
 

Master’s Thesis 2022    60 ECTS 

Faculty of Chemistry, Biotechnology and Food Science 

 

 

Trouble in the air –  

Are pathogenic Aspergillus spp. in 

Norwegian barns azole resistant? 

Samantha Kim Pettersen 

Biotechnology 





I 

 

 

 

 

 

 

 

 

 

 

Figure 1: Illustration made for a poster presenting the “BARNS” project at the 31st Fungal Genetics Conference 

in Pacific Grove, California by Genetic Society of America (2022). 
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Abstract 

Aspergillus fumigatus and Aspergillus niger are saprotrophic, ubiquitous fungi and some of 

the lead causes of aspergillosis; a human and animal fungal infection with high mortality rate. Azoles 

are one of the few efficient antifungal agents used to treat aspergillosis, however, a rise in azole 

resistant fungi have become increasingly widespread. It is thought that use of azoles in the 

environment, such as in agriculture, is the main driving force of this development. Little is known 

about the prevalence of azole resistant fungi in Norway. The current study is part of the research 

project “BARNS” where the aim is to map out the prevalence of azole resistant A. fumigatus and A. 

niger in Norwegian farm buildings. 

Air samples from farms were gathered through a citizen science approach and cultivated on 

DG18 agar. Environmental isolates of A. fumigatus and A. niger were isolated and identified by 

morphology and caM and bT2 sequencing. This resulted in 58 A. fumigatus isolates, whereas 37 A. 

niger isolates were molecularly corrected to Aspergillus tubingensis and Aspergillus welwitschiae. All 

fungal isolates were screened for resistance against three medical azoles; itraconazole, voriconazole 

and posaconazole, using VIPcheckTM. Together with three clinical isolates from the Norwegian 

Veterinary Institute’s strain collection, the environmental isolates with indications of resistance were 

further tested against the same azoles using E-test. Isolates that showed phenotypical azole resistance 

were screened for known environmental mutations in the cyp51A gene and promoter region (i.e. 

TR34/L98H and TR46/Y121F/T289A). The results were compared to a previously conducted sampling 

round within the same project. 

None of the environmental isolates in this study showed phenotypic resistance on E-test to any 

of the azoles tested, and were therefore not sequenced. In comparison to the previous sampling, both 

the number of isolates and detection of resistance were much lower in this study. This was unexpected 

as seasonal temperature differences were believed to be a major factor in proliferation of the fungi. 

Other external determining factors for fungal proliferation may be the presence and activity around 

animals on the farms. The three clinical isolates all showed phenotypic resistance to all three azoles on 

E-test, and they all harboured the TR34/L98H mutation in cyp51A. This is consistent with the 

hypothesis that environmental driving forces affect the development of resistance. 

The low sampling number and the one-sided focus on Norwegian farms is not sufficient to 

draw any clear conclusions on how prevalent azole resistant A. fumigatus and A. niger are in Norway. 

However, the lack of findings might indicate that the prevalence is fairly low compared to other 

countries. 
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Sammendrag 

Aspergillus fumigatus og Aspergillus niger er saprotrofiske sopp som finnes overalt og er blant 

de ledende årsakene til aspergillose; en soppinfeksjon med høy dødelighet hos dyr og mennesker. 

Azoler er et av de få effektive antimykotiske midlene som brukes til å behandle aspergillose, men 

azolresistente sopp har begynt å bli mer utbredt. Bruk av azoler i miljøet, som for eksempel i landbruk, 

er antatt å være den største drivkraften til denne utviklingen. Utbredelsen av azolresistens i Norge er 

ukjent. Denne studien er en del av “BARNS”-prosjektet, hvor målet er å kartlegge utbredelsen av 

azolresistente A. fumigatus og A. niger i norske gårdsbygninger. 

Luftprøver fra gårder ble samlet gjennom folkeforskning og dyrket på DG18 agar. 

Miljøisolater av A. fumigatus og A. niger ble isolert og identifisert morfologisk og med caM- og bT2-

sekvensering. Dette resulterte i 58 A. fumigatus isolater, mens 37 isolater tilhørende A. niger-gruppen 

ble molekylært identifisert som Aspergillus tubingensis og Aspergillus welwitschiae. Alle 

soppisolatene ble screenet for resistens mot tre medisinske azoler; itraconazol, voriconazol og 

posaconazol, ved hjelp av VIPcheckTM. Sammen med tre kliniske isolater fra stammesamlingen til 

Veterinærinstituttet, ble miljøisolatene som indikerte resistens videre testet mot de samme azolene 

med E-test. Isolater som viste fenotypisk azolresistens ble så screenet for kjente miljørelaterte 

mutasjoner på cyp51A-genet og promotoren (TR34/L98H og TR46/Y121F/T289A). Resultatene ble 

sammenlignet med en tidligere prøvetakingsrunde i det samme prosjektet. 

Ingen av miljøisolatene fra studien viste fenotypisk resistens mot noen av azolene på E-test og 

ble dermed ikke sekvensert. Sammenlignet med den tidligere prøvetakingsrunden var både antall 

isolater og resistente isolater lavere i denne studien. Dette var uventet ettersom det var antatt at 

sesongforskjeller i temperaturer ville være en sterk faktor for oppvekst og forekomst av soppene. 

Andre bestemmende, eksterne faktorer for forekomst av sopp i lufta kan være tilstedeværelsen og 

aktiviteten av dyr på gårdene. Alle de tre kliniske isolatene viste fenotypisk resistens mot alle tre 

azoler på E-test, og alle hadde TR34/L98H-mutasjonen på cyp51A. Dette er samsvarende med 

hypotesen om at miljøpåvirkninger driver utviklingen av resistens. 

En fullstendig konklusjon om utbredelsen av azolresistente A. fumigatus og A. niger i Norge 

kan ikke bli trukket på grunn av det lave antallet prøver som ble samlet og det ensidige fokuset på 

norske gårder. Likevel kan mangelen på funn være en indikasjon på at utbredelsen er ganske lav i 

forhold til andre land.  
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1. Introduction 

Fungi come in many forms and exist practically everywhere; each having developed their own 

niche in the ecosystem. Aspergillus fumigatus is a saprotrophic, filamentous fungus that exists almost 

everywhere in the environment (Samson 2019, p. 130). It is also a human and animal pathogen, and a 

lead cause of aspergillosis (Kwon-Chung and Sugui 2013). Invasive aspergillosis is an advanced stage 

of the infection and has been reported to have a mortality rate of up to 90% (Latgé 1999). 

 A class of antifungal agents called azoles inhibit the essential ergosterol biosynthesis in fungi, 

and is the primary drug used to treat aspergillosis (Latgé and Chamilos 2019). Azoles are also used to 

protect agriculture from fungal diseases to ensure food safety and high crop yield (Jørgensen and 

Heick 2021). Several studies have found evidence implying that azoles used in the environment are the 

main driving forces of azole resistance development. In fact, many clinical samples with environment 

mediated resistance mutations on the cyp51A gene, TR34/L98H and TR46/Y121F/T289A, have been 

uncovered (Verweij et al. 2016). The emergence of azole resistant A. fumigatus strains cause treatment 

failure and has over the last decade become an increasing problem worldwide (Verweij et al. 2020). 

 Azole resistance is a branch of antimicrobial resistance (AMR) that is often overlooked, but in 

recent years, there has been an increased effort to gain more knowledge about the prevalence of azole 

resistant A. fumigatus through studies and surveillance programs (Verweij et al. 2016, Lestrade et al. 

2019). A. fumigatus with environment mediated resistance mutations has been uncovered in 

Norwegian clinical samples, but substantial data of prevalence is still lacking (Skaar et al. 2019). In 

order to gain a better understanding of where Norway lies in terms of azole resistance, the Norwegian 

Veterinary Institute (NVI) has launched a pilot project, “BARNS”, in which A. fumigatus from farm 

buildings all over Norway are screened for azole resistance. The project was inspired by Shelton et al. 

(2020) and aims to map out potential A. fumigatus hotspots and the prevalence of azole resistance 

under the hypothesis that azole resistance arises from the environment/agriculture. 

In the present study, it was hypothesised that the prevalence of azole resistance in Norway 

would be around the same or lower than other countries. Furthermore, it was hypothesised that A. 

fumigatus proliferation would be season dependent due to temperature differences, and because the 

optimum temperature of the fungus is relatively high (37 °C) (Samson 2019). It was also thought that 

barns could be a potential hotspot for A. fumigatus proliferation; NVI has previously experienced a 

high yield of this fungus in samples taken from the farm environment.  
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2. Background 

2.1 Aspergillus biology and taxonomy 

There are 339 different species within the genus Aspergillus (Samson et al. 2014); some 

species can be distinguished through studying phenotypic characteristics, such as morphology and 

metabolism of certain compounds. In later years, screening the genome with molecular methods has 

become a more prominent approach in taxonomy (Guarro et al. 1999, Samson et al. 2014). In fact, 

several new species have been defined after molecular approaches started to play a larger part in the 

field of microbiology (Luo et al. 2018). In this thesis, the main focus will be on two Aspergillus 

species; Aspergillus fumigatus and Aspergillus niger. 

2.1.1 Aspergillus section Fumigati 

A. fumigatus is a filamentous, saprotrophic Ascomycete that exists almost everywhere in the 

environment, but is commonly found in soils and compost, and thrives better in warmer climates 

(Samson 2019, p. 130). This fungus plays a niche role in decomposing organic materials in soils 

(Latgé and Chamilos 2019); namely dead plant matter (Tekaia and Latgé 2005). Some of the most 

common hotspots for A. fumigatus are in compost heaps (Kwon-Chung and Sugui 2013). This fungus 

mostly proliferate by creating conidia through asexual reproduction. Sexual reproduction has been 

observed in laboratories, but is yet to be discovered in nature. The sexual cycle is called the 

teleomorph stage, in which ascospores (sexual spores) are created through hyphal fusion and meiosis 

(Latgé and Chamilos 2019). 

