2. 
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4.3.2 The increase in variation is not caused by slow growth alone 

The observed increase in colony size variation could have several explanations. 

One hypothesis was that slowed outgrowth of spores (such as after EW treatment) 

non-specifically pronounces differences in subsequent colony size, e.g., by 

exacerbating differences between slow and fast growing/germinating spores. The 

slowed outgrowth was mimicked by recovery of control and EW treated samples 

at lower temperatures. For control (no-EW treatment) samples, reducing the 

recovery temperature from the standard 28°C to 23°C did not increase the colony 

size variation (CV) and even slightly decreased the CV (Figure 4-3 A; FDR-

corrected p-value of the paired two-tailed t-test between 28°C (46 h) and 23°C 

(66 h) = 0.0246). In contrast, the CV was increased in 2 out of 3 control replicates 

when the recovery growth took place at room temperature (20°C ± 2°C). It is 

possible that the observed differences in CV at the different temperatures are 

actually related to fluctuations in the set temperature conditions (temperature 

control is not perfect), which are expected to be greater in the room temperature 

condition than in the 23°C (incubator, recently purchased) and 28°C (temperature 

controlled room) conditions. Another explanation for the higher CV observed at 

room temperature in some experiments is addressed in 4.4.2. Overall, lowering 

the temperature alone (for outgrowth of no-EW control samples) did not 

consistently increase the CV, suggesting that slow outgrowth alone is not 

responsible for the increase in variation. In contrast, when EW treated samples 

were grown at lower temperatures, the CV (already higher than the CV of the no-

treatment control, consistent with Figure 4-2) was further increased (Figure 4-3 A; 

FDR-corrected p-value of the paired two-tailed t-test between 0.1% at 28°C and 

0.1% at 23°C was p = 0.0254). The overall number of colonies and survival was 

not significantly affected by the recovery temperature (Figure 4-3 B; according to 

paired two-tailed t-tests between all control outgrowth temperature conditions 

(cfu) and all EW-treatment outgrowth temperatures (cfu and survival rates), with 
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FDR-correction for multiple testing). As before, survival >100% for 0.1% EW 

treatments was recorded in some experiments. Overall, it should be noted that 

lowered temperatures not only slow down growth, but can also induce cold stress 

responses which may influence the observed phenotypes. 
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Figure 4-3: Colony size variation and survival at lower recovery temperatures. 
Spores were treated or not with 0.1% EW (% [v/v] in HPLC grade water; 1.8–2 mg L-1 

FAC) for 5 min. 100 µL of appropriate dilutions were plated onto YEPD agar and incubated 
at 28°C, 23°C or room temperature (RT, 20 ± 2°C). A) The area (in pixels, black bars) and 

coefficient of variation (CV, %, pink) of the colonies was measured after the specified 
growth periods by imaging (see 4.2.1). “46-44-46h” refers to different time points that 

were chosen for the different biological replicates, reflecting day-to-day variation in the 
absolute effect size of the growth delay. B) Survival (%, grey bars) was determined by 
colony enumeration (cfu, colony forming units, total from 5 technical replicate plates, black 
bars) and calculated relative to the untreated controls (ctrl). The values of the individual 

biological replicates are shown with superimposed symbols. Mean values ± SD are shown 

for 3 biological replicates. 

 

The above data showed that slow growth at low temperatures alone was not 

sufficient to increase the colony size variation, but that EW treatment combined 

with outgrowth at low temperatures increased the variation more than EW 

treatment alone. One hypothesis to explain this observation was that the repair 

of EW-induced damage might be slowed down during slow growth at low 

temperatures. Because there will already be some heterogeneity between single 

spores (e.g., some may accumulate more damage arising from the treatment), 

such differences could be amplified when the repair processes are slowed down: 

Whereas relatively intact spores would only be slowed down in their growth, 
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damaged spores would be slowed down in their growth and in their repair 

processes. If that is correct, the slow+damaged sub-population should produce a 

left skewed distribution of the colony areas. The data distribution was assessed 

by plotting histograms of the colony areas. First, the absolute colony area 

measurements were transformed into % of the mean for each replicate 

experiment in order to be able to pool comparable data from these biological 

replicates (i.e., normalised for variation in the mean colony area between 

replicates). Comparing the histograms of EW-treated samples grown at 23°C or 

at room temperature with the 28°C condition, no left skew at lower temperatures 

could be observed (Figure 4-4). It is additionally possible that spores that 

accumulate less damage than the population average are favoured at lower 

temperature because they need to perform less repair than the population 

average. That might add a right skew to the distribution which, combined with the 

processes described (left skew), could give a net wider distribution of colony areas 

in both directions. Such a wider distribution was evident for EW-treated spores 

incubated at 23°C and at room temperature (Figure 4-4). This is consistent with 

interactions between repair processes and growth rates as proposed above, 

although it does not rule out alternative explanations for the increased variation 

seen after EW combined with lower temperature recovery. 
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Figure 4-4: Distribution of the colony areas after treatment with low EW 
concentrations and low temperature recovery. Spores were treated or not with 0.1% 
EW (% [v/v] in HPLC grade water; 1.8–2 mg L-1 FAC) for 5 min. 100 µL of appropriate 
dilutions were plated onto YEPD agar and incubated at 28°C, 23°C or room temperature 

(RT, 20 ± 2°C). The area of the colonies was measured after the specified growth periods 

by imaging (see 4.2.1). Mean values and CV of the datasets are plotted in Figure 4-3. The 
colony area values were transformed into % of the mean for each replicate, the data were 
then pooled for 3 biological replicates and histograms were plotted with 15%-bar width. 

 

4.3.3 Ruling out genetic variation 

Within a population, individuals may also acquire spontaneous mutations that can 

affect the phenotype. To test for a possible genotypic component to the 

heterogeneity described above, first A. niger spores were treated with 0.3% EW 

(5.4–6 mg L-1 FAC; a dose reducing colony size by 26–29% after recovery on 

YEPD agar and giving 71–99% survival; Figure 4-5 A,B), and then two small, 

medium and large colonies were selected by eye from each biological replicate. 

For the no-EW controls, two colonies of average size were selected. The mean 

area of these colonies is given in Figure 4-5 C. Colonies were then streaked onto 

PDA slopes and re-grown for one week. Spores from these PDA slopes were 

harvested and treated (or not) again with 0.3% EW. The resultant colony areas 
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and variation for the different sub-cultures, with or without EW treatment, did not 

correlate with the original colony sizes from which they were derived after the first 

treatment (Figure 4-5 D; linear regression analysis for the two measures (mean 

colony area or CV) of EW-treatments or controls after sub-culture plotted against 

the different colony sizes before sub-culture showed no significant correlations 

[R2<0.02, p>0.05, not shown]). Similarly, the germination efficiency (number of 

cfu) in controls and EW-survival in treatments were not different for any of the 

sub-cultures stemming from the isolated colonies of different sizes (Figure 4-5 E). 

These results suggested that the observed differences in colony size post EW-

treatment were not heritable traits and so were not due to genetic differences. 

This supports the inference that the observed variation arises from non-heritable 

phenotypic heterogeneity of spore damage and/or responses to EW within a 

population. 
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Figure 4-5: Assessing a potential genetic component to colony size variation 

following EW treatment. Spores were treated or not with 0.3% EW (% [v/v] in HPLC 
grade water; 5.4–6 mg L-1 FAC) for 5 min. 100 µL of appropriate dilutions were plated onto 
YEPD agar and incubated for 44 h. A) The areas of the colonies (in pixels) was measured 
by imaging (see 4.2.1). The boxes extend from the 25th to the 75th percentiles (the line 
within the boxes is the median) and the whiskers show the 5th and 95th percentiles, with 

values above and below the whiskers shown as individual points. repl, biological replicate. 
B) Survival was determined by colony enumeration and calculated relative to the untreated 
control (ctrl). C) Large, medium and small colonies from the EW-treated plates were 
selected by eye and chosen for re-growth on PDA slopes. Average-size control colonies 
were chosen. Two colonies were chosen per size as technical replicates (resulting in six 
total colonies that were analysed per size across 3 biological replicates). D) Spores obtained 

from the re-grown colonies were treated again (‘second treatment’) as described in A), and 
the colony area (in pixels, black bars) and coefficient of variation (CV, %, pink) determined. 
E) Growth after the second treatment was determined by colony enumeration (colony 
forming units, cfu, total from 5 technical replicate plates, black bars) and the survival (grey) 
calculated relative to the untreated controls. Cfu and survival values of the individual 

biological replicates are shown as superimposed symbols. Mean values ± SD are shown for 

3 biological replicates. 
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4.3.4 Testing the effect of sub-lethal or partially lethal NaOCl and 

ozonated water on A. niger 

Above, it was shown that low levels of EW delayed colony growth and increased 

colony size variation. The increased variation was not caused by slow growth 

alone, and the effects on colony size and variation were non-heritable. To further 

understand the causes of the observed effects, specifically regarding the FAC 

and/or chlorine-free components of EW, similar experiments were carried out with 

diluted NaOCl and ozonated water. The highest EW dose used in the experiments 

above was 0.4% which equals 7–8 mg L-1 FAC. NaOCl was used at concentrations 

up to 7.5 mg L-1 (= 7.5 ppm). The colony size variation (CV) was increased after 

NaOCl treatments (Figure 4-6 A,B) and the colony area was decreased in a 

concentration-dependent manner (Figure 4-6 C). The applied NaOCl 

concentrations were sub-lethal (Figure 4-6 D; survival was ≥100% for all 

treatments; survival at 7.5 ppm was very high for one biological replicate due to 

very dense growth on one of 5 agar plates (technical replicates), a possible 

artefact from spore clumping or similar).  
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Figure 4-6: Effect of low concentrations of NaOCl on colony growth and colony 
size variation. Spores were treated or not with NaOCl dilutions (ppm = mg L-1 FAC, in 
HPLC grade water) for 5 min. 100 µL of appropriate dilutions were plated onto YEPD agar 
and incubated for the specified periods. A) The area of the colonies (in pixels, black bars) 

and coefficient of variation (CV, %, pink) were measured by imaging (see 4.2.1). B,C) The 
linear regression was determined for the CV at the time points given in A (B) and for the 

colony area at 44 h (C) at different NaOCl concentrations. D) Survival was determined by 
colony enumeration and calculated relative to the untreated control (ctrl). Survival of 

individual biological replicates is shown with superimposed symbols. Mean values ± SD are 

shown for 3 biological replicates. 

 

In contrast to NaOCl and EW, treatment with ozonated water did not delay the 

colony growth (Figure 4-7 A; the mean colony area after 44 h in treated samples 

was ~99% of the mean control sample area). This was despite a relatively strong 

reduction in viability (Figure 4-7 B; survival was 18–60%). Different (sub-lethal) 

concentrations of ozonated water were not tested because the low shelf life 

(minutes) and the strong batch-to-batch variation make it difficult to control or 

predict the survival rate in these experiments. However, above, the strongest EW 

concentration (0.4%, resulting in 46–89% survival) did show a clear growth delay 

(Figure 4-1; mean colony size was reduced by ~50% compared to no-EW 

controls). The occurrence of a growth delay and increase in variation were further 
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confirmed for lower survival rates after 1% EW treatment (8–66% survival; mean 

colony size reduced by ~60% compared to no-EW controls) in an experiment 

presented below (Figure 4-8). The results of 0.4–1% EW treatments collectively 

contrasted with those for ozonated water. 

The variation in colony size (CV) after ozonated water treatment was slightly 

increased in two out of three replicates (increase by +0.5% and +4% CV) and 

decreased in one replicate (by –4%; overall difference in the mean CV between 

control and treatment was non-significant according to a paired two-tailed t-test). 

The observed (non-signficant) effects on the CV after ozonated water treatment 

were much smaller than the increase in CV observed with the highest EW doses 

(0.3–0.4% EW leading to an increase of up to + ~20% CV, and 1% EW leading 

to an increase between +22 and +43% CV, Figure 4-1 and Figure 4-8). In 

conclusion, the effects observed with low concentrated EW could be reproduced 

with NaOCl but not with the chlorine-free oxidant ozonated water. 
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Figure 4-7: Effect of ozonated water on colony growth and colony size variation. 
Spores were treated or not with ozonated warer for 5 min. 100 µL of appropriate dilutions 
were plated onto YEPD agar and incubated for the specified periods. A) The area of the 

colonies (in pixels, black bars) and coefficient of variation (CV, %, pink) were measured by 
imaging (see 4.2.1). B) Survival was determined by colony enumeration and calculated 
relative to the untreated control (ctrl). Survival of individual biological replicates is shown 

with superimposed symbols. Mean values ± SD are shown for 3 biological replicates. 
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4.3.5 Delay and variation are evident in the first 2 h of germination 

post-treatment 

Because the colony area measurements performed here represent an endpoint 

measurement, the observed growth delay and increased colony-colony variation 

after EW treatment could occur at any point throughout the ≥44 h growth period 

on YEPD agar. To test whether early germination events showed effects similar to 

the ones observed at the macro-colony level, spores were recovered for 2 h in 

YEPD after treatment with low concentrated EW and swelling of spores was 

assessed by flow cytometry. First it was confirmed that the normal delays in colony 

growth and increased colony-colony variation on agar, described above, were still 

evident for the spores treated at different EW doses in these particular 

experiments (Figure 4-8 A,B; samples of the treated spores were incubated on 

YEPD agar for ~2 days as above). 
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Figure 4-8: Colony area, variation and survival rate data for samples used below 

(Figure 4-10, Figure 4-11) for flow cytometry assessment. Spores were treated or 
not with EW dilutions (% [v/v] in HPLC grade water; 1.8–20 mg L-1 FAC) for 5 min. 100 µL 
of appropriate dilutions were plated onto YEPD agar and incubated for the specified periods. 
A) The area of the colonies (in pixels, black bars) and coefficient of variation (CV, %, pink) 

were measured by imaging (see 4.2.1). B) Survival was determined by colony enumeration 
and calculated relative to the untreated control (ctrl). Survival for individual biological 
replicates is shown with superimposed symbols. Mean values ± SD are shown for 4 biological 

replicates. 
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Before assessing the germination of the EW-treated spores by flow cytometry, the 

germination in untreated control conditions was assessed to validate the method. 

Spores were germinated in YEPD for up to 2.5 h, with samples taken every 0.5 h. 

Swelling of spores is expected during early germination (Hayer et al., 2013) and 

the forward scatter (FSC) in flow cytometry can be used as a measure of particle 

size distribution (van den Brule et al., 2020), so the FSC can be used to assess 

such early germination events (Hayer et al., 2013). As expected, the FSC 

increased steadily over 2.5 h (Figure 4-9 A, representative histograms for one 

biological replicate; B, mean values). Based on the FSC distribution of non-

germinated spores, a ‘germination-positive’ gate was defined (Figure 4-9 C; note 

that this gate may contain any spore doublets that were not successfully excluded 

by the gating strategy [4.2.2]). Most spores moved into this gate within 1 h of 

triggering germination (Figure 4-9 D).  
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Figure 4-9: Flow cytometric analysis of germinating A. niger spores. Spores were 

germinated in YEPD for 0–2.5 h and harvested at the specified time points. The forward 
scatter (FSC-A; flow cytometry signal area) and sideward scatter (SSC-A) were measured 
in a BD FACS CantoTM A flow cytometer. A) Histograms of the FSC distribution at different 
time points in one representative biological replicate ([A&B] in the mini-legend refers to 

the gating strategy to exclude cell clumps and debris). B) Average of the population median 
across 3 biological replicates for the FSC and SSC median. C) FSC distribution of non-

germinated spores (0 h) and gate definition. Germination positive events were defined as 
events on the right of the vertical line. D) Events (%) in the germination-positive gate. 

Mean values ± SD are shown for 3 biological replicates. 

 

After validating the above measures for tracking early germination events (FSC 

increase and % events in the germination-positive gate), the germination after 

treatment with low EW concentrations (Figure 4-8) followed by 2 h YEPD 

germination post-treatment was assessed. The FSC was significantly decreased 

after EW treatment + 2 h germination compared to the untreated control (Figure 

4-10 A). Similarly, fewer events were found in the germination-positive gate in 

EW treated samples than in the control (Figure 4-10 B). This suggested that the 

early germination events in the first 2 h after the EW treatment were delayed 

when using either sub-lethal (0.1, 0.3% EW) or partially lethal (1%) 
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concentrations. It was noted that the SSC of 0.1% EW treated cells was increased 

(Figure 4-10 A), suggesting an effect of EW treatment on the optical properties 

related to granularity and surface topography of the spores (Jaroszeski and 

Radcliff, 1999). 
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Figure 4-10: Germination after treatment with low concentrations of EW assessed 
by flow cytometry. Spores were treated or not with diluted EW; see Figure 4-8 legend 
for details. Immediately after treatment, spores were transferred into YEPD broth and 
germinated for 2 h. ‘EW-ctrl’ refers to a condition where 1% EW was mixed with YEPD and 
spores were added subsequently (instead of exposing spores to active EW). This served as 

a control for potential reaction products between EW and YEPD that may affect the 

germination (no such effects were observed). ‘Spores’ were untreated, ungerminated spore 
samples. A) The forward scatter (FSC-A) and sideward scatter (SSC-A) were measured in 
a BD FACS CantoTM A flow cytometer. B) Events (%) in the germination-positive gate (see 

Figure 4-9). Mean values ± SD are shown for 4 biological replicates. *p<0.05; **p<0.01; 

***p<0.001; ns, not significant; according to paired t-test (two-tailed) with correction for 
multiple comparisons by controlling the false discovery rate at 5% FDR (Benjamini et al., 
2006), comparing between 2 h-germinated ctrl and treatments. 

 

The germination of untreated spores over 2.5 h was characterised by a shift of the 

whole population to higher FSC values and, from 0.5 h, without obvious changes 

to the shape of the population distribution between the germination time points 

(Figure 4-11 A). Consequently, the variation of the FSC measure (coefficient of 

variation, CV) was relatively consistent at all time points after 0 h (Figure 4-11 C). 

In contrast, the FSC distributions after 0.1% and 0.3% EW treatment + 2 h 

germination in YEPD were widened compared to the control (Figure 4-11 B). The 

CV of the FSC was increased significantly for 0.3% EW (FDR-corrected p-value of 
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the paired t-test = 0.009). As this increased variation occurred at sub-lethal EW 

treatment (cf. Figure 4-8), it cannot be caused by a proportion of dead (non-

germinating) spores. Only one replicate (out of 4 biological replicates) treated with 

0.3% resulted in survival slightly below 100% (81%) but the CV was increased in 

all 4 replicates. The histograms in Figure 4-11 B show the results for one 

representative replicate where 0.3% EW did not decrease survival. Taken 

together, the flow cytometry results suggested that the growth delay and increase 

in variation that could be observed at the colony level (after 2 days of growth) 

could already be observed after 2 h of germination. The presented results do not 

rule out further effects also after 2h germination, but they do provide evidence 

for the effect in the first 2 h of germination. 
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Figure 4-11: Heterogeneity of spore germination assessed by flow cytometry. 

Spores were germinated in YEPD for 0.5–2.5 h (A,C, see Figure 4-9 for details) or treated 
or not with diluted EW and transferred into YEPD for 2 h germination (B,D, see Figure 4-8 
for details). ‘EW-ctrl’ refers to a condition where 1% EW was mixed with YEPD and spores 
were added subsequently (instead of exposing spores to active EW). This served as a 

control for potential reaction products between EW and YEPD that may affect the 
germination (no such effects were observed). ‘Spores’ were untreated, ungerminated spore 
samples. A,B) Histograms of the forward scatter (FSC-A) distribution at different time 

points (A) and different treatment conditions (B) in 1 representative biological replicate 
each ([A&B] in the legend refers to the gating strategy to exclude cell clumps and debris). 
C,D) The coefficient of variation (CV, %) of the FSC was determined. The dotted line at 
26% in both graphs represents the highest measured CV value (among the individual 
values from the biological replicates) in the untreated germinating samples (0.5–2.5 h) in 

panel C. Mean values ± SD are shown for at least 3 biological replicates. **p<0.01; ns, not 

significant; according to paired t-test (two-tailed) with correction for multiple comparisons 
by controlling the false discovery rate at 5% FDR (Benjamini et al., 2006). 

 

4.3.6 Investigating survival above 100% 

In several experiments above, survival >100% (up to ~150%) was unexpectedly 

recorded after treatment with EW or NaOCl at low concentrations. All experiments 

assessing low EW or NaOCl concentrations up to this section combined (sections 

4.3.1 to 4.3.5) consisted of 19 biological replicates, i.e., 19 independent 

experiments. In 12 out of 19 experiments, survival >100% was recorded (Figure 
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4-1, Figure 4-3, Figure 4-5, Figure 4-6, Figure 4-8; experiments were counted if 

at least one EW concentration in the experiment resulted in survival >110% 

[increases of less than 10% were deemed too low to represent an interesting 

effect]), although for 3 out of the 19, outgrowth of the same samples was 

performed at three different temperatures per experiment, and survival >110% 

was recorded only in one (1 experiment out of the 3) or two (2 experiments) of 

these temperatures. The most frequently used EW doses in the above experiments 

were 0.1% and 0.3% EW (10 and 13 experiments each), and the survival was 

significantly different from 100% for 0.1% EW (according to a one-sample two-

tailed t-test (p = 0.002); not significant for 0.3% EW). It is possible that survival 

>100% was caused by (technical) variation in the colony forming numbers 

between individual plates within the same experiment, i.e., that higher numbers 

on EW-treated plates were obtained by chance. To assess the variability of colony 

forming numbers, a control sample (no treatment) was plated onto two separate 

sets of agar plates (each set consisting of 5 plates as technical replicates) in 

3 separate experiments. For each set, the sum of colonies from all 5 plates was 

calculated. One of the sets was randomly selected as ‘ctrl 1’ and the “survival” of 

the ‘ctrl 2’-set was calculated relative to ctrl 1. A “survival” rate of >100% was 

calculated in 2 out of 3 experiments (121% and 133%, Figure 4-12), suggesting 

that technical variation between experiments could have contributed to some 

instances of survival rates >100%. Such technical variation may be due to 

clumping of spores, where two (or more) clumped spores would lead to only one 

colony in some samples, resulting in less colonies despite plating the same number 

of spores. Increasing the Tween 80 concentration in spore suspensions (0.1% in 

the present work) may have helped to reduce clumping events. It is further 

possible that EW treatment impacted such spore clumping: if two clumped spores 

were separated during EW treatment (e.g., due to reactivity of the EW with the 

spore coat), they could then form two colonies instead of one, thereby increasing 

the number of colonies on recovery plates. EW treated spores showed increased 
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sideward scatter properties in flow cytometry analysis, potentially indicating 

changes to the spore surface (see 4.3.5, Figure 4-10) which may impact 

adhesion/clumping behaviour.  

On the other hand, if the colony formation efficacy in control conditions was 

<100% (i.e., not all spores were successfully forming colonies), then a real 

increase in survival (i.e., colony formation efficacy) after EW treatment would be 

possible [reported survival rates are % of control colonies], albeit not the most 

likely explanation. Observations of growth induction at low stressor concentrations 

(with inhibition at higher concentrations) are known as hormesis (Pradhan et al., 

2017), see 4.4.4. In some experiments, the survival rates followed a consistent 

trend across replicates (see Figure 4-8 B: in 3 out of 4 replicates, survival >110% 

was recorded after treatment with 0.1% EW and survival was between 105–115% 

with 0.3% EW, and in all 4 replicates the survival was higher at 0.1% EW than at 

0.3% [significant according to paired two-tailed t-test, p = 0.005]), potentially 

suggesting an effect specific to a narrow range of EW concentrations before partial 

lethality occurs at higher levels. Consistent trends would not be expected in the 

case of purely statistical variation between colony numbers in non-lethal 

conditions and may potentially be explained by the processes outlined above 

(reduced clumping and/or increased colony formation efficacy). However, the 

inherent variability of colony numbers obtained with the agar plating method as 

shown here (Figure 4-12) limits the conclusions from this method.  
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Figure 4-12: Variability of germination efficiency of A. niger between replicate 
assays. Spores were treated with HPLC grade water for 5 min (control conditions of EW 

treatment experiments described above). 100 µL of appropriate dilutions in YEPD were 
plated onto two sets of YEPD agar (each set consisting of 5 technical replicate plates) and 
incubated for 2 days. “Survival” was determined by colony enumeration (sum of 5 plates) 
and calculated for set 2 (‘ctrl 2’) relative to set 1 (‘ctrl 1’). Repl1–3, biological replicates. 

 

4.3.7 Investigating the role of potential chloramine formation for the 

growth delay and increased heterogeneity in response to EW 

4.3.7.1 The growth delay and increased variation in colony size do not depend on the YEPD 

addition post EW treatment 

Treatment of A. niger spores with low EW concentrations delayed the subsequent 

outgrowth of colonies in the absence of EW, and growth delays of A. niger had 

been observed in earlier experiments where EW treatment was in the presence of 

added free amino acids or protein-rich substances (Figure 2-8, Figure 2-9, Figure 

2-10, Figure 2-11, Figure 2-12). For instance, in certain experiments (Figure 

2-12), the EW was allowed to react with oxidised-Met (MetO), followed by 

inactivation of the FAC, before spores were added to the (inactivated) mix, and 

growth inhibition was observed. This indicated a potential inhibitory role of non-

FAC components, formed from the reaction between FAC and available organic 

compounds such as MetO (EW-free MetO treatments did not inhibit fungal 

growth). The reaction between amino acids and FAC can yield different oxidation 

products including organic chloramines (chlorinated at the amino group) which 
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can have antimicrobial activity (see 4.4.3.1) (Szabó et al., 2019, Panasenko et 

al., 2013). It was hypothesised that the growth delays in those earlier experiments 

may have been due to the formation of inhibitory compounds such as chloramines 

(2.3.4.2, 2.4.4.2, see 4.4.3.2 for a detailed discussion) and that organic 

chloramines possibly form from reactions between active EW species and amino 

acids within fungal spores. Additionally, the EW treatment protocol in this study 

added YEPD to EW treatments at the end of the treatment period to inactivate the 

EW. It is possible that chloramines were formed during this inactivation step when 

proteins and amino acids in rich YEPD react with the FAC of EW. These chloramines 

could then potentially have entered the fungal spores and resulted in a growth 

delay effect.  

