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ABSTRACT 

Solar radiation drives almost all biological activities on Earth and regulates the 

morphology of many organisms as well as their biochemical and developmental 

processes. Soil microorganisms such as fungi within the polar regions can be 

continuously exposed to considerable solar UV radiation in the summer. Prolonged 

exposure to UV radiation can cause DNA damage and negatively affect cellular and 

physiological processes such as transcription, growth and reproduction. Physiological 

and cellular responses of four polar fungal strains of Pseudogymnoascus spp. (HND16 

R2-1 sp.2 and HND16 R4-1 sp.1 isolated from Hornsund, Svalbard in the Arctic; 

AK07KGI1202 R1-1 sp.3 and AK07KGI1202 R1-1 sp.4 isolated from King George 

Island in maritime Antarctica) toward UVB radiation were examined. All strains were 

identified through BLAST and phylogenetic analysis using three DNA markers 

comprising ITS, LSU and MCM7. Phylogenetic analysis indicates that all the strains are 

closely related and formed a cluster that is a mixture of clades A, B and C of genus 

Pseudogymnoascus, despite being isolated from the opposite poles. The first part of this 

study was to determine the physiological responses of the fungi, including growth, 

pigmentation, and conidia production, toward UVB exposure over a period of 10 days. 

UVB radiation was supplied with a daily dosage of 6.1 kJ m-2 d-1 in a 12/12 h day/night 

cycle of PAR at 15°C. All strains showed significant growth rate reduction between 22 

and 35% when compared to controls. Pigment production was not induced throughout 

the 10-day exposure to UV-B radiation. Based on scanning electron microscope 

imaging, UVB radiation exposure inhibited conidia production in all the 

Pseudogymnoascus strains except for HND16 R4-1 sp.1. The aim of the second part of 

this study was to compare the repair pathway of UV-induced DNA damage under two 

repair conditions: (i) light condition that induces photoreactivation (Phr) and (ii) and 

dark condition that induces nucleotide excision repair (NER) pathways. Two types of 
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DNA damage, namely cyclobutane pyrimidine dimers (CPDs) and pyrimidine 6-4 

pyrimidone photoproducts (6-4PPs) were quantified using ELISA during repair 

incubation at 0, 2, 6, and 10 hours. Results showed that Antarctic strains were more 

resistant to UVB-induced CPD compared to Arctic strains, with CPD concentration 

being three-fold lower in the former strains. CPDs were repaired significantly faster in 

light than in dark conditions. For 6-4PPs, their repair rates were not significantly 

different between the two conditions. The expression of two DNA repair genes, RAD2 

and PHR1 (each encoding a protein in NER and Phr, respectively) during the repair 

duration of 0 and 2 hours in the two different repair conditions were then measured 

using qPCR to determine the principal DNA repair pathway. The expression of PHR1 

was downregulated and RAD2 was upregulated after UVB exposure in both light and 

dark repair conditions. However, the expression of PHR1 was induced by light without 

UVB radiation, suggesting the expression of PHR1 can be promoted in the presence of 

light. These observations suggest that the Phr pathway may not be involved in the 

repairing of UVB-induced DNA damage in Pseudogymnoascus, and that PHR1 may 

carry out a different function in these fungi. The difference in RAD2 expression between 

the two repair conditions was insignificant, suggesting an alternative repair mechanism 

may be involved in the repairing of CPDs in the presence of light. Findings from this 

study clearly demonstrate the effects of UVB irradiation on the growth and the 

reproduction of Pseudogymnoascus sp., suggesting the potential impact of increased UV 

radiation on the ecosystem functions of polar soil fungi, such as in the Arctic and 

Antarctic. In addition, this study provides some insights on the DNA repair mechanisms 

employed by these polar fungi to mitigate UV-induced DNA damage, on which studies 

were lacking previously in polar fungi. 

Keywords: stress responses • nucleotide excision repair • photoreactivation • 

cyclobutane pyrimidine dimers • pyrimidine 6-4 pyrimidone photoproducts 
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ABSTRAK 

Sinaran suria memacu hampir semua aktiviti biologi di bumi dan mengawal proses 

morfologi kebanyakan organisma serta pelbagai proses biokimia dan perkembangan 

mereka. Mikroorganisma tanah seperti kulat di kawasan kutub mungkin terdedah secara 

berterusan kepada sinaran UV matahari pada musim panas. Pendedahan yang berpanjangan 

kepada sinaran UV boleh menyebabkan kerosakan DNA dan memberi kesan negatif kepada 

proses selular dan fisiologi seperti transkripsi, pertumbuhan dan pembiakan. Gerak balas 

fisiologi dan selular daripada empat strain kulat Pseudogymnoascus spp. (HND16 R2-1 sp.2 

dan HND16 R4-1 sp.1 dipencilkan dari Hornsund, Svalbard di Arctic; AK07KGI1202 R1-1 

sp.3 dan AK07KGI1202 R1-1 sp.4 dipencilkan dari King George Island, Antarctica) 

terhadap sinaran UVB telah dikaji. Kesemua strain dikenal pasti melalui analisi BLAST dan 

filogenetik dengan menggunakan tiga penanda DNA yang terdiri daripada ITS, LSU dan 

MCM7. Analisi filogenetik menunjukkan bahawa kesemua strain adalah berkait rapat dan 

membentuk satu kelompok campuran klad A, B dan C dalam genus Pseudogymnoascus, 

walaupun dipencilkan dari kutub yang bertentangan. Bahagian pertama kajian ini adalah 

untuk menentukan gerak balas fisiologi kulat termasuk pertumbuhan, pigmentasi, dan 

penghasilan konidium terhadap keadaan simulasi UVB selama 10 hari. Dos harian sinaran 

UVB sebanyak 6.1 kJ m-2 d-1 dibekalkan dalam kitaran siang/malam bagi PAR 12/12 jam 

pada 15°C. Kesemua strain menunjukkan pengurangan kadar pertumbuhan di antara 22 dan 

35% berbanding dengan kawalan. Penghasilan pigmen tidak dikesan sepanjang tempoh 10 

hari pendedahan kepada sinaran UVB. Berdasarkan kepada pengimejan mikroskop elektron, 

penghasilan konidium bagi kesemua strain Pseudogymnoascus telah direncatkan akibat 

pendedahan sinaran UVB, kecuali HND16 R4-1 sp.1. Tujuan bahagian kedua kajian ini 

adalah untuk membandingkan tapak jalan pembaikpulihan DNA di bawah dua keadaan: (i) 

keadaan bercahaya yang mengaruhkan pemfotoreaktifan (Phr) dan (ii) keadaan gelap yang 

mengaruhkan pembaikpulihan eksisi nukleotida (NER). Dua jenis kerosakan DNA iaitu 

dimer pirimidin siklobutana (CPD) dan fotoproduk pirimidi 6-4 piramidon (6-4PP) telah 
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diukur dengan menggunakan ELISA semasa pengeraman pembaikpulihan pada 0, 2, 6, dan 

10 jam. Hasil kajian menunjukkan bahawa strain Antartika adalah lebih rintang terhadap 

CPD yang dijanakan oleh UVB berbanding strain Artik, dengan kepekatan CPD yang tiga 

kali ganda lebih rendah. CPD dibaikpulih dengan lebih cepat dalam keadaan bercahaya, 

berbanding dengan keadaan gelap. Bagi 6-4PP, kadar pembaikpulih adalah tidak berbeza 

dengan berertinya di antara kedua-dua keadaan. Pengekspresan kedua-dua gen 

pembaikpulih DNA, RAD2 dan PHR1 (masing-masing mengekodkan protein dalam NER 

and Phr) telah diukur disepanjang tempoh pembaikpulihan untuk 0 dan 2 jam bagi dua 

keadaan pembaikpulihan yang berbeza dengan menggunakan PCR kuantitatif untuk 

mengenal pasti tapak jalan utama pembaikpulihan DNA. Pengekspresan PHR1 menurun 

manakala pengekspresan RAD2 meningkat selepas sinaran UVB dalam kedua-dua keadaan 

pembaikpulih yang bercahaya dan gelap. Bagaimanapun, pengekspresan PHR1 telah 

diaruhkan oleh sinaran cahaya tanpa UVB, justeru mencadangkan bahawa pengekspresan 

PHR1 boleh dicetuskan dalam keadaan bercahaya. Pemerhatian ini mencadangkan bahawa 

tapak jalan Phr mungkin tidak terlibat dalam pembaikpulihan kerosakan DNA yang 

dijanakan oleh UVB dalam Pseudogymnoascus, dan berkemungkinan menjalankan fungsi 

yang lain dalam kulat tersebut. Perbezaan pengekspresan RAD2 di antara kedua-dua 

keadaan pembaikpulih adalah tidak bererti, justeru mencadangkan terlibatnya suatu 

mekanisme alternatif pembaikpulih DNA semasa pembaikpulih CPD dalam keadaan 

sinaran cahaya. Penemuan kajian ini ternyata menunjukkan kesan penyinaran UVB 

terhadap pertumbuhan dan pembiakan Pseudogymnoascus sp., mencadangkan kesan 

peningkatan sinaran UV yang berpotensi terhadap fungsi ekosistem kulat tanah, 

terutamanya di tanah yang terdedah di Artik dan Antartika. Di samping itu, kajian ini 

memberi gambaran mengenai mekanisme pembaikpulih DNA dalam kulat kutub untuk 

mengurangkan kerosakan DNA yang dijanakan oleh UV, yang mana kajian dalam kulat 

kutub sebelum ini adalah kurang.  

Kata kunci: tindak balas ketegangan • baikpulih eksisi nukleotida • pemfotoreaktifan • 

dimer pirimidin siklobutana • fotoproduk pirimidi 6-4 piramidon 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Solar radiation provides the energy that drives almost all biological activities on 

Earth, as well as underpins the environmental cues that regulate morphological and 

developmental processes in many organisms. The ultraviolet (UV) spectrum can be 

divided into three distinct wavelength bands of progressively increasing energy: UV-A 

(320-400 nm), UV-B (280-320 nm) and UV-C (100-280 nm) (Braga et al., 2015; 

Coblentz, 1932). The Earth’s stratospheric ozone layer absorbs these bands 

differentially, completely absorbing wavelengths below 290 nm, thus only allowing 

UVA and UVB to penetrate the stratosphere and reach the planet’s surface (Caldwell & 

Flint, 1997; Williamson et al., 2014).  

The change in the intensity and duration of solar ultraviolet radiation (UVR) is most 

pronounced towards the Earth’s poles, particularly in the Southern Hemisphere, being 

influenced by cloud transmittance, global atmospheric circulation and anthropogenic 

greenhouse gases (Bais et al., 2015; 2011; Stevenson, 2009). Exposure to high levels of 

UVR can be damaging, inducing many morphological, physiological and biochemical 

changes that can occur at many levels of the hierarchical organisation of biology, such 

as impacting individual cells, the organism itself, and even causing changes in 

community composition as well as ecosystem functioning and services (Mishra et al., 

2017; Paul & Gwynn-Jones, 2003).  

While today’s public and scientific research communities are more concerned with 

climate change, particularly in the contexts of increasing atmospheric and oceanic 

temperatures, changing weather and precipitation patterns, and ocean acidification, it is 

important to recognize that solar radiation forms a key element of the physical 

environment for many organisms. Its biological impact in the polar regions has been a 
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focus of attention particularly in the southern regions, associated with the annual 

development of the Antarctic ‘ozone hole’, and studies have examined its impacts on 

organisms ranging from aquatic microbes to terrestrial plants (Day et al., 2001; Smith et 

al., 1992; Xiong & Day, 2001). It is often assumed that soil microbial communities are 

likely to be minimally affected by UVR, due to the physical characteristic of UVB 

wavelengths not able to penetrate deeper than 100 µm into the soil horizon (Johnson, 

2003). However, a growing body of microbiological research on the effects of UVR 

gives clear evidence that its impacts are more complex and pervasive than widely 

expected. 

Micro-fungi are amongst the simplest form of eukaryotic organisms and have been 

reported to thrive successfully in many stressful environments, and especially under 

exposure to UVR (Johnson, 2003; Rangel et al., 2011). Polar micro-fungi are most 

susceptible to environmental changes as well as the impacts caused by UV elevation 

due to their biome regime. One of the commonly polar isolated fungi is 

Pseudogymnoascus sp. (previously known as Geomyces) that has been widely 

investigated on difference stress resistance, including temperature (Tajuddin et al., 

2018) and salinity (Kochkina et al., 2007) except toward UV radiation. Mechanisms that 

mitigate the effects of solar radiation in micro-fungi are relatively well established, but 

the impacts are often species-dependent and modulated by other environmental factors. 

Certain fungi produce pigment compounds act as sunscreens or antioxidants to 

minimize the damage generated from UV exposure, while most fungi have conserved 

deoxyribonucleic acid (DNA) repair mechanisms to mitigate the consequences of UV-

induced lesions.  

Nucleotide excision repair (NER) and photoreactivation (Phr) are particularly 

important in repairing UV-induced DNA lesions, cyclobutane pyrimidine dimers 
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(CPDs) and pyrimidine (6-4) pyrimidone photoproducts (6-4PPs) in fungi, thereby 

maintaining DNA integrity and assisting cell survival (Bluhm & Dunkle, 2008; Brancini 

et al., 2016; Chelico et al., 2006; Chelico et al., 2005; de Menezes et al., 2015). 

However, the physiological impacts of UV-induced DNA damage and the principal 

DNA repair pathway have not been characterised in polar micro-fungi. Therefore, this 

study aims to investigate the physiological responses of polar fungi toward UVB 

radiation in terms of growth, pigmentation and conidia production, as well as the 

principle DNA repair mechanism used to mitigate the UV-induced DNA damage. 

1.2 Research Objectives 

1.2.1 General Objective 

To investigate the physiological, morphological, and biochemical effects of UVB 

exposure and DNA damage repair on Pseudogymnoascus spp. fungi isolated from polar 

soils. 

1.2.2 Specific Objectives 

a) To measure morphological variations occurring under UVB exposure, which 

includes pigmentation, conidia production and fungal growth based on colony 

extension rate. 

b) To determine the levels of CPD and 6-4PP during DNA damage repair under light 

and dark conditions following UVB exposure. 

c) To investigate the expression of genes involved in Phr and NER during repair 

under light and dark conditions after UVB exposure. 
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1.3 Research Questions 

a) How does UVB radiation affect the growth rate, pigmentation and conidia 

production in Pseudogymnoascus? 

b) Are UVB-induced DNA lesions being repaired faster in the light than in the dark 

conditions? 

c) Which is the principal repair mechanism for UVB-induced DNA lesions in 

Pseudogymnoascus under these conditions? 

 

1.4 Significance of Research 

The findings of this study will contribute in the field of soil ecology as well as 

microbiology considering that UV radiation is an important source of energy and 

somewhat directly or indirectly influences microbial activities and nutrient cycles. 

Although the deleterious effects of UV radiation in micro-fungi are well documented 

(Braga et al., 2015; Paul & Gwynn-Jones, 2003), the protection mechanisms however, 

are not well elucidated. This study will provide insight into UV-induced DNA damages 

and the adaptive responses in polar fungi, especially the importance of conserving the 

Arctic and Antarctic environments, polar soils and its communities from the threats of 

ozone depletion and climate change. Such baseline information will also help in future 

studies when dealing with different aspects of environmental stressors and adaptation of 

microbial communities in soils from different latitudes. Thus, this will lead to better 

understanding of their ecosystem functions and roles in nutrient cycling and ways to 

improve the agriculture sector. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Soil Ecosystem and Its Microorganisms 

Major land masses on the Earth are made of soil – the naturally occurring organic 

material and minerals – that is an essential natural resource for most living organisms. 

Soil is the most complex habitat in all the substrates that control the soil biodiversity 

and regulate the activities of the organisms responsible for ecosystem functioning and 

evolution (Paul, 2014). A single gram of soil may contain billions of microorganisms of 

thousands of different species that shared interactive ecosystem functioning (Kozdroj & 

van Elsas, 2001; Paul, 2014). These microorganisms serve as producers and 

decomposers, regulating the major elements of biological building blocks in the 

ecosystem’s biogeochemical cycles. Among the microorganisms in the soil, fungi play 

vital roles in the cycling of elements in the biosphere but are often neglected within 

microbiological and biogeochemical research fields. 

 

2.1.1 Soil Fungi  

The kingdom Fungi is the most diverse group of organisms on Earth, comprising more 

than 100,000 described species and the actual number of fungal species existing 

globally is expected to be as many as 3 to 5.1 million (Blackwell, 2011; Hawksworth, 

2012). Soil is a habitat of high fungal diversity, which is especially highest in soils 

containing high organic matters. Based on the culture collection at Westerdijk Fungal 

Biodiversity Institute, the number of species of soil-inhabiting fungi is estimated to be 

approximately 3,300, including 150 species of nonculturable Glomerales (Gams, 2007). 

Generally, fungi are heterotrophs; unable to perform photosynthesis for chemical energy 

to be utilized for cellular and physiological processes. Instead, they produce various 

type of extracellular hydrolytic enzymes (EHEs) to catalyse the degradation of complex 

compounds into simple products, which are then absorbed for the use of cellular 
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functions. Thus, they play prominent roles in all ecosystems in nutrient cycling, 

functioning as decomposers, symbionts of animals and plants and as parasites, with the 

first two especially important for nutrient cycling (Smith & Read, 2010). 

Ascomycetes and basidiomycetes are two major groups of fungi in natural 

ecosystems responsible for the regulation and redistribution of organic substances in 

terrestrial soils (Grinhut et al., 2007). Mycorrhizal fungi form intimate symbiotic 

connections to plants by acting as transporters for nutrient and water uptake,  and in 

return the plant supplies carbohydrates (Bago et al., 2003; Finlay, 2008; Parniske, 

2008). This group of fungi contributes significant global phosphate and carbon cycling 

and indirectly affects the primary productivity in terrestrial ecosystems (Fitter, 2005). 

Saprotrophic fungi actively decompose organic matter by secreting EHEs and thereby 

increase soil nutrient availability (Baldrian & Valášková, 2008). A large number of 

hydrolytic enzymes, including cellulase, hemicellulase protease, amylase, chitinase, 

pectinases, and gelatinase, have been reported to be secreted by various types of soil 

fungi (Baldrian & Valášková, 2008; Baldrian et al., 2011; Krishnan et al., 2016; 

Loperena et al., 2012). These enzymes are especially important for the functional 

ecosystem in polar soils that already limited by the low nutrient availability as well as 

the harsh abiotic factors.  

 

2.1.2 Polar Soil Fungi 

The Antarctic and Arctic are two regions located at the southernmost and northernmost 

part of the Earth. Polar soils are particularly interesting due to restricted nutrient and 

water availability, as well as the extreme cold conditions that push the limits of life, 

leading to polar soil organisms developing unique physiologies and functional 

capabilities to survive in the extreme environments.  
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The environmental similarity of the polar regions has led to observed similarities in 

community composition, as reported by several studies (Bridge & Newsham, 2009; 

Timling et al., 2014). Bipolar distribution of fungi was then reported by Cox et al. 

(2016), who compared fungal community structures in the Antarctic and higher North 

regions. As much as 50% of the observed bipolar fungi that do not occur in intermediate 

latitudes belong to the class Leotiomycetes, but other classes of fungi in Ascomycota and 

Basidiomycota also showed bipolar distributions (Cox et al., 2016). This observation 

was also supported by Tedersoo et al. (2014), who reported that biodiversity of 

Leotiomycetes increased toward the poles. Thus, these findings suggest that the fungal 

communities in the polar regions are primarily structured by environmental filtering and 

might have been well evolved and adapted to survive in these extreme environments.  

Colder environments tend to select clades that possess protective cell walls that 

enable them to evolve and adapt to the particular environmental conditions. Several 

cold-adaptive responses have been well documented in psychrophilic or psychrotolerant 

fungi (Robinson, 2001). In the study of the evolution of soil fungi, Treseder et al. (2014) 

revealed that younger phyla associated with the loss of zoospores tend to reside in soils 

at higher latitudes and colder temperatures, indicating the importance of the cell wall in 

adapting to cold environments. Fungal cell walls are composed by β1,3/1,4/1,6 glucan-

chitin cross-linked with cellular proteins and metabolites to generate a matrix that 

provides various functions in adapting to different environmental and biological factors 

(Latgé, 2007). Most fungal cell walls produce adhesive proteins or biofilms that enable 

them to adhere to the substratum, which has shown to be essential for infection and 

mating processes (Liu & Filler, 2011; Nobile et al., 2006; Sharifmoghadam & 

Valdivieso, 2008; Sheppard, 2011).  
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The modulation of cell wall components and structure also has been well 

documented in polar fungi in response to temperature and osmotic stress. For instance, 

the regulation of fatty acid components in the cell wall has been reported in various 

Pseudogymnoascus species in response to thermal and salinity stress (Konova et al., 

2009; Pannkuk et al., 2014; Weinstein et al., 2000). Other cold-adaptive responses in 

polar fungi have been well discussed in detail by Robinson (2001) including the 

synthesis of trehalose and cryoprotectant sugars (Weinstein et al., 2000), the production 

of glycerol and mannitol (Weinstein et al., 1997), and the production of antifreeze 

proteins (Hoshino et al., 2003). However, the adaptive responses of polar fungi to UV 

are not well elucidated. 