The colonies of A. fumigatus are typically smooth and round in shape with white mycelium 

and dark green to bluish green conidiophores (Samson 2019, p. 130). The fungus can also be 

recognised morphologically by the structure of the conidiophores. The conidia are formed in chains on 

the phialides (Latgé and Chamilos 2019), which are anchored to a round vesicle by metula. The 

conidia are globose to subglobose and 2-3 µm in diameter, and are dispersed into the atmosphere 

through air turbulence (Latgé 1999, Latgé and Chamilos 2019, Samson 2019, p. 130). 

The reasons why this fungus is so ubiquitous is their ability to produce a high amount of 

conidiophores that propagate easily through currents in the air, but also their ability to adapt and 

survive environmental changes. (Kwon-Chung and Sugui 2013). The optimum temperature for A. 

fumigatus is somewhere between 25 °C and 37 °C, but it is also capable of germination in 

temperatures up to 50 °C (Samson 2019, p. 130). Furthermore, they struggle to grow in temperatures 

below 12 °C (Kwon-Chung and Sugui 2013). 

Along with 63 other Aspergillus spp., A. fumigatus belongs to the complex called Aspergillus 

section Fumigati. These species share many common attributes to each other, but each possesses 

minor variations in the genome that declare them as their own species. Examples of fungi found in this 
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complex can be seen in Table 1 (Sugui et al. 2014, Frisvad and Larsen 2016). Several species within 

section Fumigati have been reported as potential pathogens for animals and humans (Sugui et al. 

2014), however, the most important species in epidemiology within this complex is A. fumigatus 

(Latgé 1999, Lamoth 2016). 

Table 1: Some species found within Aspergillus section Fumigati. The list is retrieved from, referenced and 

modified after Sugui et al. (2014) and Frisvad and Larsen (2016). 

Species within section Fumigati 

A. brevipes A. parafelis 

A. caatingaensis A. pernambucoensis 

A. duricaulis A. pseudofelis 

A. felis A. pseudoviridinutans 

A. fischeri A. siamensis 

A. fumigatiaffinis A. spinosus 

A. fumigatus A. thermomutatus 

A. fumisynnematus A. turcosus 

A. hiratsukae A. udagawae 

A. huiyaniae A. unilateralis 

A. laciniosus A. viridinutans 

A. lentulus A. waksmanii 

A. marvanovae A. wyomingensis 

A. novofumigatus   

 

2.1.2 Aspergillus section Nigri 

A. niger is, much like A. fumigatus, a filamentous, saprotrophic Ascomycete that decomposes 

organic matter. It is typically found on various vegetarian foods and soils from potted plants. The 

colonies are globose in shape with white to yellowish hyphae and dark brown to black conidiophores. 

It manages to grow under the same conditions as A. fumigatus, and has similar optimum temperatures 

at about 25 °C to 37 °C. Its conidia are globose and 3.5-4.5 µm in diameter. They are also dispersed 

through disturbance and air turbulence, and they propagate by airflow (Samson 2019, p. 146). 

 Since the development of molecular analysis methods, a total of 19 different black Aspergillus 

species have been defined (Gautier et al. 2016). Several of these species are equally ubiquitous as A. 

niger and share similar habitats and phenotypes, making them near impossible to distinguish without 

extensive analyses (Silva et al. 2011). Examples of other variants of black aspergilli can be seen in 

Table 2 (Cruz-Magalhães et al. 2019). As these strains are very similar to one another, they have been 

categorised under the A. niger complex called Aspergillus section Nigri (Gautier et al. 2016). 
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Table 2: Some species found within Aspergillus section Nigri. The list is retrieved from, referenced and 

modified after Cruz-Magalhães et al. (2019). 

Species within section Nigri 

A. aculeatinus A. labruscus 

A. aculeatus A. luchuensis 

A. awamori A. neoniger 

A. brasiliensis A. niger 

A. brunneoviolaceus A. piperis 

A. carbonarius A. saccharolyticus 

A. costaricaensis A. sclerotiicarbonarius 

A. ellipticus A. sclerotioniger 

A. fijiensis A. trinidadensis  

A. floridensis A. tubingensis 

A. heteromorphus A. uvarum 

A. homomorphus A. vadensis 

A. ibericus A. welwitschiae 

A. japonicus   

 

Certain strains of black Aspergillus spp. are being used in the industry to produce a wide range 

of enzymes and other secondary metabolites for commercial and pharmaceutical use through 

fermentation (Li et al. 2020). A. niger has GRAS-status (Generally Recognised as Safe), meaning they 

are safe to use in the food industry (Vries and Visser 2001, Li et al. 2020). While some strains have 

value in the industry, others are also known to produce severe mycotoxins or cause infectious diseases, 

which makes it crucial to be able to distinguish between different strains. 

2.1.3 Genetic markers 

 The advances in molecular methods have enabled mycologists to define fungal species down 

to a genetic level as well as mapping the phylogenetic and ecological aspects of the different species 

(Lindahl et al. 2013). Certain genes or DNA sequences have small sequence segments that vary 

between species or strains. Sequences like these, with a known location on the genome, are therefore 

established as genetic markers that can be used for screening as well as species and strain 

identification (Goutam et al. 2015). Some of the most used genetic markers for identification in the 

fungal kingdom are ribosomal DNA; this includes the genes for the large and small ribosomal subunits 

and the internal transcribed spacer region (ITS) (Lindahl et al. 2013, Lamoth 2016). The ITS region is 

used especially frequent as its primers are universal (Samson et al. 2014, Stielow et al. 2015). RNA 

polymerase II, mitochondrial ATP synthase and elongation factor 1α are also some other commonly 

used genetic markers in fungal phylogeny (Walker et al. 2012, Lindahl et al. 2013). 

 Among Aspergillus spp., ITS can be used to distinguish between some of the species. 

However, despite it being the most common genetic marker used for fungi, ITS usually does not yield 

a sufficiently high resolution to distinguish between all species of Aspergillus. This is why other 
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markers such as calmodulin (caM), β-tubulin (bT2) and RNA polymerase II second largest subunit 

(RPB2) are used instead or as a supplement to the ITS region. RNA polymerase II subunit is not easy 

to amplify, making it challenging to work with. Both bT2 and caM are easy to amplify, and can 

distinguish between almost all Aspergillus spp. (Samson et al. 2014). Both bT2 and caM are 

recommended to be used to distinguish between species of Aspergillus (Samson et al. 2014, Lamoth 

2016), though caM yields a higher identity resolution for aspergilli than bT2 (Alshehri and Palanisamy 

2020). Additionally, an extensive database of caM sequences from nearly all accepted species has 

been established, making it a great tool in DNA barcoding (Samson et al. 2014).  

  

2.2 Aspergillus as a pathogen 

Superficial, cutaneous, subcutaneous and systemic infections caused by fungi are called 

mycoses (Walsh and Dixon 1996) and affect over a billion people worldwide (Bongomin et al. 2017). 

Furthermore, about 1.5 million people die from fungal infections annually, and there are more than 

150 million people worldwide who suffer from serious diseases caused by fungi (Bongomin et al. 

2017). One category of fungal infections is called aspergillosis, which is described as an infection 

caused by Aspergillus spp.; it can be local and chronic, or it can be acute and systemic (Latgé 1999). 

Both A. fumigatus and A. niger, along with Aspergillus flavus, Aspergillus terreus and Aspergillus 

versicolor, are some of the most common species to cause aspergillosis (Rudramurthy et al. 2019). In 

fact, A. fumigatus is the most common species to cause invasive aspergillosis (IA) (Kwon-Chung and 

Sugui 2013, Rudramurthy et al. 2019). This could be due to the wide proliferation of A. fumigatus and 

its high adaptability to new environments; this includes the airways of the host (Kwon-Chung and 

Sugui 2013, Verweij et al. 2016). 

Aspergillosis starts by inhalation of airborne spores; every day, the average person breathes in 

hundreds of spores of A. fumigatus (Latgé 1999). Unlike other pulmonary infections, aspergilli were 

assumed to only infect people by spores dispersed from the environment, and not from person to 

person (Rudramurthy et al. 2019). However, a recent study shows that A. fumigatus can potentially 

also spread between people via aerosols (Engel et al. 2019). Due to the small size of the conidia, they 

can easily infiltrate deep into the airways where they can potentially proliferate and reproduce 

asexually (Bultman et al. 2017), or propagate to other areas of the body such as the central nervous 

system (CNS), liver, kidney, sinuses and spleen (Latgé and Chamilos 2019, Rudramurthy et al. 2019). 

The host environment also harbours the optimum temperature for A. fumigatus (37 °C) to germinate 

and grow (Kwon-Chung and Sugui 2013). In immunocompetent people, the conidia are eliminated by 

the host’s immune system before they can germinate and cause infection (Segal 2009).  

Pathogenic Aspergillus spp. are opportunistic pathogens, meaning infection takes place when 

the host's immune system is compromised (Latgé 1999, Foley et al. 2014). Aspergillosis therefore 
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mostly affects the immunocompromised, such as people with HIV/AIDS, people undergoing 

corticosteroid therapies, cancer patients and patients undergoing organ transplantation (Bongomin et 

al. 2017). The infection can also take place in people who are suffering from other pulmonary 

illnesses; this include patients who have tuberculosis, pneumonia, chronic obstructive pulmonary 

disease (COPD), sarcoidosis, bronchiectasis, asthma, influenza and cystic fibrosis (Bongomin et al. 

