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Abstract 

Due to rapid urbanisation, people in metropolises spend the majority of their time indoors. 

Indoor mould contamination, as one of the most pungent biohazards in built environments, 

can ubiquitously present in humid areas and potentially compromise the health of occupants. 

Governmental institutions like the World Health Organisation and United States 

Environmental Protection Agency have put forward guidelines for indoor mould prevention. 

However, these guidelines normally require occupants to maintain a low indoor humidity 

(<75% or even 40%), and thus, in tropical and subtropical areas, one of the most widely used 

approaches to prevent indoor mould contamination is to continuously operate air-

conditioners or dehumidifiers (AC/D). The 24 h operation of AC/D, however, conflicts with 

the requirement of energy sustainability, and hence posits a trade-off between sustainability 

and indoor mould hygiene. The aim of this study was to facilitate the development of 

sustainable and effective mould prevention strategies for indoor environments.  

 The literature on currently adopted mould prevention strategies including that target 

moisture (24 h AC/D), temperature (air-conditioning system and cool wall paint) and nutrient 

(dust removal) elements as well as new nanoparticles technology (Ag, TiO2 and MgO 

nanoparticles), was reviewed and the main limitations of these strategies were discussed. It 

was found that none of these current mould prevention measures has addressed both 

sustainability and mould hygiene on balance, urging further investigations.   
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Therefore, the objective of the first phase investigation was to develop sustainable 

cause-specific mould control measures in built environments. A case study of a mould 

contaminated site was conducted to illustrate the micro-environments that contribute to 

mould contamination in buildings. The currently used 24-h AC/D approach was compared 

with and ranked against other sustainable alternatives. The results of this case study suggest 

that determining an effective non-24 h AC/D management regime tends to be a sustainable 

and user-friendly solution.  

To develop such a regime, understanding the critical mechanisms regulating indoor 

mould responses to water dynamics is essential. Thus, the objective of the second phase was 

to characterise the critical mechanism regulating the growth of common indoor moulds under 

water dynamics. It was hypothesised that oxidative stress is associated with the growth of 

indoor moulds under water dynamics. Using Cladosporium cladosporioides as a model, both 

its pre-germination and germinated spores were exposed to daily wet-dry cycles. Afterwards, 

the growth was assessed and cellular H2O2 concentration and catalase activity were measured. 

It was found that under water dynamics, the longer growth delay in C. cladosporioides was 

associated with a higher encountered oxidative stress, with 12-12 wet-dry cycle (12 h wet, 

12 h dry) showing the longest delay and highest oxidative stress. Pearson correlation and 

linear regression analysis suggest a positive correlation between growth delay and oxidative 

stress under water dynamics (R2=0.85, P<0.0001). Moreover, pre-germination spores 

generally exhibited shorter growth delay, lower cellular H2O2 concentration and higher 
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catalase activity. Collectively, these results suggest that the growth of C. cladosporioides is 

associated with oxidative stress under water dynamics.  

After revealing the association between the growth of C. cladosporioides and oxidative 

stress under water dynamics, at the third phase, this finding was extrapolated to different 

mould species (C. cladosporioides, Aspergillus niger and Aspergillus penicillioides), water 

activity (aw) (0.4 aw, 0.6 aw and 0.8 aw) and temperature levels (19 °C and 28 °C). In addition, 

the antioxidant responses of treated moulds, including antioxidant enzymes (superoxide 

dismutase, catalase, glutathione reductase and glutathione peroxidase) were monitored. The 

results showed that lower water activity levels imposed higher oxidative stress to moulds, 

and A. penicillioides exhibited the highest tolerance which displayed the highest antioxidant 

activities and encountered lowest oxidative damage under water dynamics. Moreover, no 

significant difference was measured in terms of the survival, oxidative stress and antioxidant 

responses between these two temperature levels. The third phase of the study, for the first 

time discovered the reason contributing to the different resistance towards water dynamics 

among common indoor moulds, and further confirmed the important role of oxidative stress 

adaptation in withstanding transient water supply. 

In conclusion, this study reveals the critical role of oxidative stress adaptation in helping 

moulds to cope with changing water conditions, which may shed light on a new perspective 

for the future development of indoor mould prevention strategies. It also indicates that longer 

operation time of AC/D each day may not necessarily lead to better prevention of mould 
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contamination, suggesting that in order to sustainably prevent mould contamination, one 

should operate reasonable non-24 h AC/D each day (12 h/day according to the examined 

species in this study) to yield a more stressful wet-dry cycle to moulds. The outcomes of this 

study foster the development of novel and sustainable indoor mould prevention strategies. 
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Chapter 1. Introduction 

 

1.1. Background  

Mould, also known as filamentous fungus, is a ubiquitous organism in tropical and 

subtropical areas where moisture is present. A study of 4,164 children living in rural areas of 

Taiwan identified  30.1%  of the reports from their parents regarding the presence of visible 

mould patches inside their house over a specified time  (Yang et al., 1997), and Wong et al. 

(2004) pointed out that 11% of parents in Beijing, Guangzhou and Hong Kong had seen 

visible mould patches on the ceilings and walls of their dwellings. 

Mould contamination is arguably one of the most visible and pungent environmental 

microbial hazards. Mould contamination leads to the deterioration of indoor air quality by 

emitting potentially allergenic, toxic and/or pathogenic spores as well as releasing unpleasant 

smells (microbial volatile organic compounds, mVOCs) that may lead to occupants’ 

discomfort and health complaints, e.g. sick building syndrome, alongside  affecting work 

productivity (WHO, 2009). In particular, Cladosporium has been classified as one of the 

highest occurring genera in residences of allergy patients and known to produce allergens 

(Levinskaitė et al., 2012). Aspergillus species, which are also commonly found in indoor 

environments, can produce fungal volatile organic compounds (FVOCs) that may cause 

headache, inattentiveness and dizziness (Mousavi et al., 2016). In severer cases, two potent 

moulds Aspergillus flavus and Aspergillus fumigatus have been isolated from indoor 

environments. A. flavus is known to produce Aflatoxin that causes liver cancer and A. 
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fumigatus could lead to the development of asthma. Therefore, in order to minimise health 

risks and maintain satisfactory indoor air quality, it is generally a good practice to prevent 

mould contamination from its occurrence.  

 

1.2. Purpose of the research  

The purpose of this project is to develop a sustainable and effective moisture management 

regime that can be used in indoor built environments to prevent mould contamination. To 

achieve this, the effects of dynamic water activity (aw) on mould growth and the critical 

mechanism that regulates the patterns of mould development under dynamic water activity 

need to be investigated. By understanding the mechanism that plays a crucial role in mould 

viability and growth under water dynamics, a critical condition that can inhibit mould growth 

can be revealed and applied to develop a sustainable and effective air-conditioning 

management regime for mould prevention. 

 

1.3. Scope of the study  

The scope of the study is within the theme of indoor mould prevention and sustainability. 

Mould contamination due to water leakage or flooding is excluded because the solution to it 

is to fix the water problem, which is considered as a one-off event. Due to rapid urbanisation, 

people spend more than 80% of their time indoors. Improvements in living quality have 

increased the use of furniture such as carpets, which could be potential habitats for moulds. 
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Once mould spores have settled, they could start their growth when the conditions are 

favourable. Although air-conditioning systems are useful and convenient tools to control 

physical environments in order to prevent mould growth, the method is energy-consuming. 

Therefore, a sustainable and effective moisture regime which gives consideration both to 

sustainability and mould prevention is needed. 

        For the first phase of the project, the research scope is to conduct a case study to identify 

prevalent mould species, assess the current approaches to prevent mould growth and put 

forward alternative sustainable measures.  

        Secondly, the mechanism regulating the response to water dynamics in indoor moulds 

will be investigated, using a common indoor mould as a model.  

        Next, the findings will be extrapolated to other common indoor mould species under 

different RH levels.  

        Finally, the effect of temperature, which is considered as another important factor that 

influences mould growth and viability, will also be investigated in terms of its impacts on 

the resistance of indoor moulds to water dynamics. 
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Chapter 2. Literature review – Current challenges for shaping the sustainable and 

mould‐free hygienic indoor environment in humid regions 

 

Declaration: (Part of) This chapter has been published in Letters in Applied Microbiology, 

70(6), 396-406. Doi: 10.1111/lam.13291 

 

Abstract  

Indoor mould grows ubiquitously in humid areas and can affect occupants’ health. To prevent 

indoor mould contamination, one of the key measures suggested by the World Health 

Organisation and United States Environmental Protection Agency is to maintain an indoor 

relative humidity (RH) level below 75% or at 30 – 60%, respectively. However, in tropical 

and subtropical areas, maintaining these suggested RH levels is equivalent to operating a 24-

h air-conditioner (AC) or dehumidifier, which is energy-consuming. As a large part of 

building expense, the operation time of ACs has been regularly proposed to be cut down 

because of the requirement of building sustainability. This leads to a trade-off between 

sustainable building performance and indoor mould hygiene. To balance this trade-off, more 

sustainable alternatives such as those that target physical environments (e.g., nutrient and 

temperature level) or apply new surface coating technologies to inhibit mould growth, have 

been launched. Despite these initiatives, indoor mould contamination remains an unresolved 

issue, mainly because these alternative measures only exhibit limited effectiveness or require 
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extra effort. This review aims to summarise the currently adopted mould control measures 

and discuss their limitations as well as the direction for the future development of sustainable 

mould control strategies. 

 

Significance and impact of the study  

People spend most of their time indoors and hence the presence of indoor mould 

contamination can compromise the occupants’ health. With the wake of climate change 

which is expected to see an increase in RH and temperature, tropical and subtropical areas 

are even more prone to mould contamination than they used to be. This study may help 

facilitate the development of sustainable and effective mould control strategies in the indoor 

environment. 

 

Keywords 

Indoor mould; tropical and subtropical areas; hygiene; mould control measures; sustainability; 

air-conditioners or dehumidifiers; water dynamics  
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2.1. Introduction  

People in metropolises spend most of their time indoors, for example, on average, Hong Kong 

citizens stay in indoor environments for over 80% of the day. Moulds, also known as 

filamentous fungi, are ubiquitous in the indoor environment in tropical and subtropical areas 

where moisture is present. A number of studies have reported the prevalence of mould growth 

on household materials in dwellings and schools (Yang et al., 1997; Wong et al., 2004; 

Gunnbjornsdottir, 2006; Mudarri and Fisk, 2007).  

Mould contamination leads to the deterioration of indoor air quality by emitting 

potentially allergenic, toxic and/or pathogenic spores, fragments, mycotoxins as well as 

releasing unpleasant smells (microbial volatile organic compounds, mVOCs). The emitted 

mVOCs and mycotoxins may act as irritants to respiratory health and cause health complaints 

(e.g., sick building syndrome) and affect work productivity (WHO, 2009). Extensive 

epidemiological studies have indicated the association between indoor mould contamination 

and health issues (Belanger, 2003; Bornehag et al., 2004; Bakke et al., 2007; Fisk et al., 2007; 

Mendell et al., 2011). Therefore, preventing mould contamination from occurring is regarded 

as a general solution to minimise health risks and maintain a satisfactory indoor hygiene.  

Currently, a range of mould control strategies, such as operating air-conditioners (ACs) 

or dehumidifiers and using anti-mould building materials, have been applied to counteract 

the mould contamination problem (Micheluz et al., 2015; Wu et al., 2018). ACs are widely 

employed in libraries to prevent mould growth on books by reducing the temperature and 
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water availability, thereby slowing down mould activities although ACs are not originally 

designed for maintaining indoor hygiene. However, moisture control could be costly in 

tropical and subtropical areas during humid seasons, especially for institutions overseeing a 

large estate portfolio (e.g., university campuses). As sustainable alternatives, anti-mould 

building materials, e.g., anti-mould paint, are attractive options and tend to be the principal 

choice among the general public when performing domestic renovation. Nonetheless, large 

areas of fungal growth on anti-mould painted walls and treated woods have been reported by 

researchers (Chen et al., 2009; Vacher et al., 2010; Wu et al., 2018), questioning the 

effectiveness of some anti-mould materials.  

Despite the significant research and development undertaken so far (Chen et al., 2009; 

Vacher et al., 2010; Micheluz et al., 2015; Wu et al., 2018), the challenges for sustainably 

shaping the hygienic indoor environment remain unresolved. The purpose of this review is 

to not only summarise the currently adopted mould control measures, but also identify their 

limitations and discuss the future development of sustainable mould control measures. 

 

 

2.2. Currently adopted mould control measures and their limitations 

2.2.1. Mould growth models as the basics for developing mould control measures 

Building engineers have studied mould growth under various environmental conditions such 

as relative humidity (RH), temperature and nutrient levels, and developed models to predict 
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indoor fungal growth based on the experimental data. These growth models indicate the key 

elements that can significantly affect mould growth and thus should be manipulated for the 

control of mould contamination in buildings. The critical threshold condition for the initiation 

of mould growth can be predicted by mould growth models. Predicted thresholds have been 

widely referenced by building managers to maintain a hygienic indoor environment. Table 

2-1 summarises the widely used mould growth models and their applications. 

 

  



  

9 

 

Table 2-1. Widely used mould growth models and their applications referenced from literature. 

Mould growth model Factors considered Application Reference 

IEA-Annex  RH and temperature Evaluate mould risk using a threshold RH level, 

surface temperature and inside and outside 

temperature   

(Hens, 1992) 

Time-of-wetness Duration and frequency of wet period Prediction of Penicillium chrysogenum on 

gypsum material 

(Adan, 1994) 

VTT model Temperature, RH, wood species, surface 

condition, exposure time to wet and dry 

periods and mould index 

Prediction of time needed for mould growth on 

wooden materials  

(Hukka and 

Viitanen, 1999) 

Isopleth model RH, temperature and nutrient Understandings of the interactive effect of 

environmental conditions on mould growth  

(Sedlbauer, 2001) 

Biohygrothermal model Moisture content of a spore, RH, 

temperature and nutrient 

Modelling mould growth under transient 

environmental conditions based on the moisture 

content of a spore 

(Krus et al., 2007) 

Updated VTT model Besides those considered in VTT model, 

sensitivity of different building materials is 

also considered 

Expansion of VTT model to other building 

materials  

(Ojanen et al., 2010) 
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 Scientific work regarding mould growth prediction has been documented since the mid-

twentieth century. The IEA-Annex 14 and Time of Wetness models were presented in an 

attempt to predict the growth of moulds under steady-state and transient environmental 

conditions even though they were established based on limited experimental conditions 

(Hens, 1992; Adan, 1994), i.e., only one type of substrate and species was tested, and the 

models considered only RH and temperature. Later, the VTT model, a mould prediction 

model developed by the Technical Research Center of Finland and Tampere University of 

Technology (Hukka and Viitanen, 1999) was established to predict mould formation on 

woods by considering the surface texture as well as RH and temperature. The VTT model 

defines the degree of mould development as mould index (from 0 – 6) and calculates the time 

needed to reach certain index levels on spruce and pine softwood boards (Hukka and Viitanen, 

1999). Due to its limitation to spruce and pine wood which are common building materials 

only for areas within Scandinavia (Vereecken and Roels, 2012), Sedlbauer (2001) expanded 

the studied growth substrates to a wider range of building materials containing different 

levels of nutrients by using several indoor fungi (Aspergillus versicolor, Aspergillus 

amstelodami, Aspergillus candidus, Aspergillus ruber and Wallemia sebi), with the isopleth 

model. In this model, mould growth substrates were characterised as one of four categories: 

1) optimal culture medium; 2) biological recyclable building materials; 3) biologically 

adverse recyclable building materials and 4) building materials that were neither degradable 

nor contain nutrients. The radiative expansion rate (mm day-1) and time till germination of 

moulds (d) under different RH and temperature levels on these four categories of substrates 
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were investigated, and presented as graphs containing several isolines, contributing to an 

overview of mould growth under the interaction of different RH, temperature and nutrient 

levels. To extend the prediction from steady-state to transient conditions, the isopleth model 

was advanced to a biohygrothermal model, which characterises the moisture content of a 

spore using a moisture retention curve and a humidity-dependent Sd-value (Krus et al., 2007). 

A spore is defined as germinated when its moisture content reaches a certain level, termed as 

critical moisture content. The biohygrothermal model can be used to predict the required time 

for germination and the mould growth rate under transient environmental conditions. Beyond 

the isopleth and biohygrothermal models, Ojanen et al. (2010) also expanded the previously 

established VTT model to other common building materials and classified the materials 

based on their sensitivity to mould infestation, which allows building managers to estimate 

the time needed for different degrees of mould contamination on building materials to 

manifest itself.  

 State-of-the-art mould growth assessment efforts and investigations of prediction 

modelling have dealt the effects of common indoor parameters such as RH, temperature and 

nutrient supply. These three parameters have been targeted as the key elements for fixing the 

physical environment to prevent mould growth in buildings. In the following sub-sections, 

mould control measures targeting these three factors are reviewed individually along with 

their main limitations. In addition, other than limiting the supply of resources (e.g., moisture 

and nutrients), introducing stress inducers has been another emerging strategy to inhibit 
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mould growth (Gaylarde et al., 2011). Among the most popular stressors are nanoparticles 

(NPs) used in surface coating as a new technology (Chen et al., 2009; Gaylarde et al., 2011; 

Tao, 2018). Therefore, the use of NPs as stressors is also discussed in terms of its pros and 

cons.  

 

2.2.2. Moisture control 

Moisture appears to be the most significant element for mould prevention in the indoor 

environment. A number of studies have demonstrated that RH > 90% is favourable for indoor 

mould growth, with most of the indoor moulds peaking their growth rates at 95% – 99% RH 

(Segers et al., 2015; van Laarhoven et al., 2016). In many cases, water leakage (contributing 

to an equilibrium relative humidity of > 99%) is the root cause of mould formation in 

domestic areas, which could be tackled by fixing the water leakage problem, and hence is 

regarded as a one-off event (USEPA, 2019). Another possible cause for indoor dampness 

problems is condensation, which can be frequently found in condensation prone areas such 

as that around the air diffuser of AC units and window and door gaps (WHO, 2009; Wu et 

al., 2018). The water vapour in air could condense on cold surfaces, leading to a high water 

activity on the surface and consequently supplies water for mould growth (Wu et al., 2018). 

The conditions that contribute to condensation are well established and known as dew point. 

One can apply the dew point calculation to avoid condensation problems, in order to reduce 

the moisture supply for mould growth (Lawrence, 2005). To mitigate moisture problems, 
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silica-containing paints have been developed as a new technology in surface industry and 

used as antifungal coatings on building materials, because silica nanoparticles are considered 

as resistant to mould formation in an organic polymer dispersion. The hydrophobic surfaces 

generated by silica-containing paints can spread water droplets rapidly and lead to a washing 

effect, which would consequently contribute to the rapid drying of building materials 

(Gaylarde et al., 2011).    

Mould contamination caused by humid atmospheric conditions, however, is more 

complicated and difficult to counteract. WHO suggests that 75% RH can be adopted to inhibit 

mould growth on building materials (WHO, 2009), and an even lower indoor humidity of 

30–60% is proposed by the United States Environmental Protection Agency (USEPA) for 

mould prevention purposes (USEPA, 2019). However, in tropical and subtropical areas like 

Hong Kong, daily mean RH is usually higher than 80% during spring and summer time, and 

can exceed 90%. To achieve the suggested RH level, one of the commonly used approaches 

is to operate ACs or dehumidifiers for 24 h each day. This is a convenient approach since 

users just need to press an on/off button and no extra work is required. Nevertheless, it is 

energy consuming and conflicts with the requirement of sustainability. According to some 

institutional reports, the operational cost of ACs accounts for over 50% expenses in building 

management (HK Electric, 2019), and thus, in light of sustainability, one of the 

recommendations is to shorten the operation hour of ACs in order to improve the sustainable 



 

14 

 

performance in buildings. This posits a trade-off between indoor hygiene and sustainability, 

and thereby is worth being highlighted in building management practices.  

As moisture control could be difficult or costly in humid areas, other mould control 

measures targeting nutrient and temperature have also been launched as sustainable 

alternatives in buildings. 

 

2.2.3. Nutrient control  

Nutrient supply can vary greatly between different indoor surfaces; specifically, cellulose 

surfaces (e.g., wooden board) and leather containing more nutrients to support mould growth, 

while moulds are generally not expected to infest glass and metal surfaces due to the absence 

of degradable nutrients (Ojanen et al., 2010). Hence, the commonly adopted strategies to 

control nutrient availability are regular cleaning and the use of mould resistant materials. 

Regular cleaning to remove organic dust can help reduce the nutrient availability for moulds, 

because organic dust accumulates can serve as the nutrient supply for mould to thrive. 

Moreover, avoiding the use of mould sensitive materials such as wood and paper can reduce 

nutrient availability and consequently slow down mould growth (Sedlbauer, 2001; Ojanen et 

al., 2010; Wu et al., 2018).  

However, nutrient control by cleaning requires extra effort and attention, which increases 

the cost burden to the property management team. Furthermore, “How clean is clean” has 

been a question for decades, although it was partially resolved in the case of A. niger by 
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Hayer et al. (2013). It is reported that A. niger requires 100 nmol of L-amino acids for 

triggering the onset of germination, and the subsequent outgrowth of hyphae needs the 

support of 10 μmol of L-amino acids. In contrast, the germination, hyphal elongation and 

conidiophore formation of two indoor moulds, P. rubens and C. halotolerans, were observed 

in pure water by Segers et al. (2017), which implies that unlike A. niger, some indoor mould 

species adopt an a posteriori strategy that does not require the presence of certain external 

nutrients for growth, which challenges the effectiveness of nutrient control for mould 

prevention in indoor environments. Apart from the surface texture, the surface conditions 

such as poor state of maintenance, aging, loading (wear and tear on the material), limited 

cleaning access and dirt can also facilitate mould growth (Gravesen et al., 1999). Therefore, 

the uncertain surface conditions may further limit the effectiveness of nutrient control for 

indoor mould prevention.  

 

2.2.4. Temperature control  

Temperature is also targeted for mould prevention in indoor environments as one of the 

factors that can affect mould growth. Filamentous fungi accelerate their growth rate when 

the temperature approaches the favourable levels, which typically falls between 25 – 30 °C 

for indoor fungi (Sedlbauer, 2001; Ojanen et al., 2010; Aihara et al., 2012). Thus, reducing 

the ambient temperature can help slow down mould activities.  
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The control of temperature is normally achieved by ACs, which indeed simultaneously 

maintain both temperature and RH. In libraries, the temperature of ACs is normally set at a 

relatively low level (e.g., around 20 °C), in order to slow down mould activities. Since 

temperature is also an important parameter for human comfort, it should be kept within a 

certain range that is comfortable for occupants, which restricts the effectiveness of 

temperature control on mould prevention (Sedlbauer, 2001). According to the Hong Kong 

Indoor Air Quality Scheme, the indoor temperature should be ideally maintained between 20 

– 25.5 °C (GovHK, 2019), and European guidelines recommend a temperature range of 19 – 

24 °C for preserving books and paper products in libraries (Micheluz et al., 2015). However, 

as indicated by the isopleth model, only slight delay in growth is caused by the change in 

temperature alone within the comfortable range for humans; e.g., the isopleth model states a 

similar mould growth rate at 19 and 25 °C (Sedlbauer, 2001). Therefore, the overall 

temperature in buildings might not be the most appropriate factor for manipulation.   