 

2.1.3 Systematics of Pseudogymnoascus  

Among the fungal taxa under Leotiomycetes,the genus Pseudogymnoascus Raillo (1929) 

[previously known as Geomyces Traaen (1914)] is a common cultivable filamentous 

fungus that can be isolated from different substrates from temperate and polar regions. 

There are 10 species that have been described morphologically or genetically and that 

are recognized by the Westerdijk Fungal Biodiversity Institute, namely P. roseus, P. 

vinaceus (Raillo, 1929), P. bhatti, P. caucasicus (Samson, 1972), P. alpinus (Muller & 

von Arx, 1982), P. appendiculatus, P. verrucosus (Rice & Currah, 2006), P. 

destructans, P. pannorum, and P. carnis (Minnis & Lindner, 2013). This genus is 

described by its small, unicellular, oval- or pear-shaped arthroconidia produced from 

existing branched, tree-like cluster conidiophores. This group of fungi can be 

psychrotolerant or psychrophilic, as they have been reported to grow optimally from 10 

to 20ºC depending on the species, culture substrate, and origin of isolates 

(Kuthubutheen & Pugh, 1979; Tajuddin et al., 2018).  
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Pseudogymnoascus fungi are capable of surviving in a harsh environment that is 

inhospitable to any human. According to the review by Ozerskaya et al. (2009) on 

permafrost fungi, Pseudogymnoascus has broad adaptive potential that might trigger 

certain protective mechanisms to overcome lower ambient temperature and continue to 

grow at a very slow rate. It is capable of switching cellular metabolism from glucose to 

lipid utilization in response temperature decreases and has been reported growing in 

negative temperature (Finotti et al., 1996; Hughes et al., 2003; Kochkina et al., 2007). 

Pseudogymnoascus has also been found in extreme high temperature and pressure 

environments around an active volcano on the Vailulu’u seamount near Samoa (Connell 

et al., 2009). Pseudogymnoascus pannorum was also reported to have high salt 

tolerance and capable of growing in three times the salinity of seawater (Kochkina et al., 

2007; Poole & Price, 1971). In cold and low-nutrient polar environments, 

Pseudogymnoascus fungi produce different types of enzymes such as lipase, chitinase, 

urease, amylase, protease and cellulase to consume and metabolize diverse food sources 

(Fenice et al., 1997; Krishnan et al., 2016). One of the well-known pathogenic 

Pseudogymnoascus fungi is P. destructans that infects the nose of bats, causing white 

nose disease and the collapse of bat populations in temperate regions (Rhodes & Fisher, 

2018).  

 

2.2 Species Concepts and Identification of Fungal Species 

Evolutionary species in the kingdom of Fungi are recognized using three distinct 

methods, morphology, biology and phylogenetic species identification (Cai et al., 2011; 

Taylor et al., 2000). Morphological species concept is the determination of species 

based on morphological structures and biological species concept is based on mating 

behaviour, whereas, phylogenetic species recognition emphasizes on nucleotide 

divergence between monophyletic lineages.  
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The most commonly used species concept for fungi is the morphological species 

concept. However, this method is often error-prone and frequently classifies genetically 

similar taxa as separate species. For example, P. roseus and P. vinaceous were 

previously classified as a separate species and then were later synonymized as a single 

species by Samson (1972) based on the pigments of the ascomata. Most recently, P. 

pannorum and P. destructans were being re-classified from Geomyces based on 

phylogenetic analysis using five markers of DNA sequence by Minnis and Lindner 

(2013).  

The biological species concept is hardly applicable to fungi that lack of meiospores 

or those that reproduce asexually. Most species in Pseudogymnoascsus are known to 

reproduce homothallically with the formation of gymnothecia; however, their capacity 

for sexual reproduction is still unknown. Although the heterothallic system was reported 

in P. destructans isolates with the lack of a high-mobility group (HMG), a transcription 

factor, box domain (MAT1-2-1, unknown function), other Pseudogymnoascus species 

showed homothallic system with the presence of conserved HMG box proteins (MAT1-

2-1 and MAT1-1-3) (Palmer et al., 2014), even though no sexual reproduction activities 

were observed in laboratory conditions. Thus, it is impossible to define a species in 

Pseudogymnoascus based on the biological species concept alone for identification. 

The identification of species under the phylogenetic species concept relies on the 

phylogenetic analysis of the DNA sequence of the marker genes or genomes. It is 

believed that the divergence of DNA sequences occurs throughout evolution before any 

observable changes in physiology and morphological characters. With the increase of 

recognised DNA markers and the ease of DNA sequencing, the phylogenetic species 

concept has been applied to reveal and identify numerous species complexes in 
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Neurospora crassa (Dettman et al., 2003), Saccharomyces paradoxus (Kuehne et al., 

2007), and Fusarium graminearum (O'Donnell, 2000). 

 

 
2.2.1 Identification and Marker Genes in Fungi 

According to Hebert et al. (2003) “sole prospect for a sustainable identification 

capability lies in the construction of systems that employ DNA sequences as taxon 

‘barcodes’ ”. The most commonly used DNA barcoding marker for animals and some 

protists is mitochondrial cytochrome oxidase I (COI) (Aziz et al., 2016; Kosakyan et al., 

2015). In fungi, COI functions equitable well with promising intraspecific and 

interspecific variability in Penicillium (Seifert et al., 2007) and Cladonia (Pino-Bodas et 

al., 2013); however, problems in amplifying the COI region in other fungi have been 

reported, including multiple copies and variable numbers of introns, which have proved 

COI inadequate for species-level identification in certain groups within Ascomycota 

(Geiser et al., 2007; Gilmore et al., 2009) and Basidiomycota (Vialle et al., 2009). Thus, 

an alternative marker in the nuclear ribosomal, internal transcribed spacer (ITS) region 

has been proposed to be used as DNA barcode in the fungi kingdom (Schoch et al., 

2012). 

 

Figure 2.1: Nuclear rDNA regions and its partitions in fungal genomic DNA.  

 

Nuclear ribosomal deoxyribonucleic acid (rDNA) regions have been extensively 

used across many organisms for phylogenetic studies in the last two decades, but they 

are reported to be too conserved for most groups of fungi (Begerow et al., 2010). The 

eukaryotic rDNA consists of 18S (SSU), 5.8S and 28S (LSU) rDNA, and the larger 

SSU rDNA ITS1 5.8S ITS2 LSU rDNA IGS 5S
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units are transcribed as a single unit by RNA polymerase I (Figure 2.1). The two spacers 

in between, as well as 5.8S, are referred to the ITS. The ITS region is the most 

frequently sequenced marker for fungal strain identification. It was recently suggested 

as the universal DNA barcode marker for fungi by Schoch et al. (2012) after six DNA 

markers including ITS, LSU, SSU,  DNA-directed RNA polymerase  II largest (RPB1) 

and second largest (RPB2) subunit, and minichromosome maintenance complex 

component 7 (MCM7) were evaluated. Intraspecific as well as intra-individual 

variability of ITS region have been reported in fungal sequences (Lindner & Banik, 

2011; Smith et al., 2007). In comparisons of the performance between three nuclear 

ribosomal regions (ITS, LSU and SSU), ITS has clearly defined barcode gap and is 

generally superior to LSU and SSU in species discrimination (Schoch et al., 2012). 

Barcoding gap is the a threshold of difference between the average of inter- and intra-

specific genetic distance within a group of organisms that enable the discovery of new 

species (Čandek & Kuntner, 2015) (Figure 2.2). However, additional markers are 

required for taxa with low ITS inter- or intra-specific variability such as in 

Pseudogymnoascus (Lorch et al., 2013), Aspergillus (Geiser et al., 2007), Cladosporium 

(Schubert et al., 2007), Penicillium (Skouboe et al., 1999), and Fusarium (O'Donnell & 
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Protein-coding genes are popular among the mycologists and have been widely used 

as de facto barcodes in phylogenetic analyses and species identification in several 

groups of fungi, including the utilization of MCM7. It has been reported to be more 

phylogenetically informative to resolve lower as well as higher level phylogenetic 

analyses across Ascomycota, especially in combination with the LSU sequences (Raja et 

al., 2011; Schmitt et al., 2009). In addition, RPB2 is currently suggested as another 

viable alternative molecular marker for fungi due to its promising inter- and 

intraspecific variation, and high taxonomic sensitivity in fungal community studies 

(Schoch et al., 2012; Větrovský et al., 2016). RPB2 remains not as commonly used as 

ITS, as it has low representation in GenBank and certain fungal species have been 

reported to contain intron(s) or cannot be amplified using universal primers (Schoch et 

al., 2012). 

The utilization of multigene phylogeny in species identification can resolve the 

uncertainty of phylogenetic relationships obtained using in a single-gene approach. 

Tretter et al. (2013); (2014) and James et al. (2006) have reconstructed the evolution of 

fungi using multi-gene phylogenetic analyses. The multigene approach also has been 

used frequently to infer cryptic diversification (Bischoff et al., 2009; Rehner & Buckley, 

2005) and to identify new species in fungi (Amalfi et al., 2010; Gilgado et al., 2005; 

Zhao et al., 2011). Thus, the application of multiple genes in phylogenetic analyses 

further strengthens the support of phylogenetic relationships in fungi.  

 

2.2.2 The Phylogenetic Relationships of Species in Pseudogymnoascus 

In recent decades, there has been development in the taxonomy of Geomyces and its 

allies following the re-evaluations and revisions of this taxa by Lorch et al. (2013) and 

Minnis and Lindner (2013). Lorch et al. (2013) reported that there were approximately 
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17 discrete species of Geomyces based on ITS and partial intergenic spacer (IGS) 

regions that could be accepted under a one name system of classification (Norvell, 

2011). Lorch et al. (2013) also reported low genetic variation in the ITS region between 

species which would obscure the identification in Geomyces, a fact that is also 

supported by Gargas et al. (2009), Johnson et al. (2013) and Flieger et al. (2016). 

Minnis and Lindner (2013) then reclassified P. destructans and P. pannorum 

(previously classified under Geomyces) using five DNA markers, ITS, LSU, MCM7, 

RBP2 and TEF1. The multi-gene phylogenetic tree constructed also proposed 13 clades 

of Pseudogymnoacsus (Clade A-M), in which nine were undefined species. Among the 

five gene sequences used by Minnis and Lindner (2013), MCM7 showed the most 

parsimony-informative base pairs ratio, followed by RBP2, TEF1, ITS region and LSU, 

having the least. Similarly, Johnson et al. (2013) also suggested MCM7 to be used as the 

genetic marker for Pseudogymnoascus, although the amplification process can be 

challenging in certain species. These sequences and DNA markers have been 

subsequently used for phylogenetic analyses in studies that involve Pseudogymnoascus 

and related species (Reynolds & Barton, 2014; Wilson et al., 2017). 

Zhang et al. (2016) and Forsythe and Xu (2017) recently sequenced the complete 

mitochondrial genome of P. destructans and P. pannorum and and used 13 protein-

coding genes for multi-gene phylogenetic analyses. The findings revealed that the 

variations in mitochondrial sequence provide sufficient information to infer 

Pseudogymnoascus among the Leotiomycetes, but the identification at species-level was 

unresolved. Phylogenomic analysis using 125 genes was recently performed by 

Reynolds et al. (2016), and the results demonstrated that P. destructans is closely 

related to P. verrucosus complex, confirming the placement from Minnis and Lindner 

(2013).  
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2.3 Variation in Climatic UV Radiation Across Latitudes 

Solar UV radiation is conventionally divided into three internal wavelengths: UVA 

(315-400nm), UVB (280-315nm) and UVC (100-280nm) (Coblentz, 1932). The 

stratospheric ozone layer plays a major role in regulating the UV radiation reaching on 

the Earth by drastically reducing the penetration of radiation of wavelengths shorter 

than 320nm and completely excluding those below 290nm (Caldwell & Flint, 1997; 

Williamson et al., 2014). UVA radiation passes through the stratospheric ozone layer 

with slight debilitation contributing approximately 95% of the UV spectrum reaching 

the Earth’s surface, while UVB is responsible for the remaining 5% (Christiaens et al., 

2011).  

Solar UV radiation varies considerably over the Earth’s surface and the UVR 

intensity reduces toward the polar regions (McKenzie et al., 2007). A recent study 

conducted by Beckmann et al. (2014) using Global UVB Surfaces (glUV) showed a 

similar pattern applying the ozone monitoring instrument dataset from the year 2004 to 

2013. (Figure 2.3). In contrast, the intra-annual UVB seasonality is relatively lowest 

near the equatorial zone and highest in mid-latitudes and polar region (Figure 2.4). This 

indicates that the organisms that inhabit the mid-latitudes and polar regions experience 

high variability of UVB radiation throughout the year following seasons. 
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Figure 2.3: Annual mean UVB radiation illustrated using glUV dataset. Retrieved 
from Beckmann et al. (2014). 

 

Figure 2.4: Annual UVB seasonality illustrated using glUV dataset. Retrieved from 
Beckmann et al. (2014). 

 

During the summer, UVB radiation in the Northern and Southern polar circles (July 

and January, respectively) reaches the highest among the climate seasons according to 

the glUV illustration on two monthly mean UVB irradiances (Figure 2.5). In addition, 

the range of UVB values in the Southern Hemisphere is generally higher than the 

Northern Hemisphere according to the same illustration. According to the 2010 report 

on Scientific Assessment of Ozone Depletion, the high UVB intensity increment in the 

Southern Hemisphere is associated with the ozone hole, which also consistently 

reported by Langematz (2019). An updated time series of UVB radiation at the Earth’s 

surface showed UVB irradiation increased by more than 20% for the past 20 years 

before the year 2000 (Figure 2.6) (Williamson et al., 2014). The increment of UVB 
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intensity in the Southern hemisphere suggests the inhabitants have encountered an 

increasing dosage of UVB for the past 20 years and might have adopted resistance 

toward UVB radiation. 

 

 

 
 

Figure 2.5: Two monthly mean UVB illustrated using glUV datasets. Retrieved 
from Beckmann et al. (2014). 

 

 

Figure 2.6: Observed and projected changes in annual mean erythemal clear-sky 
UVB radiation at Earth’s surface across latitudes. 
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astronomical polar night and twilight.
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The loss of ozone in both the Arctic and the Antarctic resulted in an increase in UV 

radiation at the end of winter/early spring (Madronich et al., 1998; McKenzie et al., 

2007). Even though the production chlorofluorocarbon and other ozone-depleting 

substances (ODS) has been drastically reduced by the implementation of the Montreal 

Protocol, the long-lived halogenated source gases in the atmosphere can substantially 

affect the ozone layer for several decades (WMO, 2011). The combination of ODS-

derived chlorine and the change in circulation patterns in the ozone layer can delay the 

seasonal transport of ozone from the tropics and cause the major ozone depletion event 

in both the Arctic and the Antarctic (Manney et al., 2011). Such patterns are predicted to 

markedly influence the amount of UVB radiation received at the Earth’s surface.  

There are many factors that influence solar radiation reaching on the Earth surface 

including changes in total ozone, aerosols, clouds, locations, surface reflectivity 

(albedo), solar activity, gaseous pollutants in the troposphere and temperature in the 

stratosphere  (Bais et al., 2015; WMO, 2011). The changes of ice and snow coverage in 

the polar regions are influenced by climate change effects. Ice and snow coverage area 

reflect UV radiation back to the atmosphere, and this reflection is largely enhanced by 

the redirection downward through the scattering of air molecules and cloud, a 

phenomenon known as albedo. A decrease of ice and snow coverage in the polar region 

resulting of the acceleration of surface warming are predicted to cause ice and snow to 

be disappeared for the next decades (Comiso et al., 2008; Overland et al., 2008). Thus, 

the organisms living below the ice will expose to higher UV radiation.  

The stratospheric ozone layer allows the survival of organisms by debilitating the 

level of solar radiation reaching the Earth’s surface, which completely eliminating solar 

UVC and greatly reduce UVB radiation. However, the stratospheric ozone layer itself is 

not sufficient to lower the UV radiation to non-lethal levels. All living organisms 
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protect themselves from solar UVA and UVB radiation through a combination of UV-

absorbing pigments and employ variety DNA repair mechanisms designed to remove 

the damage induced by UV radiation (Britt, 2004).   

 

2.4 Stress and Physiological Responses of Fungi towards UVR  

Response and adaptive mechanisms that mitigate the effects of stress in micro-fungi 

are relatively widely investigated, but the impacts are often species-dependent and 

modulated by other environmental factors such as nutrient availability, moisture, and 

other environmental parameters (Gasch, 2003; Rangel, 2011). Many fungi show 

photomorphogenic responses to solar UVR exposure, particularly to UVA or near UV 

wavelengths (300-400 nm), with induction of sporulation, differentiation of the fruiting 

body, and the synthesis of photoprotective pigments and various secondary metabolites 

(Alves et al., 1984; Avalos & Estrada, 2010; Kurahashi et al., 2015; Mooney & Yager, 

1990; Olmedo et al., 2013; Schumacher, 2017; Zhang et al., 2009). Deleterious effects 

of UVR are also apparent, including spore inactivation, delayed spore germination, 

reduced mycelial extension rate, and changing patterns of nitrogen and carbon uptake 

and deposition, as shown in various groups of fungi, including soil fungi (Duguay & 

Klironomos, 2000; Hughes et al., 2003), entomopathogenic fungi (Braga et al., 2002; 

Brancini et al., 2018; Brancini et al., 2016), plant pathogenic fungi (Cheng et al., 2014; 

de Menezes et al., 2015), and litter and phylloplane fungi (Gunasekera et al., 1997; 

Moody et al., 1999).  

Temperature stress responses has been widely established in the fungi and many 

showed similar regulatory responses toward the stresses induced by UV radiation, 

including the regulation of heat shock proteins as well as the genes involved in 

carotenoid synthesis (Rodríguez-Romero & Corrochano, 2004; Rodríguez-Romero & 
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Corrochano, 2006). Thus, it is believed that these two stressor share similar regulatory 

pathways to mitigate the the stress induced in the natural environments. 

 

2.4.1 Fungal Growth Under Light and UVR 

Visible light is an important source of energy for fungal species. Many show 

photomorphogenic responses toward light and express photoresponsive proteins that are 

highly conserved across different species. Most fungi appear to be photoresponsive to 

light at the blue to near-UVA wavelength (~400-495 nm) according to Fuller et al. 

(2015), but the inhibitory effects of light also have been widely reported across many 

fungal species. Canessa et al. (2013) demonstrated growth retardation in Botrytis 

cinerea growing under white light (400-720 nm), and suggested the observation might 

be due to oxidative stress generated by light. Similarly, slight reduction in mycelial 

extension rate was also demonstrated in Aspergillus fumigatus (Fuller et al., 2013), 

Cordyceps millitaris (Yang & Dong, 2014), F. graminearum (Kim et al., 2014a), and 

Colletotrichum acutatum (Yu et al., 2013). However, Fuller et al. (2015) suggest that 

the influence of light on fungal growth can be a photoreceptor-mediated process, rather 

than a consequence of reactive oxygen species (ROS) generated by light.  

In comparisons between different culture media, Leach (1971) reported that the 

growth of Verticillium alboatrum was stimulated by near-UV light during the log phase 

of growth in liquid culture, but the same light source showed inhibitory effects on 

fungal growth on plates. The opposite observation was reported in Pellicularia 

filamentosa under light illumination, whereby growth inhibition was observed in broth 

but enhanced in plate culture (Durbin, 1959). Thus, this suggests that fungal growth 

response toward UV and light depends on specie and the availability of moisture.  
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Although growth inhibition under light conditions has been well documented, there 

are fewer studies on the growth response in fungi toward UV radiation. UVB radiation 

for four hours completely inhibited the radial growth rate of Penicillium chrysogenum 

(formerly Penicillium notatum) and to a certain extent in Aspergillus flavus (Osman et 

al., 1989). Moody et al. (1999) investigated the responses of 12 litter and seven 

phylloplane fungal species to UVB radiation. Their findings revealed that A. fumigatus 

and four Penicillium spp. were sensitive to UVB radiation (1.7 kJ m-2 d-1) with 

significant mean reduction of 20% on mycelial extension rate, while other fungi showed 

a small mean reduction rate of 1.3%. A similar observation was reported by Hughes et 

al. (2003) on Antarctic terrestrial fungi, which UVB radiation was reported to cause 

greater reductions on the extension rates of surface mycelial compared to submerged 

hyphae in all terrestrial strains tested, with P. pannorum demonstrating the highest UVB 

sensitivity. These observations suggest that fungi might experience significant impacts 

from UV radiation in the natural environment.  