2017, Schauwvlieghe et al. 2018, Zilberberg et al. 2018). Recent studies show that COVID-19 patients 

are also more susceptible to aspergillosis (Ismaiel et al. 2021, Szabo et al. 2021). 

Aspergillosis can manifest in many ways, causing infections and conditions that varies in 

severity and persistence. They are generally divided into (i) allergic; in which the fungal antigens 

trigger an extensive immune response, (ii) non-invasive; in which the infection is contained within a 

location, and (iii) invasive; in which the mycelium invades the tissue and the infection can spread 

(Greene 2005, Latgé and Chamilos 2019).  

ABPA (allergic bronchopulmonary aspergillosis) is a variant of aspergillosis in which the 

patient has an allergic response to the conidia of Aspergillus spp. (Latgé 1999, Riscili and Wood 

2009). Conidia that are dead or uncultivable can also cause reactions (Samson et al. 2004, p. 304). 

ABPA mostly affects people with underlying respiratory conditions such as asthma and cystic fibrosis; 

almost all people with ABPA have a history of being asthmatic (Latgé and Chamilos 2019). The 

global burden of people who suffer from ABPA is at about 4.8 million (Bongomin et al. 2017). It is 

estimated that 1-3.5% of people with asthma develop ABPA, while 7-9% of people with cystic fibrosis 

are affected by this condition. Severe asthma with fungal sensitisation (SAFS) is another form of 

atopic aspergillosis, in which patients with severe asthma are sensitive to fungal allergens. What 

differs SAFS from ABPA is that it cannot be detected with the same diagnostic tools used to detect 

ABPA (Latgé and Chamilos 2019). 

CPA (chronic pulmonary aspergillosis) is a non-invasive, persistent form of aspergillosis 

(Latgé and Chamilos 2019). The infection is progressive and slow; it destroys the lung tissue and 

cause symptoms that last for over three months (Alastruey-Izquierdo et al. 2018). There are several 

disease variants that are categorised as CPA, including chronic cavitary pulmonary aspergillosis 

(CCPA), chronic fibrosing pulmonary aspergillosis (CFPA), chronic necrotising pulmonary 

aspergillosis (CNPA) and aspergilloma (a fungal mass inside cavities of the body) (Denning et al. 

2016). According to Bongomin et al. (2017), more than 3 million cases of CPA worldwide were 

reported in 2017. CPA is most commonly related to people who have or have had pulmonary 

tuberculosis; it is estimated that 20% of recovering cavitary tuberculosis patients develop aspergilloma 

over the course of three years (Latgé and Chamilos 2019). Other underlying lung conditions that 

increase susceptibility to CPA include sarcoidosis, COPD, mycobacterial lung infections and 

structural abnormalities in the lungs (Alastruey-Izquierdo et al. 2018, Latgé and Chamilos 2019). 
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IA (invasive aspergillosis) is an acute or chronic systemic infection caused by Aspergillus spp. 

This is the most serious form of aspergillosis in which the fungus spreads from the respiratory tracts to 

the CNS or other organs (Latgé and Chamilos 2019). The mortality rate of IA varies between sources 

and circumstances, but it is somewhere between 30-90% (Latgé 1999, Bongomin et al. 2017). There 

were more than 300 000 cases of IA reported worldwide in 2017 (Bongomin et al. 2017). IA mostly 

occurs in severely immunocompromised patients, such as HIV/AIDS patients, cancer patients and 

patients undergoing solid organ and stem cell transplantation (Latgé 1999, Latgé and Chamilos 2019). 

Lung diseases and other underlying health conditions have also been reported to increase the 

susceptibility to IA (Denning et al. 2016). Patients that have undergone liver-, lung-, heart- and small 

bowel transplantation have been reported to be especially susceptible to IA (Pappas et al. 2010, 

Neofytos et al. 2018). Among all invasive fungal infections in organ and stem cell transplant patients, 

IA is the most common type (up to 59%). Furthermore, it has been estimated that 15-20% of 

leukaemia patients die of Aspergillus spp. related fungal pneumonia (Latgé and Chamilos 2019).  

The prevalence of fungal infections is not only a public health threat, but also an economical 

burden. A study done in the United States estimated that the economic burden caused by fungal 

diseases were more than $7.2 billion in 2017, with $4.5 billion going to hospitalisations. The cost of 

hospitalisation caused by aspergillosis was estimated to be at about $1.2 billion (Benedict et al. 2019). 

Over the last few decades, there has been an increase in number of people with fungal infections; some 

of this is due to the increased number of people at the risk group (Hagiwara et al. 2016). IA has 

generally been difficult to diagnose (Taccone et al. 2015), and there are no fully reliable serological 

methods that can be used to detect the infection. Often times, several diagnostic tools are utilised, but 

it is sometimes difficult to distinguish between invasive and non-invasive aspergillosis. The full extent 

of the epidemiology of aspergillosis is likely underestimated due to the lack of progress in diagnostics 

(Latgé and Chamilos 2019). Late or incorrect diagnosis can lead to lower success rate of treatments 

(Segal 2009, Hagiwara et al. 2016, Benedict et al. 2019). Today, the most common and effective 

therapeutic drugs used to treat aspergillosis are azoles (Latgé and Chamilos 2019). 

 

2.3 Azoles – an efficient antifungal agent 

A prerequisite for a good antifungal agent is that it targets essential properties unique to the 

fungus. Since fungi are eukaryotes, they have a lot in common with animal and plant cells. It can 

therefore be challenging to find chemical compounds that can efficiently eradicate the fungus, but also 

at the same time are low in toxicity for non-fungal eukaryotic cells. 

There is a variety of antifungal groups used today to treat fungal diseases in humans, animals 

and plants. They target essential metabolic pathways in the fungi where the proteins and enzymes are 

unique in the fungal kingdom (Odds et al. 2003, Chen and Sorrell 2007). For aspergillosis, there are 



8 

 

four main classes of antifungal drugs used in treatment; polyene, pyrimidine, echinocandin and azoles 

(Hagiwara et al. 2016). 

Azoles are perhaps the fungicide that are most widely used in the world (Chen and Sorrell 

2007). The first azole was discovered in the 1940s, while the first azole was sold on the marked in the 

late 1950’s to the 1960’s (Sheehan et al. 1999, Bhagat et al. 2021). Since then, several varieties of 

azoles have been developed (Odds et al. 2003, Parker et al. 2014) and distributed as agents against 

fungal infections in both clinical and agricultural settings (Bhagat et al. 2021). 

2.3.1 Azole definitions 

Azoles are a family of artificially synthesised organic molecules that have a five ring 

heterocyclic functional group containing nitrogen (Kauffman and Carver 1997, Bhagat et al. 2021). 

These compounds inhibit a demethylation reaction step in the ergosterol biosynthesis in fungi so they 

lose their cell membrane integrity and dies (Bhagat et al. 2021); azoles are therefore classified as a 

demethylation inhibitor (DMI) fungicide (Garcia-Rubio et al. 2020). The inhibition only affects fungal 

cells, and the broad-spectrum activity and stability of the azoles make them efficient agents against 

several fungal species in multiple settings (Bhagat et al. 2021). Azoles are therefore used to both treat 

and prevent fungal infections in humans, animals, plants and food (Hof 2001, Bhagat et al. 2021, 

Jørgensen and Heick 2021). Depending on the concentration, azoles can act as both a fungistatic agent 

– where they do not kill the fungus, but inhibit its growth – and a fungicidal agent – where the fungus 

dies (Hagiwara et al. 2016). There are two main classes of azoles, and they are divided by the number 

of nitrogen atoms contained inside this azole ring. Imidazoles contain azole rings with two N-atoms, 

while triazoles have three N-atoms in their rings (Bhagat et al. 2021). The molecular structures of 

some commonly used azoles are shown in Figure 2. 
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Figure 2: Some common azole drugs used in agriculture and clinically. Retrieved from Parker et al. (2014). 

To better understand what makes azoles such successful antifungal agents, it is important to 

understand what their target site is and the mechanisms behind the inhibition. 

2.3.2 Ergosterol biosynthesis  

 The presence of ergosterol in the cell membrane is a key difference between fungal cells and 

animal cells. While mammalian cell membranes contain the sterol cholesterol, fungi have a high 

percentage of the sterol ergosterol, in their cell membrane. The purpose of sterols in the cell membrane 

is to keep the cell structure rigid and control the distribution of integral proteins as well as the lipid 

membrane’s fluidity, stability and permeability (Alcazar-Fuoli and Mellado 2013, Ermakova and Zuev 

2017). 

 Ergosterol is synthesised in the cells’ endoplasmic reticulum before being transported into the 

lipid membrane (Lepesheva and Waterman 2007, Jordá and Puig 2020). It is a complex metabolic 

pathway with about 20 enzymes involved (Alcazar-Fuoli et al. 2008). This pathway is best described 

in Saccharomyces cerevisiae, and is often used as reference for other eukaryotic organisms (Alcazar-

Fuoli and Mellado 2013). The ergosterol biosynthesis pathway in A. fumigatus is less studied than that 

in S. cerevisiae (Alcazar-Fuoli et al. 2008), and research have shown that there are several genes in the 

A. fumigatus genome that encode for enzymes that carry out the same tasks (Mellado et al. 2001, Da 

Silva Ferreira et al. 2005, Dhingra and Cramer 2017).  
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The synthesis of ergosterol begins with two Acetyl CoA molecules, which are eventually 

turned into squalene through a few intermediate steps (Dupont et al. 2012). Figure 3 shows how 

squalene is then transformed into ergosterol through more reaction steps. 