Besides overall temperature, the temperature of the micro-environment of a surface is 

more adjustable. To maintain a low surface temperature, a type of heat reflective paint named 

“cool paint” has been developed, which is shown to reduce cooling requirements by up to 

86% (Uemoto et al., 2010). Although the “cool paint” is generally used as the external 

architectural paint to mitigate urban heat islands, its effectiveness as an indoor paint remains 

to be validated. Whereas, even though the surface temperature can be further reduced below 

19 °C, temperature control may still not be promising, because some frequently found indoor 
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moulds are reported to be psychrotolerant; e.g., Cladosporium cladosporioides can tolerate 

cold environments and has been isolated from fridges; and Cladosporium halotolerans, 

another type of common indoor mould which has been found in arctic areas, indicating its 

hyper-tolerance to low temperature (Bensch et al., 2012). Therefore, the effectiveness of 

temperature control is relatively restricted.  

 

 

2.3. Nanoparticles as stressors to inhibit mould growth  

Besides the measures that attempt to fix the physical environment, nanoparticles (NPs) such 

as silver (Ag), zinc oxide (ZnO), titanium dioxide (TiO2) and magnesium oxide (MgO) NPs 

have been widely applied to prevent mould contamination on paper, stone, paintings and 

wooden materials as stressors during the last decade, because of their abilities to interact with 

DNA and proteins and pass through the cell membrane as well as their low cytotoxicity 

(Gaylarde et al., 2011; Franco Castillo et al., 2019). Different mechanisms have been 

proposed for these NPs. For example, Ag NPs are thought to inhibit mould growth by 

interrupting DNA replication and respiratory processes as well as disturbing the electrical 

potential of cell membranes; TiO2 NPs, recognised as a photocatalytic fungicide can generate 

hydroxyl and superoxide radicals in the presence of UV light, which increases oxidative 

stress and hence inactivates moulds (Chen et al., 2009; Ogar et al., 2015). Moreover, in paper 

conservation, NPs are particularly of interest due to their ability to effectively cover the paper 
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and penetrate into the cellulose fibre network to neutralise acids, acting to protect paper from 

cellulose hydrolysis. Franco Castillo et al. (2019) has demonstrated the feasibility of using 

MgO NPs as colourless, low cost and effective anti-mould materials to prevent fungal 

contamination on 18th century paper. 

 However, some metal NPs, e.g., Ag NPs are toxic to cells of higher animals and can 

disrupt the ecological balance in nature (Franco Castillo et al., 2019). Photocatalytic TiO2 

loses its effectiveness under limited UV light conditions since indoor natural light is proven 

to be not capable to induce the photoreaction of TiO2 for mould inhibition (Chen et al., 2009). 

Furthermore, the inclusion of NPs requires re-construction of materials, thereby requiring 

extensive extra work. Therefore, although the antifungal effectiveness of many NPs has been 

demonstrated, it is not realistic to adopt NPs surface coating as a general solution for mould 

prevention in the indoor environment. Building engineers may consider incorporating NPs 

into new building materials, which would eventually help reduce the indoor mould problem.   

Among the above discussed mould control strategies, moisture control relying on ACs 

or dehumidifiers tends to be the most effective and user-friendly approach. The operational 

cost of ACs is a fixed part of expenses in running a building, and therefore, if the operation 

time of an AC can be controlled within an acceptable range (e.g., several hours more than 8 

h per day) but still satisfies the requirement of mould prevention, it would extensively 

enhance the sustainability performance and hygiene in indoor environments.  
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2.4. Feasibility of operating non-24 h ACs to prevent indoor mould contamination  

To balance sustainability and mould hygiene, the minimum but effective operation duration 

of ACs should be investigated so that the management team can turn on the AC for certain 

hours each day to achieve a mould-free environment, and then switch it off for the remaining 

time to save energy. Using a typical 1.5-ton AC with 3.81 kW cooling capacity as an example, 

approximately 520 USD could be saved by cutting the operation time from 24 h to 12 h per 

day based on the electricity rate in Hong Kong. The periodic use of ACs will result in wet-

dry cycles each day. Therefore, it is essential to understand the effect of transient water 

availability on mould growth in order to develop sustainable moisture control measures.  

Observational studies of the transient moisture effect on indoor mould growth have been 

conducted on numerous substrates. Table 2-2 reviews the existing studies of indoor mould 

response to dynamic water availability. 
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Table 2-2. Existing studies on the response of indoor moulds to water dynamics 

Macro/micro 

level 

Mould species Water dynamics 

pattern 

Growth substrate Major findings Reference  

Macro 

Pre-infested 

moulds at sampled 

sites 

2 rounds of wet–dry 

cycles 

Gypsum board, 

particle board and 

wood board 

Fungal growth on building materials was 

mainly due to the moisture content of the 

material; air drying at 50% only affected 

fungal viability slightly  

(Pasanen et 

al., 2000) 

I. fumosorosea Temperate, subtropical 

and arid climate 

Membrane filter  All climate conditions weakly affected 

mould persistence  

(Bouamama 

et al., 2010) 
 

Mixture of six 

indoor moulds 

Daily and weekly  Wood board Fluctuating RH led to slower growth 

compared to steady-state RH 

(Johansson 

et al., 2013) 

P. rubens  4 or 48 h dry -> 

continuously wet 

Malt extract agar A desiccation period could temporarily 

arrest the expansion of fully developed 

colonies but not inactivate them 

(Bekker, 

2014) 

Micro 

P. rubens  1 or 24 h dry -> 

continuously wet  

Gypsum  1 h dry could cease most of hyphal 

growth; 24 h dry arrested all hyphae from 

extending and delayed sporulation  

(van 

Laarhoven 

et al., 2016) 

A. niger, C. 

halotolerans and 

P. rubens  

1 week dry -> 

continuously wet 

Membrane filter  C. halotolerans was more resistant to 

dynamic aw than two other species, but 

grew more slowly at steady-state 

conditions compared to the other two  

(Segers et 

al., 2016) 
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The investigations into the responses of indoor moulds to water dynamics were initiated 

at macro-level first using the radiative growth of colonies or percentage of culturable mould 

spores as the endpoint of measurement. As reported, the viability of mould spores and mature 

colonies were only weakly affected by the wet–dry cycles (Pasanen et al., 2000; Bouamama 

et al., 2010; Bekker, 2014), because the unique structure of spores can protect them against 

water stress (Hayer et al., 2013). Meanwhile, the growth of moulds could be significantly 

delayed due to the introduction of dry periods (Johansson et al., 2013; Bekker, 2014). 

Johansson et al. (2013) compared the growth of a group of indoor moulds under steady-state 

condition (90% for 42 days) with that under transient conditions (weekly wet–dry cycle of 

90–60% RH or one wet–dry cycle every 12 h) on wood boards, and showed that fluctuating 

RH regimes resulted in substantially less growth than constant conditions. In addition, 

desiccation periods were also demonstrated to temporarily arrest the colony expansion of P. 

rubens but not inactivate it (Bekker, 2014).  

The observations of mould growth under water dynamics were advanced to the 

microscopic level by van Laarhoven et al. (2016), who employed a microscopic video 

recording system and managed to visualise the detailed phenomena regarding the growth of 

P. rubens under dehydration and rehydration. A cessation of hyphal extension after one-hour 

dry-period (60% RH) was observed in P. rubens on gypsum material; moreover, when the 

dry periods were extended to 24 hours, the conidiation of P. rubens appeared to be 

significantly delayed. Segers et al. (2016) further investigated the effect of dynamic water 

availability at the cellular level – one week of incubation at low RHs (75%, 58% and 33%) 
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can cause swollen spores, spores with germlings and non-sporulated micro-colonies of 

Aspergillus niger, Cladosporium halotolerans and P. rubens to lose viability. Moreover, C. 

halotolerans survived better than A. niger and P. rubens under water dynamics but slower 

growth at constant low RH levels compared with A. niger and P. rubens. 

Although the above studies have demonstrated the feasibility of adopting dry periods to 

interrupt mould growth, the adopted dynamic water availability patterns in these studies 

could not fully represent the situation in real-world indoor environments, because of the 

limited rounds of wet–dry cycles used in the existing studies.  

 

 

2.5. Mechanistic studies on mould response to water dynamics  

2.5.1. The life cycle of moulds 

The life cycle of mould is well-established and known (Figure 2-1). There are generally 6 

developmental stages in the life cycle of moulds (Figure 1), including (I) dormant spore, (II) 

isotropic swelling, (III) outgrowth of hyphae, (IV) mycelia without aerial hyphae, (V) 

mycelia with aerial hyphae, and (VI) with spore-forming conidiophores. 
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Figure 2-1. Schematic life cycle of moulds (Segers at al., 2016).  

A spore can remain dormant but still viable for a long period of time (e.g., over a year) 

due to the existence of mechanisms that protect them from ambient stresses. For example, 

dehydrins, which are the proteins that can protect spores from oxidative, osmotic and pH 

stresses, are significantly expressed in dormant spores (Hoi et al., 2011). It is reported that 

fungal spores exhibit a basal level of metabolism to maintain viability before germination 

through degradation of internal sugars and lipids (Brengues et al., 2002; Morozova et al., 

2002).  

As soon as the spore senses favourable environmental conditions such as sufficient water 

supply and suitable triggering compounds by a triggering sensor which is suspected to locate 
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externally, germination process starts (Novodvorska et al., 2013; Hayer et al., 2014). The 

term “germination” appears frequently in the studies related to spores. While it is noteworthy 

that the definition of “germination” varies among different researchers. Many previous 

studies regard germination as the appearance of visible germlings, and a spore is considered 

as germinated when the length of its longest germ tube is greater to equal the greatest 

dimension of the swollen spore (Dantigny et al., 2006). However, some recent studies define 

germination as the transition from a dormant to outgrowth of hyphae, and divide germination 

into two distinct stages, including isotropic swollen and hyphae outgrowth (Hayer et al., 2013; 

Van Leeuwen et al., 2013). Regardless of the difference in definition, the formation of 

germlings emerging from spores is a widely used indicator of spore viability after treatments 

(van Laarhoven et al., 2016; Segers et al., 2016). Failure in formation of hyphae can prevent 

mycelia propagation, aerial hyphae formation and sporulation, which helps tackle mould 

contamination problems at an early stage. 

In general, a spore mainly requires water, suitable temperature and oxygen as well as 

presence of nutrient for germination (Hayer, 2014; Šimkovič et al., 2015). Uptake of water 

helps accumulate turgor pressure within the spore for subsequent polarised growth (Ruiz-

Herrera, 2016), and nutrient with specific structure serve as the germination trigger (Hayer 

et al., 2013). During initial spore swelling, the external hydrophobic layer of the spore is lost, 

and the spore expands its size isotropically through both hydration and deposition of new cell 

wall material (Hayer, 2014). Simultaneously, a cluster termed polar cap, which includes 



 

25 

 

GTPase cdc42p, actin regulators and cell-wall remodelling factors, directs the polarity 

establishment and polarised growth and is assembled and wandering in the spore. The polar 

cap is observed to be assembled long before hyphal outgrowth but disassembled and 

reassembled at successive locations before it is stabilised, resulting in a stochastic wandering 

motion before outgrowth. The local growth at the cap continuously increase the stress to outer 

spore wall (OSW), and the OSW will be ruptured when a threshold is reached (double of 

spore volume). The appearance of rupture in OSW can trigger polar cap stabilisation and 

germ tube outgrowth (Bonazzi et al., 2014). Afterwards, a polar germ tube hatches out of the 

OSW as an extension of inner wall through existing OSW and begins to elongate, referred to 

as outgrowth of hyphae. It is indicated that secretion of cell wall lytic enzymes must be 

involved in the germination process to lyse and soften the OSW at a small and localised area 

for the outgrowth of hyphae (Ruiz-Herrera, 2016). 

After the germ tube has hatched out from the spore, the osmotic uptake of water 

generates a hydrostatic pressure (turgor) that maintains the tubular form of hyphae and 

provides the mechanical force for propagation or penetration of the hyphae into a solid 

substrate (Valkonen et al., 2007). Once the germ tube reaches a specific length, it can be 

defined as a mature hypha. In the growing tip, the wall polymers such as chitin and β-glucan 

are synthesised and deposited in this apical area as individual chains, making the wall tip 

more plastic and extensible compared with other hyphal regions where the wall is rigid due 

to hydrogen bonds and covalent bonds within the wall domain. Since the tip of the hyphae 
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has a more plastic cell wall than the base, the turgor pressure inflicts water loss in this region, 

inducing the cytoplasmic water to flow towards the tip, dragging the nutrients absorbed in 

other regions of hyphae and driving horizontal hyphal elongation. The horizontally grown 

hyphae are named as vegetative hyphae (Gomes et al., 2018).  

Besides horizontal propagation, there is another direction of growth – vertically grown 

hyphae, termed as aerial hyphae. The growth of vegetative hyphae is arrested when it reaches 

certain extension or encounters stresses in ambient environment such as nutrient starvation, 

drought and osmotic stress. After reaching this threshold or sensing the environmental shifts, 

asexual sporulation (conidiation) is induced (Roncal & Ugalde, 2003). Conidiogenesis, the 

morphogenetic process that moulds undertake for dispersal, is well-characterised in 

Penicillium and Aspergillus. However, it has not been sufficiently studied in other common 

genera, for example, Cladosporium. In Aspergillus nidulans, conidiation starts from: (1) 

Forming aerial stalks from thick-walled foot cells; (2) The tips of stalk swell to form a 

multinucleate vesicle; (3) Metulae and phialides are formed on the surface of vesicle through 

a budding like process; and (4) Phialides undergo asymmetric mitotic division to generate 

conidia chains (Park et al., 2014). Penicillium species go through similar conidiogenesis 

process but lack the vesicle and metuale formation. After the conidiation process, mature 

conidia are formed and ready for dispersal (Roncal & Ugalde, 2003). 
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2.5.2. Moisture as the critical factor for mould development 

Turgor pressure is the major driving force of germination and hyphal growth, which is 

generated by osmotic uptake of water and can be expressed by the equation, 

 ∆p = RT(𝑐𝑖 − 𝑐𝑜),  

where p is the pressure, R stands for the gas constant, T represents temperature, and ci and co 

are concentrations of osmotically active solutes inside and outside the cell, respectively (Lew, 

2011). During germination, accumulation of turgor is essential for the increase of cell volume 

and subsequent rupture of OSW for hyphal outgrowth (Bonazzi et al., 2014). It is also 

reported that a pressure above the threshold level (minimum pressure below which cell 

expansion will not occur) is required for hyphal extension (Lockhart, 1965). Besides, being 

the driving force, turgor also has a role in directing the propagation of colonies. It is measured 

that turgor pressure at the basal part of hyphae is higher than hyphal tips, causing a 

cytoplasmic flow from basal mycelial network towards expanding tips, which directs the 

expansion of the colony edge (Lew, 2011).  

        Moisture can directly impact turgor pressure (Lew, 2011). The decline in turgor can be 

consequence of a decrease in water availability, e.g., dry out of the substrate, which is thought 

to essentially constitute a hyperosmotic environment which renders the outflow of water and 

loss of turgor (van Laarhoven et al., 2016). Therefore, when moisture level is reduced, fungal 

cells lose extension force, which leads to the arrest of growth.   
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2.5.3. How dry condition interrupts mould growth  

Besides leading to the loss of turgor, dry condition encompasses various stresses that can 

affect mould growth. The exposure to wet-dry cycles is believed to be related to the inability 

of moulds to maintain water homeostasis, which consequently induce both severe osmotic 

stress and direct exposure to air (oxidative stress). Ergosterol, components present on fungal 

cell membrane that can protect fungal cells from oxidation was demonstrated to play a role 

in protection of fungal cells against oxidative stress by comparing the viability of ergosterol 

mutants with wild type strain under wet-dry treatments (Dupont et al., 2012). Van Laarhoven 

et al. (2016) agreed that the hyperosmotic stress is accompanied with dry-periods which 

significantly interrupts mould growth on gypsum material. Therefore, mould responses to 

oxidative stress and hyperosmotic stress are reviewed and assembled. 

 

 

2.6. Possible mechanisms regulating fungal growth/viability under water stress 

In order to develop effective and sustainable moisture control strategies that accurately target 

the key mechanisms/pathways, it is essential to understand the critical mechanisms regulating 

mould growth/viability under drought stress. The mechanistic understandings may help in 

the development of novel and sustainable mould prevention strategies. 

Drought/desiccation/dehydration is a complex condition that encompasses various 

stresses (França et al., 2007). The exposure to drought periods is related to the inability of 



 

29 

 

fungus to maintain water homeostasis, which essentially constitutes the hyperosmotic shock 

that renders fungal cells to lose rigidity and shrivel (Lew, 2011; van Laarhoven et al., 2016). 

In addition, the reduction of moisture in the ambient environment leads to the direct exposure 

of moulds to air, elevating the oxidative stress to cells. The important role of redox 

homeostasis in fungal viability under dehydration has been described in earlier studies. De 

Jesus Pereira et al., (2003) reported that the expression of genes involved in redox balance 

systems and the activation of antioxidant enzymes was induced under dehydration stress, and 

overexpression of the antioxidant enzyme genes contributed to a protective effect against 

dehydration (Garre et al., 2010). Both a cytoplasmic catalase mutant (CTT1) and mutants of 

ergosterol biosynthesis genes, which are each demonstrated to have a role in protecting cells 

against oxidative stress, exhibit sensitivity to dehydration compared with parental strains 

(França et al., 2005; Dupont et al., 2012). Hence, one may infer that hyperosmotic stress and 

oxidative stress are the two main stresses thought to be involved under dehydration. The 

mechanisms adopted by moulds to cope with these two stresses are discussed in the following 

subsections. 

 

2.6.1. Hyperosmotic stress response in fungi 

Exposure to hyperosmotic shock (such as NaCl, sucrose) causes rapid water loss and 

therefore a reduction in turgor pressure (Lew, 2011; Brown et al., 2014). The osmotic stress 

response mechanisms in fungi have been well-characterised and are controlled by an osmotic 

mitogen-activated protein kinase (MAPK) pathway (also known as high osmotic glycerol 
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(HOG) pathway, the common description of the osmotic MAPK cascade). The MAPK 

pathway is responsible for the recovery of turgor following hyperosmotic shock through two 

mechanisms, osmolyte accumulation and ion transportation. An example of hyperosmotic 

stress adaptation in Nerospora crassa is shown in Figure 2-2.   
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Figure 2-2. Mechanisms of osmotic stress response in Nerospora crassa. Adapted and 

modified from Lew (2011).   
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The MAPK pathway is activated by osmotic shock acting on an upstream sensor, 

followed by the expression of other pathway-specific genes (e.g., MAPK, MAPKK and 

MAPKKK cascade genes). Inactivation of any genes corresponding to any of the component 

in the MAPK cascade confers sensitivity to osmotic shock, and mutants of either the sensor 

gene or MAPKKK gene in the cascade have lower turgor than wild types and exhibit 

incomplete turgor recovery after hyperosmotic shock (Lew et al., 2006). The activation of 

MAPK pathway can lead to both osmolyte accumulation (usually glycerol) and ion 

transportation (H+ pump activity and K+ uptake), while notably, turgor can also be regulated 

by the uptake of ions without the presence of glycerol accumulation (Ochiai et al., 2001; Lew, 

2010, 2011). 

Studies have monitored the physiological changes following hyperosmotic shock. Lew 

et al. (2006) compared the time for turgor recovery when permeant osmolyte (an osmolyte 

that can enter the cell and thus lead to direct uptake by cells) was used with impermeant 

substance. It took approximately 10 min for N. crassa cells to recover turgor when permeant 

NaCl was added, compared with 60–90 min with an impermeant sucrose treatment. 

Following the sucrose treatment, cells lost water and hence a decrease in turgor was observed 

together with the rapid cessation of growth. Cell turgor was then recovered through the ion 

uptake and glycerol synthesis after 4 min and 20 min of hyperosmotic shock, respectively. In 

Candida albicans, cells displayed rapid (within 2 min) and sustained (over 90 min) Hog1 

phosphorylation following exposure to hyperosmotic shock, and intracellular glycerol level 
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increased from 10 min onwards. These results consolidate the suggestion that the Hog1 

signalling pathway is required for osmoadaptation (Ene et al., 2015). 

 

2.6.2. Oxidative stress adaptation in fungi 

Oxidative stress response in fungi has been well-characterised at both genetic and 

physiological levels. In C. albicans, the oxidative stress tolerance is dependent on a 

transcription factor Cap1, which targets genes involved in detoxification of oxidative stress, 

such as catalase (CAT1), superoxide dismutase (SOD1), glutathione synthesis (GCS1), redox 

homeostasis (glutathione reductase: GLR1) and oxidative damage repair (thioredoxin: 

TRX1). The activation of these genes results in the synthesis of antioxidant enzymes such as 

catalase (CAT), superoxide dismutase (SOD) and glutathione reductase (GR), which helps 

detoxify reactive oxygen species (ROS) and mediates cellular adaptation of oxidative stress. 

In contrast, the inactivation of the transcriptional regulator Cap1 renders the attenuation of 

the above genes involved in the detoxification of ROS, and cells consequently confer 

sensitivity to oxidative stress (da Silva Dantas et al., 2010; Brown et al., 2014). The 

mechanism of oxidative stress adaptation is partially conserved in fungi but differs between 

species. In Aspergillus nidulans, different genes regulating oxidative response in spores (catA) 

and mycelia (catB), respectively, were reported (Navarro et al., 1996). 

Physiologically, fungi possess excellent enzymatic and non-enzymatic antioxidant 

systems to ensure cells maintain redox homeostasis (Figure 2-3). The enzymatic antioxidant 

system consists of antioxidant enzymes including CAT, SOD, GR and glutathione peroxidase 
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(GPx). SOD catalyses superoxide anions to less toxic H2O2, the decomposition of which is 

further carried out by CAT and GPx. The non-enzymatic antioxidant system mainly 

encompasses antioxidants such as reduced glutathione (GSH), vitamin C, vitamin E and uric 

acid. As one of the key antioxidants with a synergistic action of GPx, the involvement of 

GSH in H2O2 metabolism has been demonstrated and the GSH contents can be maintained 

by GR through the glutathione pathway (Circu and Aw, 2010; Deng et al., 2016). The 

importance of these enzymes was verified by mutants with the genes encoding these enzymes 

being knocked-out. All mutants with the inability to synthesise antioxidant enzymes 

exhibited significantly higher susceptibility to oxidative stress compared with parental strain 

(Li et al., 2008).  
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Figure 2-3. Oxidative stress adaptation in filamentous fungi. A schematic diagram of 

the role of catalase (CAT), superoxide dismutase (SOD), glutathione reductase (GR), 

glutathione peroxidase (GPx) and reduced glutathione (GSH) in detoxifying oxidative 

stress in moulds. Adapted and modified from Deng et al. (2016). 
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2.7. Current advances in the mechanistic studies of mould response to water dynamics  

Besides dehydration, the wet–dry cycle also contains a rehydration period, contributing to 

cyclic transitions between favourable and stressful conditions. The multiple and sudden shifts 

between these two extreme environments can harm cells even more than just from optimal 

to stressful condition. As mentioned by Segers et al. (2016), apart from the change from wet 

to dry, a sudden increase in water supply after desiccation could also impose stress 

(hypoosmotic shock) to hyphae, and thus the capability to grow at steady-state low water 

activity (aw) cannot reflect the tolerance to water dynamics. Nevertheless, research studies 

on the mechanisms of mould response under water dynamics are still limited. Most of the 

existing studies just focus on the observations of mould growth under water dynamics by 

measuring radiative growth or germination percentage using microscopic systems (Johansson 

et al., 2013; Segers et al., 2016; van Laarhoven et al., 2016), the underlying mechanisms 

remain to be investigated. 