 

2.4.2 UV Induced Pigmentation in Fungi 

A series of UV-protective mechanisms have evolved in fungi in response to the 

selective pressures imposed by solar radiation. Melanin, carotenoids and mycosporines 

are the three major pigments that are well documented in fungi and act as sunscreens or 

antioxidants to minimize the damage generated from UV exposure (Almeida-Paes et al., 

2012b; Avalos & Limón, 2015; Belozerskaya et al., 2017; Volkmann et al., 2003).  

Different melanins are able to absorb a wide range of radiation wavelengths 

including gamma ray, X-ray and UV radiation. This enables them to be excellent 

photoprotectants in many fungi (Dadachova & Casadevall, 2008; Huijser et al., 2011; 

Schweitzer et al., 2009). Certain melanotic fungi including Cryptococcus neoformans, 
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Exophiala (Wangiella) dermatitidis, Alternaria alternata and Aspergilus versicolor 

show advanced adaptation toward radiation by growing toward radiation sources, 

utilizing the energy for growth and metabolic changes (Braghini et al., 2009; Bryan et 

al., 2011; Dadachova et al., 2007; Dighton et al., 2008; Shuryak et al., 2014; Zhdanova 

et al., 2004). Under UV exposure, two eumelanin building blocks, 5,6-dihydroxyindole 

(DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA), have been reported to 

absorb and transduce photon energy into other forms of energy, reducing damage 

induced by UVR (Belozerskaya et al., 2017; Huijser et al., 2011; Meredith & Sarna, 

2006; Riesz et al., 2006). Exposure to UVR in the melanotic fungus, C. neoformans, 

resulted in decreased adenine triphosphate (ATP) amount, which could be due to 

oxidation of nicotinamide adenine dinucleotide (NADH) by irradiated melanin or the 

utilization of available ATP for UV-induced DNA repair and in cellular metabolism and 

growth (Bryan et al., 2011; Dadachova et al., 2007). 

Sporothrix complex (S. schenckii, S. brasiliensis and S. globosa) fungi are able to 

produce pyomelanin in the presence of L-tyrosine during the stationary phase, and this 

has been shown to increase the tolerance of Sporothrix cells toward UVR, but only 

during the first 30 seconds of exposure (Almeida-Paes et al., 2012a). Scanning electron 

microscopy (SEM) also showed that the pyomelanin covers the surface of Sporothrix 

cells and forms a protective layer against UVR, rather than polymerizing on the cell 

wall as observed in other groups of fungi (Almeida-Paes et al., 2012a). The deposition 

of melanin in the intra-colonial/extracellular polymeric substances (EPS) matrix was 

also reported in Coniosporium sp., developing an intra-colonial protective milieu 

against UV radiation, heat, desiccation and ROS (Gorbushina et al., 2003). 
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Most carotenoids mainly absorb in the visible spectrum of solar radiation and appear 

to protect the fungal cells primarily through quenching of ROS rather than against UV-

induced DNA damage through UV absorption (Irazusta et al., 2013; Moliné et al., 

2010b; Yan et al., 2011). Upon exposure to UVR, carotenoid compounds were 

accumulated in cells of various fungal taxa including W. dermatitidis, Ustilago violacea, 

Sporidiobolus salmonicolor, Rhodotorula minuta, Rh. pinicola, and Cystofilobasidium 

capitatum (Geis & Szaniszlo, 1984; Libkind et al., 2004; Moliné et al., 2010b; Will & 

Scovel, 1989). However, in other fungal species, such as N. crassa and Sporobolomyces 

ruberrimus, the accumulation of carotenoids was not induced by UVR (Blanc et al., 

1976; Moliné et al., 2010b). Such differences could be due to the differing experimental 

irradiation spectra, as the types of ROS and resulting damage are dependent upon the 

wavelength experienced. A decrease in the carotenoid Raman signal under UVB 

radiation was also demonstrated in the Antarctic fungus, Arthrobotr ferox, interpreted as 

either the result of dissolution in the lipid matrix to maintain membrane fluidity, or 

photo-destruction of the pigments (Arcangeli & Cannistraro, 2000). Although 

differences in carotenoid accumulation are plainly observed across fungal species and 

treatments, the increased carotenoid content certainly improves the resistance and 

survival rate of cells exposed to UVR (Geis & Szaniszlo, 1984; Gutiérrez Pozo et al., 

2012; Moliné et al., 2010b; Will & Scovel, 1989). 

  Univ
ers

ity
 of

 M
ala

ya



24 

Many micro-fungi appear to produce mycosporine (MYC), with mycosporine-

glutaminol-glucoside and mycosporine-glutamicol-glucoside being reported in most 

studied fungi (Table 2.1). The synthesis of mycosporine-like amino acids (MAA) was 

highly induced upon irradiation of photosynthetically active radiation (PAR) and UV 

radiation in various species of Rhodoturola and Cryptococcus (Libkind et al., 2004; 

Moliné et al., 2010a). A similar observation was also reported in Xanthophyllomyces 

dendrorhous under UVA radiation (Libkind et al., 2011), suggesting a photoprotective 

function. The absorption maxima of MYCs at a wavelength maximum close to 310 nm 

gives them potential as UV-protectant compounds, especially against damage induced 

by UVB radiation (Libkind et al., 2011; Moliné et al., 2010a). CPD accumulation is 

negatively correlated with MYC accumulation, and the high coefficient of 

determination between MYC concentration and survival suggests other protective 

mechanisms could be involved, presumably to guard against ROS (Moliné et al., 2010a). 

MYCs protect the cells primarily through the dissipation of photon energy from 

radiation without generating ROS (Conde et al., 2004). Also, MYCs have been 

demonstrated to possess antioxidant activity through the quenching of singlet oxygen, 

and their ability in quenching reactions is comparable to that of the MAA, mycosporine-

glycine (Moliné et al., 2010a; Suh et al., 2003). 
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Table 2.1: List of fungal species with identified mycosporine compounds including; 
Mycosporine-Allanine (MYCa), Mycosporine-glutaminol (MGn), Mycosporine-
glutaminol-glucoside (MGnG), Mycosporin-glutamicol (MGc) and Mycosporine-
glutamicol-glucoside (MGcG). (+) and (-) indicate the presence and the absence of 
the compound, respectively. 

Species MYCa MGn MGnG MGc MGcG Reference 
Ascochyta fabae - - (+) - - Pittet et al. (1983) 
Ascochyta pisi - - (+) - - Bouillant et al. (1981) 
Aureobasidium pullans - - (+) - (+) Kogej et al. (2006) 
Aureobasidium sp. - - (+) - (-) Kogej et al. (2006) 
Botryosphaeria-like 
fungi 

(-) (+) (+) (+) (+) Volkmann and Gorbushina (2006), 
Volkmann et al. (2003) 

Cladophialophora-like 
fungi 

(-) (-,+) (-) (-) (-) Volkmann and Gorbushina (2006), 
Volkmann et al. (2003) 

Cladosporium 
cladosporioides 

- - (+) - (-) Kogej et al. (2006) 

Cladosporium herbarum - - (+) - - Bouillant et al. (1981) 
Cladosporium 
sphaerospermum 

- - (+) - (-) Kogej et al. (2006) 

Collectotrichum 
gramicola 

(+) - - - - Leite and Nicholson (1992) 

Coniosporium apollinis (-) (-) (+) (-) (-) Gorbushina et al. (2003), Volkmann and 
Gorbushina (2006), Volkmann et al. (2003) 

Coniosporium-like fungi (-) (-) (+) (+) (+) Volkmann and Gorbushina (2006), 
Volkmann et al. (2003) 

Coniosporium perforans (-) (+) (+) (+) (+) Volkmann and Gorbushina (2006) 
Coniosporium sp. - (-,+) (+) (-,+) (+) Gorbushina et al. (2003), Volkmann et al. 

(2003) 
Coniosporium 
uncinatum 

(-) (+) (+) (+) (+) Gorbushina et al. (2003), Volkmann and 
Gorbushina (2006) 

Cryptococcus 
steppossus 

- - (+) - (-) Moliné et al. (2010a) 

Cryptococcus laurentii - - (+) - - Libkind et al. (2006) (2004)  
Cryptococcus 
liquefaciens 

- - (+) - (+) Kogej et al. (2006) 

Cryptococcus sp. - - (+) - - Libkind et al. (2005) 
Dioszegia hungarica - - (+) - - Libkind et al. (2005) 
Hortaea werneckii (-) (+) (+) (-) (+) Kogej et al. (2006; 2007), Volkmann and 

Gorbushina (2006) 
Knufia cryptophialidica (-) (-) (+) (-) (+) Volkmann and Gorbushina (2006) 
Phaeococcus 
chersonesus 

- (+) (+) (+) (+) Volkmann and Gorbushina (2006) 

Phaeotheca fissurella - - (+) - - Gorbushina et al. (2003) 
Phaeotheca triangularis - (-) (+) (-) (-,+) Kogej et al. (2006), Volkmann and 

Gorbushina (2006) 
Pyronema omphalodes - - (+) - - Bernillon et al. (1984) 
Rhodotorula laryngis - - (+) - - (Gorbushina et al., 2003), (Libkind et al., 

2005) 
Rhodotorula minuta - - (+) - (-) Libkind et al. (2006; 2004; 2005)  
Rhodotorula pinicola - - (+) - (-) Libkind et al. (2006; 2004; 2005) 
Rhodotorula slooffiae - - (+) - - Gorbushina et al. (2003), Libkind et al. 

(2005) 
Rhodotorula sp. - - (+) - (-) Libkind et al. (2004) 
Rhodotorula sp. - - (+) - - Libkind et al. (2005) 
Sarcinomyces petricola (-) (+) (+) (-,+) (-,+) Volkmann and Gorbushina (2006), 

Volkmann et al. (2003) 
Sarcinomyces sp. (-) (-) (-,+) (-) (-) Gorbushina et al. (2003),Volkmann and 

Gorbushina (2006) 
Septoria nodorum - - (+) - - Bouillant et al. (1981) 
Trichothecium roseum - (+) - - - Favre-Bonvin et al. (1987) 
Trimmatostroma 
salinum 

(-) (+) (+) (-) (+) Kogej et al. (2006), Volkmann and 
Gorbushina (2006) 

Xanthophyllomyces 
dendrorhous 

- - (+) - - Libkind et al. (2011) 
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2.4.3 Influence of Light and UV on Asexual Reproduction 

Light regulates several aspects of biology in many organisms and it is especially 

important in the regulation of asexual reproduction activities in fungi. Sporulation is 

highly influenced by the wavelength of light the fungi are exposed to. As demonstrated 

by Vakalounakis and Christias (1981), sporulation in Alternaria cichorii is depending 

on the specific light wavelength, whereby near ultraviolet radiation (< 340 nm) induced 

sporulation and blue light inhibited. The results are in agreement with similar 

observations in Bipolaris oryzae (Honda & Yunoki, 1980), Alternaria tomato (Kumagai 

& Oda, 1969, 1973), B. cinerea (Tan, 1974, 1975; Tan & Epton, 1974), Peronospora 

belbahrii (Cohen et al., 2013) and Peronospora effuse (Choudhury & McRoberts, 

2017). However, sporulation has been shown to be inhibited by both blue and white 

light in Plasmopara viticola, in which prolonged darkness is required to promote 

sporangium formation (Rumbolz et al., 2002). In another case, blue light (max 370 nm) 

increased sporulation in Verticilium agaricinum but inhibited growth at the same time 

(Osman & Valadon, 1979). 

Reuveni et al. (1989) demonstrated the importance of the ratio of transmitted 

blue/UV light on the formation of spores in B. cinerea. The promotion of spore 

production can be achieved by lowering this ratio, thus suggesting the dependency on 

the light ratio for sporulation rather than solely the type of light. Besides blue/UV light 

ratio, the ratio of light/dark also has been reported to regulate spore production activities 

in fungi. Phytophthora infestans failed to produce conidia in continuous light conditions 

(Cohen et al., 1975). However, certain fungi are capable to reproduce asexually in a 

non-circadian dependent manner including Peronospora tabacina (Cohen, 1976) and 

Magnaporthe oryzae (Lee et al., 2006). 

Univ
ers

ity
 of

 M
ala

ya



27 

Other heat tolerance-related genes also have been frequently reported to be involved 

in the regulation of conidiation. Thompson et al. (2008) demonstrated that the disruption 

of HSF1 and HSF2 could affect the formation of asexual development in N. crassa. A 

similar observation also was demonstrated following HSF1 gene disruption in 

Coniothyrium minitans (Hamid et al., 2013). A study on heat-shock protein 90 (HSP90) 

in A. fumigatus demonstrated that the disruption of HSP90 led to downregulation of 

conidiation-specific transcription factors, including BRLA, WETA and ABAA (Lamoth et 

al., 2012). Thus, this suggests that there are similar signalling responses between heat 

stress and conidia production. 

  

2.5 UV induced DNA damage and Its Repair Mechanisms 

DNA damage is distinctly different from mutations; it is the modification of chemical 

structure of DNA generated by endogenous cellular processes or by exogenous factors 

derived from external environments. In contrast, mutation is the permanent alteration of 

DNA sequence as the results of unrepaired DNA damage or errors in replication. The 

two primary mutagenic UV-induced DNA lesions are cyclobutane pyrimidine dimers 

(CPDs) and pyrimidine 6-4 pyrimidone photoproducts (6-4 PP), and their Dewar 

isomers (Cadet et al., 2014; Douki & Cadet, 2014). Pyrimidine dimers are the most 

significant types of lesions compare to other UV-induced DNA lesions. About 75% of 

UV-induced damaged bases are made up of CPDs while 6-4 PP making up the rest with 

some degree of oxidatively damaged, DNA strand breaks and other photoproducts 

(Bowman et al., 1994; Britt, 2004; Pfeifer, 1997; Pfeifer et al., 2005). CPDs and 6-4 PP 

are majorly caused by direct UVB and UVC radiation absorption by DNA, however, 

UVC is completely attenuated in the ozone layer with small amount (1%) of UVB 

reaching the Earth’s surfaces (Chelico & Khachatourians, 2008; Nascimento et al., 

2010; Rastogi et al., 2010; Schuch et al., 2009).  
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Types of UVR based damage is determined by the nature and position of the 

nucleotides and the flexibility of the DNA strand. CPDs arise from a cycloaddition 

reaction between C5-C6 double bonds of two neighbouring bases in single-stranded 

DNA (ssDNA) (Becker & Wang, 1989; Cadet et al., 2012). 6-4PPs are formed by a 

noncyclic bond between the C5-C6 double bond of the 5’-end base and the C5 carbonyl 

group of a 3’end pyrimidine via spontaneous rearrangement of oxetane or azetidine 

(Cadet et al., 2012; Friedberg et al., 2005; Pattison & Davies, 2006). The 6-4PPs are 

promptly converted into their Dewar valence isomers upon exposing to UVB or UVB 

radiation that may further reverse to the formation of 6-4PPs when exposing to short 

wavelength UVR (Courdavault et al., 2005; Taylor et al., 1990). Figure 2.7 shows the 

summary of UVR-induced CPD and 6-4PP formation. 

 

Figure 2.7: Pathways of UVR-induced CPD, 6-4PPs, and their Dewar isomers. 

 

Of the two major photoproducts induced by UVR, CPDs are the most quantified 

photoproducts in fungi as they are formed in a relatively higher amount compared to 6-

4PPs and there are many established standard protocols available to identify them. In 

between these two types of DNA damage, CPDs has been reported making up about 
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75% of the total UV-mediated DNA damage products, meanwhile the rest of the amount 

was 6-4PPs (Britt, 2004). UVB dose-related induction of CPD formation has been 

reported in the conidia of A. fumigatus, A. nidulans and Metarhizium acridum 

(Nascimento et al., 2010). The levels of UV-induced CPDs differed among species, with 

A. fumigatus having the most CPD formation followed by A. nidulans and M. acridum. 

In contrast, experimental exposure to UVC induced a saturated amount of CPD in 

Beauveria bassiana conidiospores over  1.5 h of radiation exposure (Chelico et al., 

2005). This level of CPD formation was shown to impair the ability of B. bassiana to 

repair the damaged DNA in vivo. Thus, demonstrated the ability of many microbial cells 

to deploy photoprotective pigments to reduce the amount of UVR reaching cellular 

DNA. 

Eukaryotes employ various DNA repair pathways to ensure the genome remains 

functionally intact. In general, fungi are similar to most eukaryotes in that they harbour 

two critically important pathways that repair CPD and 6-4PP, namely nucleotide 

excision repair (NER) and photoreactivation (Phr). NER is the most versatile and 

flexible repair mechanism that can repair CPD and is required to repair 6-4PPs in 

organisms that lack 6-4PP-specific repair systems. NER repairs by de novo synthesis 

involving multi-enzyme complexes that execute DNA repairing in an orderly manner of 

recognition, excision, synthesis and ligation (Dijk et al., 2014). Phr, in contrast, involves 

a direct reversal of the dimers using photolyases, which are light-dependent enzymes 

that utilize photon energy to split the covalent bond(s) between two bases (Faraji & 

Dreuw, 2017; Sancar, 1994). The repairing of 6-4PP has been reported to repair faster 

than CPDs, however, the majority amount of both types of DNA damage can be 

eliminated within hours, or in certain cases minutes upon promotion (Rastogi et al., 

2010). 
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In most studies, the functional roles of NER and Phr in DNA repair in fungi were 

evaluated based on physiological assessment. Chelico et al. (2006) attempted to 

characterize the modes of repair in entomopathogenic fungi (EPF) by comparing post-

UV spore germination under light and dark conditions, which are assumed to induce Phr 

and NER respectively. The findings of the study suggested that most EPF depend more 

on Phr than NER due to the greater survival rate of spores incubated in light conditions 

after irradiation by UVC. Alejandre-Durán et al. (2003) and Braga et al. (2002) also 

derived conclusions based on the same approach using Fusarium oxysporum f. sp. 

lycopersici, and Verticillium lecanii and Aphanocladium album respectively. Berrocal-

Tito et al. (2007) investigated photoreactivation ability in Trichoderma atroviride by in 

vivo PHR1 gene deletion and demonstrated that the ΔPHR1 strain showed completely 

lost photoreactivation ability with a significant germination rate reduction after UVC 

exposure.  

In-depth investigations using genetic manipulation techniques have shed more light 

on the UV-induced DNA repair in fungi. The disruption of genes in the cryptochrome/ 

photolyase gene family revealed that the expression of photolyase genes influences the 

expression of genes involved in NER as well in Cercospora zeae-maydis (Bluhm & 

Dunkle, 2008), M. robertsii (Fang & Leger, 2012) and Trichoderma reesei (Guzmán-

Moreno et al., 2014). These observations suggest that NER activity could be enhanced 

by the expression of Phr genes during incubation in light conditions and improve the 

survival rate of the conidia, but the mechanism by which cryptochrome/ photolyase 

family proteins regulate NER remains poorly understood. Thus, experiments solely 

based on the physiological data is insufficient to derive conclusions for determining the 

mode of DNA repair in fungi. 
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In vitro insertion of a transposon containing the fungal photolyase gene PHR1 in 

Escherichia coli bacteria have been used extensively to study photorepair ability in 

fungi. Berrocal-Tito et al. (2007) reported that E. coli harbouring PHR1 from T. 

atriviride showed significant survival rates following UVC irradiation compared to 

controls when incubated in light conditions. Similar approaches using PHR1 cDNA 

from F. oxysporum and B. oryzae also demonstrated improvement in post-UV survival 

rate (Alejandre-Durán et al., 2003; Kihara et al., 2004), suggesting PHR1 indeed confers 

in vivo photorepair activities in fungi.  

In contrast to photoreactivation, DNA damage response by NER is poorly 

characterized in filamentous fungi. This is due to the presence of a redundant NER 

pathway in filamentous fungi (Goldman et al., 2002). Early genetic and biochemical 

studies in the yeast, S. cerevisiae revealed that the genes involved in NER could be 

divided into two major classes (Prakash & Prakash, 2000). Mutations in class 1 genes 

have been reported to confer a relatively higher UV sensitivity and defect in performing 

incision on damaged DNA compared to mutations in class 2 genes in S. ceverisiae 

(Prakash & Prakash, 2000). Genes responsible for NER in Schizosaccharomyces pombe, 

A. niger (Goldman & Kafer, 2004) and N. crassa (Goldman et al., 2002) have also been 

identified and annotated, but their functional roles in NER still remained to be 

elucidated especially in filamentous fungi. Thus, it requires a more complex 

investigation to study the repair activities in filamentous fungi due to the involvement of 

redundant pathways. Table 2.2 lists reports on NER and Phr being functional in DNA 

repair in different fungal species. 
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Table 2.2: Functional DNA repair mechanisms, nucleotide excision repair (NER) 
or photoreactivation (Phr), available in different fungal species. 