 

Figure 3: Schematic and simplified display of ergosterol biosynthesis. The pathway for A. fumigatus is 

described by the orange path, and the blue path describes S. cerevisiae. Enzymes involved are listed on the right 

side of the arrows. Referenced from Alcazar-Fuoli and Mellado (2013), and Dhingra and Cramer (2017). 

 One of the key enzymes in the biosynthesis of ergosterol, and the main target of azoles, is 

cytochrome P450 14α demethylase. It is part of a superfamily of proteins called cytochrome P450 

(Mellado et al. 2001), which are found across several kingdoms of eukaryotes (Lepesheva and 

Waterman 2007). In S. cerevisiae, this protein converts lanosterol into other sterol intermediates by 

removing a methyl group. In A. fumigatus, the proposed pathway involves the protein converting 

eburicol into other sterol intermediates (See Figure 3) (Alcazar-Fuoli et al. 2008). There is a heme-iron 

prosthetic group at the active site of the enzyme (Lepesheva and Waterman 2007, Munro et al. 2018), 

which, when bound to oxygen, plays an important role in the enzyme’s activity (Balding et al. 2008). 

There are several homologous genes that encode cytochrome P450 14α demethylase on the genome of 

A. fumigatus (Lepesheva and Waterman 2007), but the translation products most relevant for azole 

therapy stem from the cyp51A, cyp51B, cyp51C, erg11A and erg11B genes (Dhingra and Cramer 

2017, Paul et al. 2018). 
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2.3.3 Mechanisms of azoles 

 Azoles inhibit the ergosterol synthesis by binding non-competitively to the cytochrome P450 

14α demethylase, which are the Cyp51 proteins in A. fumigatus (Pérez-Cantero et al. 2020). They bind 

their azole nitrogen to the heme-iron, thereby blocking the oxygen out from the heme-iron and 

inhibiting the catalytic function of the enzyme (Balding et al. 2008). However, there are papers that 

suggest that some azoles bind competitively, where they bind to the enzyme’s substrate binding site 

(Saad et al. 2006, Parker et al. 2011, Parker et al. 2014). 

 The inhibition of ergosterol biosynthesis leads to the cell collapsing due to loss of the 

membrane integrity. In addition, as a result of cytochrome P450 inhibition, lanosterol and other sterol 

intermediates accumulate and create a toxic environment inside the cell (Dupont et al. 2012, Zhu et al. 

2021). 

 Parts of the gene sequence of cytochrome P450 14α demethylase are conserved across many 

species of fungi, which makes azoles a broad-spectrum drug (Becher and Wirsel 2012). On the other 

hand, cytochrome P450 sequences of non-fungal origin are significantly different, which enables the 

drug to target fungi while also remaining non-toxic towards mammalian and plant cells (Lepesheva 

and Waterman 2007). However, some individual fungal strains have managed to find ways to carry 

out the ergosterol biosynthesis despite the presence of azoles. 

 

2.4 Azole resistance – a result of mutation 

Fungi such as A. fumigatus proliferate massively through asexual reproduction. Spontaneous, 

random mutations happen regularly and create genome diversity among the organisms. Genome 

diversity is also achieved through sexual and parasexual reproduction. While most mutations do not 

amount to any phenotypic changes, these events can still lead to or pave the way for organisms to 

become more fit in their current environment and prevail. Azoles do not contribute to the mutation rate 

of fungi as they do not affect the genome directly. It is through natural selection that azole resistance 

rises, and the drug is its main driving force (Verweij et al. 2016). When azoles are introduced, they 

apply a selection pressure to the environment, and susceptible strains are eradicated. Strains that have 

achieved resistance through spontaneous alterations on the genome are left to fill the gene pool 

(Brauer et al. 2019). Additionally, it has been discovered that fungal strains that harbour common 

resistance mutations are genetically less diverse than their wild type (WT) counterpart. This is an 

indication of such selection pressure events (Camps et al. 2012, Chowdhary et al. 2012). 

There is a list of known mechanisms fungi have developed in order to adapt to azole exposure. 

Several mutations behind these mechanisms have also been identified, but there are still some that are 

unknown or not yet fully characterised. A number of genes have however been reported or suggested 
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to be related to mechanisms behind azole resistance in A. fumigatus and other fungi. The most 

investigated mutations are found on the cyp51A gene, as it is the gene that encodes the target enzyme 

of the azoles (Pérez-Cantero et al. 2020). The next few subchapters will cover some of the most 

known azole resistance mechanisms; an illustration of these is shown in Figure 5. 

2.4.1 Reducing azole and enzyme affinity 

 The target site for azoles are highly specific, however a change in the structure of Cyp51A can 

lead to azoles losing their affinity with the enzyme (Pérez-Cantero et al. 2020). This is due to point 

mutations on cyp51A, which are changes in single base pairs in the sequence. In some cases, this can 

lead to a shift in the amino acid sequence, which then can lead to changes in the three-dimensional 

structure of the enzyme. These structural changes can furthermore affect the enzyme’s susceptibility to 

azoles (Berger et al. 2017, Chen et al. 2020, Pérez-Cantero et al. 2020). The structure of the enzyme is 

conserved in order to maintain its highly specific function (Becher and Wirsel 2012), so a structural 

change that diminishes its affinity with azoles is quite delicate. Sometimes, a structural change can 

affect the stability and activity of the enzyme as well (Pérez-Cantero et al. 2020). 

Some point mutations in cyp51A that have been reported to reduce the susceptibility to azoles 

in A. fumigatus are G54R (-W, -E, -K), Y121, G138C, P216L, F219I, M220V (-K, -T, -I), A284T, 

Y431C, G432S, G434C and G448S (Pérez-Cantero et al. 2020). In A. niger, the point mutations in the 

cyp51A homolog are V104I, H382R and 1337V/S507I/L511M, while in A. tubingensis, they are L21F 

and A9V/L21F/A140V/P413S/D505E (Hashimoto et al. 2017). Resistance acquired from point 

mutations are often associated in patients who receive long term azole treatments (Verweij et al. 

2016). Some of the most common azole resistance point mutations that are not coupled with tandem 

repeats (TRs) are G448, M220, G138 and G54 (Sharma et al. 2015). A schematic illustration of some 

of these point mutations can be seen in Figure 4. 

2.4.2 Overexpression of the target enzyme 

 The concentration of effector drugs inside the cell in relation to the concentration of the target 

enzyme is the factor that determines the cell’s survival. The essential ergosterol biosynthesis can still 

be carried out despite the presence of azoles if the Cyp51 enzyme concentration is substantial enough 

to override the enzyme inhibition. (Pérez-Cantero et al. 2020). The fungus can achieve this by creating 

enough Cyp51 through overexpression of the gene encoding the protein (Berger et al. 2017). 

Mutations that have been observed in relation to this resistance mechanism are tandem repeats 

(TRs) in the promoter region of cyp51A, coupled with point mutations in the sequence. TRs are copies 

of a short nucleotide sequence that are repeated in tandem (Brauer et al. 2019). These mutations 

include TR34/L98H and TR46/Y121F/T289A, and are found in A. fumigatus (Pérez-Cantero et al. 

2020). A strain with the TR34/L98H mutation contains 34 bp TRs in the promoter region of cyp51A 

and a base substitution at codon 98 of the sequence (See Figure 4), which replaces leucine with 
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histidine (Mellado et al. 2007). This mutation type often leads to resistance against itraconazole, 

voriconazole and posaconazole (Chowdhary et al. 2012, Hagiwara et al. 2016). Furthermore, strains 

that have obtained the TR46/Y121F/T289A mutation have been reported to become highly resistant to 

voriconazole (van der Linden et al. 2013, Brauer et al. 2019). Both TR34/L98H and 

TR46/Y121F/T289A are common in strains that have acquired resistance through the environmental 

route (Latgé and Chamilos 2019).  

 

Figure 4: Schematic illustration over some known mutations on cyp51A that lead to azole resistance. Image was 

retrieved from Verweij et al. (2009). 

2.4.3 Decreasing intracellular azole concentration through efflux pumps 

 Ergosterol biosynthesis takes place inside the fungal cell, so the azole drug needs to penetrate 

the cell in order to have an effect. With a high enough concentration of the drug inside the cell, it will 

bind to the target protein and inhibit its activity (Pérez-Cantero et al. 2020). 

 Cells can discard intracellular toxins out of the cell through transmembrane proteins called 

efflux pumps, such as ATP-binding cassette (ABC) transporters, or major facilitator superfamily 

(MFS) transporters. (Chen et al. 2020, Pérez-Cantero et al. 2020). If the cell has an overexpression of 

genes encoding efflux pumps, thus increasing the number of membrane transporters, it can lower the 

concentration of azoles inside the cells sufficiently for the cells’ survival (Berger et al. 2017, Pérez-

Cantero et al. 2020). The gene, cdr1B, have been reported to lead to azole resistance in A. fumigatus 

when upregulated (Fraczek et al. 2013, Paul et al. 2013). 

2.4.4 Other known or proposed mechanisms 

 Inhibition from azoles can also be bypassed through using an entirely different enzymatic 

pathway in the ergosterol biosynthesis (Hagiwara et al. 2016). Alternatively, using a different sterol 

composition in the cell membrane could potentially be a resistance mechanism in fungi (Hitchcock et 

al. 1987). The affinity between the azole and cytochrome P450 is no longer relevant as the protein 

structure of the effector enzyme is something else entirely. The mutations behind this resistance 

mechanism are still unknown (Hagiwara et al. 2016). 
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Another mechanism that has been proposed is the degradation of azoles inside or outside the 

cell (Hagiwara et al. 2016). Few aspects of this pathway have been characterised, and the possible 

mutations related to it is unknown (Hagiwara et al. 2016, Pérez-Cantero et al. 2020). 