Segers et al. (2016) hypothesised that the presence of melanin in C. halotolerans hyphae 

leads to a more rigid cell wall at hyphae tips, contributing to better survival under water 

dynamic treatments while a slower growth compared with A. nigers and P. rubens. Therefore, 

the viability of melanin mutants of A. niger was then compared with wild type strains under 

steady-state low aw and water dynamics by Segers et al. (2018). All the mutants affected in 

conidial pigmentation exhibited equal growth and viability to wild type strains at steady-state 

low aw (0.81) and after the wet–dry treatments (0.75 aw for 1 week, then exposed to 0.98 aw 
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for 1 week), which suggests that melanin does not have a role in resistance to dehydration 

and water dynamics at least in the case of A. niger (Segers et al., 2018). 

 Extant literature on the investigations of genetic or physiological responses of moulds 

to water dynamics is limited, considerable knowledge gaps exist on this topic and more 

research is needed to understand the cyclic moisture effect on mould response and its 

underlying mechanisms. By understanding the critical mechanisms regulating the growth or 

survival of moulds under water dynamics, one could investigate the critical condition that 

leads to the interruption of this particular pathway; e.g., if osmotic stress is playing the most 

important role under water dynamics and each wet–dry shift can cause damage to cells, then 

the time duration and the number of wet–dry cycles that can inactivate fungal cells could be 

determined so that in building management, the facility management team may operate the 

AC for certain hours with particular rounds of on–off to prevent indoor mould contamination. 

As a result, more sustainable and effective engineering solutions could be developed to 

resolve the indoor mould issues.   

 

 

2.8. Conclusions and perspectives 

Moisture control relying on ACs or dehumidifiers is effective and user-friendly, although a 

trade-off between the sustainability performance and mould hygiene exists. Understanding 

mould responses to water dynamics and the underlying mechanisms is essential for the 
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development of sustainable moisture control regimes. At present, knowledge beyond the 

survival and growth observations under water dynamics has been restricted despite the 

extensive amount of work undertaken. Further research should place more focus on the 

critical mechanisms regulating mould growth under water dynamics in order to develop 

sustainable moisture control strategies for mould prevention in built environments.  

 

2.9. Objectives and hypotheses 

Objective 1 - Case study of a mould contaminated site 

A case study was conducted first to illustrate the formation of micro-environments that 

support different mould species and hint the potential environmental factors that contribute 

to the mould growth. The limitations of controlling mould growth using the current available 

control measures was assessed and developed sustainable and potentially effective mould 

prevention strategies.  

 

Hypothesis and expected results  

Except for the high atmospheric RH, condensation may be another factor that contributes to 

the water supply for mould growth. Cladosporium, a common indoor mould genus and 

secondary coloniser which normally requires >80% RH for growth, may be the most 

prevalent genus in the mould contaminated site (Bensch et al., 2018), since the atmospheric 

RH in Hong Kong can remain >80% for long and condensation after air-conditioning is 
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turned off may provide water for Cladosporium. Besides operating 24-h air-conditioning 

system or other moisture control measures, there are also alternative measures that target 

nutrient control to limit mould growth (e.g., clean the materials to remove nutrition dust).  

 

Objective 2 - Theoretical investigation of the mechanism that regulates the resistance to 

water dynamics  

Mould spores were challenged with both single dry periods and daily wet-dry cycles and 

effectiveness of each treatment were determined. The treatment effectiveness was compared 

with the physiological changes of hypothesised mechanism caused by each treatment, in 

order to understand the role of hypothesised pathway in response to water dynamics. After 

knowing the mechanism that plays a central role in response to water dynamics, the condition 

that can deplete the corresponding defence was tested, which is the critical point that moulds 

lose defence and become hypersensitive to dynamic aw.  

 

Hypothesis and expected results 

Oxidative stress is reported to be the primary cause of cell death at 40% - 60% RH and 

demonstrated to be involved in drying periods (Dupont et al., 2012). Therefore, it is 

hypothesised that ROS concentration (e.g., H2O2 concentration) and antioxidant defence such 

as catalase activity will correlate with drying effectiveness.  
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    The effectiveness of single dry period is expected to increase as the dry period is extended 

and will be accompanied with the depletion of catalase activity and accumulation of H2O2. 

While for daily wet-dry treatments, a longer drying duration (e.g. 24 hours per day) may not 

necessarily lead to a higher treatment effectiveness, since dormant spores are more resistant 

to ambient stress compared with other growth stages (Hayer et al., 2013). It is expected that 

the daily wet-dry treatment that exhibits the highest effectiveness will impose highest 

oxidative stress on moulds.  

 

Objective 3 - Comparison of the resistance to water dynamics among different mould 

species   

It is reported that tolerance to dynamic aw differs between mould species, and the capability 

to grow under low aw does not reflect the resistance to dynamic aw (Segers et al., 2016). In 

this objective, mould species exhibiting different degree of tolerance to dynamic aw will be 

studied in terms of their ability to detoxify oxidative stress under wet-dry cycle treatments.  

 

Hypothesis and expected results 

Mould species that display better survival or growth under dynamic aw have stronger ability 

to detoxify reactive oxygen species (ROS), probably reflected in higher antioxidant enzyme 

activity (such as catalase activity and superoxide dismutase) under dynamic aw treatments.  
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Objective 4 – Investigation of the effect of temperature on the resistance of indoor moulds 

to water dynamics 

Temperature, which is also known as one of the abiotic factors that can influence mould 

growth and viability, has been targeted by some indoor mould prevention strategies, namely 

temperature control. However, maintaining a low temperature is energy consuming and since 

temperature is also important for occupants’ comfort, the temperature range that can be 

manipulated is relatively narrow, which may limit the effectiveness of temperature control. 

In this objective, temperature effect will be investigated in terms of its impacts to the 

tolerance of indoor moulds towards water dynamics. 

 

Hypothesis and expected results 

The temperature level that appears to reduce the survival of moulds is expected to cause 

higher oxidative stress to moulds, which can be reflected in the higher lipid peroxidation 

level.   
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2.10. Flow of the objectives 
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Chapter 3. Environmental sustainability and mould hygiene in buildings – A case 

study of a mould contaminated laboratory 

 

Declaration: (Part of) This chapter has been published in International Journal of 

Environmental Research and Public Health, 15(4), 681. Doi: 10.3390/ijerph15040681 

 

Abstract 

Environmental sustainability is one of the key issues in building management. In Hong Kong, 

one of the initiatives is to reduce the operation hours of air-conditioning in buildings to cut 

down energy consumption. In this study, we reported a mould contamination case in a newly 

refurbished laboratory, in which the air-conditioner was switched from 24- to 18-hour mode 

after refurbishment. In order to prevent mould recurrence, the air-conditioner was switched 

back to 24-h mode in the laboratory. During the mould investigation, visible mould patches 

in the laboratory were searched and then cultured, counted and identified. Building and 

environmental conditions were recorded and used to deduce different causes of mould 

contamination. Eight contaminated sites including a wall, a bench, some metal and plastic 

surfaces and seven types of moulds including two Cladosporium spp., two Aspergillus spp., 

one Rhizopus sp., one Trichoderma sp., and one Tritirachium sp. were identified. 

Cladosporium spp. were the most abundant and frequently found moulds in the laboratory. 

The contaminated areas could have one to five different species on them. Based on the mould 
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and environmental conditions, several scenarios causing the mould contamination were 

deduced, and different mould control measures were discussed to compare them with the 

current solution of using 24-h air-conditioning to control mould growth. This study highlights 

the importance of mould hygiene in sustainable building management and the needs to 

develop a sustainable and effective air-conditioning management regime to control mould 

growth. 

 

Keywords: mould; hygiene; sustainability; built environments; air-conditioning 

 

3.1. Introduction 

Environmental sustainability is one of the key issues in building management. According to 

the World Green Building Council (WGBC), one of the features of green buildings is 

efficient use of energy, water and other resources, which could not only save operation costs 

of the building, but also give consideration to environmental sustainability (WGBC, 2017). 

In Hong Kong, electricity consumption for air-conditioners accounts for 50% of electricity 

consumption in commercial buildings and 30% of total electricity consumption (HK electric, 

2017). Hence, saving energy by cutting down the operation hours or turning up the set 

temperature of air-conditioners can obviously help towards building sustainability; a drop of 

1 °C in the room temperature consumes 3% more energy (GovHK, 2017). 

As part of a university overseeing a large building portfolio, the building and facilities 

management team is responsible for setting up policy to improve building sustainability. In 

light of the concern for energy saving, new initiatives related to the use of air-conditioners 
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are regularly proposed and tested to further enhance the environmental performance of 

buildings in the campus. For instance, one of the initiatives is to reduce the operation of the 

air-conditioning system in some general laboratories from 24 to 18 h or even less time. 

However, after running this initiative, several mould contamination cases were reported. In 

general, mould requires the basic elements of water, nutrition and proper temperature for 

growth (Sedlbauer, 2001; Ojanen et al., 2010). It is likely that this energy saving initiative 

has changed some of these elements and thereby led to mould contamination. The health 

effects related to indoor mould contamination have been reviewed by the World Health 

Organization (WHO) and other organizations (WHO 2009; EPD, 2018; USEPA, 2018). In 

brief, some indoor moulds can be pathogenic, and are able to produce allergens, mycotoxins 

and other hazards (WHO, 2009). The mould patches and the mouldy smells (due to the 

emission of various volatile organic compounds) may also cause discomfort to the occupants 

and reduce work productivity as well as increase building management costs on maintenance 

and remediation. Therefore, it is important to prevent mould growth, clean up the mould 

contamination as soon as it happens, and stop its recurrence as a good hygiene practice.  

Currently, in the university campus, one of the measures to prevent mould contamination 

in laboratories and other environments, which is not due to water leakage, is to turn on the 

air-conditioning unit continuously to reduce the room relative humidity (RH) and 

temperature to slow down the mould activity. This mould control measure is common 

because no other work or instrument is needed to prevent mould growth. However, this may 

not be the most sustainable way to balance the energy consumption and mould hygiene.  

Therefore, the aim of this study is to use this mould contamination case as an example 

to highlight the importance of mould hygiene assessment. Moreover, the current approach of 

operating 24 h air-conditioning units to prevent mould contamination will be discussed in 
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terms of its limitations. Other alternative measures will also be compared with the 24 h air-

conditioning approach. The outcome of this study may facilitate future mould remediation 

work and provide alternative measures, which are sustainable to maintain a good mould 

hygiene environment.  

 

3.2. Materials and Methods 

3.2.1. Sampling and cultivation 

Several visual inspections for mould contamination were conducted by two researchers to 

locate the contaminated areas in a laboratory. Environmental mould samples were collected 

from each contaminated area by swabbing the entire representative mould patches. The 

location of the contaminated site/object in the laboratory, the total mould patch area, the type 

of surface material, whether the site/object has been previously cleaned and if visible dust 

was present on the site/object were recorded. Figure 3-1 shows mould contamination at the 

back of an analytical balance (M008) and the mould patch areas as an example. Where mould 

patches were difficult to separate from each other, the entire contaminated area was measured 

as one patch, the rectangular space shown in Figure 1 as compared to the individual red 

circles (individual colonies). In some areas, the mould colonies were not obvious and could 

not be clearly identified from the dust. In this case, the dust area was determined and sampled 

in the same way as the mould patch.  

The interior layout, position of the air supply and return air of the air-conditioning units 

and temperature of the two adjacent rooms as well as temperature outside the laboratory door 

were recorded. The surface temperature and water activity (aw) of the contaminated areas 

were measured using a Hygropalm 23 & probe type HC2-AW (Rotronic AG, Crawley, UK). 

The room RH and temperature at the time of mould sampling were taken simultaneously 
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using a hygrometer. The light of the mould-contaminated surface was rated according to four 

levels: (1) room light + direct sunlight, (2) room light, (3) dim and (4) dark. The position of 

the site/object was also classified as, open or hidden space. Lastly, the pressure difference 

between the laboratory and corridor was also measured using a pocket manometer (Furness 

Controls Ltd., Bexhill-on-Sea, UK). 

After sampling and field investigation, the mould species on the swab samples were 

extracted with sterilized deionized (DI) water using a vortex, and then serially diluted before 

plate counting on potato dextrose agar (PDA) after incubation at 28 °C for 4 days to estimate 

the abundance and diversity of the moulds.  

 

Figure 3-1. Mould patches behind an analytical balance (M008). The red circles indicate 

individual mould colonies. The red rectangular area represents one mould patch area 

because individual colonies are numerous and cannot be separated. 
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3.2.2. Species identification 

In order to facilitate the mould identification, colonies with different morphology were 

separated and sub-cultured on PDA plates until sporulation. The spore forming structure was 

examined under a microscope to identify the mould to the genus level, if possible, to narrow 

down the selection of species-specific primers for further identification (Liu, 2011; USEPA, 

2017). Genomic DNA was extracted from the mycelia using a lysing matrix E tube (MP 

Biomedicals, Eschwege, Germany) and QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) 

following the protocols suggested by the manufacturer.  

The extracted DNA samples that did not match with the selected primers were then 

multiplied using primers ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′) and ITS5 (5′-GGA 

AGT AAA AGT CGT AAC AAG G-3′), and subsequently sequenced on a Life Tech 3730xl 

DNA Analyzer (Thermo Fisher, Waltham, MA, USA) by the Beijing Genomics Institute, 

BGI Co., Ltd. (Shenzhen, China). The DNA sequence was then aligned with NCBI’s 

GenBank sequence database using a BLAST search with 99.99% of similarity, and the 

species identity was further validated using species-specific primers, if available in the US 

Environmental Protection Agency (USEPA) list of common indoor moulds (Liu, 2011; 

USEPA, 2017). Primers used in this study are listed in Table 1. 

 

3.2.3. Mould contamination scenarios 

The mould speciation is an indication of the diversity of the physical environment (e.g., water 

and nutrient levels) that has occurred or is still present in the contaminated area because 

different moulds have different ecological niches and habitats. Combining the mould 

information and the on-site environmental features, different contamination scenarios were 

deduced.
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Table 3-1. Primers used for mould identification in this study (Liu, 2011; USEPA, 2017). 

Species 
Assay 

Name 
Forward Primer (5′-3′) Reverse Primer (5′-3′) 

Aspergillus 

penicillioides 
Apeni2 

ApeniF2: 

CGCCGGAGACCTCAA

CC 

ApeniR2: 

TCCGTTGTTGAAAGTTTTAACG

A 

Aspergillus sydowii Asydo3 

AsydoF1-1: 

CAACCTCCCACCCGA

GAA 

AversR1-1: 

CCATTGTTGAAAGTTTTGACTG

ATCTTA 

Cladosporium 

cladosporioides, 

svar. 2 

Cclad2 

Cclad2F1: 

TACAAGTGACCCCGG

CTACG 

CcladR1: 

CCCCGGAGGCAACAGAG 

Trichoderma 

harzianum 
Tharz 

TharzF1: 

TTGCCTCGGCGGGAT 

TharzR1: 

ATTTTCGAAACGCCTACGAGA 

Rhizopus 

azygosporus/micros

porus 

 

Rh1: 

TTTCCAGGCAAGCCG

GACCG 

Rh2: 

TATTCCCAGCCAACTCGCCAAA

T 
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3.3. Results 

3.3.1. Mould contaminated areas and environmental conditions 

Information about the contaminated areas and their environmental conditions are presented in 

Figure 5 and Table 4. In total, eight contaminated areas were identified, and all the contaminated 

surfaces had a higher aw than the room RH (60.5%) in the laboratory. The contaminated areas were 

mainly located on the left side of the laboratory where the cooled supply air (according to the 

facilities management data, temperature and RH of the supply air were generally around 16 °C and 

60%, respectively under similar environmental conditions) circulated before returning to the air-

conditioner on the right side of the laboratory (Figure 3-2). The culturable mould abundance (in 

terms of mould density, colony-forming unit (CFU)/cm2) and diversity in each contaminated area 

is shown in Figure 3-3. In aggregate, seven species were isolated: two Cladosporium spp. 

(Cladosporium cladosporioides and Cladosporium halotolerans), two Aspergillus spp. 

(Aspergillus penicillioides and Aspergillus sydowii), Rhizopus azygosporus/microsporus, 

Tritirachium sp., and Trichoderma harzianum. Except for C. halotolerans and Tritirachium, all 

other moulds were matched with their corresponding species-specific primers (Table 3-1). 

A total of 120 cm2 mould patch area was observed on the anti-mould painted cement brick 

wall (M001). The wall surface had the highest aw of 0.75 among other contaminated areas. The 

surface temperature was 21.8 °C as compared to 22.0 °C in the room (Table 3-2). The light level 

on the wall surface was dim because the wall is under a wall cabinet (Figure 3-2). According to the 

laboratory user, a larger contaminated surface than that we reported was observed before cleaning 

with diluted household chlorine bleach about 2–3 months ago. 
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Figure 3-2. Laboratory layout and sample sites. The arrows in the laboratory indicate the air 

flow direction. The downward arrow on the left indicates the supply air coming out from the 

air diffusers and the upward arrow on the right points to the direction of the return air into 

the air-cooling units. The arrows shown outside the laboratory indicate the movement of the 

air into the laboratory. The room on the left of the laboratory is for the lab attendant and on 

right for the scientific officers. There are windows at the back of the laboratory. The windows 

are always kept closed.
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Table 3-2. Environmental information and conditions in the sample sites. 

Label Site/Object Surface 
Surface 

Area (cm2) 
aw 

Temp. 

(°C) 
Location Light Level 

Previously 

Cleaned 

Mould Patch 

Area (cm2) 

Visible 

Dust 

M001 Wall 

Anti-mould 

painted cement 

brick wall 

60,000 0.75 21.8 Open Dim Bleach 120 No 

M002 Bench 

Thermosetting 

high-pressure 

laminates 

42,000 0.74 21.7 Hidden Dim No 400 Yes 

M003 Water bath Metal 6750 0.71 20.1 Open Room Bleach 69 Yes 

M004 Shaker  Metal 6500 0.71 19.8 Open Room No 150 No 

M005 Packing film Plastic 5200 0.69 21.3 Hidden Dark No 1100 Yes 

M006 
Mineral oil 

box 
Plastic 810 0.69 21.4 Hidden Dark No 225 Yes 

M007 Toolbox Plastic 5800 0.73 21.1 Hidden 
Room + 

sunlight 
No 270 Yes 

M008 
Analytical 

balance 
Metal 2714 0.65 21.2 Open Dim No 70 No 
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Figure 3-3. Mould abundance and diversity in each sample site/object. 



 

54 

 

According to the Estate Office, an anti-mould paint was applied onto the wall, but 

our results show that this paint could not guarantee a mould free environment. The 

mould density was relatively low (0.38 CFU/cm2) as compared to other areas (Figure 

3). C. cladosporioides (56%), followed by C. halotolerans (33%) and T. harzianum 

(11%) were isolated in this area. The room behind the wall is occupied by a laboratory 

attendant. The attendant’s room is also used for storage of laboratory consumables and 

equipment. Due to its functional purpose, this room is always air-conditioned to 

maintain a stable temperature at 22.0 °C. The door of the laboratory is also located on 

this side and faces a corridor that is used by the laboratory and office users. The door 

of the corridor opens to the outdoor environment. At the time of the investigation, the 

RH of the corridor outside the laboratory was 96.0% and temperature was 24.0 °C. The 

air pressure in the corridor was 5 Pa higher than that in the laboratory indicating air 

infiltrated from the corridor into the laboratory.  

Part of the bench surface (M002) close to the contaminated wall (M001) was 

infested as well (400 cm2) with the second highest aw of 0.74 and surface temperature 

of 21.7 °C (Table 2). The bench surface was dusty and had the highest mould density 

(>500 CFU/cm2). It was dominated by C. halotolerans (48%),  C. cladosporioides (47%) 

and Tritirachium sp. (5%) (Figure 3-3). 

Two metal surfaces, water bath (M003) and shaker (M004) had the lowest surface 

temperature of 20.1 °C and 19.8 °C, respectively (Table 3-2). Both surfaces had a water 

activity level of 0.71. These instruments were located on the left and middle benches 

and received a similar room light level (Figure 3-2). The water bath was used 

occasionally and thus dusty. The moulds on the metal surface had been cleaned with 

bleach before but moulds were found again at the time of sampling. The mould density 

was the lowest (0.07 CFU/cm2), and the total mould patch area was the smallest, 69 
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cm2, about 1% of the total water bath surface area (Figure 3-3). C. cladosporioides was 

the only species isolated. Two species of moulds, A. sydowii (50%) and A. penicillioides 

(50%) were found in the 150 cm2 of total mould patch area on the shaker (M004) (about 

2% of the total shaker surface). The mould density was about 0.67 CFU/cm2, a mid-

range level compared to other areas.  

The other two contaminated objects near the shaker were the packing film (plastic 

material) wrapped around a Benchguard box (M005) and a plastic mineral oil box 

(M006). The packing film had a water activity of 0.69 and surface temperature of 

21.3 °C (Table 3-2). It was hidden under a cupboard and had never been used, hence it 

was very dusty. The packing film had the largest mould patch area (1100 cm2, >20% of 

the total film surface) and the second highest mould density (114 CFU/cm2). Isolates 

included C. halotolerans (55.5%), C. cladosporioides (20%), Tritirachium sp. (24%) 

and A. sydowii (0.5%) (Figure 3-3). 

The mineral oil box (M006) had a similar aw (0.69) and temperature (21.4 °C) as 

the packing film (Table 2). It was placed in the same cupboard as the packing film and 

was dusty. A low mould density (0.09 CFU/cm2) with 3 species (50% C. 

cladosporioides, 25% C. halotolerans and 25% A. sydowii) was recorded in the 225 

cm2 of mould patch area, more than 27% of the total surface (Figure 3-3). 

A plastic toolbox (M007) located the back of a bench and next to a window was 

also contaminated by moulds on the top surface (Figure 3-2). Due to its placement, the 

toolbox received room light and sunlight. The box was covered by dust since it was 

rarely used. Its aw was 0.73 and the temperature was 21.1 °C (Table 3-2). The mould 

density was about 6 CFU/cm2 in the 270 cm2 sampled area. The highest number of 

moulds (5 species) was isolated including C. halotolerans (46%), C. cladosporioides 
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(14%), A. sydowii (28.5%), Tritirachium sp. (8.5%) and R. azygosporus/microsporus 

(3%) (Figure 3-3). 