Species NER Phr Citation 
Aspergillus nidulans (+) (+) Goldman and Kafer (2004) 
Beauveria bassiana (+) (-) Chelico and Khachatourians (2008); Lee et 

al. (2018) 
Bipolaris oryzae - (+) Kihara et al. (2004) 
Candida albicans (+) (-) Legrand et al. (2008) 
Candida stellatoidea - (-) Miller and Sarachek (1974) 
Candida tropicalis - (-) Miller and Sarachek (1974) 
Cercospora zeae-maydis (+) (+) Bluhm and Dunkle (2008) 
Cordyceps militaris - (+) Wang et al. (2018); (2017) 
Fusarium oxysporium f.sp. 
lycopersici 

- (+) Alejandre-Durán et al. (2003) 

Metarhizium acridum  (+) Brancini et al. (2018) 
Metarhizium anisopliae (+) (-) Pereira�Junior et al. (2018) 
Neurospora crassa (+) (+) Borkovich et al. (2004); Hatakeyama et al. 

(1998); Yajima et al. (1991) 
Phycomyces blakesleeanus - (+) Tagua et al. (2015) 
Pseudogymnoascus 
destructans 

(+) (-) Palmer et al. (2018) 

Pseudogymnoascus sp. (+) (+) Palmer et al. (2018) 
Saccharomyces cerevisiae (+) (+) Sancar (1985); Sebastian et al. (1990) 
Schizosaccharomyces pombe (+) (-) Fabre (1972); Lehmann (1996) 
Sclerotinia sclerotiorum - (+) Veluchamy and Rollins (2008) 
Trichoderma harzianum - (+) (1999); Berrocal-Tito et al. (2000) 
Trichoderma atroviride - (+) Berrocal-Tito et al. (2007) 
Trichoderma reesei - (+) Guzmán-Moreno et al. (2014) 
Ustilago maydis - (+) Brych et al. (2016) 
(+) indicates the functional pathway in repairing UV-induced DNA damage 
(-) indicates the pathway is deficient in repairing the damage 
 

In an attempt to understand the relationship between photorepair and dark repair, 

Ishii et al. (1998) reported the existence of an alternative excision repair (AER) pathway 

in N. crassa. A similar finding was also reported in S. pombe, in which the pathway 

responsible for UV damage involved an endonuclease encoded by the gene UVDE 

(Yonemasu et al., 1997). Further genetic and biochemical analysis showed that UVDE-

mediated excision repair removes UV damage more rapidly than NER and it also 

repairs both CPD and 6-4PP (Bowman et al., 1994; Yonemasu et al., 1997). These 

findings suggest an AER might exist in certain fungal species.  
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2.5.1.1 UV-induced DNA repair in Pseudogymnoascus spp. 

Recently annotated genomes of P. destructans, as well as six closely related non-

pathogenic Pseudogymnoascus species by Palmer et al. (2018) provide insight on the 

ability of this genus to perform NER and Phr. The study revealed that in the comparison 

between seven species of Pseudogymnoascus, P. destructans has lost a key enzyme, 

CPD phytolyase I, to perform Phr and another key enzyme, UVE1, which is essential to 

executing AER. In the same study, despite the other Pseudogymnoascus harbouring 

CPD photolyase I gene, only two strain tested, P. verrucosus and P. sp. 24MN13, 

displayed an increase in survival attributed to the activity of Phr. The study also 

reported that the P. destructans genome harbours genes for NER, thus confirming the 

possible roles of NER in UV-induced DNA repair. Extreme UV sensitivity recorded in 

P. destructans due to the loss of UVE1 gene also suggests the importance of AER in the 

Pseudogymnoascus spp. in maintaining the DNA integrity against UV radiation. 
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CHAPTER 3: METHODOLOGY 

3.1 Strains Selection and Culture Maintenance 

Polar strains of Pseudogymnoascus spp. were obtained from the culture collection at the 

National Antarctic Research Centre, University of Malaya. Strains were selected based 

on 1) fungal colony morphology, 2) growth at different temperatures, 3) fungal colony 

pigmentation and 4) geographical of origins, which are listed in Table 3.1. 9 isolates 

were incubated at three different temperatures, 10, 15 and 20°C for strains selection 

after examining colony morphology to determine the optimal growth temperature for 

the study. The results are supplied in Appendix A.  

Table 3.1: List of Pseudogymnoascus spp. selected for the study including the 
strain code, origin of isolate and person who isolated the strain 

Taxon Strain code Locality Isolated by 
Pseudogymnoascus sp. AK07KGI1202  

R1-1 sp.3 (AKSP3) 
King George Island, Antarctic Krishnan et al. 

(2016) 
Pseudogymnoascus sp. AK07KGI1202  

R1-1 sp.4 (AKSP4) 
King George Island, Antarctic Krishnan et al. 

(2016) 
Pseudogymnoascus sp. HND16 R4-1 sp.1 

(HNDR4) 
Hornsund, Arctic Ali (2016) 

Pseudogymnoascus sp. HND16 R2-1 sp.2 
(HNDR2) 

Hornsund, Arctic Ali (2016) 

 

3.1.1 Culture Media Preparation 

Czapex-Dox agar (CDA) was used throughout this study. CDA is a medium containing 

sodium nitrate and sucrose as the sole nitrogen and carbon sources, with other sources 

of essential ions such as potassium chloride, ferrous sulphate, magnesium 

glycerophosphate and potassium sulphate that are generally useful for the cultivation of 

fungi. CDA promoted more mycelial biomass compared to potato dextrose agar 

(Appendix B), which is required for section 3.5. CDA was prepared by suspending 45.4 

g of CDA powder in 1 L of distilled water spiked with 0.1% of 34 mg ml-1 

chloramphenicol stock solution (bioWorld, USA). Chloramphenicol was added to the 

media as a selective agent to reduce the possibility of bacterial contamination and 
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inhibit rapidly growing moulds including Neurospora and Rhizopus species (Downes, 

1992). Prepared media was autoclaved at 121°C for 15 min and poured on 90 mm petri 

dishes (NEST, USA) after cooling down to around 50°C in the laminar flow to avoid 

condensation. The agar plates were then stored at 2-4°C in the dark as instructed by the 

manufacturer’s protocol to prevent nutrient degradation until further use. 

 

3.2 Verification of Pseudogymnoacus Isolates Based on Molecular DNA 

Sequences 

3.2.1 Genomic DNA Extraction from Fungal Colonies 

To confirm the identity and determine the phylogenetic relationship of the selected 

fungal strains, genomic DNA was extracted using the DNeasy® Plant Mini Kit (Qiagen, 

GER) following the manufacturer’s instructions. Fungal colonies were cultured for 15 d 

prior to obtaining sufficient biomass for genomic DNA extraction. Fungal biomass was 

scraped off from the agar surface with a clean, sterile spatula and processed 

immediately. The fungal biomass was crushed with a sterile plastic pestle in 400 µL 

Buffer AP1 added with 4 µL RNase A in a 1.5 mL microcentrifuge tube, before 

proceeding with the rest of the kit’s protocal. Extracted DNA was re-suspended in 200 

µL AE elution buffer and stored at -20°C until further analysis. The amount of extracted 

gDNA was quantified by loading 1 µL of the sample on the NanoDrop™ 

spectrophotometers (Thermo Fisher Scientific Inc, USA) and the quality of successfully 

extracted gDNA was assessed using agarose gel electrophoresis (AGE).  
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3.2.2 Quality Assessment of Extracted gDNA  

1% agarose gel was prepared by dissolving 0.15 g of molecular grade agarose powder 

(NextGene, MYS) in 15 mL 1× Tris-acetate-EDTA (TAE) buffer (1st Base, SGP) 

stained with 1: 10,000 (v/v) SYBR® Safe (Thermo Fisher Scientific Inc, USA). AGE 

was performed by loading 10 µL of gDNA mixed with 2 µL of 6× DNA loading dye 

(Thermo Fisher Scientific Inc, USA), and loading 5 µL of 1kb Plus DNA ladder 

(Thermo Fisher Scientific Inc, USA) as the size marker. AGE was conducted at 100 V 

for 25 min using electrophoresis power supply EV243 (Consort, BEL). Upon 

completion, the gel was visualized using the gel documentation system Platinum HD2 

(UVItec, GBR) and UVItec software (UVItec, GBR). The fragment size and intensity of 

gDNA products were compared to 1kb Plus DNA ladder (Appendix C).  

3.2.3 Fungal DNA Marker Amplification  

Three DNA markers were selected for the molecular identification and phylogenetic 

analysis (Table 3.2). The internal transcribed spacer (ITS) region is the universal 

barcoding marker that is commonly used in fungal identification because it has a more 

defined barcode gap and relatively high resolving power for discriminating closely 

related species, with high polymerase chain reaction (PCR) and sequencing success rate 

across a broad range of fungal species (Schoch et al., 2012). The 28S ribosomal RNA 

gene, LSU, contains D1 and D2 hypervariable domains that can facilitate species 

identification, when combined with the ITS region (Raja et al., 2017), whereas the 

minichromosome maintenance complex component 7 (MCM7) is a parsimony-

informative protein-coding gene that has been used in the phylogenetic evaluation of 

Pseudogymnoascus and allies (Minnis & Lindner, 2013). All markers were amplified 

with Labnet MultiGeneTM gradient PCR Thermo Cycler (Labnet, USA) using 2Χ 

ExPrime Taq Polymerase (Genet Bio, KOR) (Table 3.3) following the thermocycling 

parameters specified in Table 3.4.  The partial sequence of the 28S ribosomal RNA gene 
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region was amplified and sequenced using the primers LROR and LR6. The full length 

of the internal transcribed region including ITS1, 2.8S and ITS2 region was amplified 

and sequenced using the primers ITS5 and ITS4. The protein coding gene MCM7 was 

amplified and sequenced partially using the primers Mcm7-709for and Mcm7-1348. 

Amplified products were then stored at -20°C until further analysis. 

Table 3.2: Selected DNA markerss with primer sequences for fungal identification 
and phylogenetic analysis.  

DNA 
Marker 

Primer Primer Sequence References 

ITS ITS5 5’GGAAGTAAAAGTCGTAACAAGG3’ (Gardes & Bruns, 1993) 
 ITS4 5’ TCCTCCGCTTATTGATATGC3’ (White et al., 1990) 
LSU LROR 5’ACCCGCTGAACTTAAGC3’ (Moncalvo et al., 2000) 
 LR6 5’CGCCAGTTCTGCTTACC3’ (Vilgalys & Hester, 

1990) 
MCM7 Mcm7-709for 5’ACIMGIGTITCVGAYGTHAARCC3’ (Schmitt et al., 2009) 
 Mcm7-1348 5’GAYTTDGCIACICCIGGRTCWCCCAT3’  
 

Table 3.3: Components of PCR master mix. 

Reagents Volume per reaction (µL) 5 reactions Master Mix (µL) 
PCR water 17.2 86.0 
10× PCR Buffer 2.5 12.5 
10mM dNTPs 0.5 2.5 
Forward Primer (10 µM) 1.0 5 
Reverse Primer (10 µM) 1.0 5 
ExPrime Taq Polymerase (5 U µL-1)  0.2 1.0 
DNA template 2.6 - 
Total Volume 25.0 89.2 

 

Table 3.4: Cycling parameters for ITS, LSU and MCM7.  

PCR stage ITS LSU MCM7 
Temp (°C) Time Temp (°C) Time Temp (°C) Time 

Initial Denaturing 95 2 min 94 10 min 94 2 min 
Denaturing 95 40 s 94 30 s 94 1 min 
Annealing 50 40 s 50 30 s 55 1 min 
Extension 72 90 s 72 30 s 72 100 s 
Final Extension 72 5 min 72 7 min 72 10 min 
PCR Cycles 30  35  47  
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AGE was then conducted to assess the quality of PCR products and to confirm single 

sequence amplification by loading 5 µL PCR products. The fragment size and intensity 

of PCR products were compared to 1kb Plus DNA ladder and the expected size of 

fragments is approximately 600 bp (ITS), 1200 bp (LSU) and 700 bp (MCM7) 

(Appendix C).  

3.2.4 DNA Sequencing and BLAST  

The purification and sequencing of PCR products from 3.2.3 were outsourced and 

completed by Apical Scientific (MYS) using BigDye® Terminator v3.1 cycle 

sequencing kit (Applied Biosystem, USA). Each isolate was sequenced in both forward 

and reverse direction to maximize sequencing coverage and the interpretation of 

sequence reads. Sequencing results were viewed and edited using 4Peaks (Version 1.8; 

by A. Griekspoor and Tom Groothuis, Nuclobytes BV, nucleobytes.com). Sequence 

trace with low-quality areas (< 20 Q value) was trimmed and the reverse sequence was 

then converted to its reverse complement sequence and merged with the forward 

sequence of each isolate using the Emboss merger program 

(http://www.bioinformatics.nl/cgi-bin/emboss/merger), to produce a consensus 

sequence of the fungal isolate. The consensus sequence (i.e. sequence of the isolate) was 

then searched against the GenBank database at National Centre for Biotechnology 

Information (NCBI) (http://www.ncbi.nlm.nih.gov) using BLASTN with the default 

pairwise alignment parameters. Sequence hits with IdentScore higher than 97% 

homology and 97% query coverage were accepted for identification.  
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3.2.5 Sequence Alignment and Concatenation 

Multiple sequence alignment was performed using the generated DNA sequences and 

known reference sequences to recognize sequence domains that may provide 

information on functional, structural and evolutionary relationships among the 

sequences. A total of 63 reference sequences (Appendix D) was retrieved from NCBI 

GenBank database. For each gene, sequences were aligned using multiple sequence 

comparison by log-expectation (MUSCLE) algorithm and adjusted manually using 

Molecular Evolutionary Genetic Analysis (MEGA) version 7.0 (Kumar et al., 2016). 

Eight taxa of Leuconeurospora were assigned as the outgroup to root the ITS 

phylogenetic tree construction and only four were included during the construction of 

the multigene-tree (based on the concatenated ITS, LSU and MCM7 sequences). 

Concatenation of the three partitions (ITS, LSU and MCM7) was performed using 

Mesquite version 3.2 (Maddison & Maddison, 2017). Any taxa without having all of the 

three sequence partitions were excluded during the multi-gene sequence alignment and 

tree construction. For the protein coding gene MCM7, the reading frame was designated 

and set, and partial nucleotide sequences were aligned and trimmed according to the 

codon sequence. All new sequences generated from the present study were deposited 

into NCBI database (Appendix E).  

3.2.6 Basic Sequence Analysis 

Analysis of DNA sequence variation, nucleotide composition and genetic distance was 

also performed using MEGA version 7.0 (Kumar et al., 2016). Basic sequence statistics, 

including conserved, variable, parsimony-informative sites and singletons were also 

completed for ITS, LSU and MCM7 sequences separately as well as the concatenated 

sequences. 
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3.3 Phylogenetic Analyses 

3.3.1 Best-Substitution Model Test 

The best substitution model for phylogenetic analyses was tested using jModel Test 

2.2.2 (Darriba et al., 2012). Akaike information criterion (AIC) (Posada & Buckley, 

2004) was implemented in jModelTest 2.1.1 (Darriba et al., 2012) to select the best 

evolutionary model for the ITS and concatenated sequence datasets. 

3.3.2 Neighbour-Joining Analysis 

Neighbour-joining (NJ) trees were constructed using PAUP* 4.0a (Swofford, 2002). For 

the analysis of both datasets, 1000 bootstrap replicates were performed. Full heuristic 

search was performed with 10 random sequence additions and tree bisection-

reconnection (TBR) branch swapping. Corresponding evolutionary models suggested by 

jModeltest 2.2.1 (Section 3.3.1) were appended to the Nexus files for the NJ tree 

construction with Leuconeurospora species defined as the outgroup. Majority rule 

consensus tree for each dataset was generated with a cut-off value at 70% bootstrap 

support.  

3.3.3 Maximum Likelihood Analysis 

Maximum likelihood (ML) analysis of both datasets was performed with Randomized 

Axelerated Maximum Likelihood (RAxML) (Stamatakis, 2014) using raxmlGUI v1.5 

(Silvestro & Michalak, 2012). All parameters were set on default settings except for the 

best scoring ML tree and bootstrap (BS) analysis (Felsenstein, 1985) which were made 

in a single run with 1000 BS iterations. The GTRGAMMAI model was used for the 

bootstrapping phase and final tree construction. All trees were rooted with 

Leuconeurospora species. 
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3.3.4 Maximum Parsimony Analysis 

Maximum parsimony (MP) phylogenetic trees were constructed using PAUP* 4.0a 

(Swofford, 2002). For both analyses, 1000 replicates were bootstrapped. Full heuristic 

search was performed with 10 random sequence additions and tree bisection-

reconnection (TBR) branch swapping. Leuconeurospora sequences were defined as the 

outgroup and majority rule consensus tree was generated with a cut-off value of 70% 

bootstrap support. 

3.3.5 Bayesian Inference Analysis 

For Bayesian (BI) analyses, the posterior probability (PP) distribution was estimated 

using The Markov chain Monte Carlo (MCMC) as implemented in MrBayes v3.2.6 

(Huelsenbeck & Ronquist, 2001). The parameters for both datasets were fixed based on 

the best model and the effective sample size (ESS) values were checked in Bayesian 

Evolutionary Analysis Sampling Trees (BEAST) v2.4.7 (Drummond et al., 2012) and 

Tracer v1.6 (Rambaut et al., 2007). The ITS and concatenated datasets (both using 

Leuconeurospora sequences as the outgroup) were ran for 3 × 106 and 1 × 107 

generations, respectively, trees were then sampled at every 100th and 1000th generations, 

respectively, and both PP were estimated with 25% burn-in. For each dataset, the 

remaining trees were pooled and used to construct a 50% major rule consensus tree.  

3.3.6 Pairwise Genetic Distance Analysis 

The genetic distances between and within different clades of Pseudogymnoascus 

were calculated using the Tamura-Nei Model with gamma distribution rate of .537 

implemented in MEGA version 7.0 (Kumar et al., 2016). Pairs of sequences were 

classified as “within clade” or “between clade” according to the classification of clades 

in Pseudogymnoascus as defined by Minnis and Lindner (2013). 
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3.4 Physiological Responses of Experimental Cultures to UVB Radiation 

3.4.1 Exposure of Experimental Cultures to UVB Radiation 

UVB was illuminated in a temperature-controlled UV chamber (Vortex Technology 

Industries, MYS). Photosynthetically active radiation (PAR) was provided by two 

daylight fluorescent lamps (TL-K 40W/10R, Philips, NZL) resulting in an intensity of 

33 µmol photons m−2 s−1, applied in a 12/12 h day/night cycle. UVB was irradiated 

using one UVB lamp tube (TL 20W/01, Philips, NZL) at an intensity of 0.8 W m-2, 

giving an approximately dosage of 6.1 kJ m-2 d-1 in 130-min exposure in the middle of 

the photoperiod. The exposure was carried out in a temperature chamber of 15°C. To 

ensure uniformity of UVB and PAR intensity over the experiments, lamp tubes were 

pre-aged before use and UVB was eliminated from control plates using overhead 

projector (OHP) film. 

3.4.2 Fungal Growth Profiling under UVB  

CDA was prepared as described in section 3.1.1 with each plate contained 8 ml media to 

ensure uniformity of the media volume throughout the experiments and to allow the 

isolates to grow in a horizontal direction. Fungal isolates were acclimatized for 15 d at 

15°C under PAR in a 12/12 h day/night cycle before inoculation for UVB treatment 

(section 3.4.1). Colony diameters of the culture were measured at its perpendicular 

angle, following lines drawn after isolate inoculation, every 24 h for a period of 10 d 

under a stereomicroscope (Nikon, JAP) using FisherbrandTM TraceableTM digital carbon 

fiber calipers (± 0.2 mm) (Thermo Fisher Scientific Inc, USA). This ensures the 

conformity of measurements while avoiding any technical error. Fungal colony 

extension rate was then determined by plotting mean colony diameter against time 

(day), from which the slope of linear regression represents the rate of extension.  
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3.4.3 Pigmentation and Conidia Observation 

Changes in pigmentation were investigated using observational assessment 

continuously throughout the experimental period of 10 d. Photographs of the fungal 

cultures are taken using a Canon EOS 1000D digital single-lens reflex camera (Canon, 

JAP) placed perpendicularly over the culture plate every 24 h. Conidia production under 

UVB radiation was first observed using a compound microscope then assessed at the 

end of the experiment (day 10) using scanning electron micrograph (SEM). 

3.4.3.1 Sample Preparation for Scanning Electron Micrograph 

Conidia samples were prepared for SEM after exposing fungal isolates to UVR for 10 

days as described in section 3.4.1. In preparation for SEM, a 5-mm plug of the culture 

biomass was first removed from the culture plate and treated in 8% glutaraldehyde 

mixed with Fostat Sørencen Buffer in 1:1 volume ratio for 1 h at room temperature then 

rinsed with FSB mixed with distilled water in 1:1 volume ratio. The samples were then 

fixed overnight at 4ºC in 4% OsO4 mixed with distilled water in a volume ratio of 1:3. 