To investigate whether the YEPD inactivation step might be the source of the 

observed growth delay, an alternative EW treatment protocol was employed where 

the YEPD inactivation step post-treatment was replaced by a 1:250 dilution step 

in water (2X YEPD is normally added to dilute the treatment 1:2, followed by a 

1:125 dilution in 1X YEPD). If the addition of YEPD was the source of the 

hypothesised chloramines, the growth delay effect should disappear when 

treatments were diluted in water instead of YEPD. However, as before (Figure 4-1, 

Figure 4-2), a significant negative linear correlation between colony size and EW 

dose (R2>0.85, p<0.001), and positive correlation between CV and EW dose 

(R2>0.5, p<0.05) were observed for both the YEPD and the water dilution protocol 

(correlation graphs not shown), and no significant differences in the mean colony 

size or variation (CV) post EW-treatment could be observed between both 

protocols (Figure 4-13 A,B; differences were non-significant according to paired t-

tests). No differences in survival were evident between the YEPD and the water 

protocols (Figure 4-13 C), indicating that the 1:250 dilution in water was sufficient 

to stop effective action of EW after the 5 min treatment period. Taken together, 

the data suggest that the growth delay and increase in variation observed after 
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low-level EW treatment are not related to the YEPD inactivation step and are 

rather caused by effects of the EW treatment itself (e.g., by intracellular 

chloramine formation as hypothesised above). 
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Figure 4-13: Growth delay and increased colony size variation in A. niger after 

low-level EW treatment stopped by water dilution versus YEPD addition. Spores 
were treated or not with 0.1–0.3% EW (% [v/v] in HPLC grade water; 1.8–6 mg L-1 FAC) 
for 5 min. Treatments were stopped by adding equal volumes of 2X YEPD followed by 1:125 
dilution in 1X YEPD (“YEPD”) or by diluting 1:250 in HPLC-grade water (“H2O”). In addition, 
control treatments were diluted in 0.0012% EW (equal to 0.3% diluted 1:250) to rule out 
residual EW activity after the water dilution step. 100 µL of appropriate dilutions were 
plated onto YEPD agar and incubated for 44–48 h. A) The mean colony area was determined 

after 44 h. B) The mean colony area (in pixels, black bars) and the coefficient of variation 
(CV, %, pink) were determined after defined growth periods (44–48 h, as specified) that 
resulted in a similar mean colony area in the treated samples as in the untreated control 
(44 h). “45–48h” refers to cases where different time points were chosen for the different 

biological replicates, reflecting day-to-day variation in the absolute effect size of the growth 
delay (the same time points were chosen for YEPD and H2O samples within the same 

experiment to allow comparison of the two protocols). C) Survival was determined by 
colony enumeration (Cfu, colony forming units, total from 5 technical replicate plates). Data 

are mean values ± SD for 3 biological replicates, except 0.0012% EW: n = 2.  
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4.3.7.2 Stopping EW treatments by adding ascorbic acid, a scavenger of ROS and 

chloramines 

Previous studies on different antimicrobials and EW have shown that oxidative 

damage can continue post-treatment, after removal of the stressor (Hong et al., 

2019, Mokudai et al., 2015). Both cited studies showed that providing antioxidants 

post-treatment increased the survival of microorganisms. To test for a similar 

‘rescuing’ effect here on the growth delay and increased variation after EW 

treatment, the antioxidant ascorbic acid was selected because this compound also 

reduces (and thereby inactivates) chloramines (Raftery, 2007, Carr et al., 2000). 

To reduce one mole of HOCl to chloride (Cl–), one mole of ascorbic acid is needed 

(Carr et al., 2000), and the fast inactivation of EW (~5.5–6.1 µM HOCl) by near-

equimolar levels of ascorbic acid (7 µM) was confirmed here by the loss of EW-

induced APF fluorescence (Figure 4-14; the loss of APF fluorescence at less than 

equimolar ascorbic acid levels (3.5 µM) may suggest further reactivities between 

EW and the oxidised dehydroascorbic acid). Therefore, equimolar levels of 

ascorbic acid were used to inactivate EW after 5 min of A. niger treatment. It 

should be noted that reactivity of ascorbic acid is lower with chloramines than with 

free chlorine (Peskin and Winterbourn, 2001, Folkes et al., 1995) and that the 

reactivity varies depending on the type of chloramine (Carr et al., 2000). However, 

the level and type of (hypothesised) chloramine formation within the fungal spores 

is unknown, making it difficult to estimate the required ascorbic acid dose for 

chloramine inactivation. It is likely that intracellular chloramine levels resulting 

from EW treatment would be lower than the free chlorine levels introduced by the 

EW, due to reactivities of the free chlorine with other (non-amine) spore 

components. 

Ascorbic acid (at 40 µM) was used to inactivate EW after spore treatments (at 

0.1% [v/v] EW, equal to 34–38 µM HOCl [assuming the FAC is HOCl]), instead of 

the usual YEPD inactivation step. After 5 min EW treatment, ascorbic acid or YEPD 
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were added and the mixture was incubated for 5 min, followed by dilution (1:125) 

in water. The spore survival, mean colony size and colony size variation were no 

different between EW treated samples inactivated with either 40 µM ascorbic acid 

or YEPD (Figure 4-15 A–C; non-significant according to paired two-tailed t-tests). 

Therefore, a higher ascorbic acid dose (400 µM) was employed in two biological 

replicates. Whereas the usual decrease in colony outgrowth was observed in EW 

treated samples inactivated with 400 µM ascorbic acid, similar to YEPD-inactivated 

samples (Figure 4-15 A; difference was non-significant according to t-test 

between EW treatments inactivated with YEPD or 400 µM ascorbic acid), the 

variation in colony size (CV) appeared to be lower in the EW samples inactivated 

with 400 µM ascorbic acid, compared to YEPD inactivation (Figure 4-15 B; non-

significant, note that this is based on two biological replicates which limits the 

statistical power, see also comment below). The colony formation (survival) of EW 

treated or control spores was not impacted by the 400 µM ascorbic acid 

inactivation step (Figure 4-15 C; differences were non-significant according to 

paired two-tailed t-tests). The results may suggest that inactivation by ascorbic 

acid of certain active species (e.g., ROS, chloramines) formed during the EW 

treatment may partly suppress the normal variation in outgrowth of EW-treated 

spores. Repetition of these experiments also at higher levels of ascorbic acid 

and/or EW might help to support this effect in future work (these could not be 

carried out here due to time constraints at the end of the project).  
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Figure 4-14: Influence of ascorbic and formic acid on the oxidising properties of 

EW. EW (0.016% [v/v], equal to 5.5–6.1 µM HOCl [assuming the FAC is HOCl]) was mixed 
with 3.5–70 µM ascorbic acid (asc) or formic acid (FA) and incubated for 15 min (black 

bars, left), 5 min (pink bars, centre) or less than 1 min (green) before mixing with the 
fluorescent ROS probe APF (5 µM). Fluorescence (RFI, relative fluorescence intensity) was 
recorded within two minutes of mixing. ctrl, no acid was added to the EW. 
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Figure 4-15: Effects of inactivating EW with ascorbic acid or YEPD on A. niger 
colony size and its variation. Spores were treated or not with 0.1% EW (% [v/v] in HPLC 
grade water; 1.8–2 mg L-1 FAC) for 5 min. Treatments were stopped by adding equal 
volumes of 2X YEPD or ascorbic acid (asc, 40 µM or 400 µM as specified) and incubating 
for 5 min before diluting 1:125 in HPLC grade water. 100 µL of appropriate dilutions were 
plated onto YEPD agar and incubated for 44–46 h. A) The mean colony area was determined 
after 44 h. B) The mean colony area (in pixels, black bars) and the coefficient of variation 

(CV, %, pink) were determined after defined growth periods (44–46 h, as specified) that 
resulted in a similar mean colony area in the treated samples as in the untreated control 
(44 h). C) Survival was determined by colony enumeration (Cfu, colony forming units, total 

from 5 technical replicate plates). Data are mean values ± SD for 3 biological replicates, 

except inactivation with 400 µM ascorbic acid: n = 2. 
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4.3.7.3 Outgrowth of EW-treated spores on YEPD agar containing ascorbic acid 

The studies on post-treatment stress cited above provided antioxidants in the 

outgrowth media (broth or agar) following short-term treatments (Hong et al., 

2019, Mokudai et al., 2015). A. niger spores treated or not with EW were therefore 

plated onto YEPD agar containing ascorbic acid. A higher ascorbic acid 

concentration (7.5 mM, in YEPD agar [pH not determined]) than in the above 

experiments (up to 0.4 mM, in water) was chosen because reactivities between 

ascorbic acid and YEPD components are likely (Pischetsrieder et al., 1998), 

reducing the availability of ascorbic acid for reaction with potential EW-induced 

species (initial tests showed no effect of 2.5 mM ascorbic acid in agar on the EW-

induced colony size effects, not shown). Notably, untreated spores produced 

larger colonies on the ascorbic acid-containing agar than on the standard YEPD 

agar (Figure 4-16 A). As before, the colony size of EW-treated spores was 

decreased on YEPD agar, and also appeared to be decreased on ascorbic acid-

containing agar (Figure 4-16 A). The decrease relative to the respective controls 

was calculated to indicate a comparison of the effect size. The colony size of EW-

treated spores appeared to be less strongly decreased on the ascorbic acid-

containing agar than on the standard agar (86% of the control for ascorbic acid-

agar vs. 79% for standard agar) however this was based on two biological 

replicates only (the difference in percentage values was non-significant according 

to a paired two-tailed t-test and would require repetition to increase the statistical 

power). This proposed effect suggested that 7.5 mM ascorbic acid in the YEPD 

agar could partially rescue the growth delay effect. Reactivities aside from the 

proposed reactivity of ascorbic acid with chloramines may take place, e.g., 

ascorbic acid can also reduce Fe3+ ions in the media to Fe2+, which in the presence 

of ROS from EW-treatments can further increase ROS levels (Fenton-chemistry) 

(Stadtman, 1991), complicating the interpretation of the ascorbic acid effect in 

agar.  
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The variation (CV) of colony size for samples grown on ascorbic acid-containing 

YEPD agar was compared with the CV on normal YEPD agar at time points where 

the mean colony size was similar. Inclusion of ascorbic acid in the agar did not 

suppress the increased variation in colony size post-EW treatment (Figure 4-16 B; 

non-significant according to a paired two-tailed t-test between EW-treated 

samples on YEPD agar [46 h] and ascorbic acid-containing agar [44 h]). In these 

experiments, growth on ascorbic acid containing agar did not significantly affect 

the number of colony forming units after EW treatment (Figure 4-16 C; non-

significant according to a paired two-tailed t-test).  
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Figure 4-16: Outgrowth of EW-treated A. niger spores on YEPD agar containing 
ascorbic acid. Spores were treated or not with 0.1% EW (% [v/v] in HPLC grade water; 
1.8–2 mg L-1 FAC) for 5 min. Treatments were stopped by adding equal volumes of 

2X YEPD. 100 µL of appropriate dilutions were plated onto YEPD agar with (+) or without 
(–) added 7.5 mM ascorbic acid (asc) and incubated for 44–46 h. A) The mean colony area 
was determined after 44 h. The bars of EW treated samples are labelled with the mean 
percent value of the colony area relative to the respective control. B) The mean colony area 

(in pixels, black bars) and the coefficient of variation (CV, %, pink) were determined after 
defined growth periods (44–46 h, as specified) that resulted in a similar mean colony area 
in the treated samples compared to each other and to the controls. C) Survival was 
determined by colony enumeration (Cfu, colony forming units, total from 5 technical 

replicate plates). Data are mean values ± SD for 2 biological replicates. 
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4.3.7.4 Chloramine treatment of A. niger spores and ascorbic acid inactivation 

Above, it was hypothesised that organic chloramines may form within fungal 

spores during EW treatment and that these might contribute to the observed 

effects on colony size and its variation. However, the use of ascorbic acid does not 

distinguish between effects of chloramines or ROS. Therefore, spores were treated 

with chloramines to see whether these could mimic the observed effects on colony 

growth. Organic chloramines are typically generated by mixing organic amines, 

such as amino acids, with HOCl (Szabó et al., 2019, How et al., 2016, Amiri et al., 

2010). An excess of amino acids is often used to prevent the accumulation of free 

chlorine or the formation of side products other than monochloramines. In the 

present study, a mix of 18 amino acids (exluding Pro and Cys for solubility 

reasons) was mixed with EW. In Chapter 2 of this study, high reactivities between 

EW and amino acid solutions were shown (mixing equimolar levels of EW [6.9–

7.6 mM HOCl] and amino acids [5–7 mM] resulted in full loss of EW fungicidal 

activity for most amino acids, Figure 2-10). In most amino acids, the -amino 

group is the group in the molecule that is the most reactive with HOCl, except Met 

and Cys, in which the side chain reactivity is at least two orders of magnitude 

higher than the amino group reactivity, and His, in which the side chain has similar 

reactivity as the amino group (Pattison and Davies, 2001). It can therefore be 

assumed that reactions between most amino acids and the HOCl in EW yield 

monochloramines (amino acids chlorinated at the -amino group). The Met in the 

amino acid mix used here is expected to inactivate a part of the FAC due to its 

side-chain reactivity that does not produce chloramines (yielding MetO). Previous 

studies reported no chloramine formation when 5 x excess levels of Cys, Met or 

Trp were mixed with HOCl (How et al., 2016).  Therefore, it was decided to mix 

approximately equimolar levels of amino acids (40 µM) and EW (34–38 µM HOCl) 

to avoid full inactivation of the FAC by Met and to enable chloramine formation 

(Met concentration in the amino acid mix was 40 µM divided by 18 [number of 

amino acids in the mix] = 2.2 µM). It should be kept in mind that the use of 
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equimolar levels (as opposed to an excess of amino acids) carries the risk of free 

chlorine accumulation (although this should be low based on the observed high 

reactivity of amino acids and EW in this study) or side product formation. One 

solution could have been to exclude Met from the mixture. However, Met is present 

within fungal cells and (based on several results in this study) likely to react with 

EW during treatments. In addition, EW reaction with oxidised-Met (MetO) might 

even lead to the formation of an inhibitory product (cf. Figure 2-11, Figure 2-12), 

so excluding Met when trying to recreate a potential chloramine-effect in spores 

did not seem sensible here. 

Equal volumes of the amino acid solution and diluted EW were mixed to give 20 µM 

amino acids (or chloramines) and 0.05% EW (17–19 µM HOCl) and allowed to 

react for 5 min. As explained above, there is a risk of residual FAC accumulation 

in the amino-acid/EW mix. If there was no reactivity between the EW and the 

amino acids, the mix would contain 0.05% EW, and based on Figure 4-2, as little 

as 0.05% EW could delay colony formation and increase the variation in colony 

size. However, such a scenario is unlikely, instead the FAC level is expected to be 

lowered due to reactions between FAC and amino acids. A slightly lower EW 

concentration (0.03% EW) in Figure 4-2 did not seem to affect the colony size or 

its variation (note that data for this particular EW concentration are from one 

biological replicate only). Based on these considerations, it is unlikely that any 

remaining FAC levels in the mix will be sufficient to affect the colony size or its 

variation. The mix will therefore be referred to as “chloramines” in the following 

text. 

Treatment of A. niger spores with the chloramines gave a small decrease in mean 

colony size (Figure 4-17 A) that was consistent across replicates but was non-

significant (paired two-tailed t-test, p = 0.085). The treatment was stopped by 

diluting in HPLC-grade water (similar to the protocol in Figure 4-13) instead of 



Chapter 4: Response of A. niger to EW 

209 

 

YEPD addition to avoid potential reactivities of the chloramines with YEPD. 

Alternatively, the treatment was stopped by adding 40 µM ascorbic acid. In 

contrast to the water-diluted samples, the chloramine-treated, ascorbic acid-

inactivated samples did not show a consistent decrease in colony size (t-test of 

the comparison between the asc-‘inactivated’ control sample and asc-‘inactivated’ 

chloramine sample: p = 0.458; Figure 4-17 A). The colony size variation was 

increased in the chloramine treated condition (p = 0.045) and no significant 

difference between both chloramine treated conditions (diluted and ascorbic-acid 

inactivated) was observed (p = 0.089; the CV values in ascorbic-acid inactivated 

samples were slightly higher than in water-diluted samples across all three 

replicates) (Figure 4-17 B). The number of colony forming units was not 

negatively affected by the chloramine treatment or by ascorbic-acid inactivation 

after the chloramine treatment (Figure 4-17 C; non-significant according to paired 

two-tailed t-tests). Taken together, these results show that sub-lethal chloramine 

treatments can increase the colony size variation (assuming that the EW+amino 

acid mix yielded chloramines). Higher chloramine concentrations should be tested 

in the future to see if significant colony growth delays can be achieved. Ascorbic 

acid had no significant effect in these assay conditions, but it cannot be ruled out 

that higher levels of ascorbic acid would not suppress the chloramine effects, as 

was suggested above for EW and 400 µM ascorbic acid. 

 



Chapter 4: Response of A. niger to EW 

210 

 

H 2
O

40
 µ

M
 a

sc
H 2

O

40
 µ

M
 a

sc

0

20000

40000

60000

C
o

lo
n

y
 a

re
a

 [
p

x
] Mean area (44h)

ctrl chloramines

H 2
O

40
 µ

M
 a

sc
H 2

O

40
 µ

M
 a

sc

0

20000

40000

60000

0

10

20

30

C
o

lo
n

y
 a

re
a

 [
p

x
]

C
V

 [%
]

Mean area
CV

ctrl

(44h)

chloramines

(44-45h)

H 2
O

40
 µ

M
 a

sc
H 2

O

40
 µ

M
 a

sc

0

50

100

150

C
fu

ctrl chloramines

A B C

 
Figure 4-17: Effects of chloramine treatments and inactivation with ascorbic acid 
on A. niger colony size and its variation. A mix of 18 amino acids (excluding Pro and 

Cys, see 4.2.1) at 40 µM was mixed with equal volumes of 0.1% EW [v/v] (34–38 µM HOCl) 
resulting in 20 µM amino acids (or chloramines) and 0.05% EW in the mix, incubated for 
5 min to allow chloramine formation and subsequently used to treat A. niger spores (ctrl, 

amino acids were mixed with HPLC grade water instead of EW). Treatments were stopped 
by diluting 1:250 in HPLC grade water (“H2O”) or by adding equal volumes of 40 µM 
ascorbic acid (“asc”) and 5 min incubation, followed by 1:125 dilution in HPLC grade water. 
100 µL of appropriate dilutions were plated onto YEPD agar and incubated for 44–46 h. A) 
The mean colony area was determined after 44 h. B) The mean colony area (in pixels, black 
bars) and the coefficient of variation (CV, %, pink) were determined after defined growth 

periods (44–46 h, as specified) that resulted in a similar mean colony area in the treated 
samples as in the untreated control (44 h). “44–45h” refers to cases where different time 
points were chosen for the different biological replicates (the same time points were chosen 
for H2O and asc samples within the same experiment to allow comparison of the two 
protocols). C) Survival was determined by colony enumeration (Cfu, colony forming units, 

total from 5 technical replicate plates). Data are mean values ± SD for 3 biological 

replicates. 

 

4.3.7.5 Chloramine treatment and outgrowth on YEPD agar containing ascorbic acid 

Similar to the experiments with EW in 4.3.7.3, chloramine treated spores were 

subsequently cultivated on YEPD agar containing 7.5 mM ascorbic acid 

(2 biological replicates). No difference in colony size was observed between 

chloramine-treated spores plated on ascorbic-acid containing and standard YEPD 

agar (non-significant according to a paired two-tailed t-test between the relative 

decreases [in %] compared to the relevant untreated controls obtained with both 

outgrowth agars; Figure 4-18 A). The colony size variation after chloramine 

treatment was not decreased on the ascorbic acid-containing agar compared to 

standard agar (Figure 4-18 B; the CV was actually non-significantly increased on 

ascorbic-acid agar). No significant effects of outgrowth on ascorbic acid-containing 
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agar after chloramine treatment on the number of colony forming units was 

observed (Figure 4-18 C; non-significant according to paired two-tailed t-test). In 

summary, growth on ascorbic acid-containing agar did not rescue the (suggested) 

growth delay or the increased variation observed after chloramine treatment. 
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Figure 4-18: Outgrowth of chloramine-treated A. niger spores on YEPD agar 
containing ascorbic acid. A mix of 18 amino acids (excluding Pro and Cys, see 4.2.1) at 
40 µM was mixed with equal volumes of 0.1% EW [v/v] (34–38 µM HOCl), resulting in 
20 µM amino acids (or chloramines) and 0.05% EW in the mix, incubated for 5 min to allow 
chloramine formation and subsequently used to treat A. niger spores (ctrl, amino acids 

were mixed with HPLC grade water instead of EW). Treatments were stopped by diluting 
1:250 in HPLC grade water (“H2O”) and 100 µL of appropriate dilutions were plated onto 
YEPD agar with (+) or without (–) added 7.5 mM ascorbic acid (asc) and incubated for 44–
46 h. A) The mean colony area was determined after 44 h. The bars of EW treated samples 
are labelled with the percent value of the colony area relative to the respective control (the 
individual values did not support a higher apparent percentage on asc-agar; replicate 1: 
(-) 96%, (+) 94%, replicate 2: (–) 88%, (+) 95%). B) The mean colony area (in pixels, 

black bars) and the coefficient of variation (CV, %, pink) were determined after defined 
growth periods (44–46 h, as specified) that resulted in a similar mean colony area in the 

treated samples compared to each other and compared to the controls. C) Survival was 
determined by colony enumeration (Cfu, colony forming units, total from 5 technical 

replicate plates). Data are mean values ± SD for 2 biological replicates. 

 



Chapter 4: Response of A. niger to EW 

212 

 

4.3.8 Effect of Met pre-treatment on survival of A. niger after EW 

treatment 

4.3.8.1 Effect of Met pre-culture on YNB agar 

This study revealed a protective effect of methionine pre-culture on the recovery 

of yeast cells after EW treatment (see 3.3.2). It was tested whether growth in the 

presence of Met would also protect A. niger against subsequent EW treatment. It 

has been shown that the conditions in which conidia are formed can influence their 

properties and stress resistance (Hagiwara et al., 2017, Bleichrodt et al., 2020, 

Ruijter et al., 2003, Wang et al., 2021). Therefore, A. niger conidia were grown 

on YNB slopes supplemented or not with different Met levels. YNB was the minimal 

medium used in the yeast Met pre-culture experiments and resulted in good 

growth of A. niger as well. In three out of five biological replicates, the conidia 

pre-grown on YNB slopes containing 1 mM Met survived subsequent EW treatment 

better than the 0 mM Met-controls (Figure 4-19). However, this result was not 

consistent across all five replicates and there was no significant difference in the 

combined data. The instances of increased survival (at 1 mM Met) were apparent 

in replicates where the control (0 mM Met) survival was below 20%, but the effect 

even for these three replicates was not significant (p-value of paired two-tailed 

t-test of the comparison between 0 mM and 1 mM for those three replicates was 

0.0602). There was no evidence for increased survival of Met pre-grown cultures 

in replicates where survival of the 0 mM-control was >20%. It is possible that any 

protective effect of Met pre-culture depends on the dose and killing effect of an 

EW treatment. No protective effect was evident for A. niger pre-grown with other 

Met concentrations (Figure 4-19). Overall, the results do not clearly support a 

protective effect of Met in A. niger. Caveats of the method are discussed in 4.4.5. 
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Figure 4-19: Influence of methionine pre-culture on YNB agar on the survival of 

A. niger conidia after EW treatment. Conidia were grown on YNB slopes supplemented 
with the specified methionine concentrations and harvested after 1 week. After EW 

treatment (5 min, 0.4–1% [v/v]; 7.2–20 mg L-1 FAC), survival was assessed by plating 
appropriate dilutions (100 µL) on YEPD agar and subsequent colony enumeration. Mean 
values ± SD (black lines and error bars) are shown for 5 biological replicates, with different 

biological replicates distinguished by different symbols. 