Finally, moulds contaminated the back of an analytical balance (M008). The 

balance was the only mould-contaminated item on the right side of the laboratory 

(Figure 3-2). It had the lowest aw (0.65 aw), and received little light exposure (Table 3-

2). The mould density was approximately 86 CFU/cm2 covering 70 cm2, around 3% of 

the total surface. Tritirachium sp. was the most dominant species, which accounted for 

more than 50% of the total mould count (43 CFU/cm2) followed by C. halotolerans 

(26%) and C. cladosporioides (23%) (Figure 3-3). On the right side of the laboratory, 

there is an office for 10 people and the air conditioning was operated in the same pattern 

as the laboratory (18 h operation and turned off throughout the weekend).  

 

3.3.2. Mould occurrence percentage 

Figure 3-4 summarizes the occurrence percentage of the isolated moulds in the 

laboratory. Both Cladosporium spp. had higher occurrence percentage than other 

species in the laboratory, where C. cladosporioides was 88% (seven out of eight areas) 

and C. halotolerans was 75% (six out of eight areas).  

A. sydowii was present in four areas but its population on the packing film (M004) 

was very low, while A. penicillioides was found in the shaker (M004) only and 

contributed half of the population on this contaminated area with A. sydowii. 

Tritirachium sp. appeared on four areas, and its occurrence always coincided with C. 

cladosporioides and C. halotolerans. Its population level was the highest on the balance 

(M008) compared to other areas (50%). Together with A. penicillioides, R. 

azygosporus/microsporus and T. harzianum were present in only one contaminated area 

and their population levels were low. 
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Figure 3-4. Occurrence percentage of each mould species. 
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3.3.3. Ecological niches and growth requirements of the isolated moulds 

Table 3-3 presents the ecological niches and growth requirements of the isolated species 

which provided information to develop the mould contamination scenarios in each 

contaminated area. Cladosporium spp. are regarded as secondary colonizers in indoor 

environments based on their aw requirement of 0.8–0.9 (Dillon et al., 2005). C. 

cladosporioides requires a high level of organic matter for growth as it is frequently 

found in dust, wallpaper and painted walls (Vesper et al., 2007; Levinskaitė et al., 2012) 

and can tolerate cold environments (Aihara et al., 2002). C. halotolerans is reported to 

be halotolerant and able to grow under a low nutrient level as well as psychrotolerant 

(Bensch et al., 2012). It was reported that C. halotolerans adapts to the fluctuation of 

low aw better than Aspergillus niger and Penicillium rubens in indoor environmental 

conditions (Segers et al., 2016). 
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Table 3-3. Ecological niches and growth requirements of the isolated moulds. 

Isolated Moulds Ecological Niches and Growth Requirements Reference 

Cladosporium spp. Secondary colonizers, generally require 0.8–0.9 aw for growth (Dillon et al., 2005) 

Cladosporium 

cladosporioides 

Common indoor mould, requires > 0.87 aw, needs a high level of organic 

matter, psychrophilic 

(Aihara et al., 2002; Vesper et al., 

2007; Levinskaitė et al., 2012) 

Cladosporium 

halotolerans 

Requires > 0.82 aw, can grow under a low level of organic matter, 

psychrotolerant 

(Bensch et al., 2012; Segers et al., 

2016) 

Aspergillus spp. Primary colonizers, <0.8 aw  (Dillon et al., 2005) 

Aspergillus sydowii 
Common indoor mould, requires > 0.793 aw, needs a high level of organic 

matter, halophilic, mesophilic  

(Alker et al., 2001; Vesper et al., 2007; 

Prezant et al., 2008) 

Aspergillus 

penicillioides 

Common indoor mould, xerophilic (can grow even at 0.585 aw), could be 

associated with water damaged buildings 

(Vesper et al., 2007; Williams et al., 

2009; Stevenson et al., 2017) 

Tritirachium sp. 
Not a common indoor mould, needs a high level of organic matter, 

halotolerant 
(Wang et al., 2016) 

Rhizopus spp. 
Tertiary colonizers, require > 0.9 aw, normally need a high level of organic 

matter for growth  

(Hyvärinen et al., 2002; WHO, 2009; 

Levinskaitė et al., 2012) 

Trichoderma 

harzianum 

Common indoor mould, tertiary colonizer, requires > 0.9 aw, cellulolytic, 

requires a high level of organic matter, mesophilic, psychrotolerant 

(Lübeck  et al., 2000; Pitt & Hocking, 

2009) 
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Aspergillus spp. are recognized as primary colonizers in indoor environments with 

their aw requirement of <0.8 (Lawrence, 2005). A. sydowii, a common indoor mould 

(Vesper et al., 2007), is halotolerant, needs a high nutrient level for growth e.g., isolated 

from dust, gypsum wall board, ceiling, textile and wooden items in indoor environments 

(Vesper et al., 2007; Prezant & Miller, 2008), and is mesophilic (growth range 22–36 °C 

and optimal at 30 °C) (Alker et al., 2001). A. penicillioides, also a common indoor 

mould (Vesper et al., 2007), can produce septate germlings at aw of 0.585 (Stevenson 

et al., 2017), and is typically recovered from dry habitats in built environments where 

house dust accumulates or audio tapes and binocular lenses are stored (Williams & 

Hallsworth, 2009). 

There are limited studies about the ecological and physiological features of 

Tritirachium. It has been isolated from the sea, plant and soil (Wang et al., 2016). It is 

not a common indoor mould.  

Rhizopus is a genus that generally needs a aw of above 0.9 for growth as tertiary 

colonizers and is commonly isolated indoors (WHO, 2009). Rhizopus spp. normally 

demand a high nutrient level for growth on water damaged building materials such as 

leather, wood, and paper (Hyvärinen et al., 2002; Levinskaitė & Paškevičius, 2012) 

T. harzianum, as a tertiary colonizer (WHO, 2009), is cellulolytic and found 

commonly on cellulose surfaces e.g., wooden board. Isolation from aluminum foil in 

water-damaged building was also reported (Lübeck et al., 2000), which implies that T. 

harzianum may be able to grow with relatively low nutrient levels. Its growth 

temperature ranges from 5–36 °C with an optimal level at 30 °C (Pitt & Hocking, 2009). 

Apart from the surface texture of building materials, it was pointed out that a poor state 

of maintenance, aging, loading (wear and tear on the material), limited cleaning access 

and dirt are indicators of the capability of a material to support mould growth. Gravesen 
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et al. (1999) observed that all the collected building materials with mould contamination 

had more than three characteristics as mentioned above.  

 

3.3.4. Mould contamination scenarios 

Based on the mould speciation and environmental conditions, the mould contamination 

scenarios were deduced. The presence of T. harzianum justified that the wall (M001) 

has been water damaged for a long period of time to support the growth of this tertiary 

colonizer. Water condensation was likely on this wall because the adjacent room kept 

air-conditioning while the air-conditioning was off after working hours in the laboratory. 

This cooler wall surface as compared to the room air was prone to condensation. The 

laboratory door is near to this wall. The infiltrated hot and humid air could easily 

condense on this surface. During our investigation, the air temperature and RH in the 

corridor were 24 °C and 96.0%, respectively, which indicate that water vapor could 

easily condense on the wall surface. The high abundance of Cladosporium spp. and the 

measured aw of 0.75 on the surface suggest that the surface continued to dry when the 

air-conditioning system was in operation but the water availability was still sufficient 

to support the mould growth. Cladosporium spp., but not T. harzianum, were found on 

the bench surface (M002). This may be associated with the lower aw of the bench 

surface than the wall (aw 0.8–0.9) and different nutrients present in these sites. The 

bench was dusty which may support the mould growth even at a low aw because the 

dust may create a hygroscopic environment to absorb moisture and provide nutrients.  

The water bath (M003) was slightly contaminated by C. cladosporioides when 

compared to other areas. Organic matter on the water bath surface is one of the 

important requirements for mould growth on metal surface. In addition, the water bath 
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was close to the door and its position increased the chances of condensation on the 

water bath surface. 

Interestingly, the shaker (M004) was the only area that without Cladosporium spp. 

contamination but with A. penicillioides and high population of A. sydowii (50% in this 

area, other areas contained 0.45%–15%). These results imply that this contamination 

area had a low aw that can only support the primary colonizer. Metal surface is 

unfavorable for mould growth because of the non-porous texture and lack of nutrients. 

Therefore, the presence of organic matter is critical to support the mould growth. The 

shaker did not look dusty, but the flasks placed in the shaker could carry dirt that 

provided nutrients to certain areas. 

As for the dusty sites, the packing film (M005), mineral oil box (006) and toolbox 

(M007), more than three types of mould species were identified on the packing film 

and toolbox and, although the same was true for the mineral oil box, the mould density 

was low. These results indicate that some table-top moulds rather than colonizing 

moulds were present on the surfaces.  

Tritirachium sp. is not a common indoor mould and its presence on the balance 

(M008) relates to the unique organic dust, e.g., powder of various culture media 

deposited on the back of the balance. This powder is usually hygroscopic and nutritious 

to support mould growth.  

 

 

3.4. Discussion 

3.4.1. Health effects of the isolated moulds 

Some of the isolates could cause pathogenic or allergenic effects. Cladosporium was 

reported to be the highest occurring genus in residences of allergy patients and known 
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to produce allergens (WHO, 2009; Levinskaitė & Paškevičius, 2012). Studies point out 

that C. cladosporioides has the potential to occasionally infect the human lungs, skin, 

eyes and brain (Poutahidis et al., 2009). Besides Cladosporium spp., A. sydowii was the 

third most prevalent species, which was reported to produce fungal volatile organic 

compounds (FVOCs) that may cause headache, inattentiveness and dizziness to 

occupants (Mousavi et al., 2016). A. sydowii is also regarded as a pathogenic fungus 

that can cause aspergillosis, onychomycosis and keratomycosis in human (Hoog, 2000). 

Moreover, some Tritirachium spp. have been occasionally isolated from nail infections 

(Naseri et al., 2013). R. microsporus is known as a pathogenic fungus to humans and 

once caused the outbreak of intestinal infection in a Hong Kong hospital (Cheng et al., 

2009). Although no laboratory user complained about the mould contamination and 

health effect, it is important to remediate and prevent recurrence of the mould 

contamination.  

 

3.4.2. Mould control measures  

3.4.2.1. Maintain RH to 70% 

According to the WHO recommendations, one of the main measures to control mould 

growth indoors is by maintaining the RH to less than 70% to limit the water supply 

(WHO, 2009). When the air-conditioning system was in operation, the laboratory RH 

and temperature were at 60.5% and 22.0 °C compared to the RH of the corridor at 96% 

and temperature at 24.0 °C. In tropical and subtropical areas like Hong Kong, 

atmospheric RH can be extremely high during the humid season in March and April. 

For example, there were altogether 28 days during which the daily mean RH was higher 

than 90% in March 2016. In this study, turning on the air-conditioning system for 24 h 

could maintain a low RH environment and prevent mould growth.  
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RH can also be reduced by using dehumidifiers with a lower energy cost than air-

conditioners. For a typical office with area around 20 m2, a 1.5-ton air-conditioner and 

a standard dehumidifier model operating at 280 Watts-hour are considered to be suitable 

for this area. A 1.5-ton air-conditioner costs 7.44÷8×24×365≈8147 HK$ per year in 24 

hours mode. However, a 280 Watts-hour dehumidifier only costs 

0.28×1.132×24×365≈2776 HK$ each year in the same mode, which is far more cost 

effective compared with using the air-conditioner. It is obviously that employing 

dehumidifiers is a more cost-effective way to balance the environmental sustainability 

and indoor hygiene. 

 

3.4.2.2. Increase room temperature of the adjacent room  

Even if the RH is well controlled at 70% using dehumidifiers, mould contamination can 

still happen in this laboratory due to water condensation on the wall with lower 

temperature than the room air. The air temperature in the corridor was 28 °C, a common 

temperature in the summer time in Hong Kong. After the air conditioning system is 

turned off, the temperature in the laboratory will go up to the same level as the corridor 

air. The dew point for air at 28 °C and RH at 70% is 22 °C. Based on our measurement 

on the wall surface (M001) (21.8 °C) and the room temperature set behind the wall 

(22 °C), this implies that water condensation can easily happen. A sustainable solution 

to resolve this problem is to set the adjacent room temperature to a higher level, the 

Hong Kong Indoor Air Quality Scheme suggests setting the room temperature to 25 °C 

in the summer time to save energy (EPD, 2018). This solution will save energy in the 

adjacent room and also reduce the chance of water condensation on the wall. As seen 

in our data, the wall on the right side, where the office behind the wall had the same 

temperature profile as the laboratory, did not have any mould contamination. 
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Condensation provides readily available water to moulds, which can significantly speed 

up mould growth at a much faster rate than moulds obtaining water from humid air. 

According to the updated VTT model, with a 1% increase in RH, the time needed to 

reach a visible mould level is shortened by 16 h at 28 °C (Ojanen et al., 2010). The 

growth rate of mould will further accelerate when water condensation happens 

(Sedlbauer, 2001). 

 

3.4.2.3. Reduce warm and humid air infiltration  

Most of the mould contamination sites were found near the laboratory door, bench 

surface (M002), water bath (M003), shaker (M004) and toolbox (M007), where the 

warm and humid air enters the laboratory. Even if the door is closed, air can still 

infiltrate the laboratory through the door gap. This study clearly showed that this warm 

and humid air could easily condense on various surfaces. To reduce infiltration, one 

cost effective solution could be to seal the gaps in windows and doors. In addition, when 

designing the ventilation system, the airflow of the laboratory in relation to the outside 

air should also be considered. Items in hidden locations, packing film (M005), the 

mineral oil box (M006) and toolbox (M007), were also prone to condensation after the 

air-conditioning system was turned off, and the condensed water was more difficult to 

shift when the air-conditioning system was turned on again. Moreover, the lack of light 

exposure in these hidden locations could also favor mould growth (Kubicek & 

Druzhinina, 2007). 

 

3.4.2.4. Control nutrient for mould growth 

As with other heterotopic organisms, mould requires organic carbon and nitrogen 

sources for growth. Ojanen et al. (2010) states that mould resistant materials such as 
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glass and metal items will not be contaminated by mould unless they are soiled. When 

the substrate level increases, the water requirement for mould growth decreases (Ojanen 

et al., 2010). Sedlbauer (2001) demonstrated that a mould, which requires at least 90% 

of RH to germinate in a day on biologically recyclable building materials, was able to 

germinate at 85% of RH with the supply of nutrient. A study by Laarhoven et al. (2016) 

also showed that mould spores could start germination on gypsum substrates with 

Czapek Dox Broth within 20 h of incubation, which is significantly faster than on 

gypsum substrates alone. Therefore, once nutrient is present on surfaces, the surface 

becomes mould sensitive material regardless of its original nature such as on the surface 

of metal and plastic items in this study. Restricting the availability of nutrient is also 

critical to prevent mould growth especially when moisture control is hard or expensive 

to achieve as discussed above. The analytical balance (M008) was soiled by the powder 

of culture media used to grow bacteria and fungi. This powder was nutritious and 

hygroscopic. Both factors favored mould contamination. This analytical balance was 

the only mould-contaminated area on the right-hand side of the laboratory, which 

implied that removing this organic dust is the most effective way to prevent mould 

contamination in this scenario. Furthermore, nutrient control through avoiding the use 

of mould sensitive materials such as wood and paper could also help prevent mould 

contamination. 

Kitchen is one of the indoor environments that is characterized with humidness as 

well as high nutrient availability. Nutrient comes from the foods could turn the resistant 

materials into very sensitive surfaces. On a very sensitive material surface with 90% 

RH level, it only takes 15.5 hours for moulds to reach visible level, which means 

cleaning should be carried out every time after cooking to prevent mould growth in the 

kitchen. 
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3.4.2.5. Dynamic operation of air-conditioning unit as a potential effective mould 

control measure 

The prevention of mould contamination by avoiding condensation and removing dust 

is relatively difficult and requires more effort compared with operating air-conditioning 

units or dehumidifiers. Controlling mould growth relying on air-conditioning units or 

dehumidifiers may still be the first choice for general users. To further facilitate 

sustainability, a dynamic operation resulting in a growth interrupted period may be a 

potentially effective approach. Laarhoven et al. (2016) showed that the hyphal growth 

of indoor mould Penicillium rubens can be interrupted by using a period of low RH. 

According to Kim et al. (2016), a drying period as short as 1 hour is able to interrupt 

and delay subsequent hyphae elongation. Further research may help determine the 

minimum period of low RH and its maximum interval for effective interruption of 

mould growth. 

 

 

3.5. Conclusions 

Indoor environments in tropical and sub-tropical regions are prone to mould 

contamination. Different kinds of moulds can inhabit in the same room and flourish due 

to different microscopic environmental conditions. Building sustainability plans should 

regard mould hygiene as a key consideration in these regions. Although operating air-

conditioners for 24 h is the most convenient way to prevent mould contamination from 

the user’s perspective, to also give consideration to sustainability, an energy-saving and 

effective non-24 air-conditioning unit management regime should be investigated. 
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Chapter 4. The role of oxidative stress in the growth of the indoor mould 

Cladosporium cladosporioides under water dynamics 

 

Declaration: (Part of) This chapter has been published in Indoor Air, 30(1), 117-125. 

Doi: 10.1111/ina.12613 

 

Abstract  

Moisture is one of the critical abiotic factors that can affect mould growth. Indoor 

humidity is typically fluctuating, which renders a transient water supply for mould 

growth. Understanding mould growth under water dynamics and its underlying 

mechanisms can help in the development of novel and sustainable mould prevention 

strategies. In this study, pre-germination and germinated spores of Cladosporium 

cladosporioides were exposed to daily wet–dry cycles with different combinations of 

wetting and drying duration. Afterwards, growth delay, cellular H2O2 concentration and 

catalase (CAT) activity were measured and compared. We found that under wet–dry 

cycles, the longer the growth delay was observed, the higher the cellular H2O2 

concentration was detected, with the 12–12 wet–dry cycle (12-h-wet and 12-h-dry) 

showing the longest growth delay and highest cellular H2O2 production. A positive 

correlation between cellular H2O2 concentration and growth delay was suggested by 

Pearson correlation coefficient and linear regression analysis (p < 0.0001, R2 = 0.85). 

Furthermore, under wet–dry cycles, moulds derived from pre-germination spores 

generally exhibited shorter growth delay, lower cellular H2O2 concentration and higher 

CAT activity than moulds developed from germinated spores. These results together 

suggest that the growth delay of C. cladosporioides under water dynamics is associated 

with oxidative stress. 
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concentration; CAT activity; water dynamics 

 

4.1. Introduction  

Mould contamination is arguably one of the most pungent biohazards in indoor 

environments. It is widely known that indoor fungal growth can cause adverse health 

effects and lower the productivity of occupants and can also lead to extra costs for the 

maintenance of building aesthetics (Hass, 2011). 

As one of the most critical abiotic factors that can affect indoor mould growth, 

moisture has attracted extensive interest from researchers. A great deal is known 

regarding indoor mould growth under steady-state conditions (Nanguy et al., 2010; 

Ponizovskaya et al., 2011; Aihara et al., 2012; Segers et al., 2015). However, water 

availability for moulds in the indoor environment is not constant, but rather fluctuates 

due to occupants’ activities (e.g., operation of air-conditioning systems and showering). 

Observations of indoor mould growth under water dynamics have been carried out on 

various materials (e.g., gypsum and wood boards) (Bouamama et al., 2010; Johansson 

et al., 2013; Bekker, 2014), by measuring the radiative expansion of colonies at the 

macro level as the end point of measurement. Later, employing a microscopic video 

recording system, van Laarhoven et al. (2016) managed to obtain direct microscopic 

data on detailed phenomena regarding hyphal elongation and conidiation followed by 

dehydration and rehydration (van Laarhoven et al., 2016). A cessation of hyphal 

extension was observed followed by one-hour-desiccation at 60% relative humidity 

(RH), and it was found that 24 h dry periods at 60%–90% RH were able to significantly 

delay conidiation of Penicillium rubens on gypsum material. Furthermore, the effect of 
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dynamic water activity (aw) on the viability of various developmental stages of indoor 

moulds including Cladosporium halotolerans, Aspergillus niger and P. rubens was also 

investigated by Segers et al. (2016), where different degrees of susceptibility to 

changing water condition were shown between developmental stages of each species 

and among species, contributing to a more comprehensive observation of fungal 

persistence under water dynamics at the cellular level. Nevertheless, the dynamic water 

availability patterns adopted in these studies were less representative of indoor 

conditions; that is, for instance, wet–dry cycles repeat at least once within a day in a 

typical office (where the air-conditioning unit is turned on during office hours and then 

off after work, leading to at least one wet–dry cycle each day), which cannot be well-

represented by the limited rounds of wet–dry cycles used in the existing studies.  

The important role of redox homeostasis in fungal viability under dehydration has 

been qualitatively described in earlier studies (de Jesus et al., 2003; França et al.,2005; 

França et al., 2007; Garre et al., 2010). It has been reported that the expression of genes 

involved in redox balance systems and the activation of antioxidant enzymes was 

induced under dehydration stress, and the upregulation of the antioxidant enzyme genes 

contributed to a protective effect against dehydration (de Jesus et al., 2003; França et 

al., 2007; Garre et al., 2010). Moreover, a cytoplasmic catalase mutant (CTT1) exhibited 

a higher intracellular oxidation level than a wild-type strain upon dehydration (França 

et al.,2005). However, no study has quantitatively revealed the role of oxidative stress 

in regulating mould growth under water dynamics, it is still unclear that whether longer 

delay in mould growth is associated with a higher encountered oxidative stress. 

H2O2 is the reactive oxygen species (ROS) that plays a central role in oxidative 

stress and consequently damages fungal cell lipids, DNA and proteins (Sies, 2017). To 

cope with the increased oxidative stress, fungi produce antioxidant enzymes as the first 
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line of defence to detoxify ROS. Catalase (CAT), the key antioxidant enzyme produced 

to decompose H2O2, was shown to be the most significantly induced antioxidant 

enzyme under oxidative stress in filamentous fungus.16 Therefore, cellular H2O2 

concentration and CAT activity are the appropriate indicators of oxidative stress and 

the fungal cellular response to it.  

Cladosporium species are thought to possess excellent ability to withstand highly 

dynamic water availability in indoor environments, because of their ecological niches 

as phylloplane fungi in natural environment (Segers et al., 2016; Li, 2008). 

Cladosporium cladosporioides is an indoor mould frequently found in household dust, 

wallpaper and painted walls, and has the potential to occasionally infect the human 

lungs, skin, eyes and brain (Poutahidis et al., 2009; Bensch et al., 2012). The aim of this 

study is to quantitatively examine the role of oxidative stress in the growth of C. 

cladosporioides under water dynamics. In this study, pre-germination and germinated 

spores of C. cladosporioides were exposed to different daily wet–dry cycles. 