After dehydration in increasing concentrations of ethanol (10, 20, 30, 40, 50, 60, 70, 80, 

90, 95, and 100%, 15 min in each concentration with one repetition for 100% ethanol 

dehydration), the samples were further dehydrated in mixing 3:1, 1:1, and 1:3 ratio of 

100% ethanol and acetone with subsequent dehydration in absolute acetone twice for 20 

min in each dehydration step. Following dehydration, samples were processed via 

critical point drying using Leica EM CPD030 (Leica Microsystems, USA) with carbon 

dioxide as the transitional medium. Processed samples were then mounted onto an 

aluminium pin using double-sided foam mounting tape and sputter-coated with a thin 

layer of the fine-grained gold film using Leica EM SCD005 (Leica Microsystems, 

USA) with argon purge for clean vacuum condition. Sputter coating aids the charge 

dissipation while imaging under SEM. Ultra-structure of the specimens was then viewed 

with Quanta™ 650 FEG (FEI, USA). 
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3.5 Fungal UVB-induced DNA Damage and Recovery Assessment 

Fungal isolates were cultured on 0.45µm nylon membranes (Merck, DEU) placed on 

top of CDA at 15ºC for 10 d in dark condition to reach the mid-log phase. This is to 

inhibit any upregulation of light-dependent genes which could then affect the 

measurement of UVB induced damage and repair. To asses DNA damage and recovery, 

the isolates were incubated under each of two incubation conditions, dark and light 

conditions, after exposure to UVB radiation for 130 min inducing UV dosage of 6.1 kj 

m-2 d-1, intended to promote either NER or Phr, as demonstrated by Chelico et al. 

(2006). In the first condition, petri dishes with UV-irradiated fungal strains were 

wrapped with aluminium foil in order to exclude light. In the second condition, fungal 

cultures were incubated under fluorescent lamps giving PAR of 33 µmol photons m−2 

s−1. The fungi were maintained at 15°C during the repair incubation in both conditions. 

3.5.1 Quantification of UV Induced DNA Lesions 

Irradiated and control cultures were sampled at 0, 2, 6 and 10-h time points during DNA 

repair incubations, with fungal biomass being harvested by scraping the surface of the 

nylon membrane with a clean sterile spatula, transferred into a 1.5 ml microcentrifuge 

tube and then flashed-frozen immediately using liquid nitrogen. The frozen biomass was 

then stored in a -80ºC freezer until homogenization for DNA extraction. 

3.5.1.1 DNA Extraction and preparation for ELISA 

To quantify the DNA lesions induced by UVB radiation, gDNA of experimental 

cultures was extracted using DNeasy® Plant Mini Kit (BioTeke, KOR) following the 

manufacturer’s instructions and re-suspended in 200 µL of elution buffer. The quality of 

extracted gDNA was assessed by AGE (Appendix J) and gDNA concentration was 

determined using the Nanodrop (Thermo Scientific™, USA). gDNA samples were then 
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diluted to 4 ng µL-1 with cold 0.1 mM EDTA TE buffer (Alfa Aesar, USA) and stored at 

-80ºC freezer until ELISA analysis.  

3.5.1.2 ELISA for DNA Lesions Quantification 

CPD and 6-4PP quantification was performed using OxiSelectTM UV-Induced DNA 

Damage ELISA kit (Cell Biolabs Inc, USA) according to the manufacturer’s protocol. 

Briefly, 50 µl of diluted DNA samples and DNA binding solution was added to each 

well of the 64-well plate and incubated overnight at 16ºC on a modified WiseShake® 

SHO-2D digital orbital shaker (DAIHAN scientific, KOR). DNA solution was removed 

and the wells washed twice with phosphate-buffered saline (PBS) solution (iNtRON 

Biotechnology, KOR). Excess fluid was removed by blotting plate on paper towels, 

followed by plate blocking by adding 200 µl of assay diluent into each well and 

incubating for 1 h at room temperature. Assay diluent was removed and 100 µl of the 

diluted anti-CPD or anti-6-4PP antibody was added to each well and incubated for 1 h at 

room temperature on the modified flask shaker. After incubation, the wells were washed 

five times with 250 µl of 1× wash buffer followed by incubation with 100 µl of the 

diluted secondary antibody-HRP conjugate for 1 h at room temperature on the shaker. 

The wells were then washed again with 250 µl of 1× wash buffer and the enzyme 

reaction was stopped by adding 100 µl of stop solution and absorbance at 450 nm was 

read immediately with EpochTM microplate reader (BioTek, USA) and Gen5TM software 

(BioTek, USA). A dilution series was prepared according to the manufacturer’s protocol 

and was included in each plate to be normalized. PBS was diluted using ultra-pure water 

obtained from arium® pro VF ultrapure water system (Sartorius Stedim Biotech, DEU). 

Each DNA sample including unknown and standard was assessed in two technical 

replicates and three biological replicates. 

Univ
ers

ity
 of

 M
ala

ya



46 

3.5.2 Determine the Expression Level of DNA Repair Genes  

Irradiated and control cultures were sampled following section 3.5.1 at 0 and 2-h time 

points during DNA repair incubations and stored at -80ºC freezer until homogenized for 

total RNA extraction. 

3.5.2.1 RNA Extraction and DNAse Treatment 

Total RNA was extracted using TRIzol Reagent (Invitrogen, USA) according to the 

manufacturer’s protocol, after which it was re-suspended in diethylpyrocarbonate 

(DEPC)-treated water (Invitrogen, USA). Extracted RNA samples were then quantified 

using NanoDrop and the quality was assessed through AGE (Appendix K). To eliminate 

possible gDNA contamination, the extracted RNA samples were treated with DNase I 

(Thermo Fisher Scientific Inc, USA) to ensure amplification in RT-PCR is solely 

generated from mRNA. RNA samples were heated at 65°C for 5 min using 

WiseTherm® HB-48P digital heating block (DAIHAN Scientific, KOR) , placed on ice 

and briefly centrifuged. 1 µg of total RNA diluted in DEPC-treated water to 7.5 µL and 

mixed with 1 µL of 10× DNAsel buffer, 0.5 µL RiboLock (Thermo Fisher Scientific 

Inc, USA), and 1 µL of DNAseI. Samples were then incubated at 37°C for 30 min. 

After 30 min of incubation, 1 µL of 50 mM EDTA was added to each tube and 

incubated at 65°C for 10 min.  

3.5.2.2 RNA Quality Assessment  

2% agarose gel was prepared by dissolving 0.60 g of molecular grade agarose powder 

(NextGene, MYS) in 30 mL 1× TAE buffer (1st Base, SGP) stained with 1: 10,000 (v/v) 

SYBR® Safe (Thermo Fisher Scientific Inc, USA). AGE was carried out by loading 500 

ng of total RNA sample in a total volume of 10 µL DEPC-treated water mixed with 2 

µL of 6× DNA loading dye (Thermo Fisher Scientific Inc, USA), and loading 5 µL of 

100bp DNA ladder (Thermo Fisher Scientific Inc, USA) as the marker, into the 2% 
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agarose gel submerged in 1× TAE buffer. The fragment size and intensity of RNA 

products were compared to the 100 bp DNA ladder and the expected size of fragments 

are around 1,500 bp (28 rRNA) and 1,000 bp (18 rRNA) (Appendix L). 

3.5.2.3 Reverse Transcription of mRNA 

cDNA was synthesized form DNAse-treated RNA samples using RevertAid First 

Strand cDNA synthesis kit (Thermo Fisher Scientific Inc, USA). 1 µL RNAse-free 

water and oligo-dT (500 µg mL-1) was added to the DNAse-treated samples and 

incubated at 65°C for 5 min, then placed on ice and centrifuged briefly. Then, 4 µL 5× 

RT buffer, 2 µL 10 Mm dNTPs and 1 µL RevertAid H Minus RevertTranscriptase (200 

U µL-1) were added to the samples. All the tubes were incubated at 42°C for 60 min 

followed by 70°C for 5 min. cDNA samples were then stored at -80°C until further 

analysis. 

3.5.2.4 Confirmation of cDNA Synthesis 

To confirm that cDNA was successfully synthesized, PCR was conducted using 2× 

ExPrime Taq Polymerase. A master mix was prepared following Table 3.5 and 

aliquoted to each 0.2 mL PCR tube. 2 µL of cDNA product was then added to each of 

the PCR tubes containing 23 µL of master mix. PCR was performed using the following 

cycling conditions: denaturing at 95ºC for 30 s, annealing at 60ºC for 30 s, and 

extension at 75ºC for 30 s for 35 cycles with a final extension of 7 min. AGE was then 

conducted to ensure the cDNA was synthesized with successful amplification products 

(Appendix L). 
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Table 3.5: Components of master mixes PCR reaction for cDNA synthesis 
confirmation. 

Reagents Volume per reaction (µL) 
PCR water 17.8 
10× PCR Buffer 2.5 
10mM dNTPs 0.5 
Forward Primer (10 µM) 1.0 
Reverse Primer (10 µM) 1.0 
ExPrime Taq Polymerase (5 U µL-1) 0.2 
cDNA template 2.0 
Total Volume 25.0 

 

3.5.2.5 Gene Selection and Primer Design 

To select genes for studying gene expression levels post UV-exposure, the Class 1 NER 

genes RAD1, RAD2, RAD3, RAD4, RAD10, RAD14, and RAD25 were first examined, as 

mutations in these genes confer to a high degree of sensitivity to UV irradiances and to 

other DNA damaging agents (Prakash & Prakash, 2000). Of the genes, those that are 

involved in fewer other DNA regulating mechanisms based on the Kyoto Encyclopedia 

of Genes and Genomic (KEGG) Pathway database were selected and finally RAD14, 

RAD2, and RAD1 were targeted for this study. Only one primer set for the target gene, 

RAD2 was successfully designed and qualified to be used in our study. Meanwhile, only 

one gene, namely PHR1, has been extensively described to function in Phr and was 

selected to be used to investigate response under light repair. Table 3.6 shows the 

function of the target genes and the accession number for the sequences retrieved from 

GenBank database for primer design.  

Table 3.6: Functional annotation of selected target genes, gene names and human 
orthologue. 

Gene Gene name Human 
ortholog 

Biochemical activities 

RAD2 Single-stranded DNA 
endonuclease 

XPG Nuclease that cuts damaged DNA 
on the 3’-side of the lesion 

PHR1 Deoxyribodipyrimidine 
photolyase 

- DNA photolyase involved in 
photoreactivation 
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For real-time PCR, gene-specific primers were designed according to sequences 

retrieved from the whole genome shotgun sequence of Pseudogymnoascus destructans 

isolate 20631-21 as the reference species (Drees et al., 2016). Primer3Plus (Untergasser 

et al., 2007) was used to design primers using default parameter settings with the 

adjustment of product size ranging from 90 to 130 bp. Suggested primer pairs for qPCR 

amplification were screened for hairpins, self- and cross-dimers using NetPrimer 

(http://www.premierbiosoft.com/netprimer/). Then, candidate primer sets were screened 

using NCBI Primer-BLAST to ensure binding specificity. The primer sequences used to 

amplify all target and reference genes are listed in Table 3.7, as are the corresponding 

primer sizes, annealing temperature, amplicon size, and amplification efficiency.  

Table 3.7: List of primers used for expression analysis with the accession number 
of sequences used for primer design, primer sequence, primer size, melting 
temperature and amplicon size. 

Reference 
Gene 

Accession 
Number 

Primer 
Name 

Sequence  Primer 
Size, bp 

Tm, 
ºC 

Amplicon 
size, bp 

GAPDH JPKE01001866.1 GAPDH_3F 5’CCTCCTCCATCTTCGATGCC3’ 20 60.0 91   GAPDH_3R 5’GAGTAGCCCCACTCGTTGTC3’ 20 60.0 
ACT1 JPKE01001290.1 ACT1_2F 5’TACCGAGGCACCAATCAACC3’ 20 60.0 120   ACT1_2R 5’GAAGCGTAGAGGGACAGGAC3’ 20 60.0 
β-TUB JPKE01003075.1 β-TUB_2F 5’ACTTGACCTGCTCTGCCATC3’ 20 60.0 124   β-TUB_2R 5’GTCTGGACGTTGTTGGGGAT3’ 21 60.0 
DLD JPKE01001174.1 DLD_1F 5’CTGGAATCTCGGCATACGCT3’ 20 60.0 145   DLD_1R 5’AACGCTGCCTTGACCTCTAC 3’ 20 60.0 
SAR1 JPKE01004290.1 SAR1_2F 5’CGACCCTGTTGCACATGTTG 3’ 20 60.0 148   SAR1_2R 5’TCTTTCCATAGACGGCGAGC3’ 20 60.0 
PGK1 JPKD01002266.1 PGK1_1F 5’GACAAGTTTTCCCCTGATGC3’ 21 60.0 121   PGK1_1R 5’CGTTGATGGTCTGGTTGATG3’ 20 60.0 
5.8S KC461555.1 5.8S_2F 5’AACGGATCTCTTGGTTCTGG3’ 20 60.0 104   5.8S_2R 5’GCAATGTGCGTTCAAAGATT3’ 20 60.0 
Target 
Gene 

      

RAD2 XM_012888916.1 RAD2_2F 5’AGGATGGGGTTGAGCAAAGA3’ 20 60.0 
107  RAD2_2R 5’CGCTGCGTTAATTCGTTTCG3’ 20 60.0 

PHR1 JPJY01000583.1 PHR1_1F 5’CGGCATCTTTCCTTGCGAAG3’ 20 60.0 
115   PHR1_1F 5’CTAAATCCCCAGCCACCGTT3’ 20 60.0 

 

3.5.2.6 Preliminary Primer Testing 

For preliminary primer testing, primer pairs were tested against a selected strain’s 

cDNA and gDNA as templates using standard PCR with the following thermocycling 

conditions: denaturing at 95ºC for 30 s, annealing at 60ºC for 30 s, and extension at 

75ºC for 30 s for 35 cycles with a final extension of 7 min. Specificity, product length 

Univ
ers

ity
 of

 M
ala

ya



50 

and primer dimer of PCR products were assessed with AGE as described in section 

3.5.2.2. Only primers with no primer dimer formation and single product generated 

were further validated, and primers that were not qualified were re-designed and re-

tested. 

3.5.2.7 Validation of Primers 

Standard curve and melt curve analysis was performed on the primer sets to determine 

their R2 values, efficiency and suitability for use in reverse transcriptase quantitative 

PCR. The standard curve for each primer pair was generated with a 1:5 dilution series of 

cDNA template and amplified using Thunderbird® SYBR® Green qPCR mix (Toyobo, 

JAP) following thermocycling parameters in section 3.5.2.9 on the Applied Biosystem® 

7500 Real-Time PCR systems (Applied Biosystems, USA). 18 cDNA products from 

section 3.5.2.3 were pooled prior for the generation of the standard curve to ensure the 

uniformity of mRNA from different treatments. The standard curve is required to 

calculate the efficiency of the qPCR reaction; ideally a perfectly efficient reaction 

should be 100% amplification efficiency, corresponding to doubling the sequence 

during each replication cycle. Primer pairs with amplification efficiency between 90-

110% were generally accepted in this study to ensure the efficiencies of all the primers 

used in the qPCR reaction are approximately equal for accurate comparison. Correlation 

coefficients (R2 values) represent how well qPCR generated data fit the regression line 

and it should be > 0.99. Melt-curve analysis was also performed at the end of the qPCR 

cycles to confirm the specificity of the primer and ensure the absence of primer-dimer 

formation.  
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3.5.2.8 Selection of Reference Genes 

Three independent applications, namely BestKeeper (Pfaffl et al., 2004), geNorm 

(Vandesompele et al., 2002), and NormFinder (Andersen et al., 2004) were used to 

evaluate the expression stability of the 7 candidate reference genes (previous Table 3.7) 

under the experimental conditions. geNorm is a Microsoft Excel application that derives 

internal control gene-stability measure (M) as the average pairwise variation of a 

particular gene with all other control genes in the same analysis (Vandesompele et al., 

2002). Genes that were not co-regulated were considered least stable (highest M value) 

and were stepwise excluded resulting in a stability ranking. Genes with M ≤ 1.5 were 

considered high expression stability and genes with M > 1.5 were not used for internal 

control genes, whereas genes with the lowest M value were considered to be the most 

stable and were considered to be used in our analysis. BestKeeper generates the 

BestKeeper index (r) of internal control genes based on pairwise comparisons of raw 

cycle threshold (Ct) values of each gene (Pfaffl et al., 2004). Stable internal control 

genes with strong correlation with BestKeeper index (r) were considered as our 

reference genes. NormFinder estimates intra- and inter-group variation in gene 

expression levels to measure gene stability value (Andersen et al., 2004). Normfinder 

also determines the two-gene normalization factor and its corresponding stability value  

using the best combination of two genes. Raw Ct values of reference genes obtained 

from qPCR as described in section 3.5.2.9 were used directly for stability calculations in 

BestKeeper analysis. For the other algorithms, the reference gene with the highest 

relative quantity was set to 1 and other raw Ct values were converted into relative 

quantities and imported into Normfinder and GeNorm to be analyzed. All reference 

genes were then ranked according to their stability in the tested sample sets and the top 

three ranked reference genes were selected to be normalized in section 3.5.2.9. 
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3.5.2.9 Gene Expression Analysis 

mRNA expression of target genes was quantified in 96-well plates on the Applied 

Biosystem® 7500 Fast Real-Time PCR systems using Thunderbird® SYBR® Green 

qPCR mix (Toyobo, JP). 20µl of reaction mixtures were prepared following Table 3.8. 

The reaction conditions were following thermocycling parameters: pre-denaturation at 

95°C for 20 s, followed by 40 cycles of 95°C for 3 s and 60°C for 30 s, then followed 

by a melt curve stage of 95°C for 15 s, 60°C for 1 min, 95°C for 15 s and 60°C for 15 s. 

Relative gene expression was obtained by normalizing with the expression of 3 most 

stable internal control genes (selected from section 3.5.2.8) using the 2-ΔΔCt method 

(Livak & Schmittgen, 2001; Schmittgen & Livak, 2008). Relative expression in terms 

of fold change is derived from the differences in Ct values in the UV-treated samples in 

relative to its control (non-UV-treated) at a particular time-point and repair condition. 

Each RT-qPCR reaction was performed in three technical replicates. A non-template 

control was also included for each gene.  

Table 3.8: Components of master mixes for qPCR. 

Reagents Volume per reaction (µL) Volume for 19 reactions (µL) 
PCR water 6.96 132.24 
2× SYBR® qPCR mix 10.00 0.76 
50× ROX reference dye 0.04 190.00 
Forward Primer (10 µM) 0.50 9.50 
Reverse Primer (10 µM) 0.50 9.50 
cDNA template 2.00 - 
Total Volume 20.00 342.00 
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3.6 Statistical Analyses 

Means, standard deviations and standard errors of the mean of the data sets of fungal 

growth, DNA lesion and fold change (for the relative gene expression) were calculated 

and analysed using the SPSS Mac Statistical package ver. 23.0 (IBM, USA). Different 

statistical analyses were performed to assess the effects of the treatments investigated, 

with significance level set at α = 0.05. The effect of UVB radiation on fungal growth 

rate on each isolate was assessed using linear regression analysis to compare the slope 

of the means colony diameter over a 10-d period. The interactive effect of UVB 

treatments and the duration of incubation on fungal growth was also assessed separately 

using two-way multivariate analysis of variance (MAVONA). MANOVA was used to 

investigate the interactive effects of incubation condition and the duration of repair on 

the concentration of DNA lesions, including CPD and 6-4PP, separately for each of the 

isolates and type of lesions. Univariate analysis was also conducted to investigate the 

sole effect of the independent variables. Similarly, the expression of DNA repair genes 

was also analysed using MANOVA to investigate three different conditions: 1) the 

effect of UVB radiation, 2) the effects of repair conditions and 3) the sole effect of light. 

Pairwise comparisons with Bonferroni adjustment were also performed with the 

significance level set at α = 0.05.  
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CHAPTER 4: RESULTS 

4.1 Verification of Pseudogymnoascus Isolates 

All ITS, LSU and MCM7 sequences of four isolates, AK07KGI1202 R1-1 sp.3 

(AKSP3), AK07KGI1202 R1-1 sp.4 (AKSP4), HND16 R4-1 sp.1 (HNDR4) and 

HND16 R2-1 sp.2 (HNDR2) were successfully sequenced for preliminary species 

identification using BLAST (Table 4.1). BLAST analysis revealed the sequences were 

best matched with the ITS, LSU and MCM7 sequences on GenBank that belonged to 

either genus Pseudogymnoascus or Geomyces. Although some sequences were best 

matched with Geomyces from the database, they are in fact recognized as 

Pseudogymnoascus after the reclassification of Pseudogymnoascus by Minnis and 

Lindner (2013). Thus, the isolates used in this study were identified as 

Pseudogymnoascus spp. with high identity sequence scores from the BLAST analysis. 

Table 4.1: BLAST result of ITS, LSU and MCM7 sequences between isolates used 
in this study and GenBank sequences. 