 

4.3.8.2 Effect of Met pre-culture in AMM broth 

Because the Met pre-culture in yeast had been in broth, conidia of A. niger were 

also cultured for 4 h with different amino acids in AMM minimal broth prior to EW 

treatment. Amino acids were supplied at 0.3 mM, consistent with the yeast 

experiments. The amino acids were a selection of those tested in the yeast pre-

treatment experiment (Figure 3-7), plus Ala as a control that did not show 

particularly strong reactivity with EW (Figure 2-10). Conidia were recovered in 

YEPD broth in 96-well plates after the EW treatment and the relative growth 

compared to a no-EW control was calculated at two time points: the first time 

point (15 h) was chosen within the period of strongest initial outgrowth of the EW 

treated samples (Figure 4-20 B,C; control growth shown in panel A) and the 

second (24 h) when growth slowed down, consistent with other experiments in 

this study that also assessed the growth after 24 h (cf. Figure 2-10). Samples that 

were pre-cultured with different amino acids did not show differences in outgrowth 

following EW treatment when assessing the mean OD600 values across replicates 

(Figure 4-20 A–C). Averaging the OD600 values may hide small effects if there are 
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systematic differences in growth between replicates (e.g., due to day-to-day 

variation in the exact initial spore concentration). For this reason, the relative 

growth (OD600 of EW treated samples divided by OD600 of the respective control) 

was calculated for each replicate separately, as relative effects should be 

consistent across replicates even if the absolute OD600 values may vary. The 

relative growth of the different pre-culture conditions was assessed at two levels 

of EW treatment strength that resulted in ~50% and ~5–10% growth relative to 

the control at the 15 h time point (Figure 4-20 D,E). No significant increase in 

relative growth was observed for any of the pre-culture conditions compared to 

the no-amino acid control (non-significant according to paired two-tailed t-tests 

with FDR correction). Overall, no increased survival of Met (or other amino acid) 

pre-treated A. niger could be observed following pre-culture in broth, similar to 

the outcome after Met pre-culture on agar (Figure 4-19). It should be noted that 

the 4 h incubation in AMM medium resulted in only very low levels of visible 

swelling of the conidia (Figure 4-20 F), meaning that this experiment does not 

assess vegetative cells that may be more comparable to yeast cells in their 

behaviour in response to EW. 
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Figure 4-20: Influence of pre-culture with methionine and other amino acids in 
AMM broth on the survival of A. niger conidia after EW treatment. Conidia were 
incubated in AMM minimal medium supplemented or not with the specified amino acids at 
0.3 mM for 4 h at 28°C. After harvesting and washing to remove extracellular amino acids, 
conidia were treated with EW (5 min) and the growth of the surviving conidia was detected 
by OD600 readings at appropriate time points. Low EW: 0.1–0.6% EW [v/v] (1.8–12 mg L-1 

FAC), resulting in ~50% growth relative to the control growth at 15 h (B,D). High EW: 0.3–
1% EW [v/v] (5.4–20 mg L-1 FAC), resulting in ~5–10% growth at 15 h (C,E). Note that 
the overlap in EW concentrations between ‘low EW’ and ‘high EW’ conditions was related to 

day-to-day variation in EW effect strength. A–C) Growth curves of control (A) and EW 
treated samples (B,C). The dotted lines indicate the 15 h and 24 h time points. D,E) 
Relative growth in EW treated samples compared to the no-EW control at 15 h (black bars) 
and 24 h (pink). F) After the 4 h incubation in AMM, the percentage of swollen conidia 

(indicating the beginning of germination) was determined by visual inspection of at least 
100 spores per condition under the microscope. Data show mean ± SD for 4 biological 

replicates. 
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4.3.9 Transcriptome analysis of the A. niger response to EW 

4.3.9.1 EW treatment of A. niger conidia and sample preparation 

Some results in this chapter highlighted certain differences between the EW 

response of A. niger and S. cerevisiae, potentially related to differences between 

fungal spores and vegetative cells. Furthermore, interesting effects of EW on the 

outgrowth of A. niger spores after EW treatment were found but the availability of 

appropriate strains (e.g., deletion mutant libraries) to study such effects in detail 

is more limited in filamentous fungi compared to the model organism 

S. cerevisiae. To shed more light on the response of A. niger spores to EW, its 

transcriptome response was studied, because the analysis of changes in mRNA 

levels during stress treatments can reveal information about the stress response 

of organisms. A. niger was treated or not with EW and the transcript levels of 

treatment and control samples were compared. Dormant A. niger conidia have 

only low metabolic activity (Novodvorska et al., 2016) and undergo extensive 

transcriptome changes in the first hours of germination (Novodvorska et al., 2013, 

van Leeuwen et al., 2013). It was deemed beneficial to analyse the EW response 

of metabolically active (i.e., germinating) conidia because it was thought that 

dormant conidia might not show strong regulation of their transcriptome in 

response to stress. However, a recent study demonstrated that fully developed 

conidia (before dehydration) exhibit transcriptional activity and that this activity 

is modulated in response to stress, even in spores suspended in water after 

detachment from the conidiophore (Wang et al., 2021). The presented 

transcriptomics experiment was designed before the information from the cited 

study became available and so here, conidia were allowed to germinate for 6 h in 

YEPD before EW treatment to induce metabolic activity. Another option would have 

been to treat dormant conidia, followed by YEPD recovery, as was performed in 

different experiments throughout this thesis. However, the extensive 

transcriptional changes in the first hours of A. niger germination (Novodvorska et 
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al., 2013, van Leeuwen et al., 2013) may have complicated the analysis and 

identification of EW-specific transcriptional changes during those processes, e.g., 

in the case of EW-induced delays in germination.  

Germinated conidia (6 h after transfer of dormant conidia to YEPD) were treated 

with EW for at least 10 min, and also 30 min, 1 h and 2 h, to allow sufficient time 

for transcriptional changes to occur. To avoid reactivities of the EW with YEPD 

components, conidia were first transferred into 0.1% Tween 80. Control 

treatments were with sterile tap water (EW for treatments was diluted in sterile 

tap water). These conditions represent starvation conditions with nutrient and 

osmotic stresses which will induce a range of transcriptome changes. This will 

make it more difficult to identify EW-specific transcriptome changes. The impact 

of this and other limitations of the protocol will be discussed in 4.4.6, and the 

presented data in this results section should be viewed with caution.  

RNA was extracted from treated and control samples at these time points in four 

separate biological experiments. The survival of treated conidia was assessed by 

plating appropriate dilutions onto YEPD agar and subsequent colony enumeration. 

Survival decreased with increasing treatment time (Figure 4-21) and was very low 

after 2 h (on average 10%). Therefore, samples from the first 3 time points 

(10 min – 1 h) only were selected initially for downstream transcriptome analysis, 

as adaptive-type responses are expected to be dampened or non-existent where 

there is substantial killing. Nevertheless, one 2 h sample was analysed as a 

replacement for RNA from the 10 min time point of replicate 4, which was lost 

during the extraction procedure; the samples analysed further by transcriptomics 

are highlighted with white boxes in Figure 4-21. The transcriptome sequencing 

and analysis were performed by the Centre for Genomic Research (CGR) at the 

University of Liverpool. Pairwise comparisons were made between treatment and 
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control samples of each replicate to then identify differentially expressed (DE) 

genes at the different time points (Table 4-1). 
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Figure 4-21: Survival rates of EW treated A. niger for transcriptome analysis. 
Conidia were germinated in YEPD for 6 h before EW treatment (0.04% [v/v], diluted in 
sterile tap water, FAC of undiluted EW: 1600–1700 mg L-1 FAC) for 10 min, 30 min, 1 h or 
2 h. Control: sterile tap water. Treatments were stopped by centrifugation followed by 

resuspension in YEPD. 100 µL of appropriate sample dilutions were plated onto YEPD agar 
and incubated for subsequent colony enumeration. Survival was calculated relative to the 
untreated controls. Repl I–IV: independent biological replicates. Fields are labelled with 

their corresponding survival rate. White boxes highlight samples that were analysed by 
transcriptomics.  

 

Table 4-1: Experimental design for the transcriptome analysis. Details of samples 
are given in Figure 4-21. 

Pairwise comparisons 

Time point 

Treatment samples 

(EW treated spores) 

Control samples 

(untreated spores) 

Sample 
number 

Replicate Sample 
number 

Replicate 

25 repl I 26 repl I 

A – 10 min 31 repl II 32 repl II 

37 repl III 38 repl III 

27 repl I 28 repl I 

B – 30 min 
33 repl II 34 repl II 

39 repl III 40 repl III 

45 repl IV 47 repl IV 

29 repl I 30 repl I 

C – 1 h 
35 repl II 36 repl II 

41 repl III 42 repl III 

47 repl IV 48 repl IV 

49 repl II 50 repl II D – 2 h 
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4.3.9.2 Bioinformatics analysis and identification of differentially expressed genes 

The bioinformatics analysis was performed by the CGR. Reads were mapped to 

the reference genome of A. niger CBS 513.88. The reference genome was chosen 

because its mapped genes were available on the Aspergillus genome database, 

however this industrial strain differs from the laboratory strain N402 (used for the 

transcriptomics experiment). Furthermore, Aspergillus niger N402 was originally 

generated from a N400 wild type using UV mutagenesis, inducing several 

mutations (Demirci et al., 2021). The choice of strain will be critically discussed in 

4.4.6. Mapping efficiencies were between 41.91% and 65.08%, which was lower 

than expected based on the CGR’s experience with the mapping tool (TopHat2), 

possibly suggesting limited quality of the RNA samples, although newer mapping 

tools have since been reported to outperform TopHat2 (Musich et al., 2021). The 

low mapping efficiency is also likely due to the mismatch between the 

experimental and reference genome strains. A total of 12,243 genes were 

detected, equivalent to 87% of the known ORFs of the reference genome. 

Correlation analysis revealed poor correlation of samples from the same conditions 

across biological replicates (the correlation between samples from the same 

control or treatment times across replicate experiments was not higher than the 

correlation between samples from other conditions; Figure 4-22), indicating that 

the technical and/or biological variation between the replicate experiments is as 

high as, or higher than the treatment-induced differences between the EW 

treatment and control samples at the different time points. It should be noted that 

this high variation between replicate experiments limits the strength of the 

analysis of transcriptome changes in this study. It is not entirely clear what caused 

the high variation but potential explanations include day-to-day variation in 

conidia preparations and in EW effect strength (resulting in variable survival rates, 

Figure 4-21) and the dilution of EW in sterile tap water for the transcriptome 

experiment with potential day-to-day variation in tap water constituents (EW was 

diluted in HPLC grade water for most experiments in this thesis but the effect of 
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water purity on EW strength [cf. 3.3.1.3] was investigated only after the 

transcriptome analysis was completed).  The log10 count data of the samples were 

also analysed by principal component analysis (PCA). This did not reveal a very 

clear clustering of the different treatment vs. control samples (Figure 4-23; note 

that the PCA components only explain a small amount [~1.5–2%] of the sample 

variation, again suggesting limited data quality). However, all control samples 

(with two exceptions) were located towards the right of the PCA plot and all 

treatment samples to the left (Figure 4-23 A). For the first two time points (10 min 

and 30 min treatments, shown in Figure 4-23 B,C), the treatment and control 

samples were not well separated, and treatment and control samples from the 

same replicate experiment clustered relatively closely together, suggesting that 

the variation between replicate experiments was greater than the EW treatment 

effect size in these samples (Figure 4-23 B,C; treatment and control samples from 

the same replicate experiment are labelled with consecutive numbers, cf. Table 

4-1). On the other hand, the samples from the later time points (1 h and 2 h) 

showed a clear separation of the treatment and control samples (Figure 4-23 D), 

suggesting that data from these samples may show a stronger EW-treatment 

dependent effect.  
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Figure 4-22: Correlation heatmap of transcriptomics samples. Samples were 
extracted RNA from A. niger treated or not with EW (details see Table 4-1). The Pearson 

correlation coefficients (scale shown on bar to the right) were calculated based on the log10 
count data of the samples. Blocks along the diagonal from bottom left to top right show the 
within-group correlations. A,B,C,D, treatment times 10 min, 30 min, 1 h, 2 h. _T, 
treatment (burgundy group labels), _C, control (white). This figure was provided by the 
Centre for Genomic Research, University of Liverpool.  
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Figure 4-23: Principal component analysis (PCA) of the transcriptomics samples 
to analyse the variation between treatment- and control-group samples. Samples 

were extracted RNA from A. niger treated or not with EW (details see Table 4-1). The PCA 
was calculated using all the log10 read count data from each sample and determining the 
principal component scores 2 and 3 for each sample within EdgeR (in brackets: % variance 
explained by the principal component). Panel A) Control samples are all located to the right 
of the line and within the black circles. Panels B-D) Control and treatment samples from 
the different time points are highlighted separately in boxes; B) 10 min time point, 
treatment samples in black, control in red; C) 30 min time point, treatment in green, 

control in blue; D) 1 h time point, treatment in turquoise, control in pink, and 2 h time 
point, treatment in yellow, control in grey. Mini-legend for colour scheme (centre): A,B,C,D, 
treatment times 10 min, 30 min, 1 h, 2 h. _T, treatment, _C, control. This figure was 
provided by the Centre for Genomic Research, University of Liverpool. 

A B 

C D 
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The EdgeR analysis for finding differentially expressed (DE) genes in response to 

EW treatment revealed 660 DE genes between treatment and control conditions 

(total of all DE genes found for one or more time point(s)), with 251 upregulated 

genes and 409 downregulated genes. Most DE genes were found for the 1 h-time 

point samples (Table 4-2, Figure 4-24), consistent with the clearer separation 

between treatment and control samples that was evident for this time point in the 

PCA above. There was little overlap between the different time points: 103 DE 

genes were found for more than one time point, and 16 DE genes found in three 

out of the four time points (Figure 4-25). Very few DE genes (4) were found for 

the 10 min-time point samples which may indicate little response of A. niger to 

the EW dose within 10 min (note also the high survival of the 10 min-treatment 

samples, Figure 4-21). It is also possible that transcriptome changes in response 

to the transfer to water (nutrient/osmotic stress) masked most EW-induced 

changes at this early time point. 

Table 4-2: Differentially expressed genes between EW treatments and controls. 

Treatment 

times 
10 min 30 min 1 h 2 h 

DEa 4 98 612 65 
DE_up 3 32 240 10  
DE_down 1 66 372 55 

a DE, differentially expressed genes. Up, upregulated, down, downregulated. 
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Figure 4-24: Fold change of gene expression in the transcriptome data sets. The 
log2 fold change (logFC) was plotted against the log2 counts per million (log2CPM) 

separately for each treatment time. The significance of the logFC was calculated within 
EdgeR and p-values were adjusted for multiple testing using the false discovery rate (FDR) 
approach (Benjamini and Hochberg, 1995). Hits with a FDR-adjusted p-value <0.05 were 

defined as significant and are coloured in red. This figure was provided by the Centre for 
Genomic Research, University of Liverpool.   

 

 
Figure 4-25: Venn-diagram of the DE genes. See Table 4-1 and Table 4-2 for details 
on the treatment times and DE gene numbers. This figure was provided by the Centre for 
Genomic Research, University of Liverpool.  

1 h treatment 

2 h treatment 

10 min treatment 

30 min treatment 

Contr_1: control vs. treatment 10 min 
Contr_2: control vs. treatment 30 min 
Contr_3: control vs. treatment 1 h 
Contr_4: control vs. treatment 2 h 
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4.3.9.3 Analysis of DE genes: GO terms 

The DE genes were ordered by the sum of their logFC (log2 fold change) values 

for the four treatment time points. A visual analysis showed that the greatest fold-

change values occurred in the 1 h and 2 h treatment times, and upregulation (or 

downregulation) of the separate genes was relatively consistent across the time 

points (Figure 4-26). The 2 h time point consisted of only one replicate (one 

control and one treatment sample), so idenfication of DE genes in this condition 

used estimated dispersion (variability) in the EdgeR analysis, making the results 

for the 2 h condition statistically less reliable. There were cases where a gene was 

upregulated by EW at one time point but downregulated at another. However, 

many of the plotted genes were significantly differentially expressed at only one 

time point, so such differences between time points might not represent a 

significant change from down- to up-regulation (or vice versa) in regulation over 

time, i.e., only the upregulated (or only the downregulated) effect may be 

significant. A more detailed analysis of DE genes that were significant at more 

than one time point is provided further below (4.3.9.4). 
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Figure 4-26: Heatmap of logFC (log2 fold change) of all DE genes in response to 
EW. The DE genes found in the transcriptome dataset (Table 4-2) are ordered from top to 
bottom by the sum (not shown) of their logFC across the different sampling times (10 min 

to 2 h). logFC values for each gene at the different times are presented, with positive values 
shown in red and negative values in blue.  

 

Next, the biological processes, molecular functions and cellular components of the 

EW-responsive DE genes were analysed using the AspGD GO Slim Mapper (see 

4.2.6). For all DE genes and separately for the upregulated DE genes and the 

downregulated DE genes, the relative numbers of genes clustered into the 

different functional GO groups within each of the three sets (all DE, upregulated, 

downregulated) was compared to relative gene numbers falling into each GO 

category from the full gene set (all detected genes across all samples). The results 

for all GO terms are listed in Appendix I (6.9.1). Results for the most represented 

GO terms within the all-DE set are visualised below (Figure 4-27, Figure 4-28; to 

limit the size of the figure, GO terms that had less than 15 gene matches within 



Chapter 4: Response of A. niger to EW 

227 

 

the all-DE dataset were excluded from Figure 4-27, and additionally GO terms 

with less than 10 gene matches within the all-DE dataset were excluded from both 

figures because relative changes based on <10 genes are less meaningful). Most 

GO terms were represented within the DE gene sets at similar relative percentages 

(of the total-gene counts in the relevant set; % genes) as in all detected genes 

(Figure 4-27, Figure 4-28). Certain GO terms were overrepresented in the 

upregulated DE genes compared to the full dataset (defined by ≥1.25-fold 

increase in the % genes in the upregulated dataset); namely the processes: 

transport (1.36 x increase), RNA metabolic process (1.29 x), organelle 

organisation (1.57 x), response to stress (1.68 x), cellular protein modification 

(1.30 x), developmental process (1.76 x), cell cycle (2.00 x), DNA metabolic 

process (2.10 x) (Figure 4-27); the molecular functions: hydrolase activity 

(1.27 x), DNA binding (1.39 x), RNA binding (1.45 x), peptidase activity (1.87 x), 

protein kinase activity (1.71 x) and ligase activity (1.67 x) (Figure 4-28 A); the 

cellular components: membrane (1.43 x), nucleus (1.31 x), mitochondrion 

(1.40 x), endomembrane system (1.44 x), plasma membrane (1.54 x), 

chromosome (1.44 x), extracellular region (1.45 x), cytosol (2.48 x) and vacuole 

(2.00 x) (Figure 4-28 B). Interestingly, the downregulated subset of DE genes 

contained a higher percentage of genes with unknown processes, functions and 

components (Figure 4-27, Figure 4-28) which may explain why most GO terms 

were underrepresented in this subset (unknown genes might, upon 

characterisation, fall into some of the GO term classes). GO terms that were 

overrepresented in the upregulated subset were generally underrepresented in 

the downregulated subset (defined by ≤0.75-fold change), except some that were 

underrepresented in the downregulated but not overrepresented in the 

upregulated subset: response to chemical (0.64 x in the downregulated subset), 

carbohydrate metabolic process (0.50 x), filamentous growth (0.73 x), 

transcription (0.59 x), oxidoreductase activity (0.51 x), transporter activity 

(0.68 x), protein binding (0.52 x); and others that were overrepresented in the 
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upregulated (see above) but not underrepresented in the downregulated subset: 

cellular protein modification process (0.80 x in the downregulated subset), DNA 

metabolic process (1.14 x), protein kinase activity (0.86 x), ligase activity 

(1.25 x), mitochondrion (0.80 x), vacuole (1.25 x). Regulation of biological 

processes was underrepresented in both subsets of DE genes (0.84 x in the 

upregulated subset; 0.59 x in the downregulated subset). Four genes 

(An03g05140, An12g02840, An15g07530, ppoC) within the DE dataset matched 

to the GO process term “toxin metabolic process” (excluded from the figure due 

to the low number of gene matches as stated above), and these were all 

upregulated (Appendix I, 6.9.1; in the all-genes dataset, 96 genes matched to 

this GO process). Note again that the matching to GO terms was likely limited by 

the low mapping efficiency of the obtained sequences to the (mismatched) 

reference genome. 

Because the GO term “response to stress” was enriched within the upregulated 

DE genes, and this fits the expectations during stress treatments, the 21 

upregulated genes in this GO process were further investigated. Among the 21 

genes, there were genes involved in DNA repair processes (An02g08730, 

An01g07220, An02g02970, An12g07910, An15g01140, An17g01760), oxidative 

stress response (An11g10080, An08g03240, ppoC), protein and/or translation 

activity regulation (An05g00530, An01g14160), protein-ubiquitin degradation 

(An01g11160) and amino acid transport (An07g03690). Notably, An03g05080 

was upregulated (significant for the 1 h time point), logFC = 3.14, non-

significantly upregulated at the other time points), which is a computationally 

mapped ortholog to the S. cerevisiae methionine-R-sulphoxide reductase fRMsr. 

This suggested a parallel with the involvement of MSR-enzymes in the EW 

response of S. cerevisiae observed in this study (see 3.3.4). The other MSR 

orthologs, An07g07560 (ortholog to MSRA) and An11g02640 (ortholog to MSRB), 

were not significantly differentially expressed. 

http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An03g05140&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An12g02840&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An15g07530&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=ppoC&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An02g08730&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An01g07220&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An02g02970&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An12g07910&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An15g01140&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An17g01760&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An11g10080&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An08g03240&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=ppoC&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An05g00530&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An01g14160&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An01g11160&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An07g03690&organism=A_niger_CBS_513_88
http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An03g05080&organism=A_niger_CBS_513_88
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Figure 4-27: GO Slim terms for biological processes in the transcriptome dataset 
for A. niger response to EW. All detected genes (black bars, 12243 total genes), all DE 
genes (blue, 660 genes) or the up- and down-regulated subsets (pink [251 genes] and 
green [409]) of the DE genes were analysed using the AspGD GO Slim Mapper. GO terms 
with less than 15 gene matches in the DE dataset are not shown. Full data are available in 

Appendix I, 6.9.1. 
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Figure 4-28: GO Slim terms for metabolic functions and cellular components in 
the transcriptome dataset for A. niger response to EW. All detected genes (black 
bars, 12243 total genes), all DE genes (blue, 660 genes) or the up- and down-regulated 

subsets (pink [251 genes] and green [409]) of the DE genes were analysed using the 
AspGD GO Slim Mapper. A) Molecular functions. B) Cellular components. GO terms with 
less than 10 gene matches in the DE dataset are not shown. Full data are available in 
Appendix I, 6.9.1. 
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4.3.9.4 Analysis of DE genes: functions of selected genes 

To further interrogate the DE gene data in the EW-treated samples, two separate 

strategies were employed to select the most strongly differentially expressed 

genes. In the first approach, genes that were differentially expressed at more than 

one time point were selected (103 genes, see Figure 4-25) and separated into 

genes with known or predicted function, and genes without a known function. For 

the second strategy, the maximum absolute fold change across the 10 min, 30 

min or 1 h time points was determined for each DE gene and the 40 genes with 

the highest (significant) fold changes were selected for further consideration (the 

2 h time point was excluded for ordering by maximum fold change [but included 

for the analysis] as it had several high fold change values [cf. Figure 4-26] but 

consisted of only one replicate, and while the EdgeR analysis allows the 

identification of significant DE genes even for one replicate by estimating the 

dispersion (variability) of the counts, DE genes obtained from this time point and 

their fold change values are statistically less reliable than DE genes from time 

points with 3–4 replicates). The first strategy revealed that most genes with a 

significant change in gene expression at more than one time point showed 

consistent up- or down-regulation across all time points (consistency was 

observed across all significant time points of a DE gene and often also for non-

significant time points; Figure 4-29, Figure 4-30). Among those DE genes (found 

at more than one time point) that had unknown functions, a larger number were 

downregulated (Figure 4-30 B), consistent with the similar earlier observation in 

the GO term analysis (Figure 4-27, Figure 4-28).  
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Figure 4-29: Log fold changes of EW-responsive DE genes found at more than one 
time point and with known or predicted function.  The heatmap shows the logFC of 

upregulated genes in red (from the top) and downregulated genes in blue for the four EW-
sampling times. Genes that showed a significant change in gene expression (logFC) are 
labelled with an asterisk. The significance of the logFC was calculated within EdgeR and 

p-values were adjusted for multiple testing using the false discovery rate (FDR) approach 
(Benjamini and Hochberg, 1995). The functions of the plotted genes are listed in Table 4-3. 

 



Chapter 4: Response of A. niger to EW 

232 

 

 
 
Figure 4-30: Log fold changes of EW-responsive DE genes found at more than one 
time points and with unknown function. The heatmaps show the logFC of upregulated 

genes in red (from the top) and downregulated genes in blue for the four EW-sampling 
times. A) Genes with reported orthologs in other Aspergillus species, but unknown function. 
B) Genes with unknown function. Genes that showed a significant change in gene 
expression (logFC) are labelled with an asterisk. The significance of the logFC was 
calculated within EdgeR and p-values were adjusted for multiple testing using the false 
discovery rate (FDR) approach (Benjamini and Hochberg, 1995). A searchable list of the 
genes and the orthologs reported for the genes in A) are available in Appendix I, 6.9.2. 

 

For those DE genes (found at more than one time point) with known or predicted 

functions (shown in Figure 4-29), the functions annotated in the AspGD are listed 

in Table 4-3. Both the up- and down-regulated subsets contained genes involved 

in DNA binding and regulation, transcription, transport and tRNA metabolism 

(Table 4-3), but these encompass the most common GO processes among the 

annotated A. niger genes (Cerqueira et al., 2014). The upregulated subset also 

contained An14g05150 with predicted ubiquitin-specific protease activity, and 

A B 
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genes involved in redox metabolism: An11g06610 with a role in the biosynthesis 

of the redox cofactor NAD+ and An01g09620, An08g06390 and An01g13340 with 

predicted oxidoreductase domains. The downregulated subset contained several 

genes involved (or predicted to be involved) in lipid metabolism (An12g03600, 

An08g04090, An18g03800, An02g05000, An14g03360, An01g07870), NADP 

specific malate dehydrogenase (An12g00160, reported to be involved in storage 

lipid accumulation (Wynn et al., 1999, Wynn and Ratledge, 1997)), one gene with 

a predicted oxidoreductase domain (An01g11880) and two genes with predicted 

roles in cell division and hyphal/filamentous growth (An02g10710, An16g09040). 

Table 4-3: List of DE genes found at more than one time point and known or 
predicted functions. LogFC values are plotted in Figure 4-29. 