Afterwards, the growth delay, cellular H2O2 concentration and CAT activity of moulds 

under each wet–dry cycle were measured and compared. We hypothesised that the wet–

dry cycle leading to the longest growth delay would impose highest oxidative stress on 

treated moulds. Here, we present a positive correlation between the mould growth delay 

and oxidative stress under water dynamics (p < 0.0001, R2 = 0.85), suggesting that the 

growth delay of C. cladosporioides under water dynamics is associated with oxidative 

stress. The outcome of this study may facilitate the development of novel and 

sustainable mould prevention strategies in the indoor environment. 

 



 

72 

 

4.2. Materials and methods  

4.2.1. Tested organism 

Cladosporium cladosporioides (ATCC® 16022™) was purchased from American 

Tissue Culture Collection (ATCC) and used in this study, since it has been frequently 

isolated from indoor environments and is used for fungus resistance testing (Bensch et 

al., 2012; ATCC, 2019). 

 

4.2.2. Preparation of spore suspension  

The preparation of spore suspension followed the standard procedure adopted in studies 

where moulds were challenged with various aw (Aihara et al., 2012; Bekker, 2014; 

Segers et al., 2015). Spores were harvested from 7-day-old colonies grown on potato 

dextrose agar (PDA) with sterile deionised (DI) water and passed through two layers of 

lens tissues to remove mycelia fragments. Filtered spores were washed twice and re-

suspended in 5 mL of sterile DI water. Afterwards, the spore suspension was adjusted 

to 105 spores/mL and stained by lactophenol blue solution. Stained cells were counted 

in a haemocytometer under a light-microscope. 

 

4.2.3. Mould growth under daily wet–dry cycles 

The experimental setup was referenced from Segers et al. (2016) with a slight 

modification. The spore suspension was adjusted to 1 × 106 spores/mL, and 100 μL of 

spore suspension was inoculated onto a cellulose membrane (47 mm diameter, 0.2 μm 

pore size) overlying a 0.99 aw PDA plate and spread out homogeneously using a 

disposable plastic spreader. The membranes with spores were either directly subjected 

to wet–dry cycles (defined as pre-germination spores, mimicking the spores without the 
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onset of growth), or cultured for 14 h to form hyphae (confirmed by light microscope, 

as shown in Supplementary Figure S1, termed germinated spores) prior to any wet–dry 

cycle (to imitate spores that have initiated growth in the indoor environment). The use 

of spores at different developmental stages can provide information on whether the 

wet–dry cycles that do not allow the visible formation of mould spores without the onset 

of growth can also prevent the visible growth of spores that have already initiated 

growth. The membranes with spores were incubated for designated time (0, 4, 8, 12, 16, 

20 and 24 h) on 0.99 aw PDA plates (sealed with parafilm) at 28 °C in an incubator, 

defined as the wet period. Afterwards, the membranes were transferred to new PDA 

plates adjusted to 0.6 aw and incubated for the rest of time in a day (24, 20, 16, 12, 8, 4 

and 0 h) at 28 °C and 60% RH in a self-regulated hygrothermal incubator (Bluepard, 

Shanghai, China), named as the dry period. In enclosed environment, the equilibrium 

RH equals to water activity *100%. 60% RH set in the incubator was used to ensure 

that moulds are experiencing the intended level of water supply. The water activity of 

PDA plates was set by the supplement of glycerol according to Forney et al. (1992), 

and afterwards determined by a Hygropalm 23 and probe type HC2-AW (Rotronic AG, 

Crawley, UK). Wet–dry cycles were repeated for one week. After one week of daily 

wet–dry cycles, the cumulative wetting time required for the appearance of visible 

mould patches to the naked eye was recorded. All the culture experiments mentioned 

above were conducted under dark condition. In case visible growth did not occur within 

one week, the treated moulds were then incubated under continuous wet condition (0.99 

aw). The growth delay was expressed by the required wetting time for visible growth 

relative to the continuous wet condition (24–0; i.e., 24 h wet, 0 h dry). For cycles that 

did not allow visible mould formation within one week, the growth delay was calculated 

with including the continuous wet time after the one-week wet–dry period. 
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4.2.4. Cellular H2O2 production in moulds under daily wet–dry cycles  

Cellular H2O2 concentration is widely regarded as the indicator of oxidative stress level 

(Li et al., 2008; Sies, 2017; Aydoğan et al., 2017), which is commonly quantified by 

the Amplex Red method (Dikalov et al., 2014; Moßhammer et al., 2017). In our 

experiment, an Amplex® Red Hydrogen Peroxide Assay Kit (Invitrogen, USA) was 

used to measure the cellular H2O2 production in C. cladosporioides following the 

manufacturer’s protocol. The cellular H2O2 production in C. cladosporioides samples 

was determined at the time when one-week wet–dry cycles ended, i.e., immediately 

after the seventh dry period. Prior to assay, mould samples were removed from the 

membranes into sterile DI water. Fifty microlitres of sample was pipetted into each well 

in a 96-well plate, followed by the addition of 50 μL of Amplex Red reagent/HRP 

working solution (100 μM Amplex Red reagent and 0.2 U/mL HRP) and 30 min of 

incubation in the dark at room temperature for reaction. The fluorescence was read at 

the excitation and emission of 571/585 nm. Cellular H2O2 concentration was calculated 

in accordance with the standard curve with subtraction of the background. The 

determined H2O2 concentration was then normalised with the protein concentration 

present in the samples (Cerioni et al., 2010). The method for the quantification of 

protein concentration was described in Section 2.6. 

 

4.2.5. Catalase activity in moulds under daily wet–dry cycles 

CAT is the key antioxidant enzymes produced to decompose H2O2 oxidative stress (Li 

et al., 2008; Sies, 2017), which was determined by a Catalase Assay Kit (Cayman 

Chemical, USA) according to the protocol suggested by the company. Same as cellular 
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H2O2 concentration, the catalase activity in the treated moulds was also measured at the 

time when one-week wet–dry cycles ended. Briefly, mould samples were removed from 

membranes with sterile cold buffer (50 mM potassium phosphate, pH 7.0, containing 1 

mM EDTA) and then subjected to homogenisation on ice. Cell homogenate was 

centrifuged at 10,000 × g for 15 min at 4 °C, and 20 μL of supernatant was used for 

assay in a 96-well plate. During the assay, 100 μL of diluted assay buffer and 30 μL of 

methanol (HPLC grade) were used for each reaction. The reactions were initiated by 

adding 20 μL of 35 mM hydrogen peroxide and incubated for 20 min on a shaker at 

room temperature with the plate cover. Afterwards, the reaction was terminated by the 

addition of 30 μL of 10 M potassium hydroxide and 30 μL of 0.5 M purpald (chromogen) 

to each well followed by 10 min of incubation on a shaker at room temperature with 

plate cover. Absorbance at 540 nm was monitored, and values between 0.1 and 1.2 were 

recorded. Bovine liver catalase was used as positive control. The catalase activity of 

samples was calculated in accordance with standard curve by subtracting the 

background. The determined catalase activity level was normalised with the protein 

concentration present in the samples. 

 

4.2.6. Quantification of the protein concentration in samples 

The protein concentration of samples was determined using a PierceTM BCA Protein 

Assay Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s protocol. 

Twenty-five microlitres of sample homogenate was used for the quantification of protein 

concentration. A BSA standard calibration curve was constructed according to the 

suggestion of the manufacturer’s protocol. During the assay, 200 μL of working reagent 

(made by mixing BCA reagent A and BCA reagent B at the ratio of 50:1) was added to 
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react with 25 μL of samples for 30 min at 37 °C. Absorbance was then read at 562 nm on 

a microplate reader. 

 

4.2.7. Statistical analysis 

The difference in mould growth delay, cellular H2O2 concentration, and catalase activity 

under each wet–dry cycle was compared using one-way analysis of variance (ANOVA) 

with Duncan’s post hoc test in SPSS v.24, in order to determine whether different wet–

dry cycles led to significant differences in growth delay and oxidative stress level as well 

as antioxidant response. Difference between means with a p-value lower than 0.05 

(p < 0.05) was regarded as statistically significant. Besides, the correlation between the 

cellular H2O2 concentration and growth delay caused by wet–dry cycles was analysed 

with the Pearson correlation coefficient and then a linear regression analysis (Prism 8). 

The equation of regression, R2 value, and p-value were shown in the graph. Regression 

with p-value lower than 0.05 (p < 0.05) was regarded as significantly statistically 

correlated. 

 

4.3. Results  

4.3.1. Growth of C. cladosporioides under water dynamics 

The growth delay caused by different wet–dry cycles relative to continuous wet 

condition (24–0) is shown in Figure 4-1.  
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Figure 4-1. Growth delay caused by wet–dry cycles relative to continuous wet 

condition (24–0) in C. cladosporioides developed from pre-germination spores (■) 

and from germinated spores (□). The growth delay was calculated with including 

the continuous wet time after the one-week wet–dry periods for the groups of 12–

12, 8–16, 4–20 and 0–24. Error bars indicate standard deviation. The data were 

obtained from three independent experiments (n=3). One-way-ANOVA with 

Duncan’s post hoc test was performed to test the statistical difference in means 

between each condition (p < 0.05 was regarded as statistically significantly 

different). Letters above the bars indicate different groupings. 
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Continuous wet condition (24–0) was used as the reference to express the growth 

delay due to wet–dry cycles. Cumulative wetting time required for visible mould 

formation to the naked eye were recorded for each wet–dry cycle, and the growth delay 

aroused from each wet–dry cycle was calculated by subtracting the wetting time taken 

to form visible mould patches under 24–0 (control condition). Compared with the 

control condition, dry periods equal to and longer than 8 h/day appeared to significantly 

delay the mould growth. An increase in growth delay was observed from 20–4 to 12–

12, with the delay time climbing from 4 to 122 h and 5 to 134 h for moulds developed 

from pre-germination spores and germinated spores, respectively. When the drying 

time was extended to 12 h/day (12–12), the most significant growth delay was shown 

for both types of spores among all tested wet–dry cycles. Although further elongation 

of drying time beyond 12 h/day still showed a significantly longer delay than the 

continuous wet condition (24–0), these cycles were less effective in postponing mould 

growth compared with 12–12. The growth delay dropped from 122 h and 134 h (12–

12) to 14 h and 28 h (0–24) for moulds derived from pre-germination and germinated 

spores, respectively. Overall, moulds derived both pre-germination spores and 

germinated spores exhibited similar trends under different wet–dry cycles, and moulds 

developed from germinated spores generally showed longer growth delay than those 

started from the pre-germination stage. 

 

4.3.2. Cellular H2O2 production in C. cladosporioides under water dynamics  

To test the correlation between oxidative stress and mould growth under water 

dynamics, the cellular H2O2 concentration in treated moulds was therefore measured 

after each wet–dry cycle, as shown in Figure 4-2.  
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Figure 4-2. Cellular H2O2 concentration in C. cladosporioides developed from pre-

germination spores (■) and from germinated spores (□) under daily wet–dry cycles. 

Error bars indicate standard deviation. The data were obtained from three 

independent experiments (n=3). One-way-ANOVA with Duncan’s post hoc test 

was performed to test the statistical difference in means between each condition (p 

< 0.05 was regarded as statistically significantly different). Letters above the bars 

indicate different groupings. 
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The cellular H2O2 concentrations in treated moulds exhibited similar patterns to 

those of growth delay. Under continuous wet condition (24–0), a background cellular 

H2O2 level of around 20 nmol mg-1 protein was detected in moulds developed from 

spores at both developmental stages. The introduction of dry periods ≥8 h/day 

significantly elevated the cellular H2O2 concentration in treated moulds compared with 

control condition. Initially, cellular H2O2 concentration increased as the drying time 

was extended from 0 to 12 h and peaked at 12–12, with the concentration increasing 

from 20 to 397 nmol mg-1 protein and 27 to 559 nmol mg-1 protein for moulds derived 

from pre-germination spores and germinated spores, respectively. The further extension 

of dry periods and shortening of wetting time resulted in a lower cellular H2O2 

production compared to the 12–12 condition, yielding 260 nmol mg-1 protein (8–16), 

163 nmol mg-1 protein (4–20) and 84 nmol mg-1 protein (0–24) for moulds grown from 

pre-germination spores, and 320 nmol mg-1 protein (8–16), 253 nmol mg-1 protein (4–

20) and 196 nmol mg-1 protein (0–24) for moulds started from germinated spores. C. 

cladosporioides developed from spores at both developmental stages displayed a 

similar pattern of cellular H2O2 concentration under the tested wet–dry cycles, while 

moulds derived from germinated spores generally produced a higher cellular H2O2 

concentration under each wet–dry cycle.  

According to the data, for C. cladosporioides derived from each developmental 

stage, a higher cellular H2O2 concentration was detected in wet–dry cycles that caused 

longer growth delay (Figures 1 and 2). For instance, the 8–16 cycle delayed the growth 

of moulds derived from pre-germination spores (82 h) longer than 16–8 and 0–24 

(around 15 h), but shorter than 12–12 (122 h) (Figure 1). The cellular H2O2 

concentration in moulds under 8–16 condition (260 nmol mg-1 protein) was also higher 

than that under 16–8 and 0–24 (around 100 nmol mg-1 protein), but lower than that with 
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the 12–12 cycle (397 nmol mg-1 protein) (Figure 2). This was also the case for moulds 

grown from germinated spores (Figures 1 and 2). Furthermore, this relation was also 

valid across the both tested developmental stages. For example, under each wet–dry 

cycle, moulds developed from germinated spores generally exhibited more growth 

delay and higher cellular H2O2 concentration. Moreover, in moulds derived from pre-

germination spores, 8–16 caused 82 h growth delay and led to an H2O2 concentration 

of 260 nmol mg-1 protein, which was higher than 16–8 (16 h and 113 nmol mg-1 protein), 

but was lower than moulds developed from germinated spores and treated with 8–16 

(112 h and 320 nmol mg-1 protein) (Figures 1 and 2). Overall, the data show that higher 

cellular H2O2 concentration was detected in wet–dry cycles that delayed mould growth 

more significantly.  

 

4.3.3. Association between growth delay and oxidative stress under water dynamics 

The growth delay was plotted against cellular H2O2 concentration, and then Pearson 

correlation coefficient and linear regression was used to analyse the correlation between 

growth delay and cellular H2O2 production in C. cladosporioides (Figure 4-3). The 

results indicate a significant deviation from 0 for slope (p < 0.0001) with R2 = 0.85, 

suggesting that the growth of C. cladosporioides under water dynamics is associated 

with oxidative stress.  

 



 

82 

 

 

Figure 4-3. Pearson correlation coefficient and linear regression analysis between 

growth delay and cellular H2O2 concentration aroused from daily wet–dry cycles 

in C. cladosporioides. p-values < 0.05 were regarded as statistically significantly 

correlated. 
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4.3.4. Catalase activity in C. cladosporioides under water dynamics 

Figure 4-4 presents the CAT activity in C. cladosporioides under each wet–dry cycle. 

 

 

Figure 4-4. Catalase (CAT) activity of C. cladosporioides derived from pre-

germination spores (■) and from germinated spores (□) under daily wet–dry cycles. 

Error bars indicate standard deviation. The data were obtained from three 

independent experiments (n=3). One-way-ANOVA with Duncan’s post hoc test 

was performed to test the statistical difference in means between each condition (p 

< 0.05 was regarded as statistically significantly different). Letters above the bars 

indicate different groupings. 
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Very low (~5 U mg-1 protein and undetected level) CAT activity was determined 

under control condition (24–0), but was significantly induced when dry periods were 

introduced. CAT activities of 72 and 56 U mg-1 protein were detected under the 20–4 

condition in samples developed from pre-germination and germinated spores, 

respectively. CAT activity further increased when drying time was extended from 4 h 

(20–4) to 12 h (12–12), reaching 184 U mg-1 protein for moulds developed from pre-

germination spores and 122 U mg-1 protein for moulds derived from germinated spores. 

The CAT activities under 12–12, 8–16 and 4–20 were not significantly different from 

each other for C. cladosporioides developed from both developmental stages. In moulds 

derived from germinated spores, CAT activity (137 U mg-1 protein) under continuous 

dry condition (0–24) was similar to 12–12, 8–16 and 4–20, whereas the highest CAT 

activity was detected in moulds derived from pre-germination spores (254 U mg-1 

protein). Generally, higher CAT activity was determined in C. cladosporioides derived 

from pre-germination spores compared with that from germinated spores under each 

wet–dry cycle. 

 

4.4. Discussions  

The existing literature on mould response to transient water availability mainly focuses 

on the growth or survival after a single dry period followed by rehydration, which 

sacrifices the representation of the changing water supply in indoor environments 

(Bekker, 2014; van Laarhoven et al., 2016; Segers et al., 2016).The water supply for 

microbial growth in indoor environments is highly dynamic since it can be extensively 

influenced by occupants’ activities (Segers et al., 2016). In an office, the air-

conditioning units are usually turned on during working hours and off after the office 

hour. The water availability for mould growth is therefore fluctuating within a day 
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because of the thermo-hygro cycle arising from the operation of the air-conditioning 

system. Adopting daily wet–dry cycles as the experimental conditions is thus important 

for understanding mould growth and response within the indoor context. 

Besides the less-representative wet–dry cycle patterns in existing studies, it is still 

unknown whether growth delay in moulds is associated with oxidative stress 

encountered under water dynamics. Therefore, in this work, we quantitatively studied 

the effect of daily wet–dry cycles with different wetting and drying time combinations 

on the oxidative response in C. cladosporioides, a common indoor mould. To the best 

of our knowledge, this is the first study to quantitatively investigate the role of oxidative 

stress in the growth of C. cladosporioides under daily wet–dry cycles. 

 

4.4.1. Dry periods elevate oxidative stress and induce antioxidant response 

Moisture can affect oxygen diffusion, the reduction of which in the ambient 

environment renders direct exposure of microorganisms to oxygen, contributing to the 

increase in oxidative stress and toxicity to the microbes present in the environment.26 

Due to the increased oxidative stress under drought periods, fungi produce H2O2 

because of the incomplete reduction of oxygen (Li et al., 2008; França et al., 2007) 

Previous studies have demonstrated the arrest of growth, increase in oxidative stress, 

and the activation of antioxidant response under desiccation in fungi (de Jesus et al., 

2003; França et al., 2005; França et al., 2007; Li et al., 2008 Garre et al., 2010). For 

example, de Jesus et al. (2003) reported a significantly higher intracellular oxidation 

level in dehydrated cells than control cells in the yeast Saccharomyces cerevisiae, and 

moreover, dehydrated cells display an increase in antioxidant enzyme activity 

compared with control cells. Garre et al. (2011) also observed the up-regulation of 

TRR1 and GRX5 genes, which encode two redox maintenance systems, as well as the 
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production of antioxidant (GSH) during dehydration. Our results in Figures 1, 2 and 4 

also indicate that the introduction of dry periods could lead to a delay in mould growth 

(arrest of growth), increase in cellular H2O2 accumulation (oxidative stress) as well as 

activation of CAT enzyme (antioxidant response), which are consistent with other 

studies (de Jesus et al., 2003; França et al., 2005; França et al., 2007; Li et al., 2008 

Garre et al., 2010).  

 

4.4.2. The crucial role of oxidative stress in mould growth under water dynamics 

Wet–dry cycles consist of both hydration and dehydration periods, rendering multiple 

shifts from favourable to stressful conditions. The positive correlation suggested by 

Pearson correlation and linear regression confirms the important role of oxidative stress 

under cyclic dehydration conditions (Figure 4-3). In addition, shorter growth delay, 

lower cellular H2O2 concentration and higher CAT activity were shown in C. 

cladosporioides derived from pre-germination spores than germinated spores (Figures 

4-1, 4-2 and 4-4), strengthening the association between oxidative stress and mould 

growth under water dynamics.  

As shown in Figure 4-4, CAT activity was induced when dry periods were 

introduced, and became stable when dry periods were extended beyond 12 h/day. 

According to Li et al. (2008), CAT activity displayed an initial increase and then 

descends in a few hours if the fungal cells could manage to detoxify the H2O2 oxidative 

stress, mainly to save energy since the synthesis of antioxidant enzymes consumes 

energy.16 Thus, the continuous expression of CAT in this study implies that C. 

cladosporioides was always encountering an oxidative stress under dry periods. This 

meets the expectation that oxidative stress is an important stress under limited water 

availability conditions—particularly at 60% RH, because oxidative stress is relatively 
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mild at higher RH (80%), and other types of stress are more detrimental than oxidative 

stress when the RH is further reduced below 60% (Hess, 1965; Ng et al., 2017). 

 

4.4.3. Oxidative stress response in C. cladosporioides under water dynamics 

In the present study, different dry period durations were included in the daily wet–dry 

cycles. As H2O2 is generated when fungal cells were exposed to dehydration, C. 

cladosporioides was expected to produce higher cellular H2O2 concentration when the 

dry period was elongated. While, the accumulated H2O2 can be degraded by CAT, and 

it takes time for cells to sense the changes in environment and synthesise CAT, hence, 

the cellular H2O2 concentration may decrease when drought periods are further 

elongated after the CAT activity reaches a stable level.29 In Figure 4-2, because of the 

extended exposure to dry periods, cellular H2O2 levels produced by C. cladosporioides 

under 16–8 and 12–12 conditions were higher than that under the 20–4 condition. 

Interestingly, further elongation of drying time beyond 12 h/day (8–16, 4–20 and 0–24) 

yielded shorter growth delay and lower cellular H2O2 production compared with 12–12 

(Figures 1 and 2). As shown in Figure 4, CAT activity increased to a stable level when 

drying time was extended to 12 h/day (except for that in pre-germination spores), 

implying that the CAT enzyme had reached its maximum capacity at 12 hours of dry 

period. In Deng et al. (2016) study, a dramatic decrease in the concentration of ROS 

and hypocrellin (an oxidative stress inducer) in the filamentous fungus Shiraia 

bambusicola was observed after its antioxidant systems reached their maximum 

capacity. Nevertheless, the detailed knowledge about the regulation of oxidative stress 

response under water dynamics has not yet been well established, and further research 

is needed to advance the current understanding. 
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Unexpectedly, the highest CAT activity was detected under continuous dry 

condition (0–24) in moulds developed from pre-germination spores (Figure 4-4), which 

is possibly because all the inoculated pre-germination spores remained in spore form 

during the one-week wet–dry cycle period (Supplementary Figure S2) (Navarro et al., 

1996; Bussink and Oliver, 2001). Fungal spores have been demonstrated to contain high 

levels of catalase gene expression, and some catalase genes preferably express in spores. 

For instance, CATA accumulates specifically in Aspergillus nidulans spores (Navarro 

et al., 1996), and as reported by Bussink and Oliver (2001), high levels of catalase gene 

expression were detected in H2O2-stressed spores of Cladosporium fulvum compared 

with other developmental stages, which may explain the highest CAT activity detected 

under the 0–24 condition in moulds grown from pre-germination spores. 