Strain 
code 

Accession 
number 

Sequence 
Length 

Best match in BLAST Identity  
Scores 
(%) 

Query 
coverage 
(%) 

Accession 
number 

Identity 

ITS       
AKSP3 MK448238 564 KP411572.1 Pseudogymnoascus 

pannorum 
100 100 

AKSP4 MK448239 571 KM816682.1 Geomyces sp. 99 100 
HNDR4 MK448240 581 KM816682.1 Geomyces sp. 99 99 
HNDR2 MK448241 549 DQ317337.1 Geomyces sp. 100 99 
LSU       
AKSP3 MK443474 989 JQ768405.1 Geomyces pannorum 99 100 
AKSP4 MK443475 973 LN714595.1 Pseudogymnoascus 

pannorum 
100 100 

HNDR4 MK443476 962 LN714595.1 Pseudogymnoascus 
pannorum 

100 100 

HNDR2 MK443477 973 LN714595.1 Pseudogymnoascus 
pannorum 

100 100 

MCM7       
AKSP3 MK448242 615 KF017664.1 Pseudogymnoascus 

sp. 
98 99 

AKSP4 MK448243 614 KF017664.1 Pseudogymnoascus 
sp. 

98 100 

HNDR4 MK448244 639 KF017664.1 Pseudogymnoascus 
sp. 

98 96 

HNDR2 MK448245 636 KF017664.1 Pseudogymnoascus 
sp. 

98 97 
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4.2 Sequence Alignment and Variation of ITS, LSU, MCM7 and Concatenated 

Sequences of Pseudogymnoascus 

The basic sequence statistics were calculated and the results are shown in Table 4.2. A 

total number of 67 ITS sequences belonging to Pseudogymnoascus, Geomyces and 

Leuconeurospora spp. formed final sequence alignment length of 493 nucleotide sites, 

of which 84 were variables, 75 were parsimony informative (PI) and 9 were singletons. 

Sequence alignment of LSU contained 1345 total nucleotides, of which 41 were 

variables, 31 were PI and 10 were singletons, whereas, the sequence alignment of 

MCM7 contained 616 nucleotides, of which 256 were variables, 221 were PI and 37 

singletons. The percentage of PI was the highest in the sequences of MCM7 (35.88%) 

following ITS (15.21%) and LSU (2.3%).  

The aligned concatenated sequences of 31 taxa contained 2442 nucleotides, of which 

351 were variables and 52 were singletons. Although only 12.24% was PI, 299 PI sites 

could provide sufficient information to delineate species within the genus 

Pseudogymnoascus. 

Table 4.2: Results of basic sequence statistics including number of sequences, total 
base pair (BP), conserved sites (CS), variable sites (VS), singletons (SS), 
parsimony-informative sites (PIS) and its percentage for ITS, LSU, MCM7 and 
concatenated sequences of Pseudogymnoascus, Geomyces and Leuconeurospora 
spp.  

Domain No. Taxa No. BP No. CS No. VS No. SS No. PIS PIS (%) 
ITS 63 493 405 84 9 75 15.21 
LSU 31 1345 1304 41 10 31 2.3 
MCM7 31 616 358 256 37 221 35.88 
Concatenated 31 2442 2088 351 52 299 12.24 
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4.3 Evolutionary Models for Phylogenetic Analyses 

The best-fitted evolutionary model calculated for ITS and the concatenated dataset were 

GTR + I + G; I = 0.544; G = 0.422 and TIM2 + G + I; I = 0.71; G = 0.537, respectively. 

However, the more conservative HKY + G + I model was chosen instead for analysing 

the ITS dataset in the Bayesian analysis. This model fits with the requirement of having 

an effective sample size of 200 in all statistical parameters, hence allowing posterior 

distributions of trees to be accurately inferred in the Bayesian analysis (Drummond et 

al., 2006)  

Base frequencies for ITS sequences were 0.193 (A), 0.2776 (C), 0.2633 (G) and 

0.2662 (T). The incorporated rates of matrix for ITS sequences were 1.7816 (AC), 

6.9141 (AG), 3.3649 (AT), 0.1567 (CG), 11.1426 (CT) and 1.0000 (GT). Whereas the 

base frequencies for concatenated sequences were 0.2463 (A), 0.2412 (C), 0.2742 (G) 

and 0.2383 (T), with incorporated rates matrix for substitution model in phylogenetic 

analyses were 1.6621 (AC), 8.9166 (AG), 1.6621 (AT), 1.0000 (CG), 14.1561 (CT) and 

1.0000 (GT).  
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4.4 Phylogenetic Analyses for ITS and Concatenated Aligned Sequences  

An alignment data set comprising of 67 ITS sequences – 63 reference sequence from 

Genbank and 4 Pseudogymnoascus sequences from the present study – were analysed 

for the NJ, ML, MP and BI phylogenetic analysis of Pseudogymnoascus. The 50% 

majority rule consensus tree of the Bayesian analysis is presented in Figure 4.1 with BS 

values from NJ, MP, ML test and PPs of BI analysis. The phylogram constructed using 

only ITS sequence alignment alone provided sufficient resolution to separate 

Pseudogymnoascus from its sister clade, Geomyces in all phylogenetic tree analyses 

with strong BS and PP supporting values (96/85/91/1). In contrast, the phylogram failed 

to group the taxa according Minnis and Lindner (2013) and same species were separated 

or different species were grouped into a single clade such as P. verrucosus and P. 

destructans in Clade B (Figure 4.1). The phylogram was also able to separate 

Pseudogymnoascus spp. into six different clades but with poor supportive values. Clade 

A contains P. roseus and its complex species. Clade B consists of two different species: 

P. destructans and P. verrucosus. Clade C and E were unresolved and contain mostly 

undescribed Pseudogymnoascus sp. Only two clades were resolved with well-supported 

BS and PP values including an undescribed group of Pseudogymnoascus sp. (Clade D) 

and P. appendiculatus (Clade F).   
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Figure 4.1: Bayesian phylogram (50% majority rule consensus) of the final aligned 
ITS sequences of Pseudogymnoascus, Geomyces and Leuconeurospora sp.. Value 
for the branch is presented as BS and PP value of NJ/MP/ML/PP and thick lines 
indicate values more than 70/70/70/0.90, respectively. 
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The 50% majority rule consensus tree of the combined results of two independent 

Bayesian runs using concatenated aligned sequences is presented in Figure 4.2 with 

percentages of BS replicates from NJ, MP, ML analyses, and PP values generated from 

BI analysis. Similar tree topologies were recovered from the other three analyses (NJ, 

MP and ML). Clades presented in the study of Minnis and Lindner (2013) were 

incorporated into Figure 4.2 to identify the four Pseudogymnoascus isolates used in our 

study. The phylogram of Pseudogymnoascus fungi generated from three DNA markers 

was able to separate into seven genetic clades (A-C, B, E, G, H, J, and L) that were 

supported by high BS and PP values. Clade A and C were not resolved as two different 

clades based on our concatenated sequence data. Pseudogymnoascus isolates used in 

this study clustered with Pseudogymnoascus sequences (Pseudogymnoascus sp.) that 

were classified as clade B in the phylogram with well-supported BS and PP values; 

however, they are still undescribed. 
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Figure 4.2: Bayesian phylogram (50% majority rule consensus) of the final 
concatenated alignment of ITS, LSU and MCM7 of Pseudogymnoascus and 
Leuconeurospora sp.. Value for branches is presented as BS and PP value of 
NJ/MP/ML/BI and bold lines indicate values more than 70/70/70/0.90, respectively. 
Clade A-M represents different monophyletic groups derived from Minnis and 
Lindner (2013).  
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4.5 Genetic Distance, Intra- and Inter-Specific Variation 

Our results demonstrated no overlapping values between the intra-specific variation in 

the combined sequences, except the variation within clade A&C (1.69%) and the 

variation between clade A&C and B (1.69%) (Table 4.3). Thus, the barcode gap only 

exists for other clades, except clade A, B and C to delineate species within the genus 

Pseudogymnoscuas. The multi-gene tree from section 4.4 also showed a very strong 

supportive BS and PP values that these two clades (B and A&C) are grouped together. 

Thus, the maximum intraspecific variation less than 1.69% shall be used in current 

study to accurately delineate into specific clades within the genus of 

Pseudogymnoascus.  

Table 4.3: Genetic pairwise distance between 11 clades of Pseudogymnoascus. 
Bolded values indicate the value of intra-specific variation. 

Clade A&C B E F G H I J L M 
A&C 1.69          
B 1.69 0.48         
E 2.86 2.58 0.11        
F 2.97 3.16 2.90 –       
G 3.18 2.86 2.63 2.59 1.19      
H 3.80 3.69 4.10 3.54 4.13 0.70     
I 3.92 4.07 4.12 3.80 3.93 3.52 –    
J 3.56 3.81 3.25 2.92 3.19 3.82 4.05 0.41   
L 3.98 4.13 4.11 4.91 4.22 5.70 5.12 5.04 1.36  
M 4.08 4.19 4.48 4.04 3.77 4.64 4.94 3.64 4.24 – 
Leuconeurospora 12.00 12.27 12.46 11.75 11.58 11.79 12.55 11.46 12.14 11.87 
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4.6 Effects of UVB Radiation on Growth Rates Derived from Colony 

Diameters 

The physiological effect of UVB radiation on the growth of polar soil fungi in terms of 

colony diameter was demonstrated in the four isolates of Pseudogymnoascus spp. 

isolated from the Arctic and Antarctic region used in our study. We first aimed to 

compare the growth rates of Pseudogymnoascus spp. under UVB treatment 

(UVB+PAR) and control (PAR only) conditions. Growth profiles of the four 

Pseudogymnoascus isolates were plotted using mean colony diameters measured 

continuously on the same fungal colonies over a 10 d duration in laboratory simulated 

conditions. Figure 4.3 shows the growth profile of four Pseudogymnoascus isolates in 

terms of mean colony diameters during the 10 d period. The linear growth curves of 

UVB-treated samples were less steep compared to the controls. The slopes of the 

growth curves represented the growth rates of the fungal colonies; therefore, linear 

regression lines were plotted to determine the growth rate of each isolate in both 

conditions. Table 4.4 shows the slope value, R2 and standard error of the regression 

lines plotted. UVB-treatment caused the greatest reduction in growth rate in HNDR2 

(35.32%), followed by AKSP3 (34.47%) AKSP4 (33.03%), whereas HNDR4 was the 

least inhibited by UVB irradiation with 21.74% reduction. 
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Figure 4.3: Mean colony diameter of Pseudogymnoascus strains recorded under 
UVB and control conditions across an experimental course of 10 d. Error bars are 
SEM of six biological replicates in a single experiment and dotted line represents 
the best fit linear regression of the mean value. *, p < 0.05; **, p < 0.01 indicate the 
significant difference between the two conditions determined by t-test within the 
same time point. 

 

Table 4.4: Colony extension rates observed in each strain (five replicates per 
treatment). Slopes denoted with asterisk are significantly different compared to its 
respective control (p < 0.05). 

Strain code Treatment Slope R2 Standard deviation of residual, Sy.x 
AKSP3 Control 1.1730 0.985 0.4589 
 UVB-treated 0.7856* 0.962 0.5006 
AKSP4 Control 0.9383 0.922 0.8738 
 UVB-treated 0.6149* 0.862 0.7895 
HNDR4 Control 1.2880 0.984 0.5229 
 UVB-treated 1.0080* 0.980 0.4591 
HNDR2 Control 1.1850 0.979 0.5643 
 UVB-treated 0.8228* 0.968 0.4836 
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In this study, we hypothesized that colony diameter extension rates of the isolates 

will be reduced under UVB radiation. Linear regression analysis was performed to 

compare the slopes between two treatments and to test the significance of the treatment 

effects on colony diameter extension rates against our null hypothesis. The colony 

extension rates in UVB treated samples were significantly lower (p < 0.05) than the 

controls for all Pseudogymnoascus isolates. Hence, it was concluded that UVB radiation 

significantly inhibited the growth rates derived from colony growth diameters of 

Pseudogymnoascus spp.  

Further analysis with two-way MANOVA was conducted to determine the 

interactive effects of the different treatments and duration of culture on the mean colony 

diameters across all the isolates. Box’s equality (covariance matrixes) was tested prior 

to the analysis of MANOVA. Results showed that the homogeneity of variance of the 

data was violated. Therefore, Pilai’s trace test was selected for the multivariate analysis. 

Findings showed that the interactive effects were significant (p < 0.05). This indicates 

that the effects of UVB radiation was significant influenced the mean colony diameters 

of the cultures. Pairwise comparisons with Bonferroni adjustment between different 

treatments showed that mean colony diameter was significantly reduced (p < 0.05) after 

1 d of UVB exposure in HNDR4 and after 2 d in AKSP3 and HNDR2, whereas the 

significant difference between the treatments were only observed after 3 d in AKSP4. 
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4.7 Pigmentation of Cultures Exposed to UVB Radiation 

No visible changes in mycelium pigmentation were observed during the exposure to 

UVB in the course of 10 d incubation period (Figure 4.4). Red pigments observed in 

two colonies (Figure. 4.4b) under UVB treatments were diffusible pigments that were 

presented and transferred from the previous culture into new plates for the treatments. 

The Arctic isolate, HNDR2, is one of the isolates that produced yellow-pigmented 

mycelium, however there was no increase in colour intensity under UVB-treated 

condition compared to the controls (Figure 4.4d). 

 

4.8 Conidia Production Under UVB Radiation 

The inhibition of conidia production in Pseudogymnoascus isolates was first observed 

under the compound microscope after 10 d of UVB exposure. To validate, SEM 

observation was conducted on the fungal colonies at the end of 10 d incubation under 

two treatments. Micrographs (Figure 4.5) show that more conidia were visible in 

colonies that were cultured under the control condition (PAR only) in isolates AKSP3, 

AKSP4, and HNDR2, whereas under UVB exposure, conidia production was inhibited 

except for the Arctic isolate HNDR4. Conidia production in HNDR4 was also relatively 

low compared to other isolates in the control condition. 
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Figure 4.4: Fungal colony colours of four Pseudogymnoascus strains a) AKSP3, b) 
AKSP4, c) HNDR4 and d) HNDR2 after incubating 10 d in two different 
conditions: UV with PAR and PAR only. 
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Figure 4.5: Panel of SEM micrographs illustrating the conidia (highlighted in 
green) and mycelium of Pseudogymnoascus spp., a) AKSP3, b) AKSP4, c) HNDR4 
and c) HNDR2, after exposing to UVB+PAR or PAR for 10 d. Scale bar = 20 µm; 
magnification = 5000×. 
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4.9 Repair of CPD Under Light and Dark Conditions 

The concentrations of CPD in Pseudogymnoascus isolates during the different repair 

conditions were quantified using ELISA after UVB exposure (Figure 4.6). CPD 

concentrations in the Antarctic isolates, AKSP3 (µ = 0.03, SD = 9.2 × 103) and AKSP4 

(µ = 0.029, SD = 8 × 102), were two and three-fold greater than the concentrations 

recorded in the Arctic isolates, HNDR4 (µ = 0.018, SD = 5.4 × 103) and HNDR (µ = 

0.011, SD = 1.2 × 102), respectively after UVB exposure. Antarctic isolates were more 

susceptible to UVB-induced CPD damage as they generated higher concentration of 

CPD compared to the Antarctic isolates.  

 

Figure 4.6: Amount of cyclobutane pyrimidine dimer (CPD) quantified using 
ELISA under light and dark repair conditions after UVB exposure. Error bars are 
SEM of three biological replicates. *, p < 0.05; **, p < 0.01 indicate significant 
difference compared to previous time point or as indicated; *, p < 0.05 is compared 
to the initial concentration under its respective condition. 
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A two-way MANOVA was conducted with the concentrations of CPD in four 

Pseudogymnoascus isolates as the dependent variable and with the duration of repair 

and incubation conditions as independent variables. The independent variables included 

four different repairing duration, 0, 2, 6 and10 h of incubations and two repairing 

conditions, light or dark conditions. Levene’s test of equality of error variances across 

the groups was tested prior to two-way MANOVA. Dependent variables of three 

isolates had violated the assumption of homogeneity of variance-covariance, AKSP4 (p 

= 0.02), HNDR4 (p = 0.01) and HNDR2 (p = 0.03). Therefore, Pillai’s Trace test in 

multivariate analysis is appropriate and was used in our statistical analysis.  

The interactive effect of repair duration and incubation conditions was significant (p 

< 0.05) in the concentration of CPD across the four Pseudogymnoascus isolates, 

indicating both duration and incubation conditions contributed to the reduction of CPD 

concentration. On the other hand, all isolates demonstrated the concentrations of CPD 

were significantly reduced (p < 0.05) under light condition except AKSP4 (p = 0.13). 

Thus, there was no significant difference in the concentration of CPD in AKSP4 

between the light (µ = 0.018, SD = 0.001) and the dark repair conditions (µ = 0.20, SD 

= 0.001).  

Pairwise comparisons with Bonferroni adjustment were conducted and shown in 

Figure 4.6. Pairwise-comparisons between dark and light conditions within each time 

point in isolates AKSP3 and HNDR4 showed significant reduction of CPD 

concentrations in the presence of light, except for those recorded after 2 and 10 h repair 

incubation in AKSP4 (p = 0.06 and p = 0.14, respectively) and after 2 h repairing in 

HNDR2 (p = 0.19). This indicates the effects of light availability on the CPD 

concentration were not significant during the first two hours of repair after UVB 

exposure in these two isolates.  
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Pairwise comparisons in the light conditions showed there were significant 

reductions in the mean CPD concentrations in all isolates within the first 2 h of 

incubation, except in AKSP4 (p = 1.0), in which significant reduction was only 

observed after 6 h of repairing (p = 0.004). On the other hand, in the dark condition, 

AKSP3 and HNDR2 showed a significant reduction in mean CPD concentrations after 2 

h of incubation but not AKSP4 (p = 0.30) and HNDR4 (p = 0.14), in which the CPD 

concentrations were significantly reduced only after 10 (p = 0.005) and 6 h (p = 0.001), 

respectively. These findings suggest that UVB-induced CPDs were repaired faster in the 

presence of light in Pseudogymnoascus spp. 

Repair of 6-4PPs were measured in the four Pseudogymnoascus isolates after 

exposure to UVB radiation and repair under similar conditions (Figure 4.7). 6-4PP 

concentrations generated after exposure to UVB radiation were generally higher in 

AKSP3 (µ = 1.41 × 10-3, SD = 1.45 × 10-4) and HNDR4 (µ = 1.4 × 10-3, SD = 1.21 × 

10-4), whereas only 5.56 × 10-4 and 7.71 × 10-4 ng ml-1 were recorded in AKSP4 and 

HNDR2, respectively. The concentrations of 6-4PP were reduced further when the 

repair incubation was done in the dark condition compared to the light condition.  
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Figure 4.7: Concentration of pyrimidine 6-4 pyrimidone photoproducts (6-4PPs) 
quantified using ELISA under light and dark repair conditions after UVB 
exposure. Error bars are SEM of three biological replicates. *, p < 0.05; **, p < .01 
indicate significant difference compared to control or as indicated; *, p < 0.05 is 
compared to the initial concentration under its respective condition. 

 

Two-way MANOVA was conducted to determine the interactive effects of repair 

duration and incubation on the 6-4PP concentrations. Levene’s test of equality of error 

variance was violated from the data recorded across all the isolates (p < 0.05). 

Therefore, Pillai’s Trace test was used in our statistical analysis. The findings showed 

that the interactive effects of repair duration and incubation conditions were not 

significant (p = 0.40) in the concentrations of 6-4PP recorded across the isolates, except 

in isolate AKSP3 (p = 0.01).  
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The effect of light and dark incubation conditions on the concentrations of 6-4PP 

also showed no significant difference, with an F-test value of 1.320 (p = 0.31) and a 

medium to small effect size η2
p of 0.29 across all the Pseudogymnoascus isolates. 

Comparisons of the sole effect of incubation condition within each isolate also 

demonstrated a similar result (p > 0.05). This suggest that the repair of 6-4PP in 

Pseudogymnoascus was not influenced by the incubation condition. 

Pairwise comparisons with Bonferroni adjustment were tested (Figure 4.7). There 

were no significant differences in 6-4PP concentrations (p > 0.05) between the different 

incubation conditions at each time-point, except in AKSP3 after 2 h of repair (p = 0.02), 

in which 6-4PP concentration in the light conditions was 4.4-fold higher. In the 

comparisons across different time points, the 6-4PP concentrations were significantly 

reduced (p < 0.05) in HNDR4 after 2 h of incubation in both incubation conditions and 

after 2 h in AKSP4 (p = 0.0047) in only the dark condition. Meanwhile, significant 

difference was only observed after 6 (p = 0.001) and 8 h (p = 0.017) of incubation in 

light and dark, respectively, in AKSP3, whereas there was no significant reduction in 6-

4PP concentrations throughout the entire repairing duration in HNDR2 (p > 0.05). 
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4.10 Validation of Primers for Relative Gene Expression 

Primer amplification efficiencies of all the genes used in this study were determined by 

using the slope of the graph plotting threshold cycle (CT) against the quantity of the 

samples (ng) (E = 10(1/slope)). Figure 4.8 shows the results of the standard curves of all 

primer pairs used in this study. All primers tested showed efficiencies between 95-115% 

with R2 values more than 0.99 (Table 4.5). 

Table 4.5: Amplification efficiencies, and R2 values of qPCR primer pairs. 