 Biofilm formation is a way for many microorganisms to avoid the immune system, and this 

can also be a relevant defence mechanism for fungi in a clinical setting. Biofilms may also make fungi 

less susceptible to azoles (Delattin et al. 2014). Pathogenic A. fumigatus has been reported to create 

biofilms as well (Ramage et al. 2012). 

 

Figure 5: Schematic view of some known mechanisms of azole resistance in fungi. Retrieved from Hagiwara et 

al. (2016). 

 

2.5 Causes and impact of azole use 

There are two main routes in which Aspergillus spp. can develop azole resistance through 

exposure; in the environment where fungicides are used, and in patients receiving prolonged azole 

therapy (Hagiwara et al. 2016, Brauer et al. 2019). A concerning attribute is that an increasing amount 

of resistant strains found in patients harbour the TR34/L98H and TR46/Y121F/T289A mutations on 

cyp51A, which is a mutation found in most resistant A. fumigatus from the environment (Latgé and 

Chamilos 2019). This implies that people are getting infected by mutant strains originating from the 
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environment. Furthermore, it also suggests that the selection pressure in agriculture affects the health 

of humans and animals (Figure 7) (Brauer et al. 2019). Despite agriculture and medicine not using the 

exact same types of azoles, the structural similarities between some of the azoles could predispose the 

development of cross resistance when resistance against one compound is acquired (Snelders et al. 

2012). 

Azoles are one of the few efficient antifungal agents used to treat IA today, and it is because of 

this drug that fewer people die from aspergillosis compared to before it was first distributed 

commercially (Verweij et al. 2016). In recent years, azole resistant A. fumigatus has been found in an 

increasing number of human aspergillosis cases, which has become an issue in terms of effective 

treatment for patients with fungal infections. Resistant strains can be developed in patients with 

chronic aspergillosis and who are receiving long term azole treatments. Several types of point 

mutations on cyp51A in patients receiving therapeutic azole treatments have been recognised 

(Chowdhary et al. 2017). 

The other route in which azoles are driving resistance is in the environment. The use of azoles 

in agriculture has become a major contributing factor that facilitates the rise of resistant fungal strains 

(Verweij et al. 2009). A correlation between azole fungicide use and prevalence of resistant A. 

fumigatus strains found has been reported (Cao et al. 2021). Agriculture uses azoles to secure safe 

food production with high yield by protecting plants from pathogens and preventing post-harvest 

spoilage (Jørgensen and Heick 2021). Additionally, azoles are also used in horticulture and wood 

industries (Skaar et al. 2019). The global use of pesticides in agriculture has increased significantly 

over the last decades (Brauer et al. 2019). DMI fungicides make up for 16% of the total amount of 

fungicides distributed today, and have doubled in the market for the last 25 years. Furthermore, over 

two thirds of the global amount of azoles are being distributed to Asia and Europe (Jørgensen and 

Heick 2021). A study in the U.S. showed that the amount of triazoles used has increased by 4-fold 

over the last couple of decades (Toda et al. 2021). The amount of triazoles sold in The Netherlands has 

doubled between 1995 and 2007 (Verweij et al. 2009). The total use of azoles in human systemic 

infections and agriculture in Norway between 2013 and 2017 can be seen in Figure 6 (Skaar et al. 

2019). A study report done in The Netherlands identified that the three most prominent environmental 

hotspots for the development of azole resistant A. fumigatus were wood chippings, green compost and 

compost from flower bulb waste (Verweij 2017). 
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Figure 6: The total use of azoles for systemic infections (human medicine) and agriculture in Norway between 

2013 and 2017. Retrieved from Skaar et al. (2019). 

The first azole resistant A. fumigatus isolate was described in 1997 (Denning et al. 1997), and 

in recent years, there has been reported an increase in resistance in both clinical and environmental 

isolates (Pérez-Cantero et al. 2020). Significant levels of azole resistant A. fumigatus strains with 

environmental mutations have been detected in several surveillance studies in Europe, Asia and Africa 

(Verweij et al. 2015). A study in the UK found that 14% of their isolates taken from soil samples 

across the country were resistant to tebuconazole, which is a common fungicide used in British 

agriculture, and is often associated with cross resistance to medical azoles (Shelton et al. 2022). The 

study also found that a large majority of the tebuconazole resistant samples possessed the TR34/L98H 

or TR46/Y121F/T289A mutation in cyp51A and promoter region. In The Netherlands, azole resistance 

was found in about 7% of the A. fumigatus samples taken from patients between 2012 and 2016 (Buil 

et al. 2019). The cyp51A mutations, TR34/L98H and TR46/Y121F/T289A, have been found in 70% to 

over 90% of resistant isolates gathered from patients in the Netherlands, with over 70% of them not 

having had any history with azole therapy (Snelders et al. 2008, Verweij et al. 2016, Buil et al. 2019). 

In Denmark, they found resistance in 4-6% of their samples, and over 50% of the clinical samples had 

the TR34/L98H mutation (Jensen et al. 2016). There was also a study in Vietnam found that over 50% 

of their samples were azole resistant, and most of them harboured the TR34/L98H mutation (Duong et 

al. 2021). 

New resistance mechanisms and mutations will likely appear along our current azole 

consumption, which will then limit their efficiency in clinical therapy. Unless new drugs are 

developed, the mortality rate of fungal infections is likely to rise (Verweij et al. 2016). Additionally, 

with temperatures and humidity rising with climate changes, A. fumigatus is expected to spread even 

more and increase its prevalence (Skaar et al. 2019). This concern has encouraged many countries to 

do surveillance studies in order to find the prevalence of resistant pathogenic fungi (Lestrade et al. 
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2019). Management of AMR requires a global effort. It is therefore important to monitor the resistance 

pathways and development in both the agricultural and clinical setting as well as spread awareness so 

authorities can take steps that will help keep azoles effective. 

 

Figure 7: Schematic model of how azole resistance is developed. A: azole use in agriculture creates selection 

pressure in the environment, in which resistant strains are developed and propagate. B: People who get 

aspergillosis from A. fumigatus that has been subjected to selection pressure in the environment are C: admitted 

to the hospital for azole treatment. D: Other patients infected with WT aspergilli are also getting the same 

treatment. E: They either make a full recovery, F: or the treatment is ineffective due to azole resistant infection 

in the patient. Patients who were initially not infected with resistant strains can develop resistance due to 

selection pressure created from long-term treatments. Retrieved from Berger et al. (2017). 

 

2.6 The theory and principles behind the experimental methods 

2.6.1 Citizen science 

 Gathering samples in a wide field offers a variety of challenges; most noteworthy, time and 

expenses. Citizen science is an approach that has existed in over a century, but has in later years 

become a term used to describe the collaboration between scientists and the public community. The 

idea is to let volunteering non-researchers get involved in research by taking and sending samples to 

the laboratory for analysis, and/or process data. The citizen science approach is becoming more used 

in later years (Silvertown 2009).  

 The advantages of citizen science is that sampling becomes cheaper and less time consuming 

than if the samples were to be gathered manually. This has allowed scientists to study a wider field 

and larger numbers of samples (Silvertown 2009). Additionally, citizen science allows sampling over 

a wide area happen at the approximately same time, which contributes to a more representable model 
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(Shelton et al. 2020). Furthermore, citizen science has also been reported to be a good way to convey 

and spread knowledge and information about the subject of the research and raise awareness among 

people. (Bonney et al. 2016, Hecker et al. 2018). 

 The challenges of using citizen science for sampling is that it can affect the quality of the data 

as there are many different people involved in the sampling. According to Isaac et al. (2014), there are 

four main violations of fundamental principles making up for a good experimental design; firstly, the 

intensity of recording getting uneven over time. The second violation is an uneven coverage 

spaciously. Samples taken by the general public tend to correlate with population density, leading to 

geographical areas with few inhabitants being neglected (Mair and Ruete 2016). Depending on the aim 

of the study, a less than perfectly covered area can still provide valid data (Geldmann et al. 2016). If 

an evenly covered geographical area is necessary, the solution can be to gather samples of less 

populated areas manually, or to deem these spots negligible (Mair and Ruete 2016). The third 

violation is the uneven effort made by the participants (Isaac et al. 2014). There is little control over 

how the samples are taken, and there is a high probability that the effort varies among the participants. 

Equipment not being handled properly due to the lack of knowledge is also another matter of concern 

that can affect the quality of the data (Hecker et al. 2018). The last violation is that each volunteer has 

different levels of knowledge and experience (Isaac et al. 2014). With so many variables that can 

affect the quality of the data, it is recommended to use simple, well designed and standardised 

sampling methods with clear instructions, follow up and give feedback to volunteers and take the 

variables into consideration (Silvertown 2009). 

2.6.2 Resistance screening 

There are several laboratory techniques that are used to test a strain’s susceptibility to 

antimicrobial substances; both culture based and molecularly. One of the commercially available azole 

resistance screening methods is the VIPcheckTM, developed by Professor Paul Verweij, which is used 

to test both environmental and clinical fungal samples (Guinea et al. 2019). This four-well agar plate 

contains one well with 4 mg/L itraconazole, one with 2 mg/L voriconazole and one with 0.5 mg/L 

posaconazole (Buil et al. 2017). The fourth well is a control and contains no azoles. Phenotypic 

resistance can then be detected by inoculating the plates and observe where there is growth (Guinea et 

al. 2019). 

A more quantitative culture based screening method is the E-test (epsilometer test), which 

reveals the minimum inhibitory concentration (MIC) of an antimicrobial agent on a microorganism. 