Gene IDa Function 

Upregulated 

An02g04980 

Ortholog(s) have…  

Activity: DNA helicase, DNA/RNA helicase, RNA helicase, ATP binding, 
nucleic acid binding activity 
Role in: maturation of LSU-rRNA from tricistronic rRNA transcript 
(SSU-rRNA, 5.8S rRNA, LSU-rRNA) 
Localisation: nucleolus 

An09g06610 

Has domain(s) with… 

Activity: predicted ATP binding, DNA binding, GTP binding activity 
Role in: cell cycle, cell division, chromosome segregation 
Localisation: integral component of membrane 

An16g01540 
Has domain(s) with predicted… 
Localisation: membrane  

An07g05930 

Ortholog(s) have… 
Activity: D-leucyl-tRNA(Leu) deacylase activity, D-tyrosyl-tRNA(Tyr) 
deacylase activity 
Role in: D-leucine catabolic process, D-tyrosine catabolic process, 
tRNA metabolic process 
Localisation: cytoplasm 

An15g00540 

Ortholog(s) have… 
Role in: late endosome to vacuole transport via multivesicular body 
sorting pathway 
Localisation: Vps55/Vps68 complex, fungal-type vacuole membrane 

An14g05150 

Ortholog(s) have… 

Activity: thiol-dependent ubiquitin-specific protease activity 
Role in: protein deubiquitination 
Localisation: cytoplasm, endoplasmic reticulum 

An14g02290 

Has domain(s) with predicted… 
Activity: ATPase-coupled cation transmembrane transporter activity, 

metal ion binding, nucleotide binding activity 
Role in: cation transport 
Localisation: integral component of membrane 

An11g06610 Nicotinamide-nucleotide adenylyltransferase 

An14g07040 

Has domain(s) with predicted… 
Activity: DNA-binding transcription factor activity (RNA polymerase II-
specific), zinc ion binding activity 
Role in: regulation of transcription (DNA-templated) 
Localisation: nucleus 
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Table 4-3 (cont.) 

An08g05790 

Ortholog(s) have… 

Activity: glycogen phosphorylase activity, pyridoxal phosphate binding 
Role in: glycogen catabolic process, response to heat 
Localisation: cell surface, cytoplasm, hyphal cell wall 

An15g06040 

Has domain(s) with predicted… 
Activity: ATP transmembrane transporter activity, calcium ion binding 

activity 
Role in: transmembrane transport 

An16g07900 

Has domain(s) with predicted… 
Activity: amino acid transmembrane transporter activity 
Role in: amino acid transmembrane transport 
Localisation: membrane 

An15g05460 
Has domain(s) with predicted… 
Role in: transmembrane transport 
Localisation: integral component of membrane 

An14g00570 Thymidylate synthase 

An02g08090 

Ortholog(s) have… 
Role in: mRNA splicing (via spliceosome), regulation of DNA 
methylation 
Localisation: spliceosomal complex, U4/U6 x U5 tri-snRNP complex, 
U5 snRNP 

An01g09620 

Has domain(s) with predicted… 
Activity: flavin adenine dinucleotide binding, long-chain-alcohol 
oxidase activity, oxidoreductase activity (acting on CH-OH group of 
donors) 
Role in: oxidation-reduction process 

An14g06930 
Has domain(s) with predicted… 
Activity: catalytic activity, coenzyme binding activity 
Role in: cellular metabolic process 

An07g08770 
Has domain(s) with predicted… 
Role in: transmembrane transport 
Localisation: integral component of membrane 

An08g06390 

Has domain(s) with predicted… 
Activity: NADP binding, coenzyme binding, oxidoreductase activity 
(acting on the CH-OH group of donors, NAD or NADP as acceptor), 
phosphogluconate dehydrogenase (decarboxylating) activity 
Role in: oxidation-reduction process, pentose-phosphate shunt 

An01g13340 

Has domain(s) with predicted… 
Activity: hydrolase activity (acting on carbon-nitrogen (but not 
peptide) bonds), oxidoreductase activity 
Role in: carbohydrate metabolic process, metabolic process 

Downregulated 

An12g03600 1-acylglycerol-3-phosphate acyltransferase 

An09g05010 

Ortholog(s) have… 
Activity: (R)-carnitine transmembrane transporter activity, choline 
transmembrane transporter activity, ethanolamine transmembrane 

transporter activity, amino acid transmembrane transporter activity 
Role in: glycine betaine transport 

Localisation: membrane 

An04g08590 
Ortholog(s) have… 
Activity: deoxyribodipyrimidine photo-lyase activity, mRNA binding 
activity 

An15g01770 
Ortholog(s) have… 
Activity: DNA binding activity, methyltransferase activity 
Role in: ascospore formation and DNA methylation 

An01g12770 

Ortholog(s) have… 

Activity: TBP-class protein binding, transcription coregulator activity 
Role in: RNA polymerase II preinitiation complex assembly, 
transcription initiation from RNA polymerase II promoter 
Localisation: transcription factor TFIIA complex 
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Table 4-3 (cont.) 

An02g14720 
Has domain(s) with predicted… 
Role in: transmembrane transport 
Localisation: integral component of membrane 

An08g04090 
Has domain(s) with predicted… 
Activity: acetoacetate-CoA ligase activity, catalytic activity 

Role in: lipid metabolic process, metabolic process 

An02g10710 

Ortholog(s) have… 
Activity: protein kinase activity, ATP binding, transferase activity 
(transferring phosphorus containing groups) 
Role in: ascospore formation, conidiophore development, conidium 
formation, hyphal growth, protein phosphorylation, regulation of 

mitotic cytokinesis and regulation of protein localization to mitotic 
spindle pole body, septation initiation signalling, sporocarp 
development involved in sexual reproduction 
Localisation: mitotic spindle pole body 

An12g00160 Malate dehydrogenase (NADP-specific) 

An01g11880 

Has domain(s) with predicted… 
Activity: electron transfer activity, heme binding, iron ion binding, 
oxidoreductase activity (acting on paired donors, with incorporation or 
reduction of molecular oxygen activity) 
Role in: oxidation-reduction process 

An18g03800 Acyl-CoA synthetase 

An11g00460 
Has domain(s) with predicted… 
Activity: ubiquitin-like modifier activating enzyme activity 

An04g03960 

Has domain(s) with predicted… 

Activity: transferase activity (transferring phosphorus-containing 
groups) 
Localisation: membrane 

An01g13790 

Has domain(s) with predicted… 
Activity: DNA binding, DNA-binding transcription factor activity, 
sequence-specific DNA binding activity 

Role in: regulation of transcription (DNA-templated) 

An02g05000 
Ortholog(s) have… 
Activity: 1-acylglycerophosphocholine O-acyltransferase activity 

An14g03360 

Ortholog(s) have… 

Activity: glycerol-3-phosphate O-acyltransferase activity, glycerone-
phosphate O-acyltransferase activity 
Role in: phospholipid biosynthetic process, regulation of triglyceride 
metabolic process 
Localisation: endoplasmatic reticulum, lipid droplet 

An02g01740 

Ortholog(s) have… 

Activity: phenylalanine-tRNA ligase activity 
Role in: mitochondrial phenylalanyl-tRNA aminoacylation and tRNA 
processing 
Localisation: mitochondrion 

An17g02080 

Has domain(s) with predicted… 

Activity: metal ion transmembrane transporter activity 

Role in: metal ion transport, transmembrane transport 
Localisation: membrane 

An14g05510 
Has domain(s) with predicted… 
Activity: catalytic activity 
Localisation: membrane 

An14g01850 

Ortholog(s) have… 
Activity: gamma-aminobutyric acid:proton symporter activity, 
putrescine transmembrane transporter activity 
Role in: amino acid transmembrane transport, gamma-aminobutyric 
acid transport, putrescine transport, transmembrane transport 

Localisation: fungal-type vacuole membrane 
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Table 4-3 (cont.) 

An16g04460 

Ortholog(s) have predicted… 
Activity: ATP binding, protein kinase activity, protein serine/threonine 
kinase activity, transferase activity (transferring phosphorus-
containing groups) 
Role in: protein phosphorylation; localisation: nucleus 

An01g07870 
Has domain(s) with predicted… 
Activity: phospholipid binding activity 

An03g04650 
Has domain(s) with predicted… 
Activity: nucleic acid binding, nucleotide binding activity 

An01g11760 

Has domain(s) with predicted… 

Role in: transmembrane transport 
Localisation: integral component of membrane 

An16g09040 

Ortholog(s) have… 
Activity: N-acetylglucosamine-6-phosphate deacetylase activity, 
Role in: in N-acetylglucosamine catabolic process, cellular response to 

N-acetyl-D-glucosamine, cellular response to biotic stimulus, cellular 
response to starvation, filamentous growth, filamentous growth of a 
population of unicellular organisms in response to biotic stimulus, 
filamentous growth of a population of unicellular organisms in 
response to chemical stimulus 

a Genes in bold were significantly differentially expressed at three time points (all other 

genes were significantly expressed at two time points). 

 

Next, the 40 DE genes with the greatest (significant) fold change at any time point 

(10 min, 30 min or 1 h) were assessed, as described above. Most genes in this 

subset were upregulated, and all were significantly differentially expressed at the 

1 h time point (Figure 4-31). Similar to the DE gene subsets above, the high-logFC 

subset contained genes involved (or predicted to be involved) in DNA binding, RNA 

binding, transcription, translation and transport (Table 4-4). Other upregulated 

genes had (predicted) domains or orthologs with oxidoreductase activity 

(An01g12390, An08g08060), a role in the biosynthesis of the antioxidant and 

electron transport chain component ubiquinone (An04g06490), DNA repair 

(An15g01140), fatty acid metabolism (An18g01620) and genes encoding different 

degradative enzymes; phytase phyB (An08g11030) which releases phosphate 

from the storage compound phytate (Mullaney et al., 2000), tannin acyl hydrolase 

(An17g00830), nicotinamide-nucleotide adenylyltransferase (An11g06610, 

involved in NAD+ biosynthesis, also present in the above DE gene subset [DE 

genes found at more than one time point, Table 4-3]) and a putative 

amidase/acetamidase (An16g07500). The only downregulated gene with an 
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annotated function in this subset of DE genes had predicted oxidoreductase 

activity (An18g05210). Overall, the transcriptomics results suggested effects of 

EW treatment (combined with nutrient/osmotic stress) on central metabolic 

processes (DNA, RNA, proteins, transport) and stress response (including 

oxidative stress response), and connections to other sections of this chapter 

(regarding Met oxidation and hyphal/filamentous (out)growth) were observed 

(see discussion in 4.4.5 and 4.4.6). 

 

 
 

Figure 4-31: Log fold changes of the 40 most strongly differentially expressed 
genes induced by EW. The heatmap shows the logFC of upregulated genes in red (from 

the top) and downregulated genes in blue for the four EW-sampling times. Genes that 
showed a significant change in gene expression (logFC) are labelled with an asterisk. The 
significance of the logFC was calculated within EdgeR and p-values were adjusted for 
multiple testing using the false discovery rate (FDR) approach (Benjamini and Hochberg, 
1995). The functions of the genes are listed in Table 4-4. 
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Table 4-4: List of the 40 most strongly differentially expressed genes and their 

known or predicted functions. LogFC values are plotted in Figure 4-31. 

Gene IDa
 Function or orthologs 

Upregulated 

An02g04980 

Ortholog(s) have… 

Activity:DNA helicase activity, DNA/RNA helicase activity, RNA helicase 
activity, ATP binding, nucleic acid binding 
Role in: maturation of LSU-rRNA from tricistronic rRNA transcript 
(SSU-rRNA, 5.8S rRNA, LSU-rRNA) 
Localisation: nucleolus 

An09g06610 

Has domain(s) with predicted… 

Activity: ATP binding, DNA binding, GTP binding activity 
Role in: cell cycle, cell division, chromosome segregation 
Localisation: integral component of membrane 

An16g01540 
Has domain(s) with predicted… 
Localisation: membrane 

An12g08860 Protein of unknown function 

An08g11030 
Phytase (myo-inositol-hexakisphosphate phosphohydrolase); narrow 
pH optimum at around 2.5, very little activity at pH 5.0 
Predicted role in cellular response to phosphate starvation 

An11g00580 
Ortholog of A. oryzae RIB40 : AO090023000204, Neosartorya fischeri 
NRRL 181 : NFIA_056440, Aspergillus wentii : Aspwe1_0171161 and 
Aspergillus versicolor : Aspve1_0147930 

An15g00540 

Ortholog(s) have… 
Role in: late endosome to vacuole transport via multivesicular body 

sorting pathway 
Localisation: Vps55/Vps68 complex, fungal-type vacuole membrane 

An12g02310 

Ortholog of A. niger CBS 513.88 : An01g11470, An12g02300, A. 
oryzae RIB40 : AO090701000387, AO090005000910, 
AO090010000602 and Neosartorya fischeri NRRL 181 : NFIA_011690, 
NFIA_052050 

An12g08850 Protein of unknown function 

An17g00380 Protein of unknown function 

An01g12390 

Has domain(s) with predicted… 

Activity: oxidoreductase activity 
Role in: oxidation-reduction process 

An07g06990 
Ortholog of A. nidulans FGSC A4 : AN4556, A. fumigatus Af293 : 
Afu2g02670, A. oryzae RIB40 : AO090026000612, Aspergillus wentii : 
Aspwe1_0036732 and Aspergillus sydowii : Aspsy1_0154947 

An09g04310 
Ortholog of Aspergillus brasiliensis : Aspbr1_0057159 and Aspergillus 
acidus : Aspfo1_0084546 

An16g01000 
Has domain(s) with predicted… 
Role in: transmembrane transport 
Localisation: integral component of membrane 

An17g00830 Tannin acyl hydrolase with a predicted role in tannic acid degradation 

An11g06610 Nicotinamide-nucleotide adenylyltransferase 

An03g06450 
Has domain(s) with predicted… 

Localisation: cell outer membrane, integral component of membrane 

An04g06490 

Ortholog(s) have… 
Activity: 2-polyprenyl-6-methoxy-1,4-benzoquinone methyltransferase 
activity, 3-demethylubiquinone-6 3-O-methyltransferase activity, 
hexaprenyldihydroxybenzoate methyltransferase activity 
Role in: ubiquinone biosynthetic process 

Localisation: extrinsic component of membrane, mitochondrial inner 
membrane, mitochondrion 

An16g07500 Putative amidase/acetamidase 

An08g07010 

Ortholog of A. nidulans FGSC A4 : AN4122, AN2881, AN10123, 

AN0867, A. fumigatus Af293 : Afu1g13860, Afu1g15180, Afu3g11650 
and A. niger CBS 513.88 : An02g07440, An01g13480 
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Table 4-4 (cont.) 

An18g01620 
Has domain(s) with predicted… 
Activity: FAD binding, oleate hydratase activity 
Role in: fatty acid metabolic process 

An16g07900 

Has domain(s) with predicted… 

Activity: amino acid transmembrane transporter activity 
Role in: amino acid transmembrane transport 
Localisation: membrane 

An15g00010 
Has domain(s) with predicted… 
Role in: vesicle docking involved in exocytosis 
Localisation: exocyst 

An02g09790 

Ortholog(s) have… 
Activitiy: high-affinity thiamine:proton symporter activity 
Role in: thiamine import across plasma membrane 
Localisation: medial membrane band, plasma membrane, plasma 
membrane of cell tip 

An08g08060 

Has domain(s) with predicted… 

Activitiy: N,N-dimethylaniline monooxygenase activity, NADP binding, 
flavin adenine dinucleotide binding, oxidoreductase activity 
Role in: oxidation-reduction process 
Localisation: intrinsic component of endoplasmic reticulum membrane 

An15g01140 
Has domain(s) with predicted… 
Activity: phosphoric diester hydrolase activity, role in DNA repair 
Localisation: nucleus 

An16g01900 
Ortholog of A. nidulans FGSC A4 : AN3303, AN3346, AN3348, AN2044, 
AN8727 and A. fumigatus Af293 : Afu4g10080, Afu7g00420, 
Afu8g06100, Afu4g01242 

An03g06240 
Has domain(s) with predicted… 
Activity: ATP binding, DNA binding, helicase activity, nucleic acid 
binding, zinc ion binding activity 

An07g05840 

Has domain(s) with predicted… 

Role in: transmembrane transport 
Localisation: integral component of membrane 

An01g09170 

Ortholog(s) have… 
Activity: RNA binding activity, rRNA (guanine-N1-)-methyltransferase 
activity 
Role in: rRNA modification 

Localisation: mitochondrion 

An08g06880 Protein of unknown function 

An11g03690 

Has domain(s) with predicted… 
Activity: DNA binding, DNA-binding transcription factor activity (RNA 

polymerase II-specific), zinc ion binding activity 
Role in: regulation of transcription (DNA-templated), transcription 
(DNA-templated) 
Localisation: nucleus 

An18g02990 

Ortholog(s) have… 
Activity: nucleotide binding activity, structural constituent of ribosome 

activity 
Role in: translation 

Localisation: mitochondrial large ribosomal subunit, mitochondrial 
ribosome 

Downregulated 

An03g03790 Protein of unknown function 

An15g00430 Protein of unknown function 

An08g06510 Protein of unknown function 

An08g06140 Protein of unknown function 

An15g05210 Protein of unknown function 

An13g00830 Protein of unknown function 

An18g05210 
Putative peroxisomal dehydratase; induced by fenpropimorph 
Predicted oxidoreductase activity 
Localisation: glyoxysome 

a Bold genes were also found in the DE subset presented in Table 4-3.  
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4.4 Discussion 

When organic matter is present during EW treatments, reactivities between 

organic compounds and EW active species result in the inactivation of EW species 

(see Chapter 2), resulting in low effective EW doses, which underlines the 

relevance of studies at such low EW doses. The present study showed that when 

A. niger spores were exposed to low doses of EW in short-term treatments, this 

delayed the subsequent fungal outgrowth and led to increased growth variation 

(colony-colony size variation). Specifically, both the growth delay and the 

increased heterogeneity were observed at the macro-colony level (assessing 

colony area variation among colonies) and during early germination (conidial 

swelling after 2 h). Both effects were non-heritable and were observed with 

chlorine-containing sanitisers (EW, NaOCl) but not with the chlorine-free oxidant 

ozonated water, suggesting a role for FAC in triggering the growth delay and 

increased variation. It was hypothesised that this FAC role may be mediated by 

chloramine formation. On the other hand, a protective effect of methionine pre-

treatment on the EW survival of A. niger spores (similar to the protective effect 

observed in yeast, Chapter 3) could not be conclusively shown. Nevertheless, 

methionine sulphoxide reductase was one (of a number of) functions revealed by 

transcriptome analysis to be differentially upregulated during EW exposure of 

A. niger, so the RNA-sequencing dataset provided here might help to rationalise 

certain aspects of this organism’s EW response. 

4.4.1 Stress-induced heterogeneity in A. niger 

Several stages of the EW treatment and spore recovery may contribute to the 

observed colony size heterogeneity. Damage induced by EW may vary from spore 

to spore due to stochastic differences, e.g., some spores may encounter more 

active EW species by chance, or EW species may encounter and inactivate different 

proteins in different spores, resulting in different severities of damage. In addition, 
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spores within a population may already be heterogeneous (e.g., in their gene 

expression/protein accumulation levels, see text below), so that some spores may 

be better protected against EW while others accumulate more damage. 

Furthermore, this intrinsic phenotypic heterogeneity might mean that some spores 

are better equipped to repair EW-induced damage.  

Colonies of fungi such as A. niger were previously reported to grow 

heterogeneously, as measured by colony diameter, with the variation increasing 

at stressful (low and high) temperatures (Gougouli and Koutsoumanis, 2013, 

Dagnas et al., 2017). This is consistent with the observations in the present study, 

where colony area variation was visible in control conditions but increased after 

EW treatment. Increased variation post EW treatment was not only visible at the 

macro-colony level but also when spore size distribution was assessed by flow 

cytometry after 2 h of conidial swelling in YEPD, consistent with a potential 

dependence of colony size variation on spore-spore variation during early 

germination. The distributions of colony formation lag times and single spore 

germination times (in unstressed conditions) were previously shown to be similar 

for A. niger, suggesting that the variability in colony formation stems from the 

spore and/or early germination stages (Gougouli and Koutsoumanis, 2013). 

Heteroresistance against sorbic acid in A. niger has been reported for conidia 

(spread-plated onto sorbic acid-containing YEPD agar) but the stress response of 

germinating conidia (pregerminated [6 h] prior to plating) was more 

homogeneous   (Geoghegan et al., 2020), suggesting that differences at the spore 

stage might be the determining factor for downstream stages, e.g., colony size 

heterogeneity, also in stress conditions. However, at stressful temperatures, 

colony formation of A. niger was found to be more variable than the germination 

time variation (Gougouli and Koutsoumanis, 2013). The authors attributed this 

effect to measurement and model fitting uncertainty but did not experimentally 

rule out the possibility that variability of post-germination processes (under 
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stressful conditions) may further increase the variation at the colony level. To 

assess the possibility that additional events between the 2 h time point (assessed 

by flow cytometry) and macro-colony assessment (44 h and later) may also 

influence the colony-size variation, it would be useful to study the growth variation 

post-EW treatment using a microfluidics system; this would allow tight control of 

the environment while enabling monitoring of germination, hyphal growth and 

early mycelium formation from single conidia (Dusny and Schmid, 2015, 

Grünberger et al., 2017).  

Phenotypic heterogeneity can arise from diverse sources, such as gene expression 

noise, stochastic distribution of molecules, cell cycle progression, cellular ageing 

or epigenetic modifications, and these processes may also be interdependent 

(Ackermann, 2015, Guerreiro et al., 2021, Avery, 2006). Some or all of these 

processes may be involved in the observed variation in colony growth post EW 

treatment, in addition to a potential “chemical” or stochastic heterogeneity in EW-

induced damage to spore components (described above). For instance, a gene 

whose expression contributes to phenotypic heterogeneity in A. niger has been 

reported in the context of sorbic acid stress resistance (Geoghegan et al., 2020). 

Colonies of filamentous fungi are made up of hyphae which grow only at their 

apices while transporting cytoplasmic material from the inner colony zones to the 

periphery (Trinci, 1971, Fricker et al., 2017). The colony growth depends on the 

hyphal growth rate but also on the amount of hyphal branching (Pazouki and 

Panda, 2000). Whereas the germ tube formation and early hyphal growth follow 

an exponential growth pattern, later stages of radial colony growth progress more 

linearly, potentially due to the depletion of storage compounds and the need for 

biosynthesis and transport through the hyphae (Gougouli and Koutsoumanis, 

2013). The growth rate of single hyphae of A. oryzae differed depending on the 

age of the hyphae which can partially explain inter-hyphal variation (Foster, 

2019). Hyphal heterogeneity of the cytoplasmic composition in A. oryzae and 
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A. niger is maintained by (reversible) plugging of septa by Woronin bodies 

(Bleichrodt et al., 2012, Bleichrodt et al., 2015). Many examples of heterogeneity 

in A. niger mycelium have been reported, including between different hyphae, 

different structural elements in mycelium, and between micro-colonies (Bleichrodt 

et al., 2013, Wösten et al., 2013, Levin et al., 2007, Daly et al., 2020, Tegelaar 

et al., 2020). Additionally, conidial spores are phenotypically heterogeneous which 

can affect their germination and outgrowth, including during stress conditions 

(Teertstra et al., 2017, Bleichrodt et al., 2020). While the underlying processes 

for spore- and mycelium-heterogeneity are not yet thoroughly understood, similar 

mechanisms may also influence the observed colony area variation in this study 

and also the observed decrease in such variation with increasing incubation time 

(under the same condition).  

4.4.2 Stress-induced growth delay may be related to sub-lethal 

damage accumulation and/or spore-spore heterogeneity 

A growth delay could be a sign of cellular damage caused by EW treatment that 

is insufficient to result in cell death but slows post-treatment growth (Nanba et 

al., 2013). Additionally, colony growth in control conditions (no EW treatment) 

was observed to be heterogeneous, and it is possible that EW treatment also 

selects for slow growing spores at partially lethal doses. This would be consistent 

with previous studies supporting the idea of beneficial effects from heterogeneity 

in an isogenic population due to harbouring of different sub-populations with 

distinct stress resistance profiles (Bleichrodt et al., 2020, Hagiwara et al., 2017). 

It was also hypothesised previously that slow growth or germination delays may 

enable spores to better react to stressful conditions (Bleichrodt et al., 2020). In 

addition, non-growing phenotypic sub-populations known as persister cells (e.g., 

in Candida biofilms) are able to survive high stressor levels and show increased 

ROS resistance (Wuyts et al., 2018). In A. oryzae colonies, ‘persister-type’ hyphae 
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with low transcriptional and translational activity were associated with increased 

stress resistance (Tegelaar et al., 2020). However, the presented experiments did 

not distinguish between a potential bet hedging hypothesis of sub-populations and 

an alternative hypothesis of (sub-lethal) damage accumulation during EW 

treatments, accounting for the observed growth effects across the whole 

population. 

Increased colony size variation has previously been reported when the lag phase 

of colony formation by filamentous fungi was increased by several days or weeks, 

by growing at stressful temperatures or decreased water activity (Gougouli and 

Koutsoumanis, 2013, Dagnas et al., 2017). However the lag phase difference 

between EW-treated and control samples was small in the present study (up to 

6 h) and conditions that delayed the growth by approx. 1 day (growth at 23°C, 

Figure 4-3) did not increase the variation. Interestingly, growth at room 

temperature in the present study increased variation (compared to higher growth 

temperatures [23°C or 28°C]) in 2 out of 3 replicates, suggesting that there may 

be a “threshold” growth delay (~2 days may be suggested from the present 

results) above which variation starts to increase. However, as the growth delay 

induced by EW treatments in this study was generally below such a threshold, the 

increase in variation must mostly be caused by factors other than the growth 

delay. It was recently shown that spore size and shape is correlated with the stress 

resistance of conidia of heat-resistant Paecilomyces variotii strains (van den Brule 

et al., 2020), and a possible explanation for the variation in colony size after EW 

treatment may be related to similar spore-spore heterogeneity: spores of different 

properties (such as different sizes, ages or solute contents) may differ in their EW 

response and/or levels of accumulated damage, resulting in different extents of 

growth delay and hence increased variation, similar to differential heat resistance 

or virulence reported for spores of different ages, solute levels or sizes (Li et al., 
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2011, Dijksterhuis, 2007, Punt et al., 2020), although further tests would be 

needed to link EW resistance to potential subpopulations of A. niger conidia. 