 

4.4.4. Implications of the Study  

The pre-germination and germinated spores tested in this study represent the spores that 

have and have not initiated growth in the indoor environment, respectively. One may 

expect that the wet–dry cycles that can prevent visible growth of pre-germination spores 

may not work for those have already initiated growth (e.g., germinated spores), since it 

takes less time for germinated spores to reach visible mould formation. Our results show 

that the wet–dry cycles that could prevent the visible growth of pre-germination spores 

also resulted in the failure of visible mould formation of germinated spores during the 

wet–dry cycle period (Supplementary Figure S3), which may be attributed to the higher 

susceptibility of germinated spores to water dynamics; i.e., higher cellular H2O2 

concentration and lower CAT activity (Figures 4-2 and 4-4).  

Laboratory medium was used in our study instead of building materials, in order to 

represent the worst case for mould prevention in indoor environments, since it is known 
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that mould requires less water for growth under optimum nutrient conditions 

(Johansson et al., 2014). The data showed that the 12–12 cycle led to failure in the 

formation of visible mould growth on nutritious laboratory medium (Supplementary 

Figure S3), thus, the 12–12 wet–dry cycle is also expected to be effective for mould 

prevention on common building materials. The 12-hour-drying time was also the 

timepoint where CAT reached its maximum capacity in C. cladosporioides, which 

implied that in real practice, air-conditioning units or dehumidifiers could be operated 

for the duration that leads to the plateau of antioxidant enzyme activity, in order to 

formulate a more effective and sustainable management regime for mould prevention 

in the indoor environment.  

The findings in this study may provide a direction for investigating the difference 

in tolerance to dynamic aw between mould species. Segers et al. (2016) suggested that 

melanin contributes to the fungal tolerance to water dynamics, but this hypothesis was 

later rejected by the insignificant difference in the survival of melanin mutants 

compared with wild-type strains of A. niger under dynamic aw (Segers et al., 2018). 

Based on the results in the current study, it could be alternatively hypothesised that the 

difference in resistance towards dynamic aw between mould species is associated with 

their capability to detoxify oxidative stress. Further research could be conducted to test 

this hypothesis. Further, the correlation between oxidative stress and mould growth 

under water dynamics identified in this study may provide insights into the development 

of novel mould prevention strategies in indoor environments for building management 

teams and engineers.  
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4.5. Conclusions 

In this study, we present a positive correlation between oxidative stress and growth 

delay under water dynamics in C. cladosporioides, supported by the fact that higher 

cellular H2O2 concentration was detected in wet–dry cycles that led to longer delay in 

mould growth. Moreover, C. cladosporioides derived from pre-germination spores 

produced lower concentrations of cellular H2O2, contained higher CAT activity and 

were less sensitive to water dynamics compared with C. cladosporioides developed 

from germinated spores. We conclude that the growth delay of C. cladosporioides under 

water dynamics is associated with oxidative stress. 
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Chapter 5. The resistance towards water dynamics in common indoor moulds 

is associated with their ability to detoxify oxidative stress 

Abstract  

Indoor moulds need to cope with a highly dynamic water supply, because the built 

environment is typically characterized as fluctuating humidity. Currently, only limited 

mechanistic knowledge has gone beyond the observations regarding growth or survival 

in indoor moulds under water dynamics. Here, we investigated the association between 

the viability and capability to detoxify oxidative stress under water dynamics in three 

common indoor moulds – Aspergillus penicillioides, Cladosporium cladosporioides, 

and Aspergillus niger. The swollen spores of these moulds were exposed to dry periods 

up to 15 days. Afterwards, the viability, encountered oxidative stress and antioxidant 

responses of dried moulds were measured and compared. We found that A. 

penicillioides survived markedly better, showed lower intracellular lipid peroxidation 

levels and carried significantly higher antioxidant enzyme activities than A. niger and 

C. cladosporioides under water dynamics. In addition, 0.4 aw caused significantly 

higher oxidative stress and lower viability in C. cladosporioides and A. niger compared 

with 0.6 and 0.8 aw. Results in this study suggest that the resistance towards water 

dynamics in A. niger, A. penicillioides, and C. cladosporioides is associated with their 

capability to detoxify oxidative stress. This study provides a new perspective for the 

development of novel engineering solutions to indoor mould problems. 

 

Keywords: Indoor mould; viability; oxidative stress; antioxidant responses; water 

dynamics 
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5.1. Introduction  

Moisture is one of the most significant abiotic factors that can affect mould growth. 

Unlike the well-controlled constant conditions in laboratories, the indoor environment 

is typically characterised with dynamic humidity, rendering a fluctuating water supply 

for mould growth. In realising that knowledge regarding mould growth under steady-

state conditions is not sufficient for understanding the real situation, observations on 

the development and viability of indoor moulds under transient water supply have been 

conducted at both macro- and micro-morphological levels (Johansson et al., 2013; 

Bekker, 2014; Segers et al., 2016; van Laarhoven et al., 2016).  Johansson et al. (2013) 

and Bekker (2014) both found that the culturability of moulds could not be reduced by 

hygro-dynamic periods with drying time less than 24 h. When advancing the 

observations to a microscopic and more specific level, van Laarhoven et al. (2016) 

visualised a temporary arrest of hyphal extension during 24 hours of low relative 

humidity (RH) periods and the resumption of growth after re-exposure to high RH. 

Segers et al. (2016) further extended the dry periods to one week and compared t*+he 

viability of Cladosporium halotolerans, Penicillium rubens and Aspergillus niger after 

rewetting the dried moulds, and found that C. halotolerans survived the best under 

water dynamics.  

However, despite the extensive observational work done, only limited knowledge 

has gone beyond the observations of mould growth or viability under water dynamics. 

In the study of Segers et al. (2016), the authors initially believed that the higher 

tolerance in C. halotolerans was because of the presence of melanin in its hyphae 

instead of the hyphae of P. rubens and A. niger, which increased the cell rigidity and 

consequently elevated the resistance toward changing water conditions. However, this 

hypothesis was later rejected by the insignificant difference in viability between 
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melanin mutants and wild-type strains of A. niger (Segers et al., 2018). Currently, the 

mechanism regulating different levels of tolerance toward water dynamics among 

mould species remains to be elucidated.  

Previous studies have demonstrated the involvement of oxidative stress under dry 

conditions. Upregulation of genes encoding redox balancing systems, activation of 

antioxidant enzymes, and reduced tolerance to dehydration in antioxidant enzyme 

mutants have been reported, which emphasises the important role of oxidative stress 

under drought conditions (de Jesus Pereira et al., 2003; França et al., 2007; Garre et al., 

2010). Our earlier study further confirmed the association between oxidative stress and 

mould growth under water dynamics by revealing a positive correlation between the 

growth delay and cellular H2O2 concentration of C. cladosporioides under daily wet-

dry cycles (Wu and Wong, 2020). These findings provide us with fundamental 

knowledge and simultaneously raise our interests as to whether the difference in 

tolerance towards water dynamics among species is related to their ability to detoxify 

oxidative stress.  

Fungi are known to maintain redox homeostasis through both enzymatic and non-

enzymatic systems (Figure 3). The enzymatic system contains superoxide dismutase 

(SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GR), 

which act as the essential responses to oxidative stress. SOD dismutase superoxide 

anions to less toxic H2O2, and then H2O2 would be further decomposed by CAT and 

GPx. The non-enzymatic antioxidant system mainly includes antioxidants such as 

reduced glutathione (GSH), vitamin C, vitamin E and uric acid. GSH can also detoxify 

H2O2 and is regulated by GR through the glutathione pathway (Deng et al., 2016). 

Aspergillus penicillioides, typically recovered from house dust and audio tapes, is 

thought to be one of the most xerophilic indoor moulds (Williams et al., 2009). It can 
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flourish in extremely dry environments (e.g., libraries) and produce germlings at 0.57 

water activity (aw) (Micheluz et al., 2015; Stevenson et al., 2017). A. penicillioides has 

also been reported to infect humans and cause lobomycosis. C. cladosporioides and A. 

niger are both common indoor moulds that have been isolated from dust, walls, floor, 

carpet, and air-conditioning systems (Pigeot-Remy et al., 2013; Wu et al., 2018). C. 

cladosporioides and A. niger require a similar minimum aw for growth (0.8 – 0.85 aw), 

and they both can be opportunistic pathogens that infect human lungs and ears, 

respectively (Segers et al., 2015; Segers et al., 2016).  

In this study, swollen spores of three common indoor moulds, A. penicillioides, C. 

cladosporioides, and A. niger were exposed to dry periods up to 15 days, followed by 

a rehydration of one month to assess their viability. The lipid peroxidation level as well 

as antioxidant responses (the activities of CAT, SOD, GR, GPx, and antioxidants) of 

dried moulds were determined after the dry periods. We hypothesised that the 

difference in the viability of A. penicillioides, C. cladosporioides, and A. niger under 

water dynamics is associated with their ability to detoxify oxidative stress, i.e., 1) The 

species that shows the best survival after dry periods displays lowest lipid peroxidation 

level; and 2) The species that encounters lowest oxidative damage contains the highest 

antioxidant activities. This is the first study to report the reason contributing to the 

different degrees of resistance to water dynamics in common indoor moulds. Our study 

will shed light on further research into indoor fungal response to water dynamics and 

provide a new perspective of the development of novel indoor mould prevention 

strategies.  
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5.2. Materials and methods  

5.2.1. Tested organisms and growth conditions  

A. penicillioides (ATCC® 16910™), C. cladosporioides (ATCC® 16022™), and A. 

niger NRRL3 (ATCC® 9029™) were purchased from American Type Culture 

Collection (ATCC) and used in this study, since these strains have all been found in 

indoor environments. Moreover, A. penicillioides (ATCC® 16910™) is isolated from 

Brazil patient with lobomycosis, which may give both environmental and clinical 

significance to the results of the study. In addition, C. cladosporioides (ATCC® 

16022™) and A. niger NRRL3 (ATCC® 9029™) are also strains that have been 

commonly used for laboratory investigations. Strains were routinely grown on malt 

extra agar (MEA) at 28 °C for 7 days to develop mature colonies.  

 

5.2.2. Mould viability under water dynamics  

The experimental setup was referenced from Segers et al. (2016) with a slight 

modification and similar to the one used in our previous study. Briefly, spores of each 

mould species were harvested, washed and enumerated as previously described. 

Afterward, 1 × 105 spores were inoculated onto a cellulose membrane (47 mm diameter, 

0.2 μm pore size) overlying a 0.99 water activity (aw) MEA plate and spread out 

homogeneously using a disposable plastic spreader. The inoculated spores were then 

cultured to the stage of isotropic swollen prior to the exposure to dry periods (confirmed 

by a light-microscope). Afterward, membranes with swollen spores were transferred to 

MEA plates with low aw (0.4, 0.6 or 0.8 aw) and incubated at corresponding relative 

humidity (RH) up to 15 days; i.e., 40%, 60% or 80% RH in a digital hygrothermal 

incubator. Dried spores were then transferred back to 0.99 aw MEA plates and incubated 
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at 28 °C for up to one month to assess their viability. Spores with the ability to resume 

growth and germinate were considered as viable, and germination percentage was 

presented to reflect the viability of moulds after exposure to water dynamics. 

Germination percentage was assessed by cutting 1 cm2 of the membrane and counting 

the percentage of germinated spores under a light-microscope during re-exposure to wet 

conditions. 

 

5.2.3. Quantification of oxidative stress   

The oxidative stress encountered by moulds was reflected using the level of lipid 

peroxidation. Right after the dry period ended, dried mould spores were removed into 

sterile ultrapure water immediately for the determination of lipid peroxidation. As the 

consequence of oxidative damage, lipid peroxidation level of dried moulds was 

measured with a Lipid Peroxidation (MDA) Assay Kit (Abcam) following the protocol 

provided by the manufacturer, which assesses the formation of malondialdehyde (MDA) 

in mould samples. Dried moulds were subjected to homogenisation with the supplement 

of BHT solution before the measurement of lipid peroxidation level.  

 

5.2.4. Characterisation of antioxidant responses 

The activity of SOD, CAT, GPx, GR, and antioxidants were quantified using their 

corresponding activity assay kits purchased from Cayman Chemical, and normalised 

with protein concentration present in the samples.  

The enzyme activity was measured immediately after the end of dry periods. After 

the dry periods, treated moulds were removed from the membranes into sterile ultrapure 

water immediately, followed by centrifugation and re-suspension to store the 



 

97 

 

dehydrated mould spores in the homogenisation buffer recommended by the 

corresponding kit protocol prior to homogenisation.   

 

5.2.5. Statistical analyses  

The difference in the level of lipid peroxidation, enzyme activity and antioxidant 

activity among A. penicillioides, C. cladosporioides, and A. niger was compared using 

one‐way analysis of variance (ANOVA) with Duncan's post hoc test in SPSS v.24, in 

order to determine whether significant differences in oxidative stress and antioxidant 

response were found between the tested mould species. Difference between means with 

a P‐value lower than 0.05 (P < 0.05) was regarded as statistically significant.  

 

 

5.3. Results  

5.3.1. Survival of moulds under water dynamics  

The survival of A. penicillioides, C. cladosporioides and A. niger under water dynamics 

is presented in Figure 5-1.  
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Figure 5-1. Viability of A. penicillioides, C. cladosporioides and A. niger under 

different water dynamic conditions.  
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When 0.4 aw was used as the dry condition, A. penicillioides showed a significantly 

better survival than C. cladosporioides and A. niger. The survival of A. penicillioides 

could still be maintained over 82% after 15 d of dry period, while C. cladosporioides 

and A. niger lost their viability after 3 d and 5 d, respectively. At 0.6 aw, A. penicillioides 

also survived markedly better than the other two moulds, showing a survival of over 

90% even when the dry period was extended to 15 days. C. cladosporioides and A. 

niger were inactivated after 5 and 7 days, respectively. When dry periods of 0.8 aw were 

introduced, all these three moulds displayed survival percentages over 89% after 15 

days of dry periods.  

In general, C. cladosporioides and A. niger showed markedly better survival under 

0.8 and 0.6 aw than 0.4 aw. Moreover, A. penicillioides survived significantly better than 

than C. cladosporioides and A. niger under dry the periods used introduced in this study. 

 

5.3.2. Oxidative stress encountered by moulds under water dynamics  

The oxidative stress encountered by treated moulds was reflected by their lipid 

peroxidation levels, which are shown in Figure 5-2. 
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Figure 5-2.  Lipid peroxidation determined in A. penicillioides, C. cladosporioides 

and A. niger under different dry periods. 
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Compared with 0.6 and 0.8 aw, A. penicillioides, C. cladosporioides and A. niger 

showed highest lipid peroxidation levels under 0.4 aw. The MDA concentration 

produced by A. niger and C. cladosporioides reached over 1000 nmol/mg protein after 

3 and 5 days, respectively. While, A. penicillioides produced a significantly lower MDA 

concentration, keeping its concentration around 150 nmol/mg protein over the dry 

period. When these three mould species were exposed to 0.6 aw, A. penicillioides only 

produced MDA concentration of around 25 nmol/mg protein, while the other two 

moulds, A. niger and C. cladosporioides, produced over 300 nmol/mg protein MDA on 

the day when they were inactivated. For 0.8 aw, only slight changes were observed in 

terms of the MDA concentration produced by these three moulds during 15 d of dry 

periods. Generally, A. penicillioides showed a lower production of MDA compared 

with C. cladosporioides and A. niger under 0.4 and 0.6 aw.  

 

5.3.3. Antioxidant responses in dried moulds under water dynamics  

5.3.3.1. Catalase (CAT) 

The CAT activities of these three moulds under different sub-optimal conditions are 

measured and shown in Figure 5-3. 
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Figure 5-3. CAT activity carried by A. penicillioides, C. cladosporioides and A. 

niger under different dry periods. 



 

103 

 

The CAT activity of moulds under 0.4 and 0.6 aw was similar, A. penicillioides carried 

a CAT activity of around 600 U/mg protein under 0.4 aw and 500 U/mg protein at 0.6 

aw. For the other two moulds, C. cladosporioides displayed a CAT activity of 271 U/mg 

protein and 200 U/mg protein at 0.4 and 0.6 aw, respectively, and CAT activities of 170 

U/mg protein at 0.4 aw and 72 U/mg protein at 0.6 aw were measured for A. niger. When 

moulds were exposed to 0.8 aw, the CAT activities were significantly lower compared 

with 0.4 and 0.6 aw. A CAT activity of 220 U/mg protein was measured for A. 

penicillioides, and C. cladosporioides as well as A. niger which found to exhibit around 

100 and 50 U/mg protein of CAT activity, respectively.  

 

5.3.3.2. Superoxide dismutase (SOD)  

The change of SOD activity in A. penicillioides, C. cladosporioides and A. niger under 

water dynamics is presented in Figure 5-4.  
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Figure 5-4. SOD activity carried by A. penicillioides, C. cladosporioides and A. 

niger under different dry periods.
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Except for 0.8 aw, SOD activity was significantly induced in all three moulds when 

dry periods were introduced, and these three moulds displayed a low basal level of SOD 

activity under control conditions (0.99 aw). Under 0.4 and 0.6 aw, C. cladosporioides 

exhibited slightly higher SOD activity (29 U/mg protein) than A. niger (23 U/mg 

protein), but their SOD activities were both significantly lower than that of A. 

penicillioides (45 U/mg protein). In contrast, these three moulds exhibited similar SOD 

activities when they were incubated under 0.8 aw, and the SOD activities they carried 

were similar to the level under control condition. 

 

5.3.3.3. Glutathione reductase (GR) 

The specific activity of GR in A. penicillioides, C. cladosporioides and A. niger was 

monitored during dry periods and presented in Figure 5-5. 

Under the control condition, these three moulds expressed a measurable 

background GR activity of 166, 118 and 56 U/mg protein, respectively.  Following 

dehydration, GR activities of all three moulds significantly increased to 631, 479 and 

309 U/mg protein, respectively, and maintained at similar levels during dry periods. At 

0.6 aw, C. cladosporioides and A. niger displayed insignificantly different GR activities 

compared with 0.4 aw, and a similar pattern of changes in GR activities was also 

observed. A. penicillioides, however, expressed a lower GR activity at 0.6 aw (about 

479 U/mg protein) than 0.4 aw. When moulds were exposed to 0.8 aw, their GR activities 

were just slightly higher than background levels, reaching 227, 171 and 133 U/ mg 

protein in A. penicillioides, C. cladosporioides and A. niger, respectively.  
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Figure 5-5. GR activity carried by A. penicillioides, C. cladosporioides and A. 

niger under different dry periods.
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5.3.3.4. Glutathione peroxidase (GPx) 

GPx is known as the antioxidant enzyme coupled with CAT to detoxify H2O2 oxidative 

stress. The specific activity of GPx in A. penicillioides, C. cladosporioides and A. niger 

was shown in Figure 5-6. 

 

 

Figure 5-6. GPx activity carried by A. penicillioides, C. cladosporioides and A. niger 

under different dry periods.
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The tested three mould, A. penicillioides, C. cladosporioides and A. niger carried 

a basal GPx activity of around 400 and 200 U/mg protein, respectively. Similar to the 

changes of CAT under water dynamics, GPx activities of these three moulds increased 

significantly compared with control condition when they were exposed to dry periods. 

Under 0.4 aw, GPx of A. penicillioides peaked at around 950 U/mg protein, which was 

markedly higher than C. cladosporioides (710 U/mg protein) and A. niger (490 U/mg 

protein). When the water activity of dry periods was increased to 0.6 aw, the GPx 

activities of A. penicillioides, C. cladosporioides and A. niger were all lower compared 

at 0.4 aw, with a specific GPx activity of 770, 550 and 450 U/mg protein, respectively. 

When the water activity was further elevated to 0.8 aw, the GPx activities in these three 

moulds were not significantly different from the control condition. Generally, A. 

penicillioides carried a markedly higher level of GPx activity than C. cladosporioides 

and A. niger under 0.4 and 0.6 aw.  
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5.4. Discussions  

The water availability in indoor environments is characterised as highly dynamic, 

because occupants’ activities such as showering, and cooking can substantially impact 

indoor humidity. Moreover, running non-constant air-conditioning systems also renders 

transient water supply for moulds. It is therefore important to understand the responses 

of moulds to water dynamics and its underlying mechanisms. Segers et al. (2017) 

observed a better viability of Cladosporium halotolerans under water dynamics and 

reasoned that its outstanding ability to survive under transient water supply may help 

explain its success in dominating indoor environments. However, this group of 

researchers failed to explain the reasons contributing to the resistance to water dynamics 

in some indoor moulds (Segers et al., 2017; Segers et al., 2018).  Therefore, in this study, 

we exposed three common indoor moulds to water dynamics, and afterwards, compared 

the viability of these moulds and oxidative responses in them. To the best of our 

knowledge, this is the first study investigating the reasons contributing to the 

differences in resistance to water dynamics in common indoor moulds.  

 

5.4.1. Oxidative stress response under water dynamics  

Due to the inclusion of dry periods, fungi also encounter elevated oxidative stress under 

water dynamics. Previous studies have demonstrated the important role of oxidative 

stress under dry conditions. It is indicated that the wet-dry cycles that delayed mould 

growth more significantly also imposed higher oxidative stress to moulds. Moreover, 

catalase, the antioxidant enzyme produced to detoxify oxidative stress, whose activity 

was also shown to be increased when a transient water condition was introduced.  

Our present study also finds that oxidative stress responses of A. penicillioides, C. 

cladosporioides and A. niger were induced when they were exposed to dynamic water 
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availability conditions, which meets the expectations of previous studies. In the current 

study, we observed an increase in lipid peroxidation level when dry periods tended to 

reduce the viability of moulds. Moreover, no significant difference in lipid peroxidation 

level was observed when the less stressful suboptimal condition was introduced. With 

respect to the antioxidant enzymes, the activities of all the measured enzymes were 

significantly higher when the moulds were incubated under 0.4 and 0.6 aw. The most 

significantly changes in CAT and GPx implied that H2O2 plays a very important role in 

the elevated oxidative stress caused by dehydration, which is consistent with previous 

studies (França et al., 2005; Li et al., 2008).  

 

5.4.2. Lower water availability imposes severer oxidative stress 

Although previous research has demonstrated the important role of oxidative stress 

under dehydration, very few studies have revealed whether drier conditions would lead 

to a higher oxidative stress. In the present study, we find that under water dynamics, 

dry periods with lower water activity impose severe oxidative stress to moulds, 

supported by the fact that moulds treated with 0.4 aw dry periods encountered 

significantly higher oxidative stress compared with 0.6 and 0.8 aw, strengthening the 

critical role of oxidative stress in mould response to water dynamics. Ng et al. (2017) 

also reported a higher oxidative stress encountered by microbes at 60% RH compared 

with 80%, which is consistent with the findings in our study.  

The “Excellent” level of indoor air quality requires an indoor humidity between 

40–70%, which is within the water availability tested in this study. Our results may 

imply that in the typical indoor environment, moulds encountered severer oxidative 

stress when the indoor humidity was reduced down to 40%, implying that redox 

homeostasis may be a novel engineering target for indoor mould control.  
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5.4.3. Survival of indoor moulds under water dynamics is linked to their oxidative 

adaptation  

A. penicillioides survived significantly better than C. cladosporioides and A. niger 

under water dynamics, and simultaneously encountered a lower oxidative stress and 

exhibited higher antioxidant enzyme activities, suggesting that the survival of common 

indoor moulds under water dynamics is associated with their ability to detoxify 

oxidative stress. The findings of our work may help explain the different resistance 

towards water dynamics observed in the study of Segers et al. (2017).   