This test is used on clinical samples in order to plan the best treatment for the patient with the right 

antibiotic at the lowest efficient dose to restrict development of AMR (bioMérieux n.d.). The setup 

consists of an agar plate inoculated with a lawn of the isolate strain, which is then incubated with a 

plastic strip that has a concentration gradient of an antimicrobial agent (Joyce et al. 1992, bioMérieux 
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n.d.). The European Committee on Antimicrobial Susceptibility Testing (EUCAST) is a committee 

that works as a guideline on how to interpret breakpoints when testing strains for antimicrobial 

susceptibility. It is the MIC-value that indicates whether a strain can be considered resistant or a wild 

type (WT). The breakpoints for resistance is decided by a specific MIC-value from EUCAST’s 

susceptibility tables, which is unique for each species at each antimicrobial agent (EUCAST 2022). 

What can be considered a WT in terms of resistance is decided by the epidemiological cut-off value 

(ECOFF). This value is based on breakpoints found in a species of microorganisms that do not display 

any phenotypic resistance across numerous studies. This distribution draws the upper breakpoint value 

for the WT criteria; a strain that has a MIC-value lower than ECOFF is likely a WT. However, this 

value cannot be used to evaluate drugs for medical treatment (Morrissey et al. 2014, Espinel-Ingroff 

and Turnidge 2016). 

Molecular screening methods are used to confirm the resistance mechanism of an isolate. PCR 

and sequencing of the cyp51A gene is the most common method as this gene is often associated with 

azole resistance in A. fumigatus (Guinea et al. 2019). The sequence of the isolate strain is aligned and 

compared with other reference strains with bioinformatic softwares to detect mutations (Pontes et al. 

2020). 

2.6.3 Polymerase chain reaction 

 Molecular tools and methods have become more available over the last decade (Luo et al. 

2018). These methods give highly specific information about the subject of analysis, which can be 

useful to identify species, strains and metabolic pathways (Houpikian and Raoult 2002). 

 Polymerase chain reaction (PCR) is an in vitro DNA replication reaction in which a selected 

nucleic acid sequence is being amplified. This cyclic reaction is controlled by adjusting the 

temperature of the reaction mix in specific time intervals. The exact temperatures used depend on the 

sequence that is being amplified and what components are being used. The reaction mix consists of a 

DNA template, which contains the nucleic acid sequence. There is also, nucleotides (dNTPs), a buffer, 

DNA-polymerase that withstands high temperatures and short oligonucleotide chains called primers, 

which are complementary to flanks of the sequence that will be amplified (Lorenz 2012). 

The reaction starts by first denaturing the double-stranded DNA template into single-strand 

DNA; this is done by heating the reaction mix to 94-98 °C. Once the double-stranded structure 

denatures, primers can anneal to their complementary sequence on each of the template strand flanks. 

This happens when lowering the temperature to below the primers’ melting temperature (Tm), which is 

often at 52-58 °C; this is called the annealing phase. The next phase is the elongation phase, where the 

temperature is risen to the optimal temperature for the DNA-polymerase. The primers are elongated in 

5’→3’ direction when complementary dNTPs bind to the chain along the template strand. Eventually, 

the newly synthesised chain is detached from the template when temperatures rise again, and the cycle 
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is repeated. The newly synthesised strand can also act as a template. This cycle is then repeated 

multiple times, and the concentration of the PCR product grows exponentially in the reaction mix. 

Once the cycles are complete, a longer elongation step is initiated, where incomplete amplicons can be 

synthesised. The PCR reaction is terminated when the temperature is lowered to around 4 °C 

indefinitely (Lorenz 2012). See Figure 8 for a schematic illustration of how PCR runs its course. 

 

Figure 8: Schematic illustration of PCR. 1; Template strand is denatured. 2; Primers anneal to a specific site of 

each template strand. 3; Chain synthesis by 5’→3’ elongation of the primer on the template. 4; The newly 

synthesised chain detaches from the template, making room for a new chain to be synthesised. The new chains 

can also act as a template. 

2.6.4 Sanger sequencing 

 Sanger sequencing is a sequencing method that was developed by Frederick Sanger in 1977, 

and is still being used till this day (Totomoch-Serra et al. 2017). Other sequencing methods have also 

been developed since then, such as Illumina sequencing and Nanopore (Heather and Chain 2016). 

 The principle behind Sanger sequencing is to synthesise nucleotide chains, tag them with a 

fluorescent molecule, sort the chains by size and read the order of the fluorescent colour. Sequencing 

starts with a DNA template, e.g. the target gene that has been amplified by PCR. A primer 

complementary to the sequence flank is used to initiate the reaction. A DNA polymerase adds 

nucleotides to the chain like in PCR and DNA replication in cells, until a dideoxynucleotide (ddNTP) 

is added. The ddNTP is fluorescently tagged and terminates the polymerase chain reaction because it 

is unable to bond with the next dNTP. Each of the four nucleotides that are tagged is assigned a 

specific fluorescence colour so they can be recognised (Valencia et al. 2013, Heather and Chain 2016). 

 At the end of the reaction, several strands that differ in size by one nucleotide are present in 

the reaction mix; all of them are tagged with a fluorescent colour that indicates which nucleotide is at 

the end. All the strands are sorted by size through a form of gel electrophoresis called capillary based 

electrophoresis. A detector reads the order of strand size by fluorescing colour, which correlates to the 

order of nucleotides in the template strand. A chromatogram based on the reads is created, and thus, a 
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sequence can be determined (Valencia et al. 2013, Heather and Chain 2016). Sequencing the sense and 

antisense strands separately and aligning them bioinformatically afterwards is a common practice to 

restrict any ambiguous reads and achieve a longer consensus; especially towards the ends where the 

quality read tends to drop (Crossley et al. 2020). 

 Sanger sequencing is still a reliable sequencing tool today (Totomoch-Serra et al. 2017); it has 

an accuracy of up to 99,999% (Shendure and Ji 2008), and is most efficient to use for sequences that 

are up to 800-1000 bp long (Crossley et al. 2020). Longer strands can be sequenced with for example 

shotgun sequencing, in which short, random segments of the template are cloned and sequenced. The 

overlapping sequences can then be assembled with bioinformatic softwares (Heather and Chain 2016). 

 

Figure 9: Simple schematic illustration of Sanger sequencing. Retrieved from Wangler and Bellen (2017). 
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3. Materials and methods 

3.1 Experimental setup 

3.1.1 Gathering participants 

In this study, samples were gathered through a citizen science method approach; the 

volunteering participants were farmers from all over Norway. They were reached out to, asked to take 

air samples of their storage rooms and animal housing rooms and send them to our laboratory for 

analysis. Usually, participants in citizen science methods are reached out to through campaigns, 

advertisements, networks and social media. However, as this was the second sampling round of the 

“BARNS” research project, the same participants from the first round were contacted again through 

Email. During the first sampling round by Henriksen (2021), they had been reached out to through an 

advert in the magazine “Bondebladet” and the website “Norges Bondelag”. While the first sampling 

round took place in January-March of 2021, the second round issued sampling during October-

November of the same year. Using the same participants in both rounds would grant a more accurate 

representation upon comparing results between different seasons.  

The first Email invited the old participants for the new round and was sent early September 

2021. Once they confirmed they were interested, equipment was prepared and sent out using the same 

addresses gathered from the first sampling round; equipment was sent late September. An Email 

confirming the equipment had been mailed was sent soon after the consignment. Samples began 

coming in at the beginning of October and continued trickling in until early November. Participants 

that did not respond within two weeks after the first Email had been sent were issued a reminder. If 

participants had not sent their samples back within a month, they were sent another Email as a 

reminder. If the animal housing rooms were empty by the time the study was initiated, the participants 

were inquired to take samples two weeks after they had brought their livestock inside. 

3.1.2 Sampling 

 The means and tools that are used to collect spores from the air are versatile. In this study, 

MicroAmp® Clear Adhesive Films by Thermo Fisher Scientific were used as spore traps; these films 

are normally used to cover 96-well PCR plates. They have a surface area of 8 cm x 14 cm, with a 

sticky surface area of 8 cm x 11.5 cm. They were also used for air sampling during the first sampling 

round of this study, and are efficient at catching any stray fungal spores that drift around in the air.  

The participants received two adhesive PCR films each to sample the air from their farms 

with. The films were sent by mail along with a questionnaire to fill in (See Appendix 2), an instruction 

manual (See Appendix 1), a zip-lock bag, a return envelope and a return label. One of the short ends of 

the adhesive films had been taped shut to act as a hinge and make sampling easier to handle (See 

Figure 1 in the instruction manual in Appendix 1).  
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One of the two films was to be placed in the middle of an animal housing room if the 

participant had livestock, and the other was to be placed in a storage room selected by the participant 

themselves. The films were left with the sticky side up for 6 hours in these rooms to gather airborne 

spores. The participants were encouraged to take samples before the end of autumn so that samples 

were collected within the time frame of the warmer season. Additionally, a small, random selection of 

households was sampled for comparison. They were given the same sampling set and instructions as 

the farmers, and were inquired about the type of room sampled, the temperature of the room, number 

of residents and pets (See Appendix 6). 

Once the sampling was complete, the films were sealed and put into the zip-lock bag before 

they were sent back to the laboratory together with the questionnaire. The samples were then ready to 

be cultivated and analysed. 

3.1.3 Recurring lab techniques 

 Many laboratory techniques were repeated across several of the steps in the analysis process. 

These techniques will therefore be described in detail here and referenced in later text. 

3.1.3.1 Sterile techniques 

 Working with microorganisms that propagate by air can be challenging in terms of avoiding 

cross contamination. Evaluation and test procedures on the cross contamination is written more in 

detail under section 3.1.5. In order to reduce the risk of cross contamination as much as possible, 

various sterile techniques were performed. 