4.4.3 Potential role for chloramines in EW actions 

4.4.3.1 Reported effects of chloramines 

The increase in colony size variation and also the growth delay of colonies post 

treatment were observed with FAC-containing sanitisers (EW, NaOCl) and not 

ozonated water (chlorine-free). FAC is well known to react with amino acids, and 

it is highly reactive with the amino group of all amino acids and with the side chain 

of some amino acids, including Cys, Met, His, Trp (see 2.4.4.2) (Pattison and 

Davies, 2001, Storkey et al., 2014). These reactions with amino acids result in 

the formation of products such as chloramines (Pattison et al., 2007). High 

reactivity of EW with amino acids was also confirmed in this study (2.3.4.1). In 

biological systems, it is mainly mono-chloramines that are formed in this way, due 

to the large excess of proteins and amino acids over the FAC levels in most 

conditions (Szabó et al., 2019). Antibacterial effects (e.g., inhibition of DNA repair, 

mutagenesis, killing) have been reported for some chloramines, e.g., for 

chlorinated Pro, Gly, Arg, Cys, His, Met and others (Donnermair and Blatchley, 

2003, Amiri et al., 2010, How et al., 2017). The side chains of Met and Cys are 

more reactive with FAC than their amino groups, and the first reactions between 

these amino acids and FAC are side chain oxidations (Pattison and Davies, 2001, 

Storkey et al., 2014), but subsequent chlorination of cystine (two oxidised 

cysteine molecules cross-linked by a disulphide bridge) and further oxidation of 

MetO (oxidised Met) have also been reported (Nagy and Ashby, 2005, Pattison et 

al., 2007). A study on the reactivity of natural organic matter from rivers with EW 

(5 mg L-1 FAC) showed that at 0.04 g L-1 added organic matter, the FAC was fully 

inactivated but partial bactericidal activity was retained, potentially indicating the 

formation of toxic products such as chloramine species (Ogunniyi et al., 2019).  
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Chlorine transfer reactions have been shown to mediate secondary damage of 

proteins during FAC treatment. For example, His residues in proteins become 

chlorinated at the imidazole side chain and then transfer the chlorine to other 

substrates, including other amino acids within the same protein (Pattison et al., 

2007, Pattison and Davies, 2005). Oxidation of MetO to methionine sulphone has 

been proposed to be mediated by chloramines (Pattison et al., 2007). Chloramine 

formation can also lead to the generation of nitrogen-centred radicals which 

further contribute to protein and DNA oxidation (Hawkins and Davies, 1999, 

Hawkins et al., 2002). Such secondary effects may result in post-treatment stress, 

such as might (partially) explain the observed growth delay in FAC-treated 

A. niger spores. Post treatment oxidative stress has been reported to increase 

microbial killing (Hong et al., 2019, Mokudai et al., 2015). However, as the growth 

delay effects in the present study were not observed after treatment with 

ozonated water, it is suggested that mechanisms other than ROS accumulation 

are involved in the growth delay; such as mechanisms related to the formation of 

chloramines. Because chloramines are less reactive than FAC (Peskin and 

Winterbourn, 2001, Pattison and Davies, 2005), they might persist longer in the 

EW-treated spores than FAC species and this persistence may facilitate post FAC-

stress effects. 

4.4.3.2 Other observations across this thesis are consistent with chloramine formation 

Generally, reactivity between EW and proteins or amino acids resulted in 

inactivation of EW fungicidal activity in this study, especially at molar excess of 

the amino compounds. However, several results across this thesis are also 

consistent with the formation of inhibitory protein- or amino acid-derived products 

during EW treatment. While the formation of such products was not the focus of 

the previous chapters, it is worth revisiting those observation and how they may 

connect to the hypothesised involvement of chloramines in the colony size effects 

(growth delay/variation) in this chapter. When MetO was mixed with EW, 
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subsequent treatment of A. niger spores with this mix resulted in growth inhibition 

only at high levels of MetO (2.3.4.2; MetO alone [not exposed to EW] did not 

inhibit growth). This inhibition was observed even when active species of EW were 

inactivated by YEPD addition prior to the spore treatment (but after an incubation 

period of the active EW with MetO), and the inhibitory effect disappeared when 

treated spores were diluted post treatment, consistent with the formation of an 

inhibitory product from the reaction between EW and MetO (potentially methionine 

sulphone (Pattison et al., 2007)) and extracellular accumulation. Furthermore, 

when EW was mixed with either Arg, His, Asn or Met and subsequently used to 

treat A. niger spores (in experiments to test whether the amino acids would 

inactivate the active EW species and allow fungal growth), full growth was 

observed at relatively high amino acid concentrations (~2.5–7 mM, depending on 

the amino acid), whereas growth at low and intermediate added amino acid 

concentrations was observed with a time delay compared to the control growth 

(2.3.4.1). With other amino acids, such a delay was not observed, e.g., Ala 

inactivated EW at high levels of added amino acid, allowing 100% relative growth 

compared to the control, but growth was fully inhibited below a threshold 

concentration. The growth delay observed with specific amino acids may therefore 

be due to the formation of inhibitory products, especially at low to intermediate 

(0.6–5 mM) amino acid concentrations (where there was a molar excess of FAC 

[20% EW was mixed with the amino acid, equivalent to ~7 mM HOCl]). The 

growth delays in these experiments were observed in broth, so they could indicate 

a growth delay in all spores or else partial killing of a subpopulation of the spores.  

Discrepancies between the in-vitro and in-vivo reactivity tests in Chapter 2 also 

suggested the formation of inhibitory products: for the in-vitro tests (assessing 

EW oxidising activity with the fluorescent probe APF), Cys and Met were found to 

be the most reactive with EW (2.3.5.1), consistent with the reported highest 

reactivity of these two amino acids with FAC (Pattison and Davies, 2001, Storkey 
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et al., 2014). However, when amino acids and EW were mixed and subsequently 

used to treat A. niger spores, Trp and Tyr inactivated the EW more strongly 

(allowing fungal growth at lower levels of added amino acid than Cys or Met). This 

may suggest that whereas Cys and Met strongly react with EW, the products of 

such reactions have inhibitory activity, preventing fungal growth. At higher Cys 

and Met additions to EW, such effects were not visible, potentially indicating that 

the first oxidation products of Cys and Met (oxidised once at their respective side 

chains) were non-toxic (consistent with an observed lack of inhibition of A. niger 

growth in the presence of MetO, see 2.3.4.2), but further reactivities at a molar 

excess of FAC may yield inhibitory secondary products. Such further reactivities 

at molar excess of FAC have been shown for MetO residues in lysozyme (MetO 

was formed upon exposure of the protein to up to 10 x molar excess of HOCl, but 

was consumed again at 25 x molar excess HOCl) (Pattison et al., 2007) and for 

cystine (already oxidised cysteine) exposed to a further equimolar HOCl dose 

(yielding one-half molar equivalent of dichlorocysteine, at high pH) (Nagy and 

Ashby, 2005). 

The above experiments are consistent with the formation of chloramines or other 

amino acid oxidation products that form extracellularly and that are present in the 

growth medium post-treatment (EW treatment mixes were diluted 1:2 only in 

YEPD before outgrowth, so that such proposed products would still be present at 

relatively high levels in the medium). However, growth delays were also observed 

in a different experiment involving potential chloramine formation and higher 

dilution post-treatment (2.3.3): EW was mixed with peptone or yeast extract 

(protein-rich substances) and subsequently used to treat A. niger spores, followed 

by 1:50 dilution in YEPD and plating onto YEPD agar. The formation of colonies on 

the agar was delayed compared to control colonies, and also compared to colonies 

of spores treated with EW+lysozyme or EW+BSA. The growth delay was observed 

despite the dilution step post-treatment, suggesting that proposed chloramines 
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(or other products) from the reaction between EW and peptone or yeast extract 

may have entered the fungal spores before the dilution took place (usually 5–

10 min after the 5 min treatment). 

Whether chloramines with toxic/inhibitory properties form will likely depend on 

the concentrations and properties of the amino compound reacting with EW, e.g., 

the reaction products of EW and some amino acids may not be inhibitory while 

other amino acids form toxic products when reacting with EW. Within cells or 

spores, many different amino compounds are available for a potential reaction 

with EW, so it is possible that some reaction products (such as chloramines) with 

inhibitory activity may form. 

4.4.3.3 Hypothesis of chloramine formation leading to growth delay and increased colony 

size variation after EW treatments 

Because the described experiments suggested that amino acid products such as 

chloramines inhibited or delayed the fungal growth, and chloramines have been 

reported to have antimicrobial activity (see above), it was hypothesised that the 

observed A. niger colony growth delay after EW treatment may also be related to 

chloramine formation. When EW enters fungal spores, it would encounter proteins 

and amino acids, and chlorination products (chloramines) may accumulate. If 

these have inhibitory effects, this may explain the growth delay of the spores into 

macro-colonies. As mentioned above, post-treatment oxidative stress after short-

term treatments has been reported to contribute to the killing effect of antibiotic 

compounds in bacteria (Hong et al., 2019) and of EW treatments in Candida 

albicans (Mokudai et al., 2015). The latter study also observed smaller colonies 

after partially lethal EW treatments, consistent with the decreased colony size 

from EW-treated spores in the present study. Both cited studies observed 

increased survival when microorganisms were exposed to antioxidants post-

treatment. When A. niger spores were exposed to the antioxidant ascorbic acid in 
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this study (either for 5 min post-treatment or by growing on ascorbic acid-

containing agar), a decrease in the colony size variation and a slight increase in 

colony size (relative to the no-EW control) were observed, although these results 

were from biological duplicates so statistical significance was not established. One 

important future experiment would be to repeat such experiments at a range of 

ascorbic acid concentrations, to determine whether post-treatment stress 

contributes to the growth delay and increased colony-size variation. These 

experiments were not carried out in this project due to time constraints. 

In the case of post-stress effects of antibiotics in bacteria, the authors suggested 

a role of (stressor-independent) self-amplifying ROS (Hong et al., 2019). Initial 

tests with fluorescent ROS probes in this study suggested ROS formation after EW 

treatments (see Appendix J, 6.10), but the absence of a growth delay or 

(significantly) increased variation after ozonated water treatment suggested a 

specific role of the FAC in EW (or NaOCl) for the effects described in this chapter, 

as opposed to ROS formation alone. A non-significant (but consistent across 

3 biological replicates) growth delay and a statistically significant increase in 

variation were observed after chloramine treatment in this study. More 

experiments at higher chloramine concentrations would be necessary to confirm 

such proposed chloramine-induced effects and to contribute to the understanding 

whether chloramines may be the source of post-treatment stress in A. niger after 

EW treatments. Other explanations cannot be ruled out based on the presented 

data, e.g., other sub-lethal damage to fungal spores that slows down or halts 

fungal growth while it is being repaired. Chloramine accumulation in spores might 

result in variation through a variety of mechanisms, such as cell-cell differences 

in uptake, chloramine-responsive induction of intracellular processes or regulatory 

networks that are inherently ‘noisy’ and lead to increased variation, and/or by 

affecting single spores differently due to the inherent heterogeneity of formed 

conidia (Dijksterhuis, 2019, Teertstra et al., 2017), e.g., due to different size or 
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protein level and composition within single spores. Heterogeneous responses to 

chloramine treatments have been reported within bacterial biofilms (Huang et al., 

1995) and between bacterial populations grown at optimal vs. sub-optimal 

temperatures (Berry et al., 2009). 

4.4.4 Stress-induced increase in survival 

In some experiments with sub-lethal EW treatments, survival >100% was 

recorded (survival between ~110% and ~150% was recorded in 12 out of 19 

assessed independent experiments and survival after 0.1% EW treatment 

[10 experiments] was significantly different from, and higher than, 100%), 

although this may be partly related to technical variation of the agar plating 

method (see 4.3.6). As described above (4.3.6), the most likely explanation (apart 

from random technical variation) is that EW treatment may reduce spore 

clumping, and that those separated (previously clumped) spores result in 

additional colonies compared to the untreated control. Interestingly, recovery 

rates >100% were also recorded when yeast was treated with sub-lethal EW 

concentrations (Figure 3-26, Figure 3-28), and the recovery in those experiments 

was assessed in broth (as opposed to colony counting). Treatments with EW or 

NaOCl have been reported to increase germination of Tilletia indica spores (Bonde 

et al., 1999), and similarly exposure to low ozone levels also sometimes increased 

germination in different fungi (Hibben and Stotzky, 1969, Beare et al., 1999) 

although such effects do not always affect the colony size (Beare et al., 1999). 

Such phenomena of induction at low concentrations but inhibition at high 

concentrations of a stressor (or stimulant) are known as hormesis, although the 

underlying mechanisms are not well understood and such observations are often 

interpreted as technical variation (Pradhan et al., 2017), and technical variation 

or alternative explanations (i.e., reduced spore clumping) cannot be ruled out in 

the present study. A proposed increase in germination (in line with hormesis) 
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would only result in higher colony numbers if not all spores in the control condition 

successfully germinate and form colonies, in which case the hormesis effect might 

manifest in an increased rate of successful colony formation.  

Future studies could aim to distinguish clearly between technical variation, 

reduced spore clumping and hormesis, e.g., by assessing large numbers of 

biological and technical replicates. In this study, flow cytometry experiments that 

assessed early germination events (2 h post-treatment) did not show an increase 

in germination (Figure 4-10), which does not support the hormesis hypothesis. In 

future experiments, spore samples could be analysed by flow cytometry directly 

after the EW treatment, as ungerminated samples that were not EW-treated 

showed a small subpopulation of high-FSC (=larger) events, potentially 

corresponding to clumped spores. This subpopulation may decrease or disappear 

in EW-treated samples if EW reduces spore clumping. 

4.4.5 Potential involvement of methionine in the response of A. niger 

to EW treatment 

While A. niger spores grown on YNB agar containing Met survived EW treatment 

better than those grown without Met in some experiments, the effect was not 

consistent or significant across all replicates. Therefore, it is possible that the EW 

response of A. niger spores differs somewhat from S. cerevisiae, where a clear 

protective effect of Met pre-treatment was evident (3.3.2). This might be related 

to additional antioxidant enzymes or accumulated compounds that are present in 

filamentous fungi and especially in spores, see 4.1.3. Most notably, mannitol, a 

storage compound that makes up 10–15% of the dry weight in A. niger conidia, 

was implicated in the conidial resistance to NaOCl (Ruijter et al., 2003), and fungal 

melanins have been reported to protect against oxidative stress including NaOCl 

(Butler and Day, 1998). During some experiments in the present study, conidial 
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pellets after EW treatments were observed to be of a lighter colour, potentially 

suggesting bleaching of melanins (not shown). It is also possible that the pre-

treatment methods applied in the presented experiments did not allow sufficient 

Met accumulation within A. niger spores. The conditions of conidiospore formation 

(such as medium or temperature) have been shown to affect the properties of the 

conidia (stress resistance, cell wall properties, transcriptome, pigmentation) of 

Aspergillus species in several studies (Bleichrodt et al., 2020, Wang et al., 2021, 

Hagiwara et al., 2017); most notably (for comparing with the present 

experiments), growth on mannitol-containing medium of an A. niger mutant 

deficient for mannitol biosynthesis directly increased the conidial mannitol levels 

and increased the mutant’s resistance to NaOCl and heat stress (Ruijter et al., 

2003). This suggests that conidia formation in the presence of Met should be a 

valid method for studying the effects of Met levels on the EW resistance of spores. 

However, while uptake and accumulation of exogeneous Met have been 

demonstrated in Aspergillus germinating conidia and mycelium (Tazebay et al., 

1995, Amich et al., 2013), it is not clear whether accumulation in conidia formed 

on Met-supplemented agar occurs and reaches sufficient levels to result in a 

protective effect. In AMM, cultivation without an additional nitrogen source may 

have been beneficial to ensure amino acid uptake, as the amino acids in the pre-

culture experiment [Ala, Arg, Asn, His, Met] can all serve as a sole nitrogen source 

to support growth in the presence of germination-triggering and -sustaining 

sugars (Hayer et al., 2014). It is emphasised that the yeast cells in Met pre-

treatment experiments were vegetative cells, whereas the A. niger experiment 

used conidia. As stated above, fungal spores differ from vegetative cells in 

properties such as metabolic rate, cell wall composition, intracellular metabolite 

concentrations, cytoplasm viscosity and stress resistance (Dijksterhuis, 2019), 

and germinating conidia undergo extensive metabolic changes as evidenced by 

gene and protein expression levels (Novodvorska et al., 2016, Novodvorska et al., 

2013). Such differences between spores and vegetative cells could extend to a 
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weaker, or absent, phenotypic effect of Met pre-culture in A. niger (conidia) than 

in yeast (vegetative cells) here. It is difficult to analyse germinating conidia with 

certain conventional methods after the first few hours of germination (e.g., due 

to clumping issues during centrifugation, routinely observed in this study). 

However, recent microfluidic systems are suited to tracking single cell (or 

germling) growth and allow tight control of the environment (e.g., enabling the 

comparison between Met pre-treatment and control conditions) and microscopic 

observation of germination and hyphal growth (Grünberger et al., 2017). It was 

originally intended to study the EW response of A. niger in a microfluidic system 

in the present study. However this was not possible due to a combination of time 

constraints and limited access to facilities due to Covid restrictions. The 

upregulation of a predicted methionine sulphoxide reductase (fRMSR ortholog 

An03g05080) after EW treatment in the transcriptome dataset described in this 

chapter suggested that, while Met may not be the only or main scavenger of active 

EW species in A. niger, Met oxidation (and MetO reduction by MSR enzymes) may 

still be involved in the EW response of this species of filamentous fungus (note 

that 6 h germlings were sampled for the transcriptomics experiment, as opposed 

to (mostly) ungerminated spores in the pre-treatment experiments).  

4.4.6 Transcriptome analysis after EW treatment of A. niger  

As mentioned above, the use of certain conventional microbiological and genetic 

methods is limited in filamentous fungi. Analysing the transcriptome changes 

induced by stress treatment can be a powerful tool to assess the microbial stress 

response. The transcriptome of A. niger germlings (6 h germinated spores) 

treated (or not) with EW was analysed to identify genes that were differentially 

expressed between control and treatment samples, to gain further insight into 

how A. niger responds to EW stress. Several limitations affect the presented 

transcriptome analysis. First, the protocol included shifting germinating A. niger 

http://www.aspergillusgenome.org/cgi-bin/locus.pl?locus=An03g05080&organism=A_niger_CBS_513_88
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conidia from rich YEPD media to 0.1% Tween followed by suspension in sterile tap 

water or water-diluted EW. This shift from a nutrient-rich media to starvation and 

osmotic stress conditions requires adaption and stress responses by the fungal 

spores, and this may hinder the identification of any specific EW-stress reactions 

in the transcriptome dataset, as certain detected changes may be related to the 

nutrient/osmotic stress and because already-stressed conidia may react 

differently to EW than non-stressed conidia. Alternative approaches would have 

been to shift conidia to diluted nutrient media (e.g., 0.1% peptone), incubate to 

allow adaption and then add an appropriate sub-lethal EW dose (however this 

approach might lead to chloramine formation from reactions between the EW and 

peptone, and transcriptome changes may be responses to EW, chloramines, or 

both), or else to treat conidia for shorter periods (with higher EW doses than in 

the presented 30 min to 2 h treatments) and recover in YEPD before harvesting 

for transcriptome analysis. It may have been beneficial to test different strategies 

in a small number of samples before choosing to most suitable experimental 

approach. For the approach used in this study, an additional control condition of 

conidia harvested before shifting from rich YEPD medium to nutrient-free 

conditions may have helped to identify general (non-EW-induced) transcriptome 

changes in response to the nutrient/osmotic stress. A second issue was the low 

survival in the 1 h and 2 h samples (~10–30%), so that unspecific killing effects 

may be detected in those samples. A third issue was the 30 min-processing time 

between the end of EW treatments and freezing the samples for RNA extraction, 

because fast, transient transcriptome changes may be missed. Furthermore, the 

choice of A. niger N402 was problematic, as this strain was obtained by UV 

mutagenesis (inducing several genetic changes compared to the wild strain N400) 

(Demirci et al., 2021) and a sequenced N402 reference genome was not available 

at the time of the analysis. Differences between N402 and the chosen reference 

genome of A. niger CBS 513.88 may explain the low mapping efficiency of the 

sequenced reads and limit the obtained information. It would have been better to 



Chapter 4: Response of A. niger to EW 

256 

 

use a strain with a sequenced genome or at least the non-mutagenised N400 

strain. Sequenced genomes of N402 have since been made available on 

https://fungidb.org (Laothanachareon et al., 2018) and in the NCBI Sequence 

Read Archive (Demirci et al., 2021),  so repeating the bioinformatic analysis using 

the N402 reference genome might reveal new information from the present 

dataset (funding for re-analysis was not available as part of this study). The 

biological and technical variation between replicate RNA samples was relatively 

high compared to differences between control and EW-treated samples, probably 

due to the technical shortcomings described above and potentially also suggesting 

limited RNA quality in the samples. Overall, these issues limit the information that 

can be obtained from the dataset.  

In line with the above considerations, some results in the transcriptome dataset 

were consistent with general metabolic repair and extensive transcriptional 

changes in conidia exposed to multiple stressors (EW+nutrient+osmotic), such as 

a high relative number (compared to all detected genes) of differentially expressed 

genes involved in key metabolic processes (transport, cellular organisation and 

development, protein metabolism and nucleic acid processes) and upregulation of 

hydrolases, ligases and stress response genes in EW-treated samples.  

For some findings, it can be speculated that they may indicate EW-specific effects, 

but this would need to be re-tested in improved transcriptome analysis 

approaches, as the presented data is insufficient for substantiated claims. For 

instance, four upregulated genes involved in toxin metabolism (An03g05140, 

An12g02840, An15g07530, ppoC), encoding for proteins involved in the synthesis 

of secondary metabolites (polyketides, nonribosomal peptides) and proteins with 

(predicted) oxidoreductase activity, may be consistent with oxidative stress during 

and after EW treatments which may necessitate ROS scavenging proteins and 

molecules. Upregulation of DNA repair genes may indicate DNA damage caused 

https://fungidb.org/
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by EW, e.g., through DNA chlorination (Hawkins et al., 2007) or chloramine-

mediated double strand breaks (Hawkins et al., 2002). Upregulation of protein 

ubiquitinylation genes would be consistent with EW-induced protein damage. 

Certain findings could be viewed as parallels to the observed delays in germination 

and colony growth after EW treatment observed in other parts of this chapter, 

including DE genes suggesting damage (repair) of DNA or proteins (damage may 

slow down fungal outgrowth) and the downregulation of two genes involved in cell 

division and hyphal/filamentous growth (An02g10710, An16g09040). Again, such 

speculations would need to be investigated in follow-up studies with improved 

experimental procedures. 

To the best of my knowledge, there are no published studies on the effects of EW 

on a microbial transcriptome. This study highlighted parallels between EW and 

sodium hypochlorite, and the bacterial transcriptome response to sodium 

hypochlorite has been extensively studied, revealing upregulated DE genes related 

to general stress response, oxidative stress response, protein metabolism, energy 

metabolism (upregulated in two studies), virulence (one study), multidrug 

resistance/efflux, sulphur uptake and metabolism, cysteine and methionine 

biosynthesis, and downregulated genes involved in lipid metabolism, energy 

metabolism (three studies), virulence genes (one study) (Wang et al., 2009, Jang 

et al., 2009, Loi et al., 2018, Ceragioli et al., 2010, Bodet et al., 2012, Small et 

al., 2007, Lipus et al., 2019). Specific findings include the upregulation of FeS 

cluster assembly and repair and heat shock proteins in E. coli (Wang et al., 2009), 

upregulation of amino acid biosynthesis in Staphylococcus aureus (Loi et al., 

2018), upregulation of inorganic ion transport/metabolism in Bacillus cereus 

(Ceragioli et al., 2010); upregulation of membrane transporters and 

downregulation of transport of molecules related to amino acid synthesis in 

P. fluorescens biofilms (Lipus et al., 2019). Parallels to the results presented here 

are the induction of genes involved in general and oxidative stress response, 
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protein metabolism, transport, replenishing of Met (via methionine sulphoxide 

reductase upregulation (Lipus et al., 2019), as shown here, or Met biosynthesis 

upregulation (Ceragioli et al., 2010)) and the downregulation of lipid metabolism 

genes.  

Furthermore, several transcriptome studies have studied the oxidative stress 

response in Aspergillus species in response to a range of stressors. In A. flavus 

treated with H2O2, genes involved in transport, carbon metabolism, stress 

signalling, antioxidant mechanisms, secondary metabolite production and fungal 

development were differentially regulated (Fountain et al., 2016b, Fountain et al., 

2016a), and a different group reported enrichment of genes related to translation, 

transport, secondary metabolites, cell wall proteins, fatty acid metabolism, 

transcription, respiration and drug resistance (Tian et al., 2021). In A. fumigatus 

treated with H2O2, secondary metabolism genes were enriched in the DE gene set 

(Kurucz et al., 2018). In oxidatively stressed A. nidulans, genes of the cell cycle, 

ribosome biogenesis and sterol metabolic processes were down-regulated and 

secondary metabolism genes were upregulated (Emri et al., 2015). In A. niger 

treated with H2O2, increased expression of the cysteine-motif antimicrobial 

peptide AnAFP (An07g01320) with proposed important metabolic signalling, 

sensing or effector roles, has been reported (Paege et al., 2016), but this gene 

was not among the DE genes in the present dataset. Some parallels between these 

studies and the results here include effects on transport, (oxidative) stress 

response, secondary metabolites, fungal development, translation and lipid 

metabolism. To allow a reliable comparison with these published studies, and to 

better understand the transcriptome response of A. niger to EW treatment, a 

refined experimental protocol according to the above considerations should be 

employed. Special attention should be paid to transcriptomics results that, if they 

can be confirmed, would be consistent with other results in this thesis, such as 
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the observed induction of methionine sulphoxide reductase relating to the wider 

evidence for Met roles in EW resistance. 