A. penicillioides, known as one of the most xerophilic moulds, has been 

demonstrated to be able to grow at 0.585 aw. It is commonly found in dry environments 

and has been isolated from extreme indoor environments, e.g., libraries. Its outstanding 

ability to withstand water dynamics and oxidative insult may explain its success in 

colonising dry habitats. Moreover, A. penicillioides strain ATCC 16910 has been 

reported to present in indoor environments and isolated from a patient with lobomycosis. 

Both the viability under water dynamics and infectivity of A. penicillioides may imply 

its significant role in indoor mould control. Further research should place particular 

focus on the prevention of A. penicilllioides growth.  

 

5.4.4. The use of laboratory agar to eliminate nutrient effect 

In earlier studies (Segers et al., 2017; Segers et al., 2018), indoor moulds were 

challenged with dynamic water supply without the presence of nutrient during the dry 

period, which may to some extent affect the results due to the potentially interfering 

starvation stress. The extra effort required by the use of agar may explain the absence 
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of nutrients in their study. If agar is used, one should also adjust the water activity of 

agar to the same level as the RH in order to maintain a unified water supply. In the 

present study, membrane filters placed on PDA plates with mould spores were 

subjected to water dynamics on nutrient agar, in order to eliminate the nutrient effect. 

In addition, the water activity of agar was also adjusted to the same level as RH. Hence, 

it is assumed that the nutrient effect is eliminated in our experimental setup. 

 

5.4.5. CAT as the representative antioxidant enzyme to reflect enzymatic responses to 

oxidative stress induced by dehydration 

In the present study, CAT was found to be the most significantly changed antioxidant 

enzyme under water dynamics, and these three moulds carried a markedly different 

level of CAT activity among each of them. Our previous study also indicated that CAT 

activity is closely related to the oxidative stress cause by suboptimal moisture 

conditions. Therefore, it is likely that CAT activity under water dynamics is fine to 

indicate the changes of antioxidant responses in indoor moulds.  

 

5.4.6. Implications of the study  

A dormant mould spore is highly resistant to water stress due to its outer spore wall. 

However, upon the onset of germination, the outer spore wall will be lost and the spore 

consequently become more sensitive to dehydration. Segers et al. (2017) indicated that 

even shifts from the sub-optimal condition to a favourable environment could cause 

stresses to fungal cells because of the constituted hypoosmotic shock. Therefore, 

exposing germinating spores to water dynamics would lead to a better effectiveness of 

mould prevention compared with treating dormant spores. Germinating spores of A. 
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penicillioides, C. cladosporioides and A. nigers were tested in this study, which 

represent the indoor mould spores that have initiated growth. Results of the current 

study indicate that when the indoor humidity is maintained at 40%, it could inactivate 

the germinating spores of non-xerophilic moulds on laboratory media. As moulds are 

expected to survive better on nutrition substrates, it is likely that during long holidays, 

the facility management team may turn on the air-conditioning units for one week after 

a certain wet period to inactivate the spores of non-xerotolerant moulds present in the 

room. 

A range of 40-60% is typical for indoor humidity when the air-conditioning is 

being operated. According to the results of this study, indoor moulds would encounter 

severe oxidative stress when indoor humidity is reduced within the range of 40-60%, 

implying that oxidative damage is the key target for indoor mould control. The 

investigations on water availability open the door for studying oxygen (O2) effects. 

Further research may examine the critical indoor O2 concentration that helps to inhibit 

mould growth, in order to develop a novel perspective for indoor mould prevention.  

 

 

5.5. Conclusions  

Our study for the first time revealed that the survival of A. penicillioides, C. 

cladosporioides and A. niger under water dynamics was associated with their oxidative 

stress adaptation. Moreover, 0.4 aw was shown to impose severer oxidative stress to the 

tested moulds than 0.6 and 0.8 aw, suggesting that oxidative damage may be a novel 

engineering target of indoor mould prevention, since engineers may manipulate 

oxidative stress to prevent indoor mould contamination rather than humidity only. 

Further research may investigate the feasibility of developing mould control strategies 



 

114 

 

by adjusting the indoor oxygen concentration. The outcome of this study may shed light 

on the development of novel indoor mould prevention measures.  
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Chapter 6. The role of temperature compared to relative humidity in affecting 

the resistance of Cladosporium cladosporioides to wet-dry cycles 

 

Abstract  

Temperature is known as one of the abiotic factors that can affect mould growth. Many 

mould growth prediction models consider temperature as one of the parameters that can 

significantly impact mould growth indoors, and hence temperature has been targeted 

by different indoor mould prevention strategies in different premises. For example, 

European guidelines for libraries suggest a temperature of 19 °C to preserve books. 

However, running a low temperature air-conditioning (AC) costs substantially more 

energy and thus a higher temperature (e.g., 25.5 °C) has been regularly proposed as the 

recommended indoor temperature for general indoor environments in Hong Kong. It is 

therefore needed to understand whether or not the reduction of indoor temperature 

would lead to a better effectiveness of mould prevention. Using Cladosporium 

cladosporioides as the model, its germinating spores were challenged in wet-dry cycles 

with different combinations of relative humidity (RH, 40%, 60% and 80%) and 

temperature (19 °C and 28 °C) levels. The survival, lipid peroxidation and catalase 

(CAT) activity of C. cladosporioides were monitored and compared. C. 

cladosporioides spores showed similar levels of viability, lipid peroxidation and CAT 

activity when they were exposed to 19 °C and 28 °C at the same RH, but a substantially 

lower survival and higher oxidative stress was observed under the wet-dry cycles with 

40% RH dry periods compared with 60% and 80% RH at both temperatures, suggesting 

that indoor temperature does not tend to affect the resistance of C. cladosporioides to 

wet-dry cycles as significantly as the RH level of the dry period. This study suggests a 
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more important role of moisture over temperature in indoor mould prevention, which 

may facilitate the sustainable management of indoor mould problems in buildings.  

 

Keywords: temperature; relative humidity; wet-dry cycles; indoor mould prevention 

 

6.1. Introduction  

Due to the adverse health effects brought by moulds, building scientists have developed 

mould growth models to predict mould development under different environmental 

conditions. As indicated by the growth models, temperature is one of the abiotic factors 

proven to significantly affect mould growth. Therefore, temperature has been one of the 

targets for mould control in indoor environments. 

As one of the important factors affecting mould growth, temperature effect has 

been widely investigated by researchers. The investigations of temperature effect were 

initiated under constant state, which focused on the impacts to indoor mould growth 

brought by different temperature levels (Holmquist et al., 1983; Sedlbauer, 2002; 

Ojanen et al., 2010). Moreover, the production of mycotoxins was also found to be 

significantly affected by temperature (Erdogan and Sert, 2004), highlighting the needs 

of considering temperature as one of the factors that would not only affect mould 

growth, but also potentially compromise human health if it is not properly maintained. 

Later, upon realising that constant states of temperature are artificial environments in 

laboratories rather than real-world situations, researchers began to place more focus on 

the effects of cyclic temperature levels on the growth of indoor moulds. Johannson et 

al. (2013) exposed mould spores to transient temperature conditions and drew the 

conclusion that dynamic temperature appeared to slow down mould growth compared 
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with steady-state temperature levels. These previous studies tend to support the 

important role of temperature in influencing the responses of moulds.  

In libraries, the temperature is usually maintained at relatively low levels (e.g., at 

around 19 °C) to slow down mould activities, in order to protect paper materials from 

fungal deterioration. European guidelines suggest a temperature range of 19–24 °C for 

preserving paper products, and the indoor environment with an “Excellent” class of 

indoor air quality in Hong Kong should have a temperature between 20 °C and 25.5 °C. 

According to the updated VTT model developed by Ojanen et al. (2010), moulds take 

significantly longer to germinate at 19 °C compared with 25.5 °C on building materials 

that are sensitive to mould growth. The facility management team for university 

campuses on occasion receives complaints from students regarding the low temperature 

in the library It is reported that a drop of 1 °C in the room temperature consumes 3% 

more energy, and simultaneously, the operation of ACs emits carbon dioxide (CO2) 

which would accelerate global warming. Therefore, it is necessary to investigate if such 

a low temperature is needed to be maintained in particular venues, in order to balance 

indoor mould hygiene and environmental sustainability.   

The aim of this study was to investigate the effect of temperature on the resistance 

of indoor moulds to wet-dry cycles, in order to understand the necessity of maintaining 

a costly low temperature indoor environment. In this study, using Cladosporium 

cladosporioides as the model, its germinating spores were exposed to wet-dry cycles 

with the combination of two temperature (19 °C and 28 °C) and three relative humidity 

(RH) levels (40%, 60% and 80%). The two tested temperature levels, 19 °C and 28 °C, 

represent the low temperature in libraries and unconditioned atmospheric temperature, 

respectively; meanwhile, 40% and 60% RH mimic the lowest and normal indoor 

humidity that air-conditioning units or dehumidifiers can maintain, and 80% is a 
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common unconditioned atmospheric RH level. Afterwards, the germination percentage, 

lipid peroxidation level and CAT activity of treated moulds were measured and 

compared. The results of this study may help facilitate the sustainable management of 

mould hygiene problems in buildings.  

 

 

6.2. Materials and method  

6.2.1. Tested organisms and growth conditions  

C. cladosporioides (ATCC® 16022™) was purchased from American Type Culture 

Collection (ATCC) and used in this study, since it has been frequently isolated from 

indoor environments and is used for fungus resistance testing. 

 

6.2.2. Mould survival under wet-dry cycles  

The experimental setup used in this study has been detailed previously (Chapter VI). 

Spores of C. cladosporioides were harvested, washed and enumerated according to the 

standardised method (Segers et al., 2016). Afterwards, 1 × 105 spores were inoculated 

onto a cellulose membrane (47 mm diameter, 0.2 μm pore size) overlying a 0.99 water 

activity (aw, equivalent to 99% RH) MEA plate and spread out homogeneously using a 

disposable plastic spreader. The inoculated spores were then cultured to the stage of 

isotropic swollen prior to the exposure to dry periods at either 19 °C or 28 °C (confirmed 

by a light-microscope). Afterwards, membranes with swollen spores were transferred 

to MEA plates with low aw (0.4 aw, 0.6 aw or 0.8 aw) and incubated under 40%, 60% or 

80% RH for up to 15 days at either temperature (19 °C or 28 °C). Dehydrated spores 

were then transferred back to 0.99 aw MEA plates and incubated at 28 °C for up to one 
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month to assess their viability. Spores with the ability to resume growth and germinate 

were considered as viable, and germination percentage was presented to reflect the 

viability of moulds after exposure to wet-dry cycles. Germination percentage was 

assessed by cutting 1 cm2 of the membrane and counting the percentage of germinated 

spores under a light-microscope during re-exposure to wet condition. 

 

6.2.3. Quantification of oxidative stress   

The oxidative stress encountered by moulds was reflected using the level of lipid 

peroxidation. Right after the dry period ended, dried mould spores were moved into 

sterile ultrapure water immediately and then subjected to homogenisation with the 

supplement of BHT solution.  

As the consequence of oxidative damage, the lipid peroxidation level of dried 

moulds was measured with a Lipid Peroxidation (MDA) Assay Kit (Abcam) following 

the protocol provided by the manufacturer, which assesses the formation of 

malondialdehyde (MDA) in mould samples. The determined MDA concentration in 

mould samples were then normalised with the protein concentration present in the 

samples, which was quantified using a PierceTM BCA Protein Assay Kit (Thermo Fisher 

Scientific, USA). 

 

6.2.4. Characterisation of antioxidant responses 

As indicated in the previous chapter (Chapter VI), catalase (CAT) is the most 

significantly changed antioxidant enzyme under different environmental conditions. 

Therefore, CAT activity was used to represent antioxidant responses in this study. The 

CAT activity of treated moulds was quantified using a Catalase Assay Kit purchased 
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from Cayman Chemical, and normalised with protein concentration present in the 

samples.  

CAT is the key antioxidant enzyme produced to decompose H2O2 oxidative stress, 

which was determined by a Catalase Assay Kit (Cayman Chemical, USA) according to 

the protocol suggested by the company. Briefly, mould samples were removed from 

membranes with sterile cold buffer (50 mM potassium phosphate, pH 7.0, containing 1 

mM EDTA) and then subjected to homogenisation on ice. Cell homogenate was 

centrifuged at 10,000 × g for 15 min at 4 °C, and 20 μL of supernatant was used for 

assay in a 96-well plate. During the assay, 100 μL of diluted assay buffer and 30 μL of 

methanol (HPLC grade) were used for each reaction. The reactions were initiated by 

adding 20 μL of 35 mM hydrogen peroxide and incubated for 20 min in a shaker at 

room temperature with the plate cover. Afterwards, the reaction was terminated by the 

addition of 30 μL of 10 M potassium hydroxide and 30 μL of 0.5 M purpald (chromogen) 

to each well followed by 10 min of incubation in a shaker at room temperature with 

plate cover. Absorbance at 540 nm was monitored, and values between 0.1 and 1.2 were 

recorded. Bovine liver catalase was used as positive control. The catalase activity of 

samples was calculated in accordance with standard curve by subtracting the 

background. The determined catalase activity level was normalised with the protein 

concentration present in the samples. 

 

6.2.5. Statistical analyses  

The differences in the level of lipid peroxidation level and CAT activity in C. 

cladosporioides under different temperature and RH levels were compared using one‐

way analysis of variance (ANOVA) with Duncan's post hoc test in SPSS v.24, in order 

to determine whether significant differences in oxidative stress and antioxidant 
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response were found between the tested mould species. Difference between means with 

a P‐value lower than 0.05 (P < 0.05) was regarded as statistically significant.  

 

 

6.3. Results  

6.3.1. Viability of C. cladosporioides under different wet-dry cycles 

C. cladosporioides spores were cultured to the isotropic swollen stage prior to the 

exposure to different water conditions. Microscopic photos of swollen spores with scale 

bars are shown in Figure 6-1. The spore length measured in this study is about 7.64 μm 

(± 0.18 μm SD), which is comparable to 7.51±0.96 μm in Quintana-Obregón et al.’s 

(2011) study. Over 80% of spores were at isotropic swollen stage upon harvesting in 

this study.   
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a.  

 

 

b.  

 

Figure 6-1. Microscopic photos of C. cladosporioides strain ATCC 16022 spores. 

Dormant spores (a); and Swollen spores (b). The microscopic photos were taken 

under 100× magnification lens on a light microscope. The scale bar is 5 μm. 
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Germination percentage of the dehydrated mould spores was used as an indicator 

to assess mould viability. The viability of C. cladosporioides spores under different 

combinations of temperature and RH levels is presented in Figure 6-2. 

 

 

Figure 6-2. The germination percentage of C. cladosporioides spores exposed to 

wet-dry cycles with different combinations of RH and temperature levels. 

 

The viability of C. cladosporioides decreased as the drying time extended at both 

19 °C and 28 °C when they were exposed to wet-dry cycles with dry periods at 40% 

and 60% RH; meanwhile, there was not a significant decrease in viability when moulds 

were incubated under 80% RH.  Similarly, there was no significant difference found in 

the survival of C. cladosporioides between 19 °C and 28 °C when the RH was fixed, 

but 40% RH led to a significantly lower viability in C. cladosporioides than 60% and 

80% RH at both temperature levels.  

The lowest survival was determined when C. cladosporioides was incubated under 

40% RH dry periods. The viability of moulds dropped sharply to 47% at 19 °C and 55% 

at 28 °C after 1 day, then to 15% at 19 °C and 22% at 28 °C upon 3-day-drying. After 
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5 days, all the spores dehydrated under 40% RH at 19 °C and 28 °C were inactivated 

and no resumption of growth could be observed followed by subsequent rewetting. 

When dry periods of 60% RH were adopted, for both temperature levels, the viability 

of C. cladosporioides declined to approximately 80% after the first 3 days. Then, the 

most dramatic reduction in the viability of C. cladosporioides was observed between 

the 3rd and 5th day, where the survival of mould spores dropped to 20%. All spores were 

inactivated when the dry periods were further extended to 7 days for 19 °C and 28 °C. 

In contrast, dry periods of 80% RH at neither 19 °C nor 28 °C appeared to 

inactivate C. cladosporioides spores within 15 days. Similar survival was observed 

throughout the 15-day dry periods and almost all treated spores at 19 °C and 28 °C 

restored growth after a 15-day 80% RH period.  

Overall, C. cladosporioides spores subjected to wet-dry cycles showed similar 

levels of survival between 19 °C and 28 °C when the same RH level was maintained 

while a significantly lower viability was observed when the RH was reduced to 40% 

compared with 60% and 80% at both temperatures. 

 

6.3.2. Oxidative stress encountered in C. cladosporioides 

Lipid peroxidation has been demonstrated to give a clear indication of the oxidative 

damage encountered by moulds; thus, the formation of MDA, which is used to reflect 

lipid peroxidation level, was monitored in C. cladosporioides spores under different 

conditions. Results are shown in Figure 6-3. 
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Figure 6-3. Lipid peroxidation level of C. cladosporioides spores exposed to wet-

dry cycles with different combinations of RH and temperature levels. 

 

Under wet condition (99% RH, 0 day), C. cladosporioides formed a low 

background level of MDA concentration, which was around 30 nmol/min/mg protein. 

A substantial increase in MDA concentration was measured when 40% or 60% dry 

periods were introduced at 19 °C and 28 °C. General climbing trends in MDA 

concentration were observed for dry periods of 40% and 60% RH at both tested 

temperatures.  

The highest MDA formation was detected in C. cladosporioides incubated under 

40% RH dry periods.  In one-day 40% RH period, MDA concentration increased to 411 

nmol/min/mg protein at 19 °C and 553 nmol/min/mg protein at 28 °C. MDA 

concentration reached 1100 nmol/min/mg protein at 19 °C and almost 1168 

nmol/min/mg protein at 28 °C after the 5th day. For both temperatures at the 60% RH, 
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the concentration of MDA in C. cladosporioides was approximately 130 nmol/min/mg 

protein upon the first day of drying and gradually ascended to over 300 nmol/min/mg 

protein after 7 days.  

With respect to C. cladosporioides spores incubated at 80% RH, the lipid 

peroxidation level at both tested temperatures tended to be much lower than that at 40% 

and 60% RH. A flattening change in MDA concentration (around 40 nmol/min/mg 

protein) was measured for both 19 °C and 28 °C, which was similar to the control wet 

condition (99% RH). 

Generally, the formation of MDA in C. cladosporioides spores was similar 

between 19 °C and 28 °C when the RH was fixed, but a markedly higher MDA 

concentration was determined in C. cladosporioides spores exposed to lower RH levels. 

 

6.3.3. CAT activity C. cladosporioides carried under different wet-dry cycles 

As an important antioxidant enzyme produced to detoxify oxidative stress, CAT 

activity was monitored in C. cladosporioides under wet-dry cycles and is shown in 

Figure 6-4. 
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Figure 6-4. CAT activity of C. cladosporioides spores under wet-dry cycles with 

different combinations of RH and temperature. 

 

Under control conditions, very low (2 U/ mg protein) CAT activity was found in 

C. cladosporioides, and all tested combinations of wet-dry cycles considerably induced 

CAT activity in C. cladosporioides. 

When dry periods of 40% and 60% RH at 19 °C and 28 °C were introduced, the 

CAT activity of C. cladosporioides increased to around 260 U/mg for all of the four 

tested combinations and remained insignificantly different during the incubation under 

dry periods. At an RH of 80%, there were significant increases in CAT activities when 

compared with the control condition, but the level of CAT activities detected in C. 

cladosporioides were approximately 95 U/mg protein for both temperatures, which 

were markedly lower than that measured under 40% and 60% RH.  

Generally, the CAT activities achieved by C. cladosporioides under 40% and 60% 

RH at 19 °C and 28 °C were similar, and found to be higher than the CAT activities 
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detected under the wet-dry cycles with a RH of 80% RH (19 °C, 80% RH and 28 °C, 

80% RH).  

 

 

6.4. Discussion  

Extensive studies have demonstrated that moulds accelerate their growth rate when the 

temperature approaches optimum level (Sedlbauer, 2001; Aihara et al., 2012), and thus, 

all mould growth prediction models take temperature into account when the growth of 

moulds needs to be predicted (Sedlbauer, 2001; Ojanen et al., 2010). However, 

temperature is also an important factor influencing occupants’ comfort, and therefore 

should be kept within a certain range; an “Excellent” level of indoor air quality (IAQ) 

requires an indoor temperature between 20 °C and 25.5 °C. In Hong Kong, in light of 

sustainability, 25.5 °C has been regularly proposed to be a recommended temperature 

for air-conditioning (AC) systems. As one of the special cases, low temperature is 

usually maintained in libraries for the sake of book preservation.  The low temperature 

of 19 °C is suggested by European guidelines to preserve books, which could cost 

nearly 20% more energy compared with 25.5 °C.  Determining whether or not it is 

necessary to run such an energy-consuming mould prevention strategy is useful. The 

findings of this study may help in developing a more sustainable and reasonable AC 

management regime for mould prevention in indoor environments, especially libraries.  

 

6.4.1. Insignificantly different resistance to wet-dry cycles between 19 °C and 28 °C 

As shown in Figures 6-1 and 6-2, C. cladosporioides spores did not show significantly 

different tolerance towards wet-dry cycles between 19 °C and 28 °C, as reflected in the 

similar viability and lipid peroxidation level. The temperatures 19 °C and 28 °C 
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represent typical low and unconditioned indoor levels, respectively. The insignificantly 

different tolerance towards wet-dry cycles revealed in this study implies that indoor 

temperature does not tend to significantly affect the effectiveness of mould prevention, 

suggesting that temperature control is not an effective approach and it may not be 

necessary to maintain a low temperature in indoor environments.  

Although this is the first study to investigate the effects of temperature on the 

resistance of indoor moulds to wet-dry cycles, making the results not directly 

comparable to other studies, the insignificant role of indoor temperature revealed in this 

study meets the expectations of Aihara et al. (2002) and other mould models (Sedlbauer, 

2001). It is reported that C. cladosporioides showed similar resistance to suboptimal 

moisture conditions within the range of 19 °C to 28 °C. Moreover, the isopleth model 

also supports the finding that mould growth rate is similar at 19 °C and 28 °C for all 

tested RH levels.  