 All work related to cultivated fungal colonies was done in a Labmodul Greenlife PRO airflow 

cabinet. Slow and gentle movements inside the cabinet while working was also done to reduce air 

turbulence. Anything that carried spores and was exposed to air, such as agar plates without their lids, 

was moved around minimally. Working with several samples at the same time was also avoided. The 

usage of gloves mostly applied during the molecular analyses. 

The work space was wiped with 70% EtOH and a paper tissue before and after use. Wiping 

the work space was also done between handling every pure sample (for primary plates, this was only 

the case if they originated from different farms); normally, the work bench was wiped after working 

on one sample, then after at least 10 minutes, the bench was wiped again before moving onto the next 

sample. Hands were also disinfected with 70% EtOH between every sample. 

Sterilising tools such as scissors and tweezers was done by dipping them in 96% EtOH and 

holding them under the gas flame until they stopped burning. For loops, the end was held under the 

flame until it was glowing red. The tools were cooled down in the air for approximately 30-60 seconds 

before use, or cooled down on clear agar. Sterile one-time-use tools such as plastic L-rods, plastic 

loops, 2 ml pipettes and swabs were also utilised during several occasions. 
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3.1.3.2 Plating techniques 

 During the study, three different techniques were used to plate spores on agar plates for 

cultivation or isolation. 

 The three point method involved using a sterilised loop, dipping it into the chosen colony or 

stock solution and tapping the end on three different points in a triangular formation onto the agar 

plate. This method was the most used plating method. 

 The streaking method was done using a loop and streaking the spores of a colony into a Z-

formation. This method was done in cases where target colonies on primary plates or contaminated 

secondary plates were entangled in other colonies such as Mucorales or other species of Aspergillus. 

The streaking method drags the spores over a wider area, increasing the likelihood to achieve sections 

with only the target colony on the plate, and thus making it easier to isolate. The streaking method was 

also done when a substantial amount of fresh spores was needed for the analysis. 

 The drizzle method is a technique that was used whenever target colonies were too cluttered 

by other genera or species, such as Mucorales. A sterile loop was dipped into the target colony and 

held a couple of centimetres over a new agar plate while tapping a finger on the loop handle in order to 

drizzle spores over the plate; spores from A. fumigatus are much drier than Mucorales, so the principle 

was that the spores of Mucorales would remain on the loop, while A. fumigatus would fall onto the 

plate. The plates were also placed into 50 °C cabinets for incubation to further make sure only A. 

fumigatus would grow, as most other fungi are unable to grow in such high temperatures. 

A variety of media was used throughout the study to cultivate the fungi, and each had 

properties that were more suited for their intentions. Dichloran-glycerol agar (DG18) contains less 

water than many other agars and is designed to select the growth of fungi with lower water activity 

and prevent bacteria from growing. It also discourages Mucorales from spreading as well as restricting 

colonies from growing too fast due to the dichloran component in the agar. The agar gives organisms 

of different requirements a more similar competition starting point, which allows more elusive 

organisms the opportunity to grow without being trampled by more competitive genera and species 

(Corry et al. 1995, p. 300-302). Media such as Sabouraud (SAB) and malt extract agar (MEA) are both 

excellent for cultivating fungi. SAB also contains antibiotics that inhibit bacterial growth and is often 

used to cultivate yeast (E. Christensen and E. Rolén, Personal Communication, 10.06.2022). The 

composition of each agar is listed in Table 25 in Appendix 4. 

 Most plates were packed into porous plastic bags that were either folded shut or shut tight with 

a rubber band before incubation. The only inoculated plates that were packed differently prior to 

incubation were the plates used in the E-test (See section 3.1.7.2). 
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3.1.3.3 Making spore suspensions 

 Suspending spores in solutions was done repeatedly throughout the study. While the solution 

in which the spores were suspended in varied, the principle in making the suspensions was the same. 

 In order to make the suspension, a sterile cotton swab was used to gather the spores from the 

agar plates. The cotton end was first soaked into the solution to restrict spores from spreading into the 

air too much while disturbing the colonies. In cases where the amount of spores produced by the 

fungus was minimal, i.e. very young colonies, it was better to quickly dip the swab into the solution 

instead of soaking it. Excess solution was removed from the cotton tip by pressing it against the walls 

of the tube with the solution.  

The cotton tip was then gently rolled on the surface of the fungal colonies on the agar plate to 

gather spores. The spores were then suspended into the solution by rubbing the cotton tip at the bottom 

and walls of the tube. The suspension could be diluted by adding more of the base solution if the spore 

concentration was too high. The amount of spores was monitored using a Grant bio DEN-1B 

McFarland Densitometer if a specific spore concentration was required. The instrument measures light 

absorbance of a solution in McFarland (MF), which is proportionate to the cell/spore concentration. In 

a test tube, 0.00 MF is considered a blank solution. 

3.1.4 Cultivation of the spore films and isolation of fungal colonies 

Each spore film sample was placed on a square (11.5 cm x 11.5 cm) DG18 agar plate after 

their non-sticky ends had been snipped off using a pair of sterilised scissors (see section 3.1.3.1) to 

properly fit it into the petri dishes. Tweezers were used to place the films onto the plate, and a sterile, 

plastic L-rod was used to press the film properly down into the agar to get rid of any air bubbles. The 

plates were then left to incubate at 37 ± 1 °C. The spore films were removed from the plates with a 

pair of tweezers after 24 h and discarded, and the plates were left to further incubate for another 2-5 

days at 37 ± 1 °C.  

Fungal growth was inspected, described and photographed once they had become visible on 

the primary plates. All colonies were identified to group level and counted, and sometimes they had to 

be further examined under a microscope (Olympus BX-50) or stereo microscope (Nikon Stereo 

Microscope SMZ1270i) in order to determine their species or genera.  

Microscope slides were prepared by adding a drop of lactofuchsin onto a glass slide, and a few 

drops of 70% EtOH on a separate slide. A piece of Sellotape Crystal Clear ultra transparent premium 

quality tape was gently pressed at the edge of the colony with the sticky side down. Excess spores 

were washed off in the EtOH drops, and afterwards, the piece of tape was pressed onto the slide with 

lactofuchsin. Using WypAll® X60 paper, the surface of the slide was properly pressed into place and 

wiped off of excess liquids. The slides could then be examined under the microscope using the settings 

as described in Table 3. 
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Table 3: Microscopy settings. 

Objective Phase Immersion oil 

10x Ph1 No 

20x Ph1 No 

40x Ph2 No 

100x Ph3 Yes 

 

Up to three individual colonies each of Aspergillus fumigatus and Aspergillus niger from each 

primary plate were selected and placed on round MEA or DG18 plates (9 cm in diameter) and left for 

incubation at 37 ± 1 °C for 2-5 days. The main plating technique that was used for secondary plates 

was the three point method (See section 3.1.3.2). It was attempted to select colonies that differed 

visually from each other in terms of shape and colour whenever they were distinguishable. If the target 

colonies were cluttered by other fungal colonies, either the Z-streaking method or the drizzle method 

were used to separate the target colonies from contaminating fungi (See section 3.1.3.2). There were a 

few secondary plates where Mucorales or other Aspergillus spp. persisted, and it was in these cases 

where the isolation methods had to be repeated in order to obtain pure samples. 

All secondary plates were marked according to which farm they were sampled from (Farm 

number G1, G2, G3 etc., which were distributed to designated farms during the first sampling round of 

the study), and what room they originated from (L2 for storage room, and H2 for animal housing 

room). The secondary isolates were also marked S1, S2 and S3 for A. fumigatus, and A1, A2 and A3 

for A. niger. A total of 58 A. fumigatus and 37 A. niger isolates were collected from this round of the 

study. 

The square primary plates were stored in sealable box containers in room temperature in case 

the secondary plates needed to be redone. Once spores had been produced on the secondary plates, the 

isolates could be further processed and analysed. 

3.1.5 Contamination test 

 As spores from Aspergillus spp., especially A. fumigatus, spread easily through airflow, cross 

contamination was a very possible issue during this study. Some of this issue was resolved by using an 

airflow cabinet, using sterile techniques and avoiding working with several samples at the same time. 

To better determine the risk of cross contamination, a separate troubleshooting experiment was 

conducted; based on a similar experiment that was done by Henriksen (2021). 

 Eight MEA plates were used to monitor the contamination risk over the first 8 minutes after a 

random A. fumigatus plate had been processed, and the airflow cabinet had been wiped with 70% 

EtOH. Four of the plates were placed right at the centre where the secondary plate had been processed 
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(M), and the other four were placed about 30-40 cm to the side of the field of work (S). One M- and S-

plate were immediately placed to their designated spots in the airflow cabinet after spore transfer of 

the secondary plate and EtOH wiping were finished. Their lids were kept open for 2 minutes before 

they were replaced by the next pair in line. This was monitored using a stop watch and continued until 

all plates had been exposed for about 2 minutes each. All the plates were put into incubation in  

37 ± 1 °C for 3-7 days. 

Table 4: Overview of plate labels and time of placement. Each plate was left inside the airflow cabinet without 

their lids for 2 minutes. 

Time of placement Middle Side 

0 min M0 S0 

2 min M2 S2 

4 min M4 S4 

6 min M6 S6 

 

The same procedure was repeated one more time the exact same way, and another time with 

DG18 plates where the airflow cabinet had been exposed to A. niger. 

3.1.6 Glycerol stock for storage 

A spore stock solution was made from each pure secondary plate for long term storage. Spores 

from the secondary plates were suspended into two individual 1 ml, 10% glycerol tubes, using a sterile 

swab (see section 3.1.3.3). Only one swab was used to make both spore stock solutions for each 

isolate. 

One tube was stored in 5 ± 1 °C and was used as a stock solution for other analyses further 

down the line such as the E-test. The second tube was stored in -75 ± 15 °C for long term storage. If 

the tests showed that the strains expressed azole resistance, the tubes were included in NVI’s strain 

collection. 