Gene R2 Efficiency (%) Gene R2 Efficiency (%) 
GAPDH 0.999 98.94 5.8S 0.999 101.98 
ACT1 0.999 100.61 PGK1 0.995 100.87 
β-TUB 0.998 106.13 RAD2 0.995 100.99 
SAR1 0.998 106.97 PHR1 0.997 99.79 
DLD 0.994 103.58    

 

Amplified qPCR products were verified by sequencing and BLAST through NCBI 

database. As shown by the best matched from BLAST listed in Table 4.6, all of our 

qPCR primers amplified the intended target genes in Pseudogymnoascus, except DLD 

primer sets and PHR1_1F primer, which were found to have best-match with sequence 

encoding for unknown hypothetical protein, whereas sequence amplified by PHR1_1R 

was unable to match with any sequence. Further BLASTP verification was done using 

protein sequence from the best-match sequence and the results were listed in Table 4.6. 

Successfully sequenced qPCR products lack of overlapping region to merge the 

sequences (forward and reverse) as one, so the BLAST was done in separate to ensure 

the products amplified by the primer pairs were the intended target genes. 
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Figure 4.8: Standard curves of each primer pairs for target and reference genes; GAPDH, ACT1, β-TUB, SAR1, DLD, 5.8S, PGK1, RAD2, and 
PHR1; plotted using five-fold dilutions of cDNA pooled from HNDR4. 
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Table 4.6: BLAST results of sequenced qPCR products using newly designed primers with gene names, product size, primer name, GenBank 
accession number, percentage of query coverage and identity matches. 

Gene  Sequenced 
product  
size (nt) 

Primer BLAST result Accession 
number 

Query 
coverage 
(%) 

Identity 
(%) 

GAPDH 37 GAPDH_3F Pseudogymnoascus verrucosus glyceraldehyde 3-phosphate-dehydrogenase mRNA XM_018272569.1 100 100 
42 GAPDH_3R Pseudogymnoascus destructans glycerol-3-phosphate dehydrogenase 

(GPD1_1),mRNA 
XM_024464445.1 100 100 

β-TUB 47 β-TUB_2F Pseudogymnoascus verrucosus tubulin beta chain mRNA XM_018269756.1 100 100 
75 β-TUB_2R Pseudogymnoascus destructans Tubulin beta chain (Beta tubulin) (TUB2), mRNA XM_024464846.1 100 99 

DLD 64 DLD_1F Pseudogymnoascus verrucosus hypothetical protein mRNA;  XM_018272077.1 98 97 
62 DLD_1R Pseudogymnoascus verrucosus hypothetical protein mRNA;  XM_018272077.1 100 94 

  BLASTP: Pseudogymnoascus destructans hypothetical protein VC83_02315;  
region name: FAD-oxidase_c 

XP_024326496.1 100 96 

ACT1 67 ACT1_2F Pseudogymnoascus destructans actin (ACT1), mRNA XM_024471408.1 100 99 
61 ACT1_2R Pseudogymnoascus verrucoses actin mRNA XM_018271846.1 100 97 

PGK1 61 PGK1_1F Pseudogymnoascus destructans phosphoglycerate kinase (PGK1), mRNA XM_024464817.1 93 92 
47 PGK1_1R Pseudogymnoascus verrucosus phosphoglycerate kinase mRNA XM_018269790.1 83 96 

SAR1 93 SAR1_2F Pseudogymnoascus destructans COPII coat GTPase (SAR1), mRNA XM_024471700.1 97 99 
88 SAR1_2R Pseudogymnoascus destructans COPII coat GTPase (SAR1), mRNA XM_024471700.1 100 97 

5.8S 45 5.8S_2F Pseudogymnoascus sp. isolate FI23 small subunit ribosomal RNA gene, partial 
sequence; internal transcribed spacer 1 and 5.8S ribosomal RNA gene, complete 
sequence; and internal transcribed spacer 2, partial sequence 

MH128305.1 100 100 

52 5.8S_2R Pseudogymnoascus sp. isolate FI23 small subunit ribosomal RNA gene, partial 
sequence; internal transcribed spacer 1 and 5.8S ribosomal RNA gene, complete 
sequence; and internal transcribed spacer 2, partial sequence 

MH128305.1 100 100 

PHR1 67 PHR1_1F Pseudogymnoascus verrucosus hypothetical protein mRNA XM_018278541.1 100 96 
 BLASTP: Pseudogymnoascus verrucosus hypothetical protein VE01_09125;  

region name: Deoxyribodipyrimidine photolyase, PHRB 
OBT92751.2 100 100 

54 PHR1_1R N/A N/A N/A N/A 
RAD2 57 RAD2_2F Pseudogymnoascus destructans DNA repair protein (RAD2), partial mRNA XM_024467097.1 100 98 

52 RAD2_2R Pseudogymnoascus destructans DNA repair protein (RAD2), partial mRNA XM_024467097.1 100 96 Univ
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4.11 Melt Curve Analysis 

Melt curve analysis was performed for every real-time qPCR run at the end of the 

reaction. It is an important step to demonstrate the specificity of the primers and to 

ensure the accuracy of the expression level measured. All of our primer sets yielded 

single peaks, demonstrating no non-specific amplicons or primer dimers occurred in the 

qPCR reactions with Pseudogymnoascus cDNA as templates. Figure 4.9a shows a 

single peak melt curve graph in a real-time qPCR reaction, whereas Figure 4.9b 

demonstrates a melt curve graph containing non-specific amplicon and primer dimer 

during primer validation for efficiency test. For gene expression analysis, only primers 

yielding single melt-curve peaks were used. The melt curve graph for each primer pairs 

is attached in Appendix I. 

 

Figure 4.9: Melt curve graphs of real-time qPCR runs that generate a) single peak 
for each sample at the temperature and b) nonspecific PCR products in 
Pseudogymnoascus cDNA samples. 
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4.12 Selection of Reference Genes  

The expression stability of each gene was validated using three different programs, 

geNorm (Vandesompele et al., 2002), Bestkeeper (Pfaffl et al., 2004) and NormFinder 

(Andersen et al., 2004), to identify the most stable genes for normalization. Table 4.7 

shows the ranking of candidate reference genes according to the expression stability 

calculated by these programs. Consistently, all three programs demonstrated that ACT1 

and GAPDH were the most stable genes, ranked in the top three despite the different 

algorithms applied. Although the combination of β-TUB and PGK1 demonstrated the 

best stability value of 0.54 on GeNorm, ACT1 was selected as the most stable gene with 

a stability value of 0.714. Thus, these two genes were first selected as our reference 

genes for normalization. NormFinder found GAPDH and SAR1 to be the best 

combination for reference genes with a stability value of 0.174. Although Bestkeeper 

showed that SAR1 was not the most stable to serve as an internal control gene, it was 

consistently ranked within the top three in geNorm and NormFinder, thus SAR1 was 

selected as the third gene to be included for normalization in our gene expression 

analysis. 

Table 4.7: Rank of candidate reference genes according to the expression stability 
calculated by geNorm, Bestkeeper and NormFinder. The candidate reference 
genes are listed with corresponding stability values and ordered by decreasing 
expression stability. 

Ranking 
order 

geNorm Bestkeeper NormFinder 
Gene 
name 

Stability 
value (M) 

Gene 
name 

Stability 
value (r) 

Gene 
name 

Stability 
value 

1 ACT1 0.714 ACT1 0.853 ACT1 0.249 
2 GAPDH 0.729 PGK1 0.790 GAPDH 0.252 
3 SAR1 0.736 GAPDH 0.746 SAR1 0.293 
4 β-TUB 0.835 β-TUB 0.724 DLD 0.359 
5 PGK1 0.842 5.8S 0.699 PGK1 0.368 
6 5.8S 0.843 SAR1 0.694 β-TUB 0.387 
7 DLD 0.913 DLD 0.534 5.8S 0.403 
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4.13 Relative Expression of PHR1 and RAD2 After UVB Exposure 

The expression profiles of DNA repair genes were evaluated in four isolates of 

Pseudogymnoascus under light and dark repair conditions following UVB treatment. 

qPCR was performed to profile the expression of RAD2 and PHR1 to determine the 

principle DNA repair machinery employed by Pseudogymnoascus spp. to repair UVB-

induced DNA damage. Relative mRNA expression of targeted genes was then derived 

by normalizing with three most stable genes, GAPDH, SAR1 and β-TUB and using the 

2-ΔΔCt method. 

The expression of RAD2 was found to increase at least three-fold in all 

Pseudogymnoascus isolates after 130 min of UVB exposure, whereas PHR1 was found 

to be repressed by up to four-fold after exposure to UVB radiation (Figure 4.10). To 

determine the effects of the UVB radiation on the relative expression of the target 

genes, a separate MANOVA was performed with the UV treatments as the independent 

variable, and the relative fold change in the target genes in four separate isolates as the 

dependent variable.  
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Figure 4.10: Expression of DNA repair genes a) RAD2 and b) PHR1 in four 
Pseudogymnoascus spp after UVB exposure. Expression levels are presented as 
fold change (± SEM) relative to control. Fold change ~ 1, indicated by dotted line. 
The significant difference between the treatments are indicated by *, p < 0.05 and 
**, p < 0.01. 

 

Findings revealed no significant multivariate effects of different UV treatments in 

relation to the relative expression of target genes, RAD2 (p = 0.74) and PHR1 (p = 

0.122) across four different isolates. This indicates that all Pseudogymnoascus isolates 

responded similarly in the expression of the target genes after exposure to UVB 

radiation. As shown in Figure 4.10, univariate testing in the relative expression of RAD2 

gene indicated the effects of different treatments are significance (p < 0.05) across four 

Pseudogymnoascus isolates. In contrast, the effects of different treatments in the 

expression of PHR1 gene are significant (p < 0.05) in all three isolates except in AKSP3 

(p = 0.71).   
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4.14 Relative Expression of PHR1 and RAD2 During Repairing Period 

After UVB exposure, the isolates were incubated in two conditions, light and dark, to 

induce Phr and NER, respectively. The expression of the target genes was then profiled 

across the Pseudogymnoascus isolates to investigate the effect of light on the induction 

of Phr and NER. Figure 4.11 shows the expression profile of RAD2 in both repair 

conditions across four Pseudogymnoascus isolates after 2 h of incubation. The 

expression of RAD2 was induced by approximately 3-fold in Antarctic strains in both 

light and dark conditions, but in Arctic strains, only HNDR4 expression was induced by 

2.42 ± 1-fold, whereas the rest remained similar to the control. 

 

Figure 4.11: Relative expression of RAD2 in Arctic and Antarctic 
Pseudogymnoascus spp. after UVB exposure. Expression levels are presented as 
fold change (± SEM) relative to control. Fold change ~ 1, indicated by dotted line.  
Significant difference between the UV-treated and controls are indicated by *, p < 
0.05 and **, p < 0.01. 
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The interaction of RAD2 expression with four repair incubation conditions across the 

isolates was examined by MANOVA. The four independent variables included: UV-

treated and then incubated in light and dark conditions [RAD2 (Light) and RAD2 

(Dark)] and non-UV-treated [RAD2 Control (Light) and RAD2 Control (Dark)]. As 

expected, the findings of the multivariate test showed statistical significance (p = 0.015) 

with a strong observed power of 0.92 and a moderate to high effect size, η2
p of 0.63. 

This indicates that the Pseudogymnoascus isolates did not respond similarly in terms of 

the RAD2 expression in the different repairing conditions. 

Univariate analysis was performed to determine the effect of different repair 

conditions in each isolate. Results showed significant difference in all tested isolates 

except HNDR2 (p = 0.99), which showed a small effect size, η2
p of 0.01, indicates the 

treatments accounted only 1% of the overall variance in RAD2 expression in HNDR2. 

Multiple comparisons with Bonferroni adjustment was performed (Figure 4.11). The 

findings demonstrated no significant difference between the light and dark repair 

conditions in both UV-treated and controls, but significant RAD2 upregulation in both 

light and dark repair conditions, 3.46 ± 0.80-fold and 3.13 ± 0.49-fold, respectively in 

UV-treated AKSP3 (p = 0.001 and p = 0.003, respectively) and between the UV treated 

and controls in dark repair condition of UVB-treated AKSP4 (3.66 ± 0.86-fold, p = 

0.019), and HNDR4 (2.42 ± 0.92-fold, p = 0.04).  
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In the expression profile of PHR1, downregulation of the target gene was observed 

across the four isolates after exposure to UVB radiation and incubated in either light or 

dark conditions, except in AKSP4, in which 2.92 ± 0.05-fold upregulation was recorded 

(Figure 4.12). The down-regulation of PHR1 ranged from the least in AKSP3 incubated 

in light condition after UVB exposure (2.63 ± 0.10-fold) to the most in AKSP4 

incubated in light condition after UVB exposure (5.56 ± 0.02-fold). Similarly, the 

interaction of the relative expression of PHR1 in four conditions [PHR1 (Light), PHR1 

(Dark), PHR1 Control (Light) and PHR1 Control (Dark)] across the isolates was 

examined by MANOVA. Findings showed that there is a significant difference in the 

interactive effects of different conditions across the four isolates of Pseudogymnoascus 

(p = 0.01). This indicates that the expression of PHR1 was significantly downregulated 

after exposure to UVB radiation regardless of the incubation conditions, either light or 

dark, except in AKSP4.  

 

Figure 4.12: Relative expression of PHR1 in Arctic and Antarctic 
Pseudogymnoascus spp. after UVB exposure. Expression levels are presented as 
fold change (± SEM) relative to control. Fold change ~ 1, indicated by dotted line. 
Significant difference between the UV-treated and controls are indicated by *, p < 
0.05 and **, p < 0.01. 
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Univariate analysis was then conducted to determine the effect of different repair 

conditions in each isolate. Similar results were obtained, in which all isolates showed a 

significant difference (p < 0.05) with high effect size, η2
p of 0.93 to 0.95. Multiple 

comparisons with Bonferroni adjustment was tested (Figure 4.12). Briefly, there is no 

significant difference between different repair conditions within UV-treated samples 

and controls, but significant difference was observed between UV-treated samples and 

controls across all tested isolates (p < 0.01) except light repair condition in AKSP4 (p = 

0.32). The rest of the comparisons demonstrated downregulation of PHR1 with p values 

less than 0.01, except the expression was significantly upregulated at 2.92 ± 0.19-fold in 

AKSP4 (p = 0.001) when incubated in dark condition. 

 

4.15 Relative Expression of PHR1 and RAD2 Without UVB Exposure 

In order to demonstrate that the expression of PHR1 was responsive to the exposure of 

white light, the expression of the RAD2 and PHR1 was compared between the controls 

incubated in light and dark conditions for 2 h without UVB exposure (Figure 4.13). 

Three isolates of Pseudogymnoascus showed induction of PHR1 in response to white 

light with 2.30 ± 0.80, 2.86 ± 0.33 and 1.8 ± 0.02-fold PHR1 upregulation in AKSP3, 

AKSP4 and HNDR2, respectively (Figure 4.13b). The expression of RAD2 was also 

upregulated under white light exposure but in a relatively less degree compared to the 

expression of PHR1, ranging from 1.12 to 1.98-fold elevation  Univ
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Figure 4.13: Expression of DNA repair genes a) RAD2 and b) PHR1 in four 
Pseudogymnoascus spp. after incubation in light and dark condition for 2 h 
without UVB exposure. Expression levels are presented as fold change (± SEM) 
relative to control. Fold change ~ 1, indicated by dotted line.  The significant 
difference between the treatments are indicated by *, p < 0.05 and **, p < 0.01. 

MANOVA analysis was performed to determine the effect of light’s availability on 

the expression of RAD2 and PHR1. The test showed that there was no significant 

difference in the expression of RAD2 and PHR1 across the isolates in response to white 

light exposure (p = 0.17 and p = 0.14, respectively). This indicates all isolates 

responded similarly toward the exposure of white light. Multiple comparisons revealed 

that despite the upregulation of RAD2 was observed toward white light exposure, the 

differences were insignificant (p > 0.05) except in AKSP3 (p = 0.017), in which RAD2 

was upregulated by 0.12 ± 0.03-fold with a great effective size, η2
p of 0.80. Meanwhile, 

the expression of PHR1 was significantly upregulated toward white light exposure in 

AKSP4 (1.86 ± 0.19-fold, p < 0.01) and HNDR2 (0.8 ± 0.07-fold, p < 0.01), except in 

AKSP3 (1.29 ± 0.47-fold, p = 0.05) and HNDR4 (0.02 ± 0.13-fold, p = 0.88).  
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CHAPTER 5: DISCUSSION 

5.1 Sequence Variation and Phylogenetic Analysis of Pseudogymnoascus  

The identification of Pseudogymnoascus, Geomyces and their allies has been a 

challenging due to shared similar morphological structures and the lack of DNA marker 

sequences in the GenBank database in the last few decades. This issue begun to be 

resolved after the emergence of white-nose syndrome (WNS) in bats, which caused by 

P. destructans, that leading to a great depletion on bat’s population (Gargas et al., 2009) 

and the reclassification of Geomyces and its allies by Minnis and Lindner (2013). 

Through the phylogenetic tree we constructed, it is evident that ITS alone provided poor 

resolution for use as a bar coding gene for Pseudogymnoascus and has limited value for 

species identification in this genus. Although P. appendiculatus is able to be resolved 

by ITS, but the majority of the members in Pseudogymnoascus is scattered among 

distantly related species (Figure 4.1, page 58). This observation is in congruence with 

the findings of Lindner et al. (2011), Lorch et al. (2013) and Minnis and Lindner (2013) 

that ITS sequence is apparently lacks sufficient genetic variation and additional markers 

are required to resolve this issue; however, the ITS sequence provides sufficient inter-

genus variation to differentiate Pseudogymnoascus from Geomyces that is still 

frequently being misidentified. 

The phylogeny based on the work of Minnis and Lindner (2013) has successfully 

delineated the clades A, B and C that were not able to be inferred through the tree 

constructed in our study. These groups of Pseudogymnoascus share similar 

geographical distribution behavior (Minnis & Lindner, 2013). Although the tree 

successfully grouped clade B (where our isolates are grouped) apart from clade A&C 

with high supporting values, the barcoding gap is absent due to overlapping of the inter-

species variation of 1.69% between clade A&C and clade B, and the intra-species 
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variation of 1.69% within clade A&C. This observation might be due to the differences 

of DNA markers used in phylogenetic analysis compared to Minnis and Lindner (2013). 

The exclusion of two DNA markers, RPB2 and TEF1, from the analysis in this study 

has lowered the percentage of parsimony-informative base pairs by 6% (and 1207 

characters shorter), and this shortage might have contributed to the failure in separating 

clades A, B and C. Thus, we suggest to identify these three clades as a single clade due 

to the lack of barcoding gap until further taxonomic work, especially morphological 

characterization, is conducted.  

5.2 The Effects of UVR Exposure on the Growth of Fungi 

The survival of an organism in natural environments depends on its ability to respond 

appropriately to the changes in their external environment. Fungi are the most 

cosmopolitan organisms that have evolved to employ complex and conserved molecular 

mechanisms and regulatory signaling pathways to adapt and respond to a variety of 

stress induced by the environment. When fungi and other microbial organisms have to 

deviate themselves from optimal growth in order to adapt and survive in the 

environmental niche, they are considered as being in a stress condition.  

The stress induced by UVB radiation was investigated using Pseudogymnoascus 

isolates in our study and the results showed significant reduction in colony growth rates 

between 22 to 35% relative to cultures that exposed to only PAR in a duration of 10 d. 

The reduction of growth rates observed was smaller compared to what was reported by 

Hughes et al. (2003), who investigated the growth of five Antarctic fungal species under 

UVB radiation. Hughes et al. (2003) reported a reduction of 33 to 100% in surface 

hyphal extension rates under UVB DNA-weighted flux of 6.23 × 10-4 kJ m-2 s-1. In the 

same study, P. pannorum showed a greater reduction in surface and submerged hyphal 

extension rates (94 and 42%, respectively) compared to the values recorded in our 
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study. The differences observed might be due to different UVB dosage introduced in 

current study. In addition, the duration of UVB exposure might be one of the factor 

contributing to the differences observed. A short duration of UVB radiation was 

introduced in our treatments, whereas, Hughes et al. (2003) exposed their cultures to 

continuous UVB irradiation for 24 h. Although, we provided a large dosage in a short 

time exposure, but the resting period without UVB exposure in our study allowed the 

culture to recover from the damage. Furthermore, the irradiances were weighted 

according to the DNA action spectrum of Setlow (1974) in the study conducted by 

Hughes et al. (2003), whereas we provided daily unweighted UVB radiation dosage due 

to lack of facilities for the measurement of DNA action spectrum. DNA action spectrum 

is a plot of the rates of chemical reactions on DNA to calculate carcinogenic 

effectiveness as a function of the wavelength of light reaction (Sancar, 2004; Setlow, 

1974). The carcinogenic effectiveness might have been much more lower in our study 

compared to Hughes et al. (2003), leading to lower reduction rates observed.  