4.4.7 Conclusions 

Elucidating response mechanisms of food spoilage fungi to sanitisers can help to 

understand and predict the efficacy of treatments and can inform the rational 

development of the sanitiser technologies. In the present study, the early 

germination as well as the growth of A. niger spores into colonies were shown to 

be delayed by sub-lethal EW concentrations, and the spore-to-spore variation in 

germination and growth was increased. This has important implications for the 

validation of sanitising treatments, as the time of detectable growth may be 

shifted in treatment conditions relative to control conditions. In food surface 

sanitisation, for example, such effects may alter the time windows when it is most 

appropriate to sample and inspect produce for spoilage in assessing the success 

(or otherwise) of a treatment. The proposed accumulation of chloramines or other 

factors which result in the growth delay may help extend the shelf life of treated 

produce, and this is an important consideration when assessing alternative, non-

chlorine sanitisers (such as ozonated water). The risk of by-product formation 

stemming from chlorine sanitisers motivates a move towards chlorine-free 

sanitisers, but the lack of chlorine species could affect and reduce the post-

treatment inhibitory effect and reduce the shelf life of a product. The hypothesis 

of chloramine formation should be further investigated, e.g., by additional studies 

of the effect of chloramine treatments on the colony growth of A. niger, or by 

assessing the formation of chloramines using mass spectrometry (How et al., 

2017). Experiments with filamentous fungi present technical challenges (e.g., 

regarding centrifugation issues) compared to unicellular organisms. To study the 

EW response of A. niger hyphae, microfluidic protocols should be adapted to help 

assess, for example, whether germ tube formation and hyphal growth (in addition 
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to early germination) are delayed and/or more variable after EW treatment, and 

whether vegetatively growing A. niger profits from Met pre-treatment prior to EW 

treatment, similar to vegetatively growing yeast. 
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5 Concluding remarks and future directions

Sanitisers and disinfectants are vital for reducing or removing the microbial load 

on food surfaces and food contact surfaces, to reduce both food spoilage and 

disease transmission through food, and the importance of effective sanitising and 

disinfecting has been brought into sharp focus by the Covid-19 pandemic (Fraser 

et al., 2021). This thesis focuses on applications of the sanitiser electrolysed water 

in the food industry, but many other industrial and household applications of 

sanitisers and disinfectants exist, underlining the importance of better 

understanding their efficacy and mode of action. The main advantage of EW 

compared to other products is that it can be produced on-site from simple 

ingredients, eliminating the need for transporting and storing concentrated 

solutions. One disadvantage of any chlorine-based sanitiser, besides potential 

regulatory restrictions, is the risk of inactivation by incidental organic matter or 

other non-target substances. Therefore, it is crucial to understand such 

inactivation mechanisms and the consequences for antimicrobial efficacy. 

The results in Chapter 2 of this thesis demonstrated the benefits of a top-down 

approach to identify quenchers of EW fungicidal activity by studying chemical 

reactions partners of EW, starting from complex chemical matrices and narrowing 

down EW reactivity to specific organic molecules (proteins and amino acids). 

Interestingly, two separate assays showed differences in the reactivity of EW with 

specific amino acids (assays (i) and (ii): after mixing EW and amino acids, (i) the 

fungicidal activity of the mix was tested and (ii) the oxidising properties of EW 

were measured using the fluorescent probe APF). Cys and Met were the most 

efficient in inactivating the EW oxidising properties among the tested amino acids 

(assay ii) but Trp and Tyr were the most efficient at inactivating the fungicidal 

activity of EW (assay i). Reactions between certain amino acids and EW may yield 

inhibitory products, and this highlights the importance of antimicrobial efficacy 



Concluding remarks and future directions 

262 

 

testing when assessing the consequences of EW reactivity with organic materials. 

For instance, methionine sulphone (MSO, a secondary oxidation product of Met) 

has antibacterial effects and whereas the formation of MSO in cells is not well 

studied, the presence of bacterial MSO-detoxifying proteins demonstrates the 

in-vivo relevance of this compound (Hentchel et al., 2015). Future work could 

focus on chemically identifying such proposed inhibitory products, e.g., by mass 

spectrometry (How et al., 2017) or NMR (Nagy and Ashby, 2005). All living 

organisms and many food products contain proteins (Slavin and Lloyd, 2012, 

Hoffman and Falvo, 2004), so the reactivity of EW with such compounds and 

potential by-product formation are important considerations for EW applications. 

Future work could aim to assess the reactivity of EW with other classes of 

biomolecules, e.g., lipids. Notably, the transcriptome analysis of EW-treated 

A. niger spores revealed the downregulation of lipid-metabolism genes, and 

whereas the mechanisms behind this observation are unclear, reactivity of certain 

lipids with EW cannot be ruled out. FAC reacts with unsaturated bonds in acyl 

chains of lipids and amino residues in polar head groups in certain phospholipids 

(Panasenko et al., 2013). Fatty acid oxidation products can cause off-flavours in 

food (Barden and Decker, 2016), which could be a concern for EW applications in 

the food industry. Moreover, the reactivity of FAC with amino sugars can result in 

the fragmentation of polysaccharides (Panasenko et al., 2013) and such reactivity 

(of EW) may be another interesting field of study and may also be relevant for the 

reactivity of EW with the fungal cell wall. Finally, the presence of antioxidants in 

different food products, e.g., in fruits and vegetables (Benzie and Choi, 2014) may 

represent a risk of EW inactivation, depending on the application process.  

Because proteins and amino acids are abundant in all biological cells, reactivity of 

EW with such compounds is likely to affect the antimicrobial mode of action. The 

finding in Chapter 3 that increased cellular reduced-Met levels increased EW 

resistance of S. cerevisiae, potentially due to ROS and/or FAC scavenging by 
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accumulated Met molecules within cells, highlights the importance of 

understanding the chemical reactivities of EW for elucidating its antimicrobial 

mode of action. In future studies, the proposed intracellular Met oxidation should 

be further assessed, e.g., by measuring the accumulation and fate of Met within 

cells during EW treatments which may also help to further understand the link 

between oxidised-Met levels and FeS cluster protein damage, a link that has been 

published before and could also be observed for EW-induced damage in this thesis. 

Methods to address these questions could include measuring the cellular Met level 

and feeding labelled Met to allow microscopic or metabolic tracking, or making use 

of computational models that predict Met oxidation within molecules (Delmar et 

al., 2021). Recent advances in the identification of oxidised Met residues in the 

proteome of cells (Bettinger et al., 2020) could help to identify oxidation of 

protein-bound Met, thereby addressing the question whether EW-induced 

oxidation involves free or protein-bound Met, or both. Met-rich scavenger peptides 

for ROS or active chlorine species inactivation have been reported and can be 

analysed by polyacrylamide gel electrophoresis due to shifts in migration upon 

oxidation (Melnyk et al., 2015). Oxidation of Met residues can further regulate 

protein function in diverse species (Valverde et al., 2019) and potential EW-

induced, Met-oxidation-mediated regulatory events could be the subject of future 

studies. The protective effect of Met pre-treatment could not be reproduced in 

A. niger spores in this thesis (tested in Chapter 4), but the methionine sulphoxide 

reduction system is widely conserved across fungi (Hage et al., 2021), suggesting 

that the proposed targeting of Met by EW may play a role in a range of food 

spoilage and other fungi. Importantly, a putative methionine sulphoxide reductase 

was upregulated in EW-treated A. niger (Chapter 4), suggesting that EW action in 

this fungus may also include Met oxidation. It would be interesting to study 

relevant enzymes in A. niger, e.g., by overexpression of Msr enzymes or also 

potential Rli1 orthologs (for some Aspergillus species including A. fumigatus, 
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A. oryzae and A. flavus, potential Rli1 orthologs are listed on FungiDB 

https://fungidb.org). 

Chapter 4 also addressed an important aspect of microbial stress resistance, 

namely variability in the stress response. The finding that EW treatment can 

increase spore-spore heterogeneity and delay fungal outgrowth has important 

implications for the food industry and other potential EW applications, as such EW-

induced effects might shift the time of detectable growth on food or other products 

post treatment. Therefore, growth delays and variation post-treatment are 

important considerations for risk assessments and probability-based spoilage 

modelling (Dagnas et al., 2017). Future studies could test whether growth delays 

and increased variation are induced by EW also in other relevant spoilage fungi, 

including wild isolates. Conidia on food (or other) surfaces are likely to originate 

from variable environments, so it would be beneficial to also test whether the 

conditions of spore formation (e.g., temperature, nutrients, conidial age) influence 

the described effects. The formation of inhibitory products from reactions between 

EW and organic substances, e.g., amino acids, was hypothesised in Chapter 2, 

and it was hypothesised further that such products, e.g., organic chloramines, 

may accumulate within spores during EW treatments and may result in the growth 

delay and increased variation. Initial experiments somewhat supported this 

hypothesis, but more work would be needed to identify such proposed organic 

chloramines and their effects. Fungicidal activity of organic chloramines or 

chloramides, e.g., chloramine T and N-chlorotaurine, against Aspergillus species 

has been demonstrated (Arnitz et al., 2009, Sheehan et al., 2019), but more 

research would be needed to link growth delays and increased phenotypic 

heterogeneity in fungi to such compounds. Understanding of these proposed post-

treatment processes is important, as demonstrated by a study that reported 

chlorine treatment of outer fruit surfaces and subsequent exposure of the (diced) 

fruits to ascorbic acid (Moreira et al., 2017). Based on the data presented here, 
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such protocols may risk the (partial) inactivation of a post-treatment effect, and 

therefore may increase the risk of microbial survival.  

Better understanding the reactivity of EW with organic compounds, the EW mode 

of action and the fungal response to EW can help to rationally develop EW 

applications and to improve EW formulations or treatment combinations, e.g., for 

hurdle treatment approaches (Oh et al., 2019). For instance, EW was successfully 

used to remove proteins from knife blades (Brasil et al., 2020), consistent with 

the high reactivity between EW and proteins shown here. A finding that EW 

treatment resulted in sub-lethally injured bacterial cells prompted the combination 

of EW with subsequent stress treatments and successfully increased the bacterial 

reduction (Han et al., 2018). Similarly, the growth delays in A. niger observed 

after EW treatment in the present study may suggest sub-lethal damage and 

subsequent treatments may increase the killing. Indeed, EW treatment followed 

by heat treatment resulted in lower growth than expected based on the product 

of the fractional growth from both individual stressors in A. niger (Chapter 2) and 

S. cerevisiae (Chapter 3). Many proteins are heat-sensitive and it is an intriguing 

possibility that EW-induced protein damage in spores or cells may increase protein 

heat sensitivity, but further studies would be needed to investigate such 

speculations, and testing heat treatment followed by EW treatment and the effect 

on protein stability may additionally be beneficial.  

The results presented here can further contribute to predicting the antimicrobial 

efficacy of EW, including in the presence of organic substances. Such knowledge 

is especially relevant for application in parts of the world that lack widespread 

access to clean water resources, and such water scarcity is currently at risk of 

being exacerbated by factors like population growth and climate change (FAO, 

2020). To further elucidate the fungal response to EW, especially with regards to 

filamentous fungi, novel techniques such as microfluidic systems should be further 
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developed, e.g., to study the hyphal development (and its delay/variation) after 

EW treatment. High-throughput studies such as transcriptomics could offer 

valuable insights, e.g., transcriptome studies in different fungal organisms with 

relevance to food applications, including wild isolates (Ellison et al., 2014), would 

allow the comparison of effects, for instance to investigate a potential conserved 

role of methionine sulphoxide reductases in the fungal EW response as 

hypothesised above. 

Finally, it would be beneficial to test key effects of EW treatment in other fungal 

strains and species in addition to A. niger N402. This strain was obtained by UV 

mutagenesis and shows several genetic and phenotypic differences to its parent 

strain (wild type) N400, including reduced radial colony growth and conidiophore 

stalk length and differences in the production of certain degradative enzymes 

(Demirci et al., 2021). Especially the transcriptome analysis in Chapter 4 would 

have benefitted from using an Aspergillus niger strain with a reference genome 

available at the time of analysis. Other Aspergilli such as A. flavus and additional 

species such as Penicillium or Fusarium cause severe food losses and mycotoxin 

contaminations (1.2.3), so studying the effect of EW on such species would be of 

particular interest. 
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6 Appendix

6.1 Appendix A: ITS sequencing results 

6.1.1 Raw sequences 

>seq1: isolate 1 
TGCAAGGTCTTTGGGCCAACCTCCCATCCGTGTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCC

GCTTGTCGGCCGCCGGGGGGGCGCCTCTGCCCCCCGGGCCCGTGCCCGCCGGAGACCCCAACA
CGAACACTGTCTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAATCAGTTAAAACTTTCAACAATG
GATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGATAACTAATGTGAATTGCAGAA

TTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGT
CCGAGCGTCATTGCTGCCCTCAAGCCCGGCTTGTGTGTTGGGTCGCCGTCCCCCTCTCCGGGGG
GACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATGGGGCTTTGTCACAT
GCTCTGTAGGATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTCTTTCCAGGTTGACCTCGGAT

CAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGGCGGAAAGAAATCATTACCGAGTGCG
GGTCCTTTGGGCCCAACCTCCCATCCGTGTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCCGCT
TGTCGGCCGCCGGGGGGGCGCCTCTGCCCCCGGGCCGTGCCGCCGGAGACCCAACACGAACAC
TGTCTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAATCAGTTAAAACTTTCACAATGGATCTCTT
GGGTTCGGCATCGATGAAGAACGCAGCGAAATGCGATAACTAATGTGAATTGCAGAATTCGTGAA
TCATCGAGTCTTTGAACGCCATTGGG 

 
>seq2: isolate 2 
AGGCCCGAACCTCCCATCCGTGTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCCGCTTGTCGGC
CGCCGGGGGGGCGCCTCTGCCCCCCGGGCCCGTGCCCGCCGGAGACCCCAACACGAACACTGT
CTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAATCAGTTAAAACTTTCAACAATGGATCTCTTGG
TTCCGGCATCGATGAAGAACGCAGCGAAATGCGATAACTAATGTGAATTGCAGAATTCAGTGAAT

CATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGCGTCA

TTGCTGCCCTCAAGCCCGGCTTGTGTGTTGGGTCGCCGTCCCCCTCTCCGGGGGGACGGGCCCG
AAAGGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATGGGGCTTTGTCACATGCTCTGTAGG
ATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTCTTTCCAGGTTGACCTCGGATCAGGTAGGGA
TACCCGCTGAACTTAAGCATATCATAAGGCGGAGGAATCATTACCGAGTGCGGGTCCTTTGGGCC
CAACCTCCCATCCGTGTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCGCTTGTCGGCGCCGGGG
GGCGCCTCTGCCCGGGCCGG 
 

>seq3: isolate 3 
GGCGGGCCCGCCGCTTGTCGGCCGCCGGGGGGGCGCCTCTGCCCCCCGGGCCCGTGCCCGCC
GGAGACCCCAACACGAACACTGTCTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAATCAGTTAA
AACTTTCAACAATGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGATAACTAAT
GTGAATTGCAGAATTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGG
GGGGCATGCCTGTCCGAGCGTCATTGCTGCCCTCAAGCCCGGCTTGTGTGTTGGGTCGCCGTCC

CCCTCTCCGGGGGGACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATG
GGGCTTTGTCACATGCTCTGTAGGATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTCTTTCCA
GGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAAACAT

AC 
 
>seq4: isolate 4 
ACTCGAACACTGTCTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAATCAGTTAAAACTTTCATCA

ATGGATCTCTTGGTTCCGGCATCAATGAAGAACGCAGCGAAATGCGATAACTAATGTGAATTGCA
GAATTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCC
TGTCCGAGCGTCATTGCTGCCCTCAAGCCCGGCTTGTGTGTTGGGTCGCCGTCCCCCTCTCCGGG
GGGACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATGGGGCTTTGTCA
CATGCTCTGTAGGATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTCTTTCCAGGTTGACCTCG
GATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAACATT 
 

>seq5: isolate 5 
AGCTAATGTGAATTGCACAATTCAGTG 
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>seq6: isolate 6 
GAAGGTCCTTTGGGCCAACCTCCCATCCGTGTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCCG
CTTGTCGGCCGCCGGGGGGGCGCCTCTGCCCCCCGGGCCCGTGCCCGCCGGAGACCCCAACAC

GAACACTGTCTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAATCAGTTAAAACTTTCAACAATGG
ATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGATAACTAATGTGAATTGCAGAAT
TCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTC
CGAGCGTCATTGCTGCCCTCAAGCCCGGCTTGTGTGTTGGGTCGCCGTCCCCCTCTCCGGGGGG
ACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATGGGGCTTTGTCACATG
CTCTGTAGGATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTCTTTCCAGGTTGACCTCGGATC
AGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAATCATTACCGAGTGCGGGTC

CTTTGGGCGAA 
 
>seq7: isolate 7 
GGCATCAATGAAGAACGCAGCGAAATGCGATAACTAATGTGAATTGCAAAATTCAGTGAATCATC
GAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGCGTCATTGC
TGC 

 
>seq8: isolate 8 
GAAGGTCCTTTGGGCCAACCTCCCATCCGTGTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCCG
CTTGTCGGCCGCCGGGGGGGCGCCTCTGCCCCCCGGGCCCGTGCCCGCCGGAGACCCCAACAC
GAACACTGTCTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAATCAGTTAAAACTTTCAACAATGG
ATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGATAACTAATGTGAATTGCAGAAT
TCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTC

CGAGCGTCATTGCTGCCCTCAAGCCCGGCTTGTGTGTTGGGTCGCCGTCCCCCTCTCCGGGGGG
ACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATGGGGCTTTGTCACATG
CTCTGTAGGATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTCTTTCCAGGTTGACCTCGGATC
AGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAATCATTACCGAGTGCGGGTC
CTTTGGGCCCAACCTCCCATCCGTGTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCCGCTTGTC
GGCCGCCGGGGGGGCGCCTCTGCCCCCGGGCCCGTGCCG 
 

>N402: A. niger N402 
TGAAGGTCCTTTGGGCCAACCTCCCATCCGTGTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCC

GCTTGTCGGCCGCCGGGGGGGCGCCTCTGCCCCCCGGGCCCGTGCCCGCCGGAGACCCCAACA
CGAACACTGTCTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAATCAGTTAAAACTTTCAACAATG
GATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGATAACTAATGTGAATTGCAGAA
TTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGT

CCGAGCGTCATTGCTGCCCTCAAGCCCGGCTTGTGTGTTGGGTCGCCGTCCCCCTCTCCGGGGG
GACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATGGGGCTTTGTCACAT
GCTCTGTAGGATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTCTTTCCAGGTTGACCTCGGAT
CAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCCGGAAGAATCATTACCGAGTGCGGG
TCCTTTGGGCCCAACCTCCCATCCGTGTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCCGCTTG
TCGGCCGCCGGGGGGGCGCCTCTGCCCCCGGGCCGTGCCCGCCG 
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6.1.2 Multiple sequence alignment 
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Figure_Apx 1: Multiple sequence alignment of ITS sequences. The ITS regions of 
A. niger isolates from Indian onions and the lab strain A. niger N402 were sequenced as 
described previously (White et al., 1990). The alignment was performed with the EMBL-EBI 
Clustal Omega tool (Madeira et al., 2019). The consensus sequence was added in 
SnapGene® Viewer with a threshold of >50% consensus. The coloured bases represent 

bases that match the N402 sequence. Seq1–8: ITS sequence of isolates 1–8 (see 2.2.2, 
2.3.1.1).  
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6.1.3 NCBI BLAST® blastn results 

Table_Apx 1: NCBI BLAST® blastn search results for the ITS sequences of isolates 
1–8 and lab strain A. niger N402.  

Strain 
Sequence 
length 
[bp] 

Best hitsa 
E 
value 

Query 
cover 
[%] 

Identity 
[%] 

Most 
frequent 
organismb 

isolate 1 867 

Aspergillus niger 
strain MBL1511 

internal transcribed 
spacer 1, partial 
sequence; 5.8S 
ribosomal RNA gene 
and internal 
transcribed spacer 2, 

complete sequence; 

and 28S ribosomal 
RNA gene, partial 
sequence 
 

0.0 99 94.79 

A. niger 
(74 out of 
102 hits) Aspergillus niger 

strain BFW internal 
transcribed spacer 1, 
partial sequence; 5.8S 
ribosomal RNA gene 
and internal 
transcribed spacer 2, 
complete sequence; 

and large subunit 
ribosomal RNA gene, 
partial sequence 

 

0.0 99 94.32 

isolate 2 667 

Aspergillus 
tubingensis strain 

Hoba5-41 internal 
transcribed spacer 1, 
partial sequence; 5.8S 
ribosomal RNA gene 
and internal 
transcribed spacer 2, 

complete sequence; 
and 28S ribosomal 
RNA gene, partial 
sequence 
 

0.0 98 98.92 

A. niger 
(78 out of 
102 hits) 

Aspergillus niger small 

subunit ribosomal 

RNA gene, partial 
sequence; internal 
transcribed spacer 1, 
5.8S ribosomal RNA 
gene, and internal 
transcribed spacer 2, 

complete sequence; 
and large subunit 
ribosomal RNA gene, 
partial sequence 
 
 

 

0.0 98 98.61 
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isolate 3 517 

Aspergillus niger 

isolate Asp-7136 
internal transcribed 

spacer 1, partial 
sequence; 5.8S 
ribosomal RNA gene 
and internal 
transcribed spacer 2, 
complete sequence; 

and large subunit 
ribosomal RNA gene, 
partial sequence 
 

0.0 100 99.81 

A. niger 
(84 out of 
142 hits) Aspergillus niger 

isolate AR2 internal 

transcribed spacer 1, 
partial sequence; 5.8S 

ribosomal RNA gene 
and internal 
transcribed spacer 2, 
complete sequence; 
and large subunit 

ribosomal RNA gene, 
partial sequence 
 

0.0 99 100 

isolate 4 443 

Aspergillus niger 
strain An3-2 small 

subunit ribosomal 
RNA gene, partial 
sequence; internal 
transcribed spacer 1, 
5.8S ribosomal RNA 
gene, and internal 

transcribed spacer 2, 

complete sequence; 
and large subunit 
ribosomal RNA gene, 
partial sequence 
 

0.0 100 99.10 

A. niger 
(68 out of 
103 hits) 

Aspergillus niger 
strain JS-1 small 
subunit ribosomal 
RNA gene, partial 
sequence; internal 
transcribed spacer 1, 
5.8S ribosomal RNA 

gene, and internal 
transcribed spacer 2, 
complete sequence; 

and large subunit 
ribosomal RNA gene, 
partial sequence 
 

0.0 99 99.10 

isolate 5 27 

Penicillium sp. isolate 
F0.05 internal 
transcribed spacer 1 
and 5.8S ribosomal 
RNA gene, partial 

sequence 
 
 
 
 

0.00

2 
92 100 

“unculture
d fungus” 

(17 out of 
100 hits) 
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Aspergillus 

tubingensis isolate 
A_9 internal 

transcribed spacer 1, 
partial sequence; 5.8S 
ribosomal RNA gene 
and internal 
transcribed spacer 2, 
complete sequence; 

and large subunit 
ribosomal RNA gene, 
partial sequence 
 

0.00

2 
92 100 

isolate 6 593 

Fungal sp. AM2013 
strain 232_Mbmp 

internal transcribed 
spacer 1, partial 

sequence; 5.8S 
ribosomal RNA gene 
and internal 
transcribed spacer 2, 
complete sequence; 

and 28S ribosomal 
RNA gene, partial 
sequence 
 

0.0 98 99.49 

A. niger 
(59 out of 
103 hits) 

Aspergillus niger 

voucher MSR3 18S 
ribosomal RNA gene, 
partial sequence; 
internal transcribed 
spacer 1, 5.8S 
ribosomal RNA gene, 

and internal 

transcribed spacer 2, 
complete sequence; 
and 28S ribosomal 
RNA gene, partial 
sequence 
 

0.0 98 99.49 

isolate 7 133 

Uncultured Aspergillus 
clone 22 small subunit 
ribosomal RNA gene, 
partial sequence; 
internal transcribed 
spacer 1 and 5.8S 

ribosomal RNA gene, 
complete sequence; 
and internal 

transcribed spacer 2, 
partial sequence 
 

3e-

58 
100 99.25 

Peni-
cillium 

spinu-
losum (17 
out of 102 

hits) 
[14 
A. niger 
hits] 

Aspergillus terreus 
internal transcribed 
spacer 1, partial 
sequence; 5.8S 
ribosomal RNA gene 
and internal 

transcribed spacer 2, 
complete sequence; 
and large subunit 
ribosomal RNA gene, 
partial sequence 

3e-
58 

100 99.25 



Appendix 

306 

 

isolate 8 686 

Aspergillus 

tubingensis strain 
Hoba5-41 internal 

transcribed spacer 1, 
partial sequence; 5.8S 
ribosomal RNA gene 
and internal 
transcribed spacer 2, 
complete sequence; 

and 28S ribosomal 
RNA gene, partial 
sequence 
 

0.0 99 98.96 

A. niger 
(66 out of 
102 hits) Aspergillus niger 

voucher MSR4 internal 

transcribed spacer 1, 
partial sequence; 5.8S 

ribosomal RNA gene 
and internal 
transcribed spacer 2, 
complete sequence; 
and 28S ribosomal 

RNA gene, partial 
sequence 
 

0.0 99 98.54 

A. niger 

N402 
 

691 

Aspergillus 
tubingensis strain 

Hoba5-41 internal 
transcribed spacer 1, 
partial sequence; 5.8S 
ribosomal RNA gene 
and internal 
transcribed spacer 2, 

complete sequence; 

and 28S ribosomal 
RNA gene, partial 
sequence 
 

0.0 
 

100 
 

99.11 
 

A. niger 

(69 out of 
99 hits) 

Aspergillus niger 

voucher MSR4 internal 
transcribed spacer 1, 
partial sequence; 5.8S 
ribosomal RNA gene 
and internal 
transcribed spacer 2, 
complete sequence; 

and 28S ribosomal 
RNA gene, partial 
sequence 

0.0 99 98.54 

a Results of the blastn algorithm were sorted by E value and the first two hits are listed 
for each strain. 
b The most frequent organism found among the significant hits is listed. 