Notably, the above referenced studies that examined temperature effects were 

conducted under constant moisture conditions, the influence of indoor temperature on 

the tolerance of indoor moulds towards wet-dry cycles has not be explored. Some mould 

growth models (e.g., the VTT model) indicate a significantly slower growth at 19 °C 

compared with 28 °C, which may over-emphasise the necessity of maintaining a low 

indoor temperature. In reality, water supply for moulds in indoor environments can 

fluctuate substantially because of occupants’ activities such as cooking and showering, 

and therefore temperature effect revealed under constant water conditions is not 

sufficient for understanding its role in real-world building contexts. The findings of our 

current study hint that the significance of temperature effect tends to be less than 

expected and it is more important to run a wet-dry cycle regime with low RH periods 

for the purpose of indoor mould prevention.   
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6.4.2. Relative humidity of dry periods is more critical than temperature for mould 

prevention in indoor environments 

According to Figures 6-1 and 6-2, when the relative humidity was fixed at 60% RH, C. 

cladosporioides spores did not exhibit markedly different viability and lipid 

peroxidation levels between 19 °C and 28 °C, suggesting that C. cladosporioides 

encountered similar oxidative stress at these temperature levels under wet-dry cycles. 

However, when the temperature was maintained at either 19 °C or 28 °C, C. 

cladosporioides displayed substantially lower survival and higher lipid peroxidation 

levels at 40% RH compared with 60% and 80% RH. These results suggest that within 

the indoor context, the importance of the RH of dry periods tends to be higher than the 

temperature, strengthening the observation that RH is a more important factor in 

determining mould survival when compared to temperature in the indoor environment.   

Although no researcher has compared the impacts brought by temperature to RH 

on the tolerance of indoor moulds to wet-dry cycles, the expectation that the degree of 

water stress (i.e., RH) is more significant than temperature suggested by this study is 

consistent with others’ work. It was reported by Aihara et al. (2002) that a reduction of 

0.01 aw (i.e., 1% RH) appeared to significantly delay the growth of C. cladosporioides 

and C. sphaerospermum, whereas a decrease of 6 °C was required to acquire the same 

growth delay. Briceño and Latorre (2008) also observed a higher growth rate at 0.98 aw 

than 0.96 aw (equivalent to the difference of 2% RH) in C. cladosporioides and 

Cladosporium herbarum. In addition, Krus et al. (2007) showed that only when the 

temperature was 10 °C apart from the optimum level, could a significant difference be 

observed, while, a 5% lower RH was able to yield an observable slower growth rate. 
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The results in these studies help support the insignificant differences in survival 

observed in the current work. 

It is worth mentioning that although 40% RH was demonstrated to cause a lower 

viability and severer oxidative stress to C. cladosporioides, this knowledge does not 

necessarily bind a lower RH to a more detrimental consequence or higher stress level. 

Wyatt et al. (2015) observed a better survival of two fungi, Talaromyces macrosporus 

and Neosartorya fischeri, under stringently dried conditions (0% RH) compared with 

air dried at 40-60% RH. Segers et al. (2016) believed that this was because of the low 

mobility of molecules at 0% RH, which suppressed the detrimental chemical reactions. 

Therefore, some extreme conditions may to some extent act as a protective effect 

against ambient stresses, and thus it is not a definite rule that lower aw or RH will 

contribute to a more stressful environment. 

 

6.4.3. Similar CAT activity may help explain the insignificant effect imposed by indoor 

temperature  

Temperature is known to impact the metabolic activity of microorganisms by affecting 

their enzyme activities. Enzymes peak their activities at optimum working temperature, 

and therefore, suboptimal temperature would reduce the protective effect of enzymes 

when microbes encounter unfavorable environments. Tang et al. (2007) agreed that 

shifts in ambient temperature could reduce the survival of airborne bacteria because the 

changing temperature affects enzyme activities and consequently impacts the metabolic 

activity and viability of microbes.  

Indoor moulds typically peak their growth between 25 °C and 30 °C, which 

implies that the enzymes of the majority of indoor moulds would have their optimum 

working efficiency within this temperature range. As shown in Figure 6-3, except for 
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the case of 80% RH, CAT activities carried by C. cladosporioides under an RH of 40% 

or 60% RH as well as a temperature of 19 °C or 28 °C were similar. Although 40% RH 

caused a much higher oxidative stress and lower survival, the CAT activities measured 

resembled  that under an RH of 60%, suggesting that dry periods of 60% RH have 

already induced the maximum capacity of CAT enzyme, and hence even when a more 

stressful RH level (40% RH) was introduced, the defence (CAT activity) still remained 

similar. The unobservable difference in the CAT activity alongside  the similar 

oxidative stress encountered determined in Figures 6-2 and 6-3 may help explain the 

insignificant effect of temperature on the resistance of C. cladosporioides to wet-dry 

cycles – when the stress and defence level remain insignificantly different, the 

consequences (viability, representing resistance to wet-dry cycles) would also likely  be 

similar. On the other hand, since 60% RH has already induced the maximum capacity 

of CAT enzyme in C. cladosporioides, when the RH was reduced to 40% and a severer 

stress was imposed, a lower viability was expected. Therefore, it also makes sense that 

40% RH yielded a lower viability in C. cladosporioides compared with 60% and 80% 

RH. 

 

6.4.4. Implications of the study  

Libraries normally store numerous special collections, and hence the management team 

would choose to minimise the risk of fungal contamination. According to some mould 

growth models, e.g., the updated VTT model, lower temperature can further slowdown 

mould activities, and consequently a low temperature is usually maintained in libraries 

(Ojanen et al., 2010). From time to time, complaints regarding the low temperature in 

libraries have been experienced. Many management teams have published 

announcements and explanations on the low temperature maintained in libraries. As a 
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large part of operation costs, the AC accounts for over 30% of building maintenance 

charges. Furthermore, several libraries operate continuous AC to minimise the risk of 

mould outbreak, which would lead to an even higher cost if low temperature is also 

maintained.  

However, the results of this study stress the necessity of running ACs in a constant 

low temperature mode as long as the humidity is properly maintained. Figures 6-1 and 

6-2 indicate insignificant differences in survival and oxidative stress encountered 

between 19 °C and 28 °C when C. cladosporioides spores were exposed to wet-dry 

cycles; while dry periods at a lower RH rendered a markedly lower mould viability and 

higher encountered oxidative stress, which implies that the reduction of indoor 

humidity would probably contribute to a better mould prevention effectiveness than 

running ACs at cold temperature.  

In addition, two commonly found indoor moulds, C. cladosporioides and 

Cladosporium halotolerans, are known to be psychrotolerant (Bensch et al., 2012). 

They have been isolated from cold environments such as fridge and arctic regions, 

respectively, which may be a sign that these mould species are able to maintain a proper 

enzymatic activity even when the environment is unfavourably cold. The lowest 

acceptable temperature is ascertained to be 19 °C,  the insignificant effect imposed by 

19 °C on mould survival under wet-dry cycles compared with 28 °C revealed in this 

study may be extrapolated to other common indoor moulds, such as C. halotolerans, 

which further challenges the effectiveness of temperature control. 

Given that indoor temperature does not tend to be as critical, it may be feasible to 

use dehumidifiers instead of ACs to achieve moisture control in order to save energy. 

The use of dehumidifiers to replace ACs is not limited to libraries, and could also be 

applied to other indoor environments such as offices and residential areas. In a typical 
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20 m2 office, a 280 Watts-hour dehumidifier only accounts for 34% of the costs caused 

by AC operation (using 1.5-ton AC as an example). Hence, the facility management 

team may consider operating ACs at a higher temperature (e.g., 25 °C during office 

hours for occupants and temperature levels that do not require cooling after office 

hours), or using dehumidifiers instead to balance sustainability and mould hygiene.   

 

 

6.5. Conclusion  

In this study, C. cladosporioides spores were challenged in wet-dry cycles with 

different combinations of RH (40%, 60% and 80%) and temperature levels (19 °C and 

28 °C). We present insignificant differences in the viability, lipid peroxidation levels 

and CAT activity of C. cladosporioides between the two tested temperature levels under 

wet-dry cycles.  When temperature was fixed at either 19 °C or 28 °C, a markedly 

higher oxidative stress and lower viability in C. cladosporioides spores was found at 

40% RH compared with 60% and 80% RH. The results stress the necessity of 

maintaining a low temperature in indoor environments such as libraries, and imply that 

moisture control tends to be more crucial than maintaining a cold environment for the 

sake of indoor mould prevention.  
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Chapter 7. Summary and future perspectives  

7.1. Importance of understanding the causes of mould contamination in buildings 

Moulds can inhabit in the built environment and flourish when the environmental 

conditions become favourable. The mould contaminated laboratory investigated in 

Chapter 3 is one of the examples where the conditions switched from unfavourable to 

favourable for mould growth. The Head of this laboratory took the lead to cut down the 

AC operation time from 24 h to 16 h or even shorter each day. After this change, visible 

mould patches appeared in this laboratory and therefore mould inspection was carried 

out to locate the mould contamination and understand the specific causes. The case of 

a mould contaminated laboratory acts as an excellent instance for indoor mould studies, 

since research laboratories are generally considered as clean and necessary cleaning 

practices are normally implemented by not only the occupants, but also the 

housekeeping team. Mould contamination occurring under this circumstance may be an 

alarming case to alert other types of indoor environments.  

The three mould contamination scenarios deduced in Chapter 3 indicate the 

specific causes of mould infested at each site, which included 1) condensation due to 

the low temperature in the adjacent room; 2) hot and humid air infiltration; and 3) dust 

accumulation to support mould growth. Therefore, several alternative mould control 

measures including 1) reducing the adjacent room temperature; 2) sealing door/window 

gaps to reduce air infiltration and 3) regular cleaning to remove dust were developed to 

counteract each scenario. These deduced causes are also common causes for mould 

contamination in daily lives. Condensation prone areas are worth particular attention in 

a building since water supply for mould growth in such areas could be very high. 

Moreover, dusty surfaces should also be regarded as risky areas for mould 

contamination, because dusts can provide organic nutrient for mould growth. Based on 
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the findings of Chapter 3, occupants should firstly understand the causes for mould 

infestation in that particular micro-environment when tackling the mould problem, in 

order to launch effective mould control measures.  

 Notably, although these alternatives can help remediate mould problems, they do 

not tend to be suitable as general solutions for indoor mould contamination, because 

these alternatives not only require extra effort, but also regulating an applied practice 

to nutrient control (regular cleaning) is not a guaranteed panacea and “how clean is 

clean” still remains an undefined question. Given the above, although these sustainable 

alternatives are able to help remediate the indoor mould problem, feasibility can still 

vary depending on the situations.   

 

7.2. Non-24 h operation of AC units as a sustainable, user-friendly and potentially 

effective mould prevention strategy 

The continuous operation of AC is effective and user-friendly but not sustainable, 

which urges the determination of the minimum effective operation time of an AC each 

day. Being supported by the evidence that dry periods can delay mould growth after the 

dried moulds were transferred to favourable conditions, it is reasoned that non-24 h AC 

may also be able to prevent mould growth. Therefore, it is needed to develop a 

reasonable AC management regime, where the minimum but effective operation time 

is stipulated.  

To develop such an AC regime, the responses (such as growth, viability, 

physiological changes) of indoor moulds to transient water conditions should be 

understood. Therefore, from Chapter 4 onwards, the responses of indoor moulds to 

water dynamics were studied from both practical and theoretical perspectives. Water 

dynamics is defined as shifts between wet and dry conditions. From the practical 
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perspective, two patterns of water dynamics were adopted, including Pattern I: daily 

wet-dry cycles and Pattern II: wet-dry-wet, which investigated two outcomes of mould 

prevention: 1) how much time of AC should be run each day to prevent the visible 

growth of moulds; and 2) if the premises would be empty for a relatively long period 

of time (e.g., classroom during long holiday, dwellings where occupants have gone for 

travel), is it possible to inactivate the moulds by operating a certain duration of AC.  

By exposing moulds to Pattern I, Chapter 4 found that rather than simply extend 

AC operation, a 12-12 wet-dry cycle (12 h dry/day) AC operation delayed mould 

growth most significantly among the tested daily wet-dry cycles (4-20, 8-16, 16-8 and 

20-4), suggesting that AC may be operated for 12 h each day in typical offices for the 

purpose of mould prevention. As a pattern imitating empty classrooms or dwellings 

during long holidays, Pattern II was adopted in Chapter VI and examined in terms of 

its ability to inactivate moulds. Although 3 and 5 days of dry periods at 0.4 aw (40% 

RH) appeared to inactivate C. cladosporioides and A. niger, it only exhibited limited 

effectiveness against A. penicillioides (and probably other xerophilic moulds).  

Therefore, results of Chapters 4 and 5 suggest that if the occupants hope to prevent 

mould growth in a premise that will be empty for a long period of time with minimum 

effort (Pattern II), they should ensure the absence of xerotolerant moulds in the 

environment, otherwise the effectiveness would be limited. Alternatively, one may 

consider using daily wet-dry cycles (Pattern I) to control visible mould formation to 

achieve mould prevention. 
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7.3. The critical role of oxidative stress in indoor mould growth and survival under 

water dynamics  

Apart from the practical implications, the stress playing a key role in governing the 

growth and viability of moulds under water dynamics was studied as well in Chapters 

4 and 5 in order to advance theoretical knowledge.  

Chapters 4 and 5 show the crucial role of oxidative stress in the growth and 

viability of indoor moulds under water dynamics by showing a highly synchronised 

pattern between oxidative stress encountered and growth/survival. Specifically, a wet-

dry cycle of 12-12 showed both the longest growth delay and highest oxidative stress 

encountered (Chapter 4), and a water activity of 0.4 (equivalent to 40% RH) was shown 

to reduce the viability of indoor moulds and simultaneously imposed a severer oxidative 

stress than 0.6 and 0.8 aw (equivalent to 60% and 80% RH). Moreover, the better 

survival of the examined mould species (A. penicillioides, C. cladosporioides and A. 

niger) under water dynamics was associated with their outstanding abilities to detoxify 

oxidative stress, reflected in the results that the mould species that survived better under 

water dynamics also displayed lower oxidative stress damage and carried higher 

antioxidant enzyme activity (Chapters 4 and 5). Ng et al. (2017) also demonstrated that 

microbes encountered severe oxidative stress at intermediate dry conditions (40-60% 

RH) compared with the wet state (>80% RH) using the mutant approach. Moreover, 

Tang et al. (2007) stated that the metabolic activity of microorganisms can be changed 

because of the shifts in the environment, which impacts their uptake of oxygen and 

consequently led to a different oxidative stress level. Many studies on botany have also 

characterised an elevated oxidative stress under dehydration. In addition, the results of 

Chapters 4 and 5 may help explain the difference in resistance to changing water 

conditions among mould species observed in Segers et al. (2016); likely it is because 
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of the stronger antioxidant defence possessed by some mould species, they exhibited 

higher resistance to water dynamics.  

40-70% is regarded as the RH range of “Excellent” level of indoor air quality in 

Hong Kong, which is also a typical range of indoor humidity when AC is being operated. 

According to the findings in Chapters 4 and 5, it is likely that oxidative stress is indeed 

playing a key role in indoor moisture control.  

 

7.4. The effects of indoor temperature in mould prevention   

Although temperature is demonstrated to have a significant impact on mould growth, 

its effects in indoor environments is relatively minor, because indoor temperature 

should also consider occupants’ comfort, thereby restricting the effectiveness of 

temperature control. 

The majority of indoor moulds peak their growth rate at 25-30 ℃ including 

extreme psychrophiles. For example, C. cladosporioides has an optimum growth rate 

at around 25 ℃, but the isolation from fridge indicates its psychrophilic feature, C. 

halotolerans, also a common indoor mould, has been found in arctic regions. Lowering 

the temperature, in theory, can help slow down moulds activities in order to better 

prevent mould contamination. However, as required by the Hong Kong Indoor Air 

Quality Scheme, the indoor environment with an “Excellent” level of indoor air quality 

should have a temperature range between 20 ℃ and 25.5 ℃, within which moulds are 

expected to have similar growth rates as indicated by the isopleth mould model. The 

prevalence of two common indoor moulds, C. cladosporioides and C. halotolerans, 

may make it even more difficult for temperature control to be effective, which further 

questions the necessity of maintaining a low temperature in indoor environments.  
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The insignificantly different viability and oxidative stress encountered between 

19 °C and 28 °C revealed in Chapter 6 implies that for mould prevention purposes, it is 

not necessary to reduce indoor temperature, since the maintenance of low temperature 

increases the financial burden to the management team. Moreover, during public 

holidays, dehumidifiers could be used instead of ACs to reduce humidity, since 

dehumidifiers just maintain indoor humidity and therefore consume less energy than 

ACs.   

 

7.5.  Xerotolerant mould as a big concern for indoor mould prevention  

A. penicillioides is one of the most xerotolerant indoor moulds, which requires only 

0.585 aw for growth. A. penicillioides is typically recovered from dry habitats such as 

dust accumulates and paper products. Micheluz et al. (2015) reported an extensive 

growth of A. penicillioides in an Italian library, the extreme indoor environment for 

microbial growth, indicating the outstanding ability of A. penicillioides to withstand 

water stress. The results of Chapter 5 showed that even a dry period of 15 days at 0.4 

aw could not inactivate A. penicillioides swollen spores, a relatively vulnerable growth 

stage. The excellent resistance to water stress may explain the success of A. 

penicilliodies in colonising dry habitats.  

The strong ability of A. penicillioides to survive in extreme environments can pose 

extra health risks to occupants. Besides the presence in the indoor environment, A. 

penicillioides has also been isolated from a patient who has developed lobomycosis, 

indicating its ability to infect human. Due to its strong tolerance to water stress and 

infectivity, the prevalence of A. penicillioides warrants extra attention.  

The A. penicillioides strain that has been isolated from both indoor environments 

and patient was used in this project (ATCC® 16910™). The findings regarding the 
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limited effectiveness of 15-day 40% RH dry period in inhibiting the viability of A. 

penicillioides observed in Chapter 5 also stressed that xerotolerant moulds can be a big 

concern for indoor mould hygiene and occupants’ health.  

 

7.6. Implications for indoor management and engineering teams  

Currently, mould hygiene is rarely considered in building design and management. As 

a result, mould contamination can be commonly found in buildings, especially after 

changes in management policies. In the case study presented in Chapter 3, mould 

patches in the investigated laboratory were found after the Head of this laboratory took 

the initiatives to shorten AC operation time. Therefore, it is necessary to consider indoor 

mould hygiene prior to any change in the management policies.  

Oxidative stress has been demonstrated to have a critical role under water 

dynamics, whose level could be affected by both oxygen concentration and indoor 

humidity. Therefore, the management team may consider improving the ventilation to 

obtain a higher air velocity, and so that a higher O2 concentration rather than CO2 can 

be achieved. This would also help gain a severer oxidative stress to moulds and 

consequently lead to a better mould prevention effectiveness. In addition, if possible, 

indoor RH should be maintained at the lowest RH level within the comfortable range 

(i.e., 40% according to the Hong Kong Indoor Air Quality Scheme) for mould hygiene, 

which could maximise the oxidative stress to moulds within the comfortable RH range 

for humans.  

Unlike RH, temperature appeared to be less significant at least within the common 

indoor range. Thus, no extra consideration in keeping a cold temperature is needed for 

the mould prevention purpose. In this regard, running a 25 °C AC tends to a proper 

measure for occupants if one can maintain the RH at 40%. When the room is empty 
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(after office hour), the management team may switch the AC to dehumidifying mode 

or use dehumidifier instead, to achieve sustainability in mould prevention. 

Being supported by the findings that even a 14-day dry period at 0.4 aw (40% RH) 

could not inactivate A. penicillioides swollen spores, a relatively vulnerable stage, in 

building management, one ought to implement daily wet-dry cycles to prevent visible 

mould contamination rather than relying on AC to inactivate mould spores.  

 

7.7. Conclusions 

Oxidative stress plays a critical role in mould growth and viability under daily wet-dry 

cycles and a wet-dry-wet condition, termed as water dynamics, supported by the 

synchronised pattern between mould growth delay/viability and oxidative stress 

encountered. Moreover, reduction in RH within 60%-80% (equivalent to 0.6-0.8 aw) 

imposed increased oxidative stress to moulds. When daily wet-dry cycles were 

introduced, the 12-12 wet-dry cycle delayed mould growth most significantly and 

imposed highest oxidative stress to C. cladosporioides. Under another pattern of water 

dynamics; i.e., wet-dry-wet condition, it is found that dry period of 40% RH led to a 

significantly lower viability and severer oxidative stress than 60% and 80% RH in C. 

cladosporioides and A. niger. While, the survival and oxidative stress encountered in 

A. penicillioides was similar when it was exposed to 40%, 60% and 80% RH dry periods. 

Moreover, A. penicillioides was found to survive markedly better than C. 

cladosporioides and A. niger under water dynamics and equipped with stronger 

antioxidant defence.  

In contrast, indoor temperature did not tend to significantly impact the viability of 

moulds under water dynamics. When C. cladosporioides was exposed to wet-dry-wet 

conditions at 19 °C and 28 °C, it displayed similar survival and oxidative damage 
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provided that the RH was fixed at a certain level, suggesting that indoor temperature is 

a relatively minor factor in indoor mould prevention. In this project, the revealed crucial 

and insignificant role played by oxidative stress and indoor temperature, respectively, 

may foster the development of sustainable and effective indoor mould prevention 

strategies. 

 

7.8. Future perspectives  

To the best of my knowledge, Chapter 4 is the first study to examine the growth and 

oxidative stress responses of indoor moulds to daily wet-dry cycles (water dynamics 

pattern I in this project). The findings of most significant growth delay caused by the 

12-12 wet-dry cycle remains to be validated in other common indoor mould species. 

Bensch et al. (2018) and Segers et al. (2015) found C. halotolerans to be the most 

predominant Cladosporium species in indoor environments, and hence these groups of 

researchers are also interested in knowing if C. halotolerans behaved similarly as C. 

cladosporioides. Moreover, the response of other common indoor moulds, such as 

Aspergillus and Penicillium, to 12-12 wet-dry cycle is also worth investigating.  

Many researchers believe that hyperosmotic stress plays a critical role under cyclic 

water stress, some of them even regard dry periods equivalent to extreme hyperosmotic 

shock. Although this study indicates that oxidative stress is the determining factor 

within 0.4-0.8 aw (40-80% RH, a typical range of indoor humidity), the possibility that 

hyperosmotic stress is even more important under other RH levels cannot be excluded. 

Therefore, further research may clarify the role of hyperosmotic stress compared with 

oxidative stress under water dynamics. 
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As indicated by many researchers, cyclic stressful conditions affect mould growth 

and viability more significantly compared with steady-state conditions, Segers et al. 

(2016) suggested that even the shifts from dry to wet conditions can cause stresses to 

moulds due to the potentially constituted hypoosmotic shock. Thus, it may be expected 

that more frequent switches between wet and dry conditions; i.e., more wet-dry cycles, 

would yield a better mould prevention effectiveness. Alternatively, it is possible that 

more wet-dry cycles can be introduced into the 12-hour dry time per day, in order to 

further shorten the AC operation time.  
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Supplementary materials 

 

Supplementary Figure S1. Germinated spores of C. cladosporioides aged 14 h. The 

microscopic photo was taken under 100× magnification lens on a light microscope 

after staining the spores with lactophenol blue solution.  
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Supplementary Figure S2. 0–24 treated pre-germination spores of C. 

cladosporioides. The microscopic photo was taken under 100× magnification lens 

on a light microscope after staining the spores with lactophenol blue solution. 
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