In another study on fungal growth response to UV, litter and phylloplane fungi from 

temperate regions showed growth inhibition under the UVBDNA exposure of 1.7 kJ m-2 

d-1 (Moody et al., 1999). The mean hyphal extension rate reduction of litter fungi was 

23.3%, in the phylloplane fungi it was 0.71%. In comparisons to our findings, our data 

suggests that some resistance to UVB has ostensibly developed in the polar 

Pseudogymnoascus fungi, with an average of 31% growth rate reduction under a three 

times stronger UVB dosage than was used by Moody et al. (1999).  

Growth inhibition under UVB radiation can be explained by several reasons. Under 

suboptimal conditions, environmental stress response (ESR) is activated to increase the 

chances for stress survival. The transient changes in the expression of ESR genes 

always come at the cost of optimal cellular growth to allow the cell to rapidly adjust its 
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internal milieu in order to adapt to new conditions (Gasch, 2003; Medina et al., 2015). 

For instance, genes involved in growth-related processes, RNA metabolism, nucleotide 

biosynthesis, secretion and other metabolic processes in fungi were reported to be 

repressed upon the activation of ESR (Causton et al., 2001; Gasch et al., 2000). 

Similarly, many genes involved in RNA metabolism, cell cycle and organelle 

organization and biogenesis were repressed under the irradiation of UV in 

Saccharomyces cerevisiae (Wade et al., 2009), suggesting a similar ESR could be 

activated under UVB exposure in Pseudogymnoascus leading to the growth retardation 

observed. However, more investigation on the stress signaling pathway in 

Pseudogymnoascus is required to elucidate the possible enrollment of a similar 

pathway.  

In addition, the expression of RAD2 might provide another reason for the growth 

retardation under UVB exposure. Our results demonstrated an upregulation of RAD2, a 

gene associated with UV-induced DNA damage, CPDs and 6-4PPs, upon UVB 

radiation. The upregulation of RAD2 suggests the possible activation of a checkpoint 

pathway leading to growth inhibition in Pseudogymnoascus. In proliferating cells, the 

integrity of DNA is tightly controlled by comprehensive mechanisms to avoid the 

passing of damaged DNA to the next generations, which could lead to mutation or 

apoptosis. This control has been reported to be achieved via cell-cycle arrest involving 

the expression of RAD9, which is essential for the activation of G1 (first growth phase) 

and G2 (growth and mitosis preparation phase) checkpoints (Al-Moghrabi et al., 2001; 

Siede et al., 1993). A recent study reported the tight coordination between RAD9 and 

RAD2, in which RAD9 deletion impaired RAD2-induced cell growth arrest in S. 

cerevisiae, whereas overexpression of RAD2 caused cell growth arrest (Kang et al., 

Univ
ers

ity
 of

 M
ala

ya



 

89 

2010). This observation further supports the possible involvement of RAD2 in the 

promotion of cell-cycle arrest in Pseudogymnoacus upon UVB radiation.  

5.3 The Effects of UVB Radiation on Fungal Asexual Reproduction Activities  

Asexual reproduction plays a crucial component in completing the life cycle of fungi 

that lack of heterothallic system. Fungi have evolved to form various shapes and 

structures to aid asexual reproduction activities and to survive in the natural 

environment. Despite the asexual reproduction activities in fungi have been frequently 

reported to be regulated by light and near UV light (Braga et al., 2015; de Menezes et 

al., 2015; Ruger-Herreros et al., 2011), however there is a lack of research on the 

negative impact of UV radiation on conidiogenesis.  

Our results from scanning electron microscopy demonstrated that the conidia 

production in Pseudogymnoascus was inhibited under UVB exposure. In contrast, other 

species have been reported to promote conidia production under UV radiation. For 

instance, UVA radiation has been shown to enhance the spore production in Alternaria 

solani, whereas UVB and enhanced levels of UVA radiation had a suppresive effect on 

spore production (Fourtouni et al., 1998). On the other hand, the Antarctic fungus, 

Phoma herbarum also has been reported to produce conidia within 24 h of UVB 

exposure accompanied by pigmentation (Hughes et al., 2003). Spore production in fungi 

appears to depend on the balance between different UV wavelengths and the intensity of 

light being provided. As reported in other Alternaria spp., spore production was 

enhanced by near ultraviolet radiation and inhibited by blue light spectrum (Kumagai & 

Oda, 1969, 1973; Vakalounakis & Christias, 1981). Thus, this indicates that the 

induction or repression of conidiogenesis in response to different light wavelengths is 

often species-dependent. 
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In concordance to the inhibition of asexual reproduction activities, the expression of 

PHR1 was significantly repressed after UVB exposure, suggesting that the PHR1 gene, 

encoding CPD photolyase I, might play a role in regulating asexual reproduction 

activities in Pseudogymnoascus rather than in the repair of UV-induced DNA repair. 

This is supported by Bluhm and Dunkle (2008), who reported the conidiogenesis and 

cercosporin biosynthesis in Cercospora zea-maydis were influenced by the expression 

of PHL1 (cryotochrome/6-4 photolyase-like gene). The disruption of PHL1 completely 

affected the production of conidia, although in the wild type strain conidiation was also 

dramatically reduced under constant light exposure but was enhanced during growth in 

constant darkness (Bluhm & Dunkle, 2008). In a similar study, the disruption of a DNA 

photolyase gene, PHR1 in Beauveria bassiana conferred a defect in conidiogenesis, 

further supporting the roles of photolyase genes in regulating asexual reproduction 

activities in certain fungi (Chelico & Khachatourians, 2008; Lee et al., 2018). Although 

a separate photosensory pathway has been proposed for Phr and sporulation in 

Trichoderma (Berrocal-Tito et al., 1999; Sametz-Baron et al., 1997), it remains possible 

that similar photoreceptor might be involved in both responses but distinct transduction 

steps are employed.  

Recent studies have shed some light on understanding the regulation of conidia 

production by multiple cryptochrome/photolyase family proteins in fungi. The 

expression of CRY1 (encoding CPD photolyase I) has been reported to not be 

responsible in regulating asexual reproduction activities in Botrytis cinerea, but the 

conidia production was influenced by the CRY-DASH protein, CRY2 which acts as the 

negative regulator of photoinduced conidiation (Cohrs & Schumacher, 2017). The 

deletion of CRY2 induced conidiation in white and black light, whereas overexpression 

of CRY2 resulted in fewer conidia in B. cinerea. Similarly, the CRY-DASH protein, 
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CRYD in Fusarium fujikuroi and CRYA in Aspergillus nidulans also demonstrated 

similar negative regulatory responses (Bayram et al., 2008; Castrillo et al., 2013), 

further supporting the possible regulation of sexual and asexual activities by 

cryptochrome/photolyase family genes in fungi. If this is true, decrease in snow 

coverage and the melting of ice following climate change could expose to UVB 

radiation and affect its survival and reproduction of Pseudogymnoascus in the polar 

regions. 

 

5.4 Chemical Protective Strategy in Fungi Against UVB-induced Damages 

Pigments form the first defense protective layer in certain species of fungi to absorb and 

limit the penetration of UV wavelengths that induce various cellular damages. Besides 

absorbing UV wavelength, certain fungi has developed abilities to utilize these 

secondary metabolites for other functions such as cell wall strengthening or as a 

quencher of photosensitization products and ROS induced by UV radiation (Irazusta et 

al., 2013; Pihet et al., 2009). 

Our results demonstrated no visible increase in pigment production in 

Pseudogymnoascus isolates under UVB radiation for a duration of 10 d. Similarly, 

carotenoid production in Cystofilobasidium capitatum was reported not significantly 

induced under UVB radiation, which also did not result in a change in UVB survival 

rate (Moliné et al., 2009). In contrast, Libkind et al. (2004) demonstrated water yeasts 

with high constitutive levels of carotenoids were less stimulated by UV radiation than 

those with low basal carotenoids content. Presumably, the differences reported were due 

to different wavelengths of UV radiation and the intensity of UV light provided in both 

studies.  
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In the Antarctic fungus, P. herbarum, brown pigments were produced within 24 h of 

UVB exposure, which was accompanied by the production of conidiomate and conidia 

(Hughes et al., 2003). P. herbarum was also reported to be the most UVB resistant 

among the strains tested, thus indicating that the UV stress induced might not have 

reached the threshold for the activation of ESR. Although we observed no pigmentation 

change in Pseudogymnoascus isolated but inhibition in conidia production was 

observed. These observations suggest that pigment and conidia production in fungi 

might share a similar signaling pathway under UV radiation. This is also supported by 

the observation that the disruption of genes involved in melanin synthesis, including 

BMR2 and CMK1 encoding 1,3,8-trihydroxynaphthalene and mitogen-activated protein 

(MAP) kinase, in Alternaria alternata and Collctotrichum lagenarium, respectively can 

affect pigment synthesis and conidia production (Kawamura et al., 1999; Takano et al., 

2000).  

According to a study of Arabidopsis thaliana, a R2R3 MYB-related transcription 

factor, AtMYB4 that functions as a transcriptional repressor, has been reported to control 

the production of pigments under UVB radiation. (Jin et al., 2000). Prolonged exposure 

of UVB radiation downregulated the expression of AtMYB4, in association with 

decreased sinapate esters (source of protectant sunscreen in Arabidopsis) levels and 

increased UV sensitivity in Arabidopsis. Similar MYB-like protein, BAS1 has been 

identified in certain fungal species including S. cerevisiae, A. niger, and Fusarium 

graminearum (Arratia-Quijada et al., 2012; Kim et al., 2014b). The deletion of BAS1 

has been reported to enhance the pigment production (riboflavin) in Ashbya gossyppii, 

whereas overexpression of BAS1 promotes fungal growth and sporulation in 

Magnaporthe oryzae (Mateos et al., 2006; Yang et al., 2017). Thus, it is possible that 

the pigment production and conidiogenesis might share a similar signaling pathway in 
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response to UVB radiation, with the involvement of MYB-related transcription factors, 

leading to the observation made in our study.  

5.5 DNA Repair in Fungi Under Light and Dark Conditions  

Various DNA repair mechanisms are available in both eukaryotes and prokaryotes to 

repair damage caused by various types of stresses. NER and Phr are two particular 

mechanisms that are involved in repairing UV-induced DNA lesions, CPDs and 6-4PPs, 

which were quantified and analysed in our study. Our observations opened up more 

questions on which is the key mechanisms that function in the regulation of DNA repair 

processes in Pseudogymnoascus. Different approaches have been used to investigate the 

principal machinery to repair these two types of DNA damage. For instance, Chelico et 

al. (2006) investigated the key mechanisms of DNA damage repair pathway following 

UV radiation in entomopathogenic fungi using a physiological approach by determining 

spore viability under two incubation conditions, light and dark, which were assumed to 

induce Phr and NER, respectively. Multiple studies have shown that the survival rate of 

spores was improved in light condition (Braga et al., 2002; Chelico et al., 2006; Chelico 

& Khachatourians, 2008), but there is a lack of direct evidence to support that the 

improvement was due to Phr in repairing the damage caused by UV radiation. It is 

important to determine if Phr is transcriptionally induced by different treatments in vivo 

to explain its functional role in DNA repair. In this study, we investigated the 

expression of two DNA repair genes in Pseudogymnoascus spp., RAD2 and PHR1, 

which were selected from genes known to be involved in NER and Phr (Costa et al., 

2003; Rastogi et al., 2010; Sinha & Häder, 2002; Wang et al., 2015). 

Our results showed that the expression of RAD2 was upregulated significantly by 3-

fold, whereas, the expression of PHR1 was downregulated significantly by 4-fold after 

UVB radiation. This indicates that NER was likely responsible for the repairing of 
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UVB-induced DNA damage in Pseudogymnoascus prior to the repairing conditions 

applied. Our observations are in agreement with the roles of NER in executing their 

functions in a non-light dependent manner, commonly regarded as a dark repair (Dijk et 

al., 2014). The mechanism of NER is dependent on damage recognition, which initiates 

the repairing process and recruitment of other components in response to genetic insult 

(Costa et al., 2003).  

On the other hand, Phr repairs lesions in a light-driven process, in which the photon 

energy is captured and utilized to break the covalent bond between two pyrimidines 

(Sancar, 1994). The induction of cryotochrome/photolyase family genes including 

PHR1 and CRY1 is regulated by light via the blue light receptor protein, BLR-1 and 

BLR-2, and white-collar proteins, WC-1 and WC-2, in Trichoderma atroviride and 

Neurospora crassa, respectively (Cheng et al., 2002; García-Esquivel et al., 2016). 

Thus, the UV-irradiated Pseudogymnoascus cultures were incubated in the presence of 

light to induce photoreactivation. Surprisingly, the expression of PHR1 remained 

suppressed upon incubating for 120 minutes.  

A similar response has been reported by Radziejwoski et al. (2011) in A. thaliana. 

The transcription level of PHR1 was found to be regulated by the expression of the 

atypical E2F transcription factor DP-E2F-like 1 (E2Fe/DEL1), which has been found to 

be important regulator of endocycling (Radziejwoski et al., 2011). The E2Fe/DEL1 acts 

as a transcriptional repressor of the PHR1 gene in A. thaliana upon UVB radiation, 

leading to the down regulation of PHR1 and reduced DNA repair ability (Radziejwoski 

et al., 2011). A different protein called SBF-transcription factor (a SWI4-SWI6 complex) 

in fungi also performs a similar role as E2F/DEF1 in plant and animals (Medina et al., 

2016). Although E2F/DEL1 and SBF are two different proteins that do not share a 

common ancestor, but they contain similar binding sites (Medina et al., 2016), 
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indicating a similar regulatory pathway may be employed in fungi. Although the 

functions of SBF-transcription factor in regulating the expression of PHR1 in fungi 

remains unknown, we infer that Pseudogymnoascus might share a similar regulatory 

pathway leading to the suppression of PHR1 transcription upon UVB radiation.  

In contrast to our results, the expression of CPD1 (gene encoding CPD photolyase) 

in C. zeae-maydis was reported upregulated by 1.5-fold after UV irradiation (Bluhm & 

Dunkle, 2008). In general, three proteins have been identified to regulate the expression 

of PHR1 in S. cerevisiae including UME6 (transcriptional regulator involved in 

chromatin remodelling) (Sweet et al., 1997), RPH1 and GIS1 (histone demethylase and 

DNA damage-responsive repressors of PHR1) (Jang et al., 1999; Liang et al., 2011). 

UME6 binds specifically to the upstream activation sequence of PHR1 acting as a 

positive regulator (Sweet et al., 1997), whereas both RPH1 and GIS repress the 

expression of PHR1 through modulation of histone proteins in the absence of UV 

irradiation (Liang et al., 2011). Upon UV radiation, RAD53 modulates the 

phosphorylation and dissociation of RPH1 leading to the de-repression of PHR1. Thus, 

a different regulatory pathway in C. zeae-maydis may lead to the differences in our 

findings. 

In order to determine the sole effect of light on the regulation of DNA repair genes, 

the transcription level of RAD2 and PHR1 was quantified in relative to dark without 

exposure to UVB radiation. Our results showed that the expression of PHR1 was 

upregulated by 2.3-fold under the illumination of white light. This indicates the ability 

of Pseudogymnoascus to regulate the expression of PHR1 in a light-dependent manner. 

This observation has also been frequently reported in many fungal species including, 

Trichoderma harzianum (Berrocal-Tito et al., 1999; 2000), T. atroviride (García-

Esquivel et al., 2016), Aspergillus fumigatus (Fuller et al., 2013), A. nidulans (Ruger-
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Herreros et al., 2011), N. crassa (Chen et al., 2009), and Ustilago maydis (Brych et al., 

2016). However, transcriptional levels of RAD2 remained consistent between dark and 

light conditions, indicating that the expression of RAD2 was not influenced by the 

expression of PHR1, which many have reported to be regulated by PHR1 gene in the 

case of other fungal species (Bluhm & Dunkle, 2008; Guzmán-Moreno et al., 2014). 

Nevertheless, it remains possible that they may share a similar signal transduction in 

DNA repair.  

 

5.6 Alternative Repair Pathway in Fungi  

The oxygen radicals generated by visible light may act as a triggering factor for the 

induction of DNA repair pathway in fungi, and much research has focused on the role of 

light as a signal for inducing DNA repair under light condition in fungi. Our results 

demonstrated significantly higher CPD repair activity in the presence of light, despite 

the downregulation of PHR1 in both conditions. This observation indicates that the 

improved CPD repair efficiency in light condition was not attributed to the CPD 

photolyase I. Furthermore, there was no significant difference in the expression of 

RAD2 between light and dark conditions suggesting that the improved repairing 

efficiency was unlikely due to NER.  

The effects of light on DNA repair have also been demonstrated by Chelico et al. 

(2006) and Chelico and Khachatourians (2008) in their investigations on NER and Phr 

in B. bassiana. Both studies reported significantly higher germination of B. bassiana 

conidia in the presence of light, and it was proposed that the increased survival rate was 

due to photoreactivation. Similar observations were also reported in T. atroviride and 

Trichoderma reesei (García-Esquivel et al., 2016; Guzmán-Moreno et al., 2014). In 

contrast, the conidia in T. reesei with knocked out BLR1 and CRY1 demonstrated 
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greater survival rate after UV radiation in the presence of light, even though the 

disruption of these genes should have impaired Phr ability in T. reesei. Hence, this 

suggests the presence of an alternative repair pathway to repair UV-induced DNA 

damage in fungi.  

Verma and Idnurm (2013) have recently reported the regulation of UVDE-dependent 

excision repair (UVER) pathway (an alternative excision pathway) by white collar 

complex (BWC1-BWC2) in response to light in the pathogenic fungus Cryptococcus 

neoformans. The disruption of BWC1 impaired in vivo transcription of UVE1 (gene 

involve in UVER) and increased UV sensitivity in C. neoformans. Similar regulatory 

responses were demonstrated in N. crassa and Phycomyces blakesleeanus, suggesting 

that the signaling pathway of UVER is conserved in fungi (Verma & Idnurm, 2013). In 

addition, the loss of the key enzyme, UV endonuclease (UVE1) in P. destructans 

greatly impaired its ability in repairing UV-induced DNA damage and increased 

sensitivity toward UV radiation and the DNA alkylating agent methyl methane 

sulfonate (MMS) compared to other Pseudogymnoascus spp. (Palmer et al., 2018). With 

the evidence provided, we propose that improved CPD repair efficiency in the presence 

of light in Pseudogymnoascus was highly likely contributed by alternative excision 

repair pathway following insignificant differences observed in the expression of RAD2 

and PHR1 in our study, however further investigations are required to provide direct 

evidence to further support this inference. 
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5.7 Future Studies 

Our findings serve as a foundation for future studies to further investigate into UV-

induced DNA repair in Pseudogymnoascus and other fungal species. Following the 

outcomes of this study, we propose the following aspects to be investigated to further 

expand our understanding in fungal DNA repair mechanisms. 

a) Identify the pigment compounds and quantify the change of the pigmentation 

under UVB radiation in Pseudogymnoascus. 

b) Determine the effects of UVB radiation on the genes involved in ESR and 

regulation of the cell cycle. 

c) Characterize the roles and functions of phytolyase/cryptochrome family 

proteins in Pseudogymnoascus.  

d) Elucidate the roles of SBF-transcription factor and MYB-like protein in fungi 

in response to UVR. 

e) Investigate AER in the UV-induced damage repair under light conditions. 
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CHAPTER 6: CONCLUSION 

In conclusion, we have successfully verified taxonomic identity of the isolates used in 

our study, as shown by the phylogenetic trees of three DNA markers (ITS, LSU, 

MCM7) we suggested that they clustered into a single clade that is undistinguished 

between clade A, B and C in the genus of Pseudogymnoascus. Our findings show that 

the growth, fungal pigmentation and conidia production in Pseudogymnoascus were 

inhibited under artificial UVB dosage of 6.1 kJ m-2 d-1 at 15°C. Colony extension rates 

were reduced by 35.32% (HND16 R2-1 sp.2), 34.47% (AK07KGI1202 R1-1 sp.3), 

33.03% (AK07KGI1202 R1-1 sp.4) and 21.74% (HND16 R4-1 sp.1) compared with 

controls cultured in PAR only. Fungal pigmentation was not induced by UVB radiation 

in an incubation duration of 10 d. Inhibition of conidia production was found in all 

tested isolates, except HND16 R4-1 sp.1 as shown by the number of conidia visualized 

in SEM. These observations suggest that these three physiological responses might 

share a similar signalling pathway in response to UVB-induced stress and damage. 

Moreover, a higher amount of CPDs was generated by UVB radiation in the Arctic 

strains compared to the Antarctic strains, indicating the Antarctic strains have developed 

higher resistance toward UVB. The presence of light promoted the repair of CPDs in 

Pseudogymnoascus, whereas 6-4PPs were found to be repaired faster in dark conditions, 

though not statistically significant. Meanwhile, the transcriptional repression of PHR1 

upon UVB radiation suggests that the increase in CPD repair efficiency in the presence 

of light was possibly associated with an alternative repair mechanism. The lack of 

significance difference in RAD2 expression between the two repair conditions further 

supports this inference. 
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