3.1.7 Resistance screening 

3.1.7.1 VIPcheckTM 

 A VIPcheckTM (Mediaproducts BV, Groningen, The Netherlands) is a tool used to screen for 

azole resistance in fungal isolates. The method is simple and relatively quick to execute, which is 

suitable for screening. The VIPcheckTM plate is a four well agar plate imbued with medical azoles; one 

well is with 4 mg/L itraconazole, one with 2 mg/L voriconazole, one with 0.5 mg/L posaconazole, and 

one is a control without azoles. Figure 10 displays the schematic setup of a VIPcheckTM plate. To 

make sure the same amount of spores is inoculated into each well, a spore suspension is made in 

advance. The MF-value to use in VIPcheckTM screening is 0.50-2.0 MF. The protocol used to set up 

VIPcheckTM is retrieved from VIPcheckTM (2015). 
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Figure 10: Schematic view of the set-up of the VIPcheckTM plate. IT = Itraconazole (4 mg/L), VO = 

voriconazole (2 mg/L), POS = posaconazole (0.5 mg/L), Ctrl = Control. 

The VIPcheckTM was done accordingly for each A. fumigatus and A. niger isolate: spores from 

a secondary plate were suspended in an autoclaved test tube with 5 ml – 10 ml distilled water using a 

sterile swab to gather the spores from the plate (see section 3.1.3.3). It was aimed to achieve a MF-

value that was similar across all spore suspensions so all the VIPcheckTM analyses had a similar 

starting point; around 1.1 MF. After the spore suspension had been made, a drop was immediately 

placed into each of the four wells on the VIPcheckTM plate using a sterile plastic pipette. 

The VIPcheckTM plates were then placed into 37 ± 1 °C for incubation. The plates were 

analysed 24 h and 48 h after inoculation, and rated -, (+), +, ++ and +++ according to observations of 

growth.  

3.1.7.2 E-test 

The E-test is an in vitro phenotypic resistance test that is more quantitative than VIPcheckTM, 

and are commonly used to determine the minimum inhibitory concentration (the MIC-value) of an 

antimicrobial agent against a microorganism. Here, Itraconazole, voriconazole and posaconazole 

ETEST® strips (bioMérieux, Marcy-l'Étoile, France) were used for the E-test; there is a concentration 

gradient of antifungals of 0.002 µg/ml – 32 µg/ml along these plastic strips. RPMI (Roswell Park 

Memorial Institute) agar plates are used to inoculate a lawn of the isolates to conduct the E-test on. 

This medium is used to cultivate cells and promotes healthy cell growth as it contains a wide variety of 

vitamins and amino acids (Incyte Diagnostics 2018, Thermo Fisher Scientific n.d.). The ETEST® 

strips are placed on top of the inoculated agar plate and are read after incubation. The edge of the 

inhibitory zone defines the MIC-value, which determines the susceptibility of the fungal isolate. 

Whether an isolate is resistant or sensitive to a drug is decided by the European Committee on 

Antimicrobial Susceptibility Testing (EUCAST). These MIC-values are listed in a regularly updated 

table, which is used as reference in drug susceptibility testing (EUCAST 2022). The protocol for the 

E-test was retrieved from (bioMérieux 2016). 
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Isolates that showed signs of resistance on either of the azoles in the VIPcheckTM (i.e. a score 

of ++ and/or +++) were further screened with the E-test to confirm the results from the VIPcheckTM. 

Four isolates of A. fumigatus and yeasts (Candida parapsilosis, Candida albicans and Candida krusei) 

with known MIC-values were used as reference strains for the E-test (See Table 5). Three additional 

resistant A. fumigatus strains from clinical isolates stored in NVI’s strain collection were also screened 

with the E-test (See Table 34 in Appendix 14). 

Table 5: Overview of the reference strains used for the E-test and the control MIC-values. Retrieved from 

bioMérieux (2018) and ATCC (2020). 

Sample ID Species 
Control MIC after 48 h (µg/ml) 

Itraconazole Voriconazole Posaconazole 

ATCC 

MYA 4609 
A. fumigatus 

0.12 0.5 0.06 

ATCC 

22019 
C. parapsilosis 

0.064-0.25 0.016-0.064 0.032-0.25 

CCUG 

32723* 

C. albicans 0.064-0.25 0.004-0.016 0.032-0.125 

CCUG 

35869* 

C. krusei 0.25-1 0.25-1 0.125-0.5 

*The MIC-values of these strains were listed from ATCC 6258 (A. krusei) and ATCC 90028 (A. albicans) 

strains in the tables of bioMérieux (2018).  

All samples that were going to be tested were cultivated on DG18 agar plates, using the three 

point method from the glycerol stock solution stored in 5 ± 1 °C, or streaked on SAB plates before 

they were left to incubate in 30 ± 1 °C (see section 3.1.3.2). The E-test required spores from fresh 

plates, so the tests were therefore done two-three days after inoculation for Aspergillus, and one day 

after for yeasts. 

A. fumigatus and A. niger were plated on RPMI plates by first making a spore suspension. 

First, a saturated spore suspension was made in a test tube with 4.5 ml physiological saltwater (see 

section 3.1.3.3), and left to rest on the bench for 10-15 minutes until unsuspended spores had either 

sunken to the bottom or floated to the top. The suspension was then diluted further into another test 

tube of 4.5 ml saline water, using a pipette, until the dilution had an MF-value of 0.45-0.55. In this set-

up, the tubes’ MF-value varied between 0.50 and 0.56 MF (See Table 19). The entire content was 

poured into the RPMI dish and spread around evenly by tilting the plate. Excess water was removed 

with a pipette. The plates were set aside to dry for 10-20 minutes with the lid slightly open in the 

airflow cabinet.  

For yeast cultures, the colonies were transferred directly into a 4.5 ml test tube of saline water 

with a sterile swab and suspended until the solution had reached a MF-value of 0.50. Using a new 
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swab, the cotton tip was soaked into the suspension; excess liquid was removed by pressing the tip 

against the walls of the test tube. The swab was then used to streak evenly over the entire surface of 

the RPMI plate in three layers; each layer having streaks in different directions. The swab was soaked 

into the suspension one more time, and the same procedure was repeated. The plates were then left to 

dry for approximately 10 minutes in the airflow cabinet. 

Once dry, the ETEST® strips were placed at the centre of the RPMI plate using a pair of 

sterile tweezers. The plates could hold up to two strips each, and in these instances, the strips were 

placed parallel from each other with some distance between them and the gradient going in opposite 

directions. A damp tissue paper was placed at the bottom of a zip-lock bag before the plates with the 

ETEST® strips applied were put into the bag. The bags were then partly sealed (the plates needed to 

incubate aerobically) before they were incubated at 37 ± 1 °C for approximately 24 h for Aspergillus 

samples, and 48 h for yeast samples. 

After 20 h, the MIC breaking point for each azole strip was recorded and compared with 

EUCAST’s tables (EUCAST 2022). Samples with a MIC-value indicating resistance would be further 

characterised molecularly by sequencing the cyp51A gene and promoter region. The MIC-values of the 

reference strains were used to evaluate the accuracy of the E-test, using Table 5. 

3.1.7.3 MF-value and spore count 

 The Grant bio DEN-1B McFarland Densitometer was used in both the VIPcheckTM and the E-

test during a few important steps of the procedures. As stated in section 3.1.3.3, this instrument 

measures absorption of light, which is proportionate to cell/spore concentration. As A. niger has much 

darker pigmented spores than A. fumigatus, it was anticipated that this would influence the MF-values; 

in other words, the spore concentration could be significantly different between the two species at the 

same MF-value. A simple experiment was therefore conducted to correlate MF-values and spore 

concentration for A. niger and A. fumigatus. 

 A spore suspension of each Aspergillus sp. was made in 10 ml of PBS (phosphate-buffered 

saline), 0.1% Tween® 20 solution (see section 3.1.3.3) by using randomly selected secondary samples. 

The buffer creates better conditions for the spores and prevents them from rupturing, and Tween 20 is 

an emulsifying agent to prevent the spores from clumping together. The spore suspension rested on the 

bench for 10 minutes before it was further diluted into another test tube with 5 ml PBS, 0.1% Tween 

20 until it had obtained an MF-value of 0.50. 

 The following steps are based on LO-Laboroptik (n.d.). A haemocytometer (Marienfeld, 

Berlin, Germany) was prepared using a sterile cotton swab dipped in water to wet the mounting 

supports. The cover glass was carefully slid on top of the haemocytometer, and the clamps were gently 

pressed into place until interference rings were visible on the mounting support (Newton rings); that 

indicated that the cover glass had the correct distance from the haemocytometer. The haemocytometer 
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had two separate Bürker-Türk grids, so both spore suspensions could be inserted on the same slide at 

the same time (See Figure 11). Each grid contained four counting chambers, which were divided into 

16 squares. 

 

Figure 11: Schematic view of a haemocytometer with two counting grids.  

A drop of the spore suspension was placed on a plain glass slide with a plastic pipette for 

easier access. Using an automat pipette, 7-8 µl of the spore suspensions was gathered. The tip of the 

pipette was placed at the sample introduction point (See Figure 11) in an angle of approximately 45° 

to 60° and inserted until the grid was covered in the suspension; driven by capillary forces. 

Using 10x objective on the microscope, all four 16-squares chambers in the grid were counted 

for spores on each Bürker-Türk grid. See Figure 12 to see how the spore placements were interpreted 

in relation to the lines of the grid. The following formula was used to calculate the number of colony 

forming units (CFU) per ml: 

𝑛̅ =
𝑛1 + 𝑛2 + 𝑛3 + 𝑛4

4
 

[𝑆