 

 



Appendix 

307 

 

6.2 Appendix B: Raw data tables for heatmap graphs 

6.2.1 Inactivation of fungicidal EW activity by amino acids 

Table_Apx 2: Related to Figure 2-10 A: Inactivation of fungicidal EW activity by 
amino acids. 

Amino acid Gly Ala Leu Ile 

conc. meana SD mean SD mean SD mean SD 

7mM 79.73 3.38 80.23 7.15 100.53 13.08 87.92 7.18 

5mM 76.70 11.32 85.25 11.19 96.81 11.91 86.45 7.33 

3.5mM 21.39 17.69 75.88 12.99 84.63 14.86 90.34 6.18 

2.5mM 8.19 0.38 7.78 0.68 9.09 0.99 12.41 7.50 

1.75mM 8.68 3.17 8.07 0.98 8.07 0.56 6.27 2.30 

1.25mM 8.23 1.10 8.07 0.60 9.35 2.53 8.11 0.56 

0.9mM 7.07 1.35 8.02 1.39 7.64 0.93 6.60 0.50 

0.625mM 7.73 2.33 7.91 0.98 8.08 1.32 7.49 1.01 

 

Amino acid Val Pro Phe Tyr 

conc. mean SD mean SD mean SD mean SD 

7mM 83.05 8.55 94.80 6.04 61.12 8.40 nab  

5mM 77.43 19.59 72.30 3.52 50.83 3.88 na  

3.5mM 68.81 27.47 7.63 0.16 34.63 5.10 na  

2.5mM 11.58 4.16 8.77 1.02 8.80 2.46 na  

1.75mM 7.38 0.28 7.64 0.53 7.41 0.30 40.75 15.95 

1.25mM 8.03 0.94 8.80 1.19 7.37 1.06 10.46 1.27 

0.9mM 7.77 1.08 14.26 10.65 6.90 1.38 9.18 0.58 

0.625mM 7.24 0.35 7.50 1.17 7.92 0.58 11.78 3.49 

 

Amino acid Trp Ser Thr Met (I) 

conc. mean SD mean SD mean SD mean SD 

7mM 55.80 14.15 85.58 9.05 81.79 19.80 94.14 10.23 

5mM 57.33 3.77 62.31 18.31 49.59 12.77 95.27 17.31 

3.5mM 89.23 20.73 34.12 10.63 23.14 4.30 80.54 16.13 

2.5mM 111.42 9.77 8.08 0.44 7.06 0.69 77.44 27.60 

1.75mM 84.77 21.26 7.50 0.96 7.62 0.68 61.57 33.26 

1.25mM 81.29 6.68 7.87 0.73 8.14 0.26 7.62 0.99 

0.9mM 82.79 22.72 7.47 0.89 7.16 0.77 7.29 0.55 

0.625mM 35.86 44.10 7.53 0.88 7.03 0.63 8.87 1.06 
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Amino acid Met (II) Cys Lys Arg 

conc. mean SD mean SD mean SD mean SD 

7mM 97.69 7.76 102.76 12.47 75.07 20.57 89.59 9.05 

5mM 90.82 6.02 104.06 8.87 76.14 17.56 98.37 15.17 

3.5mM 85.00 17.69 103.46 11.87 72.40 15.71 95.01 14.23 

2.5mM 84.44 16.81 86.52 4.95 40.76 43.50 92.63 13.22 

1.75mM 66.32 22.34 80.10 16.85 7.51 0.65 15.98 11.45 

1.25mM 6.74 1.70 9.74 0.45 7.30 1.37 4.67 1.63 

0.9mM 5.90 2.46 7.65 0.79 6.65 0.28 4.84 4.76 

0.625mM 9.11 1.82 7.04 0.89 7.25 1.99 3.47 2.70 

 

Amino acid His Asn Gln Asp 

conc. mean SD mean SD mean SD mean SD 

7mM 94.86 27.20 105.88 26.45 89.38 12.49 61.65 27.51 

5mM 24.67 16.81 87.02 9.06 73.18 9.79 52.11 23.90 

3.5mM 20.41 10.54 63.56 15.56 72.30 8.66 50.84 32.15 

2.5mM 25.13 19.11 29.60 23.67 17.09 18.49 11.75 3.80 

1.75mM 7.64 1.31 7.99 0.13 7.45 0.73 6.14 4.81 

1.25mM 10.94 3.29 8.07 1.47 7.89 0.41 8.32 0.42 

0.9mM 7.38 0.58 7.33 0.71 8.50 0.64 8.09 1.32 

0.625mM 7.06 0.45 7.16 0.48 15.06 11.38 8.84 1.28 

 
Amino 
acid 

Glu water control (I) water control 
(II) 

conc. mean SD mean SD mean SD 

7mM 96.28 8.09 7.44 0.28 6.92 0.64 

5mM 91.40 10.00 7.85 0.70 12.08 4.36 

3.5mM 92.03 12.27 7.27 0.63 8.43 0.88 

2.5mM 47.01 34.37 7.34 0.64 9.45 3.72 

1.75mM 8.41 1.30 5.89 2.22 7.62 0.56 

1.25mM 7.75 0.80 7.68 0.75 6.81 3.84 

0.9mM 7.72 1.34 7.15 1.03 6.77 2.77 

0.625mM 6.76 0.74 6.58 1.67 7.71 1.56 

a Growth in all cases was determined in YEPD broth by OD600 readings after 24 h. Values 
shown are for % growth relative to control (no EW treatment). Mean values are shown 
from biological triplicates (except lysine, where n = 2). 
b Not tested due to limited solubility of Tyr in water. 
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Table_Apx 3: Related to Figure 2-10 B: Inactivation of fungicidal EW activity by 

certain amino acids determined from subsequent growth for extended periods. 

Amino acid Arg, 24h Arg, 48h Arg, 72h 

conc. meana SD mean SD mean SD 

7mM 89.59 9.05 96.11 0.35 96.33 0.86 

5mM 98.37 15.17 99.88 2.21 99.76 2.35 

3.5mM 95.01 14.23 96.74 3.37 97.30 1.93 

2.5mM 92.63 13.22 94.35 3.67 95.84 1.75 

1.75mM 15.98 11.45 53.24 32.31 95.61 3.44 

1.25mM 4.67 1.63 8.55 14.11 32.44 55.60 

0.9mM 4.84 4.76 0.49 0.49 0.40 0.41 

0.625mM 3.47 2.70 0.30 0.29 0.28 0.22 

 
Amino acid His, 24h His, 48h His, 72h 

conc. mean SD mean SD mean SD 

7mM 94.86 27.20 104.67 3.91 104.61 4.17 

5mM 24.67 16.81 79.35 27.15 101.74 2.93 

3.5mM 20.41 10.54 76.50 31.54 102.46 2.27 

2.5mM 25.13 19.11 69.90 35.35 100.38 1.20 

1.75mM 7.64 1.31 19.91 33.25 35.40 58.45 

1.25mM 10.94 3.29 30.41 26.04 69.43 57.77 

0.9mM 7.38 0.58 29.47 18.74 99.65 1.69 

0.625mM 7.06 0.45 14.70 24.08 36.40 60.65 

 
Amino acid Asn, 24h Asn, 48h Asn, 72h 

conc. mean SD mean SD mean SD 

7mM 105.88 26.45 104.26 9.29 102.59 5.52 

5mM 87.02 9.06 105.04 1.63 103.90 2.73 

3.5mM 63.56 15.56 88.06 12.39 97.20 4.28 

2.5mM 29.60 23.67 37.05 21.67 94.40 4.89 

1.75mM 7.99 0.13 10.07 4.48 93.28 9.69 

1.25mM 8.07 1.47 6.52 3.51 92.28 2.94 

0.9mM 7.33 0.71 6.60 5.02 70.85 50.70 

0.625mM 7.16 0.48 4.25 6.06 34.10 57.99 

 
Amino acid Met (II), 24h Met (II), 48h Met (II), 72h 

conc. mean SD mean SD mean SD 

7mM 97.69 7.76 102.71 4.35 100.71 5.16 

5mM 90.82 6.02 104.84 2.94 103.23 2.20 

3.5mM 85.00 17.69 90.86 12.64 97.43 1.97 

2.5mM 84.44 16.81 88.72 14.10 99.54 1.58 

1.75mM 66.32 22.34 87.05 26.35 101.00 6.66 

1.25mM 6.74 1.70 16.60 12.22 91.89 11.64 

0.9mM 5.90 2.46 22.30 25.98 65.90 57.07 

0.625mM 9.11 1.82 10.71 17.30 34.26 58.25 
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Amino acid Ala, 24h Ala, 48h Ala, 72h 

conc. mean SD mean SD mean SD 

7mM 80.23 7.15 97.25 4.16 98.97 2.22 

5mM 85.25 11.19 96.62 8.67 99.36 4.43 

3.5mM 75.88 12.99 93.91 3.06 99.22 1.60 

2.5mM 7.78 0.68 4.26 6.13 28.90 47.13 

1.75mM 8.07 0.98 0.77 0.02 1.23 0.92 

1.25mM 8.07 0.60 0.71 0.05 1.21 0.94 

0.9mM 8.02 1.39 0.72 0.09 1.03 0.68 

0.625mM 7.91 0.98 0.89 0.13 0.81 0.23 

 
Amino acid water control (I+II) water control (I+II) water control (I+II) 

conc. mean SD mean SD mean SD 

7mM 7.18 0.42 15.81 16.44 52.12 50.60 
5mM 9.96 1.85 19.22 17.46 51.08 48.71 
3.5mM 7.85 0.75 9.27 9.72 33.12 28.11 
2.5mM 8.39 1.78 13.16 21.57 17.45 28.92 
1.75mM 6.76 1.12 2.20 2.79 17.85 30.05 
1.25mM 7.24 1.55 0.65 0.21 0.68 0.32 
0.9mM 6.96 1.18 3.39 4.48 16.21 26.90 
0.625mM 7.14 1.31 0.76 0.12 0.60 0.12 

a Growth in all cases was determined in YEPD broth by OD600 readings after 24 h, 48 h 
and 72 h. Values shown are for % growth relative to control (no EW treatment). Mean 
values are shown from biological triplicates (water control: mean value from the 
replicates [2 technical x 3 biological for each given mean value]). 

 

 

6.2.2 Inactivation of fungicidal EW activity by Met and MetO 

Table_Apx 4: Related to Figure 2-11 A,B: Inactivation of fungicidal EW activity by 
Met and MetO; 40 h and 72 h time points. 

Amino acid  
conc. 

Met - 20% EW 
(40 h) 

MetO – 20% EW 
(40 h) 

 meana SD mean SD 

7mM 0.96 0.05 0.27 0.43 

5mM 1.02 0.09 0.48 0.36 

3.5mM 0.85 0.16 0.79 0.09 

2.5mM 0.85 0.07 0.81 0.12 

1.75mM 0.71 0.16 0.20 0.18 

1.25mM 0.06 0.03 0.01 0.01 

0.9mM 0.01 0.01 0.01 0.01 

0mM 0.33 0.54 0.01 0.01 
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Amino acid  

conc. 

Met - 20% EW 

(72 h) 

MetO – 20% EW 

(72 h) 

 mean SD mean SD 

7mM 0.96 0.00 0.58 0.44 

5mM 0.97 0.01 1.02 0.06 

3.5mM 0.94 0.03 1.01 0.02 

2.5mM 0.97 0.02 1.01 0.04 

1.75mM 0.98 0.01 0.68 0.58 

1.25mM 0.33 0.55 0.01 0.01 

0.9mM 0.01 0.01 0.01 0.01 

0mM 0.33 0.56 0.01 0.01 

 
Amino acid 

conc. 

Met – 6400 ppm NaOCl  

(40 h) 

MetO – 6400 ppm NaOCl  

(40 h) 

 mean SD mean SD 

7mM 0.20 0.17 0.12 0.09 

5mM 0.20 0.15 0.16 0.03 

3.5mM 0.23 0.15 0.06 0.09 

2.5mM 0.09 0.13 0.01 0.00 

1.75mM 0.01 0.01 0.01 0.01 

1.25mM 0.01 0.01 0.01 0.01 

0.9mM 0.01 0.01 0.01 0.01 

0.625mM 0.01 0.01 0.01 0.01 

 

Amino acid 
conc. 

Met – 6400 ppm NaOCl  
(72 h) 

MetO – 6400 ppm NaOCl  
(72 h) 

 mean SD mean SD 

7mM 0.85 0.04 0.90 0.07 

5mM 0.91 0.06 0.86 0.06 

3.5mM 0.89 0.04 0.31 0.51 

2.5mM 0.57 0.49 0.01 0.01 

1.75mM 0.16 0.26 0.01 0.01 

1.25mM 0.01 0.01 0.01 0.00 

0.9mM 0.01 0.01 0.01 0.01 

0.625mM 0.01 0.01 0.01 0.01 

a Growth in all cases was determined in YEPD broth by OD600 readings after 40 h and 
72 h. Values shown are for % growth relative to control (no EW treatment). Mean values 

are shown from biological triplicates. 
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Table_Apx 5: Related to Figure 2-12: Inactivation of fungicidal EW activity by Met 

and MetO (II). 

Amino acid i) Met - 20% EW i) MetO - 20% EW i) Met - water ctrl 

conc. meana
 SD mean SD mean SD 

7mM (1:2) 10.20 0.56 4.16 0.28 9.44 0.35 

5mM (1:2) 9.54 0.40 4.75 0.83 9.15 0.95 

3.5mM (1:2) 8.15 0.11 6.89 0.74 9.08 0.88 

0mM (1:2) 0.05 0.04 0.05 0.04 9.36 0.89 

7mM (1:10) 7.92 0.52 7.93 0.11 9.00 0.45 

5mM (1:10) 7.29 0.30 8.13 0.37 8.06 0.41 

3.5mM (1:10) 7.74 0.52 9.69 1.21 8.75 0.08 

0mM (1:10) 0.02 0.01 0.02 0.00 7.31 1.27 

 

Amino acid i) MetO - water ctrl 
ii) Met - 20% EW 

(inactiv.) 
ii) MetO - 20% EW 

(inactiv.) 

conc. mean SD mean SD mean SD 

7mM (1:2) 8.92 0.27 10.68 0.34 4.21 0.27 

5mM (1:2) 10.29 0.24 11.14 0.19 4.98 0.42 

3.5mM (1:2) 9.85 0.57 10.50 1.21 8.05 1.53 

0mM (1:2) 9.74 0.22 11.35 0.06 11.50 0.61 

7mM (1:10) 8.05 0.52 9.89 2.15 9.86 0.84 

5mM (1:10) 8.56 1.22 10.05 1.21 10.71 1.97 

3.5mM (1:10) 7.20 1.01 9.85 0.55 10.16 1.70 

0mM (1:10) 8.41 0.42 9.70 0.14 9.04 0.21 

 
Amino acid ii) Met - water ctrl ii) MetO - water ctrl 

conc. mean SD mean SD 

7mM (1:2) 8.66 0.43 9.06 1.90 

5mM (1:2) 9.47 0.70 10.08 0.69 

3.5mM (1:2) 9.32 1.12 10.51 0.81 

0mM (1:2) 10.45 0.57 10.27 0.61 

7mM (1:10) 10.27 1.20 10.77 0.77 

5mM (1:10) 10.07 0.67 10.24 1.55 

3.5mM (1:10) 9.64 2.21 10.16 1.27 

0mM (1:10) 9.21 0.45 8.86 0.12 

a Growth in all cases was determined in YEPD broth by OD600 readings after 40 h. Mean 

values are shown from biological duplicates. 
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6.3 Appendix C: The pH of the amino acid solutions 

was not correlated with their effect on EW activity 
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Figure_Apx 2: pH of amino acid solutions used to inactivate EW. EW was mixed with 
amino acids (0.625–7 mM) and used to treat A. niger spores. The relative survival was 
determined by outgrowth in YEPD broth, OD600 readings after 24 h and calculated relative 
to an EW-free control (see Figure 2-10 and Table_Apx 2 for data and experimental details). 
The relative growth values obtained from treatments that included different amino acid 
concentrations were summed up for all concentrations and all 3 biological replicates to 

obtain one single value for each amino acid, and plotted against the pH of the amino acid 
stock solutions (10 mM in water). No correlation was observed. SDW, sterile distilled water. 
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6.4 Appendix D: NaOCl + H2O2 checkerboard 
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Figure_Apx 3: Combining NaOCl and H2O2 to treat A. niger spores. NaOCl and H2O2 
were mixed for 5 min (A) or 1 h (B), and then used to treat A. niger spores for 5 min, 
followed by mixing 1:1 with 2X YEPD. Outgrowth from viable spores was determined in 
YEPD broth by OD600 readings after 48 h. Data from 1 biological replicate. Spores treated 
with 400–6400 mg L-1 NaOCl showed more outgrowth when increasing concentrations of 

H2O2 were included in the treatment, possibly due to reactions between the two chemicals 

(NaOCl + H2O2 → O2 + Cl- + Na+ + H2O) (Held et al., 1978) that interfere with the sanitising 
activity. Regarding the NaOCl concentration, it should be noted that this concentration was 
calculated after diluting a purchased 5% NaOCl solution but was not confirmed by FAC 
measurement. In other experiments, the measured FAC of dilutions of the purchased NaOCl 
solution was lower than the calculated FAC, therefore it is likely that the actual NaOCl 
concentration was lower than stated. H2O2 solutions were dilutions of a purchased 30% 
H2O2 solution. 

 

6.5 Appendix E: Sequenced region of the yEmRG 

plasmid 

 
 
Figure_Apx 4: Map of the sequenced region of yEmRG including the mCherry-GFP 
fusion protein. Image generated in SnapGene® Viewer 5.1.7. 

Features:  

84  …  727  GAP promoter (S. cerevisiae TDH3) 

751  …  1458  yEmRFP ORF (mCherry) 

961  …  969  mCherry fluorophore 

1471 …  2184  yEGFP ORF 

 

Sequences confirmed by sequencing: 

1  …  1487  

2185  …  2994 
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Sequence: 
            1 CCCCGCGCGT TGGCCGATTC ATTAATGCAC GGATCCGGTA GAATCATTTT  
      51 GAATAAAAAA CACGCTTTTT CAGTTCGAGT TTATCATTAT CAATACTGCC  

     101 ATTTCAAAGA ATACGTAAAT AATTAATAGT AGTGATTTTC CTAACTTTAT  

     151 TTAGTCAAAA AATTAGCCTT TTAATTCTGC TGTAACCCGT ACATGCCCAA  

     201 AATAGGGGGC GGGTTACACA GAATATATAA CATCGTAGGT GTCTGGGTGA  

     251 ACAGTTTATT CCTGGCATCC ACTAAATATA ATGGAGCCCG CTTTTTAAGC  

     301 TGGCATCCAG AAAAAAAAAG AATCCCAGCA CCAAAATATT GTTTTCTTCA  

     351 CCAACCATCA GTTCATAGGT CCATTCTCTT AGCGCAACTA CAGAGAACAG  

     401 GGGCACAAAC AGGCAAAAAA CGGGCACAAC CTCAATGGAG TGATGCAACC  

     451 TGCCTGGAGT AAATGATGAC ACAAGGCAAT TGACCCACGC ATGTATCTAT  

     501 CTCATTTTCT TACACCTTCT ATTACCTTCT GCTCTCTCTG ATTTGGAAAA  

     551 AGCTGAAAAA AAAGGTTGAA ACCAGTTCCC TGAAATTATT CCCCTACTTG  

     601 ACTAATAAGT ATATAAAGAC GGTAGGTATT GATTGTAATT CTGTAAATCT  

     651 ATTTCTTAAA CTTCTTAAAT TCTACTTTTA TAGTTAGTCT TTTTTTTAGT  

     701 TTTAAAACAC CAAGAACTTA GTTTCGAATA AACACACATA AACAGAATTC  

     751 ATGGTTTCAA AAGGTGAAGA AGATAATATG GCTATTATTA AAGAATTTAT  

     801 GAGATTTAAA GTTCATATGG AAGGTTCAGT TAATGGTCAT GAATTTGAAA  

     851 TTGAAGGTGA AGGTGAAGGT AGACCATATG AAGGTACTCA AACTGCTAAA  

     901 TTGAAAGTTA CTAAAGGTGG TCCATTACCA TTTGCTTGGG ATATTTTGTC  

     951 ACCACAATTT ATGTATGGTT CAAAAGCTTA TGTTAAACAT CCAGCTGATA  

    1001 TTCCAGATTA TTTAAAATTG TCATTTCCAG AAGGTTTTAA ATGGGAAAGA  

    1051 GTTATGAATT TTGAAGATGG TGGTGTTGTT ACTGTTACTC AAGATTCATC  

    1101 ATTACAAGAT GGTGAATTTA TTTATAAAGT TAAATTGAGA GGTACTAATT  

    1151 TTCCATCAGA TGGTCCAGTT ATGCAAAAAA AAACTATGGG TTGGGAAGCT  

    1201 TCATCAGAAA GAATGTATCC AGAAGATGGT GCTTTAAAAG GTGAAATTAA  

    1251 ACAAAGATTG AAATTAAAAG ATGGTGGTCA TTATGATGCT GAAGTTAAAA  

    1301 CTACTTATAA AGCTAAAAAA CCAGTTCAAT TACCAGGTGC TTATAATGTT  

    1351 AATATTAAAT TGGATATTAC TTCACATAAT GAAGATTATA CTATTGTTGA  

    1401 ACAATATGAA AGAGCTGAAG GTAGACATTC AACTGGTGGT ATGGATGAAT  

    1451 TATATAAAGG TACCCGACCC TCTAAAGGTG AAGAATTATT CACTGGTGTT  

    1501 GTCCCAATTT TGGTTGAATT AGATGGTGAT GTTAATGGTC ACAAATTTTC  

    1551 TGTCTCCGGT GAAGGTGAAG GTGATGCTAC TTACGGTAAA TTGACCTTAA  

    1601 AATTTATTTG TACTACTGGT AAATTGCCAG TTCCATGGCC AACCTTAGTC  

    1651 ACTACTTTCG GTTATGGTGT TCAATGTTTT GCTAGATACC CAGATCATAT  

    1701 GAAACAACAT GACTTTTTCA AGTCTGCCAT GCCAGAAGGT TATGTTCAAG  

    1751 AAAGAACTAT TTTTTTCAAA GATGACGGTA ACTACAAGAC CAGAGCTGAA  

    1801 GTCAAGTTTG AAGGTGATAC CTTAGTTAAT AGAATCGAAT TAAAAGGTAT  

    1851 TGATTTTAAA GAAGATGGTA ACATTTTAGG TCACAAATTG GAATACAACT  

    1901 ATAACTCTCA CAATGTTTAC ATCATGGCTG ACAAACAAAA GAATGGTATC  

    1951 AAAGTTAACT TCAAAATTAG ACACAACATT GAAGATGGTT CTGTTCAATT  

    2001 AGCTGACCAT TATCAACAAA ATACTCCAAT TGGTGATGGT CCAGTCTTGT  

    2051 TACCAGACAA CCATTACTTA TCCACTCAAT CTGCCTTATC CAAAGATCCA  

    2101 AACGAAAAGA GAGACCACAT GGTCTTGTTA GAATTTGTTA CTGCTGCTGG  

    2151 TATTACCCAT GGTATGGATG AATTGTACAA ATAACTGGTC GAGTCATGTA  

    2201 ATTAGTTATG TCACGCTTAC ATTCACGCCC TCGAGCAGCT GTGATTGATT  

    2251 GAGTCGACTT GGTTGAACAC GTTGCCAAGG CTTAAGTGAA TTTACTTTAA  

    2301 ATCTTGCATT TAAATAAATT TTCTTTTTAT AGCTTTATGA CTTAGTTTCA  

    2351 ATTTATATAC TATTTTAATG ACATTTTCGA TTCGGATCCG CTGGCGTAAT  

    2401 AGCGAAGAGG CCCGCACCGA TCGCCCTTCC CAACAGTTGC GCAGCCTGAA  

    2451 TGGCGAATGG CGCCTGATGC GGTATTTTCT CCTTACGCAT CTGTGCGGTA  

    2501 TTTCACACCG CATAGGGTAA TAACTGATAT AATTAAATTG AAGCTCTAAT  

    2551 TTGTGAGTTT AGTATACATG CATTTACTTA TAATACAGTT TTTTAGTTTT  

    2601 GCTGGCCGCA TCTTCTCAAA TATGCTTCCC AGCCTGCTTT TCTGTAACGT  

    2651 TCACCCTCTA CCTTAGCATC CCTTCCCTTT GCAAATAGTC CTCTTCCAAC  

    2701 AATAATAATG TCAGATCCTG TAGAGACCAC ATCATCCACG GTTCTATACT  

    2751 GTTGACCCAA TGCGTCTCCC TTGTCATCTA AACCCACACC GGGTGTCATA  

    2801 ATCAACCAAT CGTAACCTTC ATCTCTTCCA CCCATGTCTC TTTGAGCAAT  

    2851 AAAGCCGATA ACAAAATCTT TGTCGCTCTT CGCAATGTCA ACAGTACCCT  

    2901 TAGTATATTC TCCAGTAGAT AGGGAGCCCT TGCATGACAA TTCTGCTAAC  

    2951 ATCAAAAGGC CTCTAGGTTC CTTTGTTACT TCTTCTGCCG CCTG  
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6.6 Appendix F: R code for y-intercept determination 

## Set working directory (final csv table will be saved there) 
setwd("C:/…") 
 
 
## Read the data file  
# Has to be a csv file and should contain all OD readings for all  
wells as columns. 
# First column has to contain the time points. 
# Can have a header (first row with column titles). If NOT change  
code to "header=F". 
 
dataset <- read.csv(file="… .csv", header=T, sep=",") 
 
 
## If necessary, eliminate negative values by replacing them with  
0.01 
# First column needs “Hours” as a header, if not the case, change  
header or code. 
 
dataset[dataset<=0] <- 0.01 
dataset$Hours[1] <- 0 
 
 
## Defining time and vectors 
 
time.name <- colnames(dataset[1]) 
time <- dataset[, time.name[1]] 
y.int <- vector("numeric") 
OD <- vector("numeric") 
col.names <- colnames(dataset[2:(ncol(dataset))]) 
all.col.names <- colnames(dataset[1:(ncol(dataset))]) 
 
 

## Replace data from wells without growth 
# If the max value in the column is lower than OD 0.5, the values  
are replaced by 1,2,3,... 
# This is to prevent misleading y-intercept values. 
# This will return y-intercept "1.270907" and will later be        
replaced by NA. 
# Can be skipped if necessary (inactivate by preceding each line   
by #). 
 
max.value <- vector("numeric") 
for(k in 1:(ncol(dataset))){ 
  max.value[k] <- max(dataset[, all.col.names[k]]) 
} 
df.max <- data.frame(max.value,1:(ncol(dataset))) 
index <- df.max$max.value<0.5 
dataset[index] <- 1:(nrow(dataset)) 
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## Loop for all columns: determine phase of highest exponential    
growth and y-intercept of the exponential regression 
# For each possible string of 6 consecutive values, the linear     
regression of the logged OD values (natural logarithm) over time is 
calculated and the slope is saved (gradients[i]). 
# Gradients and their time points (corresponding to the last one of 
the six time points in one string) are stored (df.gradients) and   
the maximum gradient and the corresponding OD are determined for   
all columns (row.max.gradient.stored[j] and OD.max.stored[j]). This 
corresponds to the phase of highest exponential growth. 
# For the determined 6 values that resulted in the highest gradient 
(OD.exp.range), the linear regression of the logged OD values is   
calculated again and the y-intercept is back-transformed to the    
exponential scale and stored (y-int[j]). 
# IF values in the first few hours are missing in your csv file,   
change "for (i in 6:rows)”: change from 6 into (your first row with 
values)+6 
 
col=((ncol(dataset))-1) 
rows=nrow(dataset) 
y.int <- vector("numeric") 
row.max.gradient.stored <- vector("numeric") 
OD.max.stored <- vector("numeric") 
 
for(j in 1:col){ 
  OD <- dataset[, col.names[j]] 
  gradients <- vector("numeric") 
  for (i in 6:rows){ 
    OD.range <- OD[i:(i-5)] 
    time.range <- time[i:(i-5)] 
    OD.range.log <- log(OD.range) 
    gradients[i] <- coef(lm(OD.range.log ~ time.range))[2] 
  } 
    df.gradients <- data.frame(gradients,time) 
    row.max.gradient <- which(df.gradients$gradients == (max(df.gra
dients$gradients, na.rm=TRUE))) 
    row.max.gradient.stored[j] <- which(df.gradients$gradients == (
max(df.gradients$gradients, na.rm=TRUE))) 
    OD.max.stored[j] <- OD[row.max.gradient] 
    OD.exp.range <- OD[(row.max.gradient-5):row.max.gradient] 
    OD.exp.range.log <- log(OD.exp.range) 
    time.exp.range <- time[(row.max.gradient-5):row.max.gradient] 
    fit.exp.OD <- lm(OD.exp.range.log ~ time.exp.range) 
    y.int.lin.OD <- coef(fit.exp.OD)["(Intercept)"] 
    y.int.OD <- exp(y.int.lin.OD) 
    y.int[j] <- y.int.OD 
  } 
 
# All y-intercepts are stored in the linear vector y.int (same     
order as the columns in your csv table). 
# row.max.gradient.stored and OD.max.stored contain the row and OD 
corresponding to value 6 in the string of 6 values that make up the 
maximum exponential phase (can be used to determine the time points 
and ODs corresponding to the maximum exponential phase for all     
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columns, if needed). 
 
 
## Compile the y-intercept results into a matrix 
# The matrix will be formatted like a well-plate. 
# ncol = 12 is the number of columns on the well plate (=12 for 96-
well plate - change for other layouts/48-well plates etc.)  
# This relies on the csv file being formatted like a well plate (A1
-A12 followed by B1-B12 and so on) 
# Example: If the csv table only contains data for wells A1-H8,    
ncol = 8 
# If the csv file skips some columns (e.g., A1 is next to A3) or   
has a very different layout, this will not work. The vector y-int  
contains the y-intercepts of all columns in the order of the       
columns in the csv file, this can be used to access the results. 
 
# The row and column titles are formatted for a 96-well plate.     
Change to match different formats. 
 
y.int.matrix <- matrix(y.int, ncol=12, byrow=T) 
 
colnames(y.int.matrix) <- c("1","2","3","4","5","6","7","8","9","10
","11","12") 
rownames(y.int.matrix) <- c("A","B","C","D","E","F","G","H") 
 
y.int.matrix 
 
 
## Replace y-intercepts of wells without growth (OD<0.5 or as      
defined above) with “NA” 
 
index2 <- y.int.matrix>1.27 
y.int.matrix[index2] <- "NA" 
 
 
## Save a csv table of the y-intercept data matrix 
  
write.csv(y.int.matrix, file = "… .csv") 
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6.7 Appendix G: Attempt to reconstitute the aconitase 
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Figure_Apx 5: FeS cluster reconstitution experiments. Crude protein extracts were 
obtained from exponentially growing S. cerevisiae BY4741 cells after treatment with EW 
(0.3% [v/v] EW; 5.4–6 mg L-1 FAC, 5 min, see Figure 3-16 for details and yeast survival). 
A) The extraction buffer (MES) was replaced by Tris buffer (0.1 M, pH 8), followed by a 
reconstitution step. Enzyme activities were determined before and after the reconstitution. 
Aconitase activity is normalised against fumarase activity (non-FeS protein) to account for 
protein losses during the buffer exchange step. The relative aconitase activity 

(aconitase/fumarase) was decreased, rather than increased, after the reconstitution 
compared to after the buffer exchange step.  Mean values ± SD are shown for 2 replicates. 

B) Aconitase activity of a crude protein extract sample from EW treated cells (as in A) was 

determined immediately after thawing the sample and after 3.5 h (room temperature, 

anaerobic conditions, see note below) to test the stability of aconitase. After 3.5 h, 
aconitase activity was decreased by ~64% vs. ~90% decrease after reconstitution in panel 
A (buffer exchange + reconstitution took ~3.5 h), suggesting that the observed decrease 
in aconitase activity during the reconstitution protocol cannot be fully explained by the 
3.5 h incubation at room temperature. C,D) The reconstitution (see A) was adapted to a 
shorter protocol (20 min) without buffer exchange. The aconitase activity was measured 
before (initial activity) and after the reconstitution (“quick recon.”) and in a control that 

was incubated for 20 min with water instead of the reconstitution mix. In anaerobic 
conditions (D), the reconstitution did not result in higher aconitase activity than the control 
(incubated in anaerobic conditions for 20 min) or the initial activity, suggesting that the 
positive effect of ‘reconstitution’ compared to the water-control in aerobic conditions (C) 
may be a protection of the FeS cluster from oxygen (protecting the cluster from further 
damage) by the reconstitution buffer rather than a successful repair of EW induced damage 
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to the cluster. Data from 1 replicate each in B-D. Note that all buffer exchange and 

reconstitution steps were performed in plastic tubes which do not guarantee anaerobic 
conditions, so conditions were not truly “oxygen-free”, which likely had a negative effect 
on the aconitase stability and reconstitution. RT, room temperature. 

 

6.8 Appendix H: Macro for colony size image analysis 

Images were opened in ImageJ 1.49k and a square selection of the plate area was 

performed manually. Colony areas were then measured using the following macro 

script. If colonies with a size outside of the script’s limits (<10,000 or >100,000 

pxs) were noticed on a given plate, the “Analyze Particle” command was changed 

accordingly. Where necessary, colonies were separated from background features 

of the YEPD agar using the command “Process/Binary/Watershed” after running 

the macro. Five randomly selected plates were also analysed by manually drawing 

circles around colonies and measuring the area. The macro’s estimates were in 

close agreement to the manual measurements (automated measurements were 

98–110% of the manual measurements; mean ± SD = 103.5 ± 4.4%). 

Macro script: 

run("Duplicate...", " "); 

run("Subtract Background...", "rolling=300"); 

run("Enhance Contrast...", "saturated=4"); 

run("Color Threshold..."); 

// Color Thresholder 2.0.0-rc-15/1.49k 

// Autogenerated macro, single images only! 

min=newArray(3); 

max=newArray(3); 

filter=newArray(3); 

a=getTitle(); 

run("HSB Stack"); 

run("Convert Stack to Images"); 

selectWindow("Hue"); 

rename("0"); 

selectWindow("Saturation"); 

rename("1"); 

selectWindow("Brightness"); 

rename("2"); 

min[0]=0; 

max[0]=255; 
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filter[0]="pass"; 

min[1]=0; 

max[1]=255; 

filter[1]="pass"; 

min[2]=50; 

max[2]=255; 

filter[2]="pass"; 

for (i=0;i<3;i++){ 

  selectWindow(""+i); 

  setThreshold(min[i], max[i]); 

  run("Convert to Mask"); 

  if (filter[i]=="stop")  run("Invert"); 

} 

imageCalculator("AND create", "0","1"); 

imageCalculator("AND create", "Result of 0","2"); 

for (i=0;i<3;i++){ 

  selectWindow(""+i); 

  close(); 

} 

selectWindow("Result of 0"); 

close(); 

selectWindow("Result of Result of 0"); 

rename(a); 

// Colour Thresholding------------- 

run("Median...", "radius=10"); 

run("Analyze Particles...", "size=10000-100000 circularity=0.5-1.00 display 

add"); 

String.copyResults(); 

 

 

 

6.9 Appendix I: Transcriptome analysis 

6.9.1 GO Slim terms 

Table_Apx 6: GO Slim terms: processes. Percentage of genes mapping to the GO term, 

number of genes in brackets. 

GO Slim term All detected 
genes 
(12243) 

All DE genes 
(660) 

All DE up-
regulated 
(251) 

All DE down-
regulated 
(409) 

Biological process 
unknown 

52.6% (6437) 60% (396) 42.2% (106) 70.9% (290) 

Regulation of 
biological process 

10.9% (1338) 7.4% (49) 9.2% (23) 6.4% (26) 

Transport 9.9% (1207) 9.4% (62) 13.5% (34) 6.8% (28) 

RNA metabolic 
process 

5.9% (725) 4.8% (32) 7.6% (19) 3.2% (13) 

Organelle 
organisation 

5.6% (680) 5.5% (36) 8.8% (22) 3.4% (14) 
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Response to stress 5.0% (613) 5.5% (36) 8.4% (21) 3.7% (15) 

Response to 

chemical 

4.2% (515) 3.6% (24) 5.2% (13) 2.7% (11) 

Cellular protein 
modification 
process 

4% (488) 3.9% (26) 5.2% (13) 3.2% (13) 

Developmental 
process 

3.4% (413) 3.9% (26) 6% (15) 2.7% (11) 

Lipid metabolic 
process 

3.2% (393) 3.2% (21) 3.6% (9) 2.9% (12) 

Cell cycle 3.2% (391) 3.5% (23) 6.4% (16) 1.7% (7) 

Carbohydrate 
metabolic process 

3% (367) 2.3% (15) 3.6% (9) 1.5% (6) 

Filamentous 
growth  

3% (363) 2.7% (18) 3.6% (9) 2.2% (9) 

Transcription 
(DNA-templated) 

2.9% (355) 2.3% (15) 3.2% (8) 1.7% (7) 

DNA metabolic 
process 

2.1% (262) 3.2% (21) 4.4% (11) 2.4% (10) 

Secondary 
metabolic process 

2.1% (261) 1.4% (9) 2.8% (7) 0.5% (2) 

Cellular amino acid 
metabolic process 

2% (249) 1.7% (11) 1.6% (4) 1.7% (7) 

Vesicle-mediated 
transport 

1.8% (218) 2% (13) 2.4% (6) 1.7% (7) 

Translation 1.7% (203) 1.1% (7) 2.4% (6) 0.2% (1) 

Signal transduction 1.6% (202) 1.8% (12) 2.8% (7) 1.2% (5) 

Asexual 
sporulation 

1.5% (184) 1.4% (9) 2.4% (6) 0.7% (3) 

Ribosome 
biogenesis 

1.5% (181) 1.4% (9) 2.4% (6) 0.7% (3) 

Cellular 

homeostasis 

1.3% (156) 0.8% (5) 1.2% (3) 0.5% (2) 

Protein catabolic 
process 

1.2% (152) 1.2% (8) 2.4% (6) 0.5% (2) 

Pathogenesis 1.1% (140) 1.1% (7) 0.8% (2) 1.2% (5) 

Sexual sporulation 1.1% (129) 1.5% (10) 2% (5) 1.2% (5) 

Cytoskeleton 
organisation 

1% (127) 1.2% (8) 2.4% (6) 0.5% (2) 

Toxin metabolic 
processes 

0.8% (96) 0.6% (4) 1.6% (4) / 

Cytokinesis 0.6% (77) 0.5% (3) 0.4% (1) 0.5% (2) 

Protein folding 0.5% (66) 0.3% (2) / 0.5% (2) 

Cellular respiration 0.4% (53) 0.3% (2) 0.4% (1) 0.2% (1) 

Conjugation 0.3% (40) 0.3% (2) 0.4% (1) 0.2% (1) 

Vitamin metabolic 

process 

0.3% (34) 0.3% (2) 0.4% (1) 0.2% (1) 

Nucleus 

organisation 

0.3% (34) 0.2% (1) / 0.2% (1) 

Cell adhesion 0.2% (24) / / / 

Establishment of 
vesicle localisation 

0% (6) / / / 

Transposition 0% (6) / / / 

Establishment of 

nucleus 
organisation 

0% (1) 0.2% (1) / 0.2% (1) 

cannot be mapped 
to a GO Slim term 

10% (1223) 7.4% (49) 10% (25) 5.9% (24) 
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Table_Apx 7: GO Slim terms: functions. Percentage of genes mapping to the GO term, 

number of genes in brackets. 

GO Slim term All detected 
genes 
(12243) 

All DE genes 
(660) 

All DE up-
regulated 
(251) 

All DE down-
regulated 
(409) 

Molecular function 

unknown 

53.7% (6576) 61.8% (408) 47.4% (119) 70.7% (289) 

Hydrolase activity 9.8% (1203) 7.9% (52) 12.4% (31) 5.1% (21) 

Oxidoreductase 
activity 

9.0% (1107) 6.1% (40) 8.4% (21) 4.6% (19) 

Transferase 
activity 

7.8% (961) 7.3% (48) 9.6% (24) 5.9% (24) 

DNA binding 4.9% (605) 4.8% (32) 6.8% (17) 3.7% (15) 

Transporter 

activity 

4% (495) 3.2% (21) 4% (10) 2.7% (11) 

Protein binding 3.3% (398) 2.3% (15) 3.2% (8) 1.7% (7) 

RNA binding 2.2% (269) 2.1% (14) 3.2% (8) 1.5% (6) 

Peptidase activity 1.5% (180) 1.2% (8) 2.8% (7) 0.2% (1) 

Lyase activity 1.4% (172) 1.1% (7) 1.2% (3) 1% (4) 

Protein kinase 
activity 

1.4% (169) 1.7% (11) 2.4% (6) 1.2% (5) 

Structural molecule 
activity 

1.4% (166) 0.8% (5) 1.6% (4) 0.2% (1) 

Ligase activity  1.2% (141) 1.7% (11) 2% (5) 1.5% (6) 

Enzyme regulator 

activity 

0.9% (113) 0.9% (6) 1.2% (3) 0.7% (3) 

Helicase activity 0.8% (99) 0.5% (3) 0.8% (2) 0.2% (1) 

Isomerase activity 0.7% (82) 0.5% (3) 0.8% (2) 0.2% (1) 

Phosphatase 
activity 

0.6% (78) 0.8% (5) 1.2% (3) 0.5% (2) 

Nucleotidyl-

transferase activity 

0.6% (77) 0.9% (6) 1.2% (3) 0.7% (3) 

Translation 

regulator activity 

0.4% (54) 0.5% (3) 1.2% (3) / 

Lipase activity 0.3% (33) 0.3% (2) / 0.5% (2) 

Motor activity 0.2% (23) 0.2% (1) / 0.2% (1) 

Cannot be mapped 
to a GO Slim term 

6.4% (785) 6.1% (40) 7.6% (19) 5.1% (21) 

 

Table_Apx 8: GO Slim terms: components. Percentage of genes mapping to the GO 
term, number of genes in brackets. 

GO Slim term All detected 

genes 

(12243) 

All DE genes 

(660) 

All DE up-

regulated 

(251) 

All DE down-

regulated 

(409) 

Cellular component 
unknown 

66.8% (8184) 69.4% (458) 53.8% (135) 79% (323) 

Membrane 11.7% (1434) 11.2% (74) 16.7% (42) 7.8% (32) 

Nucleus 10.9% (1331) 10.5% (69) 14.3% (36) 8.1% (33) 

Mitochondrion 4% (488) 4.1% (27) 5.6% (14) 3.2% (13) 

Endomembrane 

system 

3.6% (435) 3.5% (23) 5.2% (13) 2.4% (10) 

Plasma membrane 2.6% (315) 2.3% (15) 4% (10) 1.2% (5) 

Chromosome 2.5% (312) 2% (13) 3.6% (9) 1% (4) 

Extracellular region 2.2% (269) 2% (13) 3.2% (8) 1.2% (5) 

Cytosol 2.1% (260) 2.9% (19) 5.2% (13) 1.5% (6) 

Cytoskeleton 1.5% (184) 1.2% (8) 1.2% (3) 1.2% (5) 
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Ribosome 1.2% (147) 0.8% (5) 1.6% (4) 0.2% (1) 

Vacuole 1.2% (144) 1.8% (12) 2.4% (6) 1.5% (6) 

Endoplasmatic 
reticulum 

1% (128) 0.9% (6) 0.8% (2) 1% (4) 

Cell cortex 1% (124) 0.6% (4) 0.4% (1) 0.7% (3) 

Site of polarised 
growth 

1% (123) 1.4% (9) 2% (5) 1% (4) 

Nucleolus 1% (120) 1.1% (7) 2.4% (6) 0.2% (1) 

Golgi apparatus 1% (120) 0.5% (3) 1.2% (3) / 

Microtubule 
skeleton 

1% (118) 0.9% (6) 1.2% (3) 0.7% (3) 

Peroxisome 0.8% (93) 0.6% (4) 0.8% (2) 0.5% (2) 

Cell wall 0.8% (103) 1.1% (7) 2% (5) 0.5% (2) 

Actin cytoskeleton 0.6% (69) 0.3% (2) / 0.5% (2) 

Cannot be mapped 
to a GO Slim term 

3.8% (462) 3.2% (21) 5.6% (14) 1.7% (7) 

 

6.9.2 List of DE genes with unknown functions detected at two or 

three time points 

Table_Apx 9: List of DE genes found at more than one time point, with orthologs 
of unknown function in other Aspergillus species. LogFC values are plotted in Figure 
4-30 A. 

Gene IDa Orthologs in other Aspergillus species (function unknown) 

An07g07680 

Ortholog of A. nidulans FGSC A4 : AN4506, A. fumigatus Af293 : 
Afu2g03250, A. oryzae RIB40 : AO090120000262, Aspergillus wentii : 
Aspwe1_0059757 and Aspergillus sydowii : Aspsy1_0073302 

An11g00580 
Ortholog of A. oryzae RIB40 : AO090023000204, Neosartorya fischeri 
NRRL 181 : NFIA_056440, Aspergillus wentii : Aspwe1_0171161 and 
Aspergillus versicolor : Aspve1_0147930 

An07g06990 

Ortholog of A. nidulans FGSC A4 : AN4556, A. fumigatus Af293 : 

Afu2g02670, A. oryzae RIB40 : AO090026000612, Aspergillus wentii : 
Aspwe1_0036732 and Aspergillus sydowii : Aspsy1_0154947 

An09g04310 
Ortholog of Aspergillus brasiliensis : Aspbr1_0057159 and Aspergillus 
acidus : Aspfo1_0084546 

An07g05100 

Ortholog of Aspergillus tubingensis : Asptu1_0151353, Aspergillus 

flavus NRRL 3357 : AFL2T_12157, Aspergillus kawachii : 
Aspka1_0175431 and Aspergillus acidus : Aspfo1_0040960 

An03g04610 

Ortholog of A. fumigatus Af293 : Afu5g08360, A. oryzae RIB40 : 
AO090701000757, Aspergillus wentii : Aspwe1_0035166, Aspergillus 
sydowii : Aspsy1_0046236 and Aspergillus terreus NIH2624 : 

ATET_08268 

An16g04370 

Ortholog of A. nidulans FGSC A4 : AN2806, A. niger CBS 513.88 : 
An14g05270, An11g10010, An14g07230, An15g00800, A. oryzae 
RIB40 : AO090103000150, AO090113000067 and Aspergillus wentii : 
Aspwe1_0117492 

An08g01010 Ortholog of Aspergillus acidus : Aspfo1_0079546 

An18g03420 Ortholog of Aspergillus tubingensis : Asptu1_0052118 

An02g06340 

Ortholog of A. nidulans FGSC A4 : AN4921, A. fumigatus Af293 : 
Afu3g10680, A. oryzae RIB40 : AO090003000613, Aspergillus wentii : 

Aspwe1_0360214 and Aspergillus sydowii : Aspsy1_0056501 
(uncharacterised) 
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An02g14000 

Ortholog of Aspergillus tubingensis : Asptu1_0055440, Aspergillus 

brasiliensis : Aspbr1_0051229 and Aspergillus acidus : 
Aspfo1_0057718 

An08g04330 
Ortholog of Aspergillus tubingensis : Asptu1_0037715, Aspergillus 
brasiliensis : Aspbr1_0053866, Aspergillus kawachii : 
Aspka1_0178640 and Aspergillus acidus : Aspfo1_0129898 

An17g01915 Ortholog of Aspergillus niger ATCC 1015 : 45202-mRNA 

An08g02680 
Ortholog of A. nidulans FGSC A4 : AN1221, A. fumigatus Af293 : 
Afu1g10620, A. oryzae RIB40 : AO090038000358, Aspergillus wentii : 
Aspwe1_0049022 and Aspergillus sydowii : Aspsy1_0139464 

An07g03490 Ortholog of Aspergillus acidus : Aspfo1_0056732 (uncharacterised) 

An02g08680 

Ortholog of A. nidulans FGSC A4 : AN3114, A. fumigatus Af293 : 
Afu3g12710, A. oryzae RIB40 : AO090012000852, Aspergillus wentii : 
Aspwe1_0105294 and Aspergillus sydowii : Aspsy1_0056161 
(uncharacterised) 

An18g03400 Ortholog of Aspergillus tubingensis : Asptu1_0052114 
a Genes in bold were significantly differentially expressed at three time points (all other 

genes were significantly expressed at two time points). 

 

Searchable list of DE genes that were significant at more than one time point and 

whose function is unknown (bold: significant at three time points, others where 

significant at two time points). LogFC values are plotted in Figure 4-30 B.  

An17g00380, An08g06860, An04g04220, An11g07850, An09g05500, 

An14g03380, An07g04740, An11g02310, An18g05410, An01g11030, 

An04g03230, An12g00150, An11g06910, An15g01090, An07g03510, 

An09g04450, An09g04610, An07g04910, An18g06100, An08g04210, 

An07g01610, An04g09880, An16g04360, An16g00360, An02g08500, 

An16g08960, An12g00190, An01g04350, An02g10290, An07g07080, 

An08g08810, An02g14420, An12g08990, An18g01920, An04g06550, 

An02g12190, An18g06080, An02g12580, An12g00430, An02g13990, 

An01g05720 
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6.10 Appendix J: ROS detection by flow cytometry in 

A. niger 
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Figure_Apx 6: ROS detection by flow cytometry in A. niger. Spore suspensions (A-E) 

or conidia from 2 h-germination cultures harvested by filtration (F–H) were suspended in 
Tween 80 (0.1%) and treated or not with EW dilutions in sterile tap water (33–50 mL 

treatment volume; 0.06–1% EW; full strength EW was 1900–2000 mg L-1 FAC for r1 in 
panels A–E and ~1600 mg L-1 FAC for r2 and panels F–H). Treatments were stopped by 
centrifugation and resuspension in YEPD as before (4.2.5.1). Heat treatments (“95deg”) 
were performed at 95°C for 10 min (400–500 µL spore suspensions, 107 spores mL-1) and 
stopped by YEPD addition (10 mL). “r1” and “r2” refer to 2 biological replicates on different 

days. Data in panel F–H (1 biological replicate) was obtained in the same experiment as r2 
data in A–E.  A,F) Appropriate dilutions were plated onto YEPD agar for colony enumeration. 
Survival [%] was calculated relative to untreated controls. Survival could not be determined 
for r2 due to very dense colony growth on control and EW treatment plates (no growth on 
heat treatment plates). B–E,G,H) Samples were washed in PBS and stained with ROS dyes 
before flow cytometry analysis (staining was for 30 min in the dark [30°C] followed by 

washing in PBS; except propidium iodide which was added in the final resuspension step 
before flow cytometry). Samples were analysed in a BD FACS CantoTM A flow cytometer 
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(gating single spore events based on light scatter properties [SSC-A/FSC-A] and doublet 

exclusion [FSC-H/FSC-A]). Fluorescence was recorded with 488 nm excitation and 564–
606 nm emission filter (DHE, MitoSOXTM or PI) or 515–545 nm emission filter (DCF). 10,000 
single spore events were usually recorded (if possible; at least 2000 events were recorded 

in samples with low spore levels). The fluorescence in unstained samples was increased in 
EW-treated samples compared to untreated controls, therefore the fold increase of median 
fluorescence was calculated for each stained sample relative to its unstained control. B) 
Propidium iodide staining (5 µg mL-1) was performed in experiment r1 only. C,G) Staining 
with 5 µM DHE (dihydroethidium). D,H) Staining with 50 µM (r2 in D; H) or 10 µM (r1 in 
D) DCF (2',7'-dichloro-dihydro-fluorescein diacetate). E) Staining with 5 µM MitoSOXTM was 
performed in experiment r1 only. 

 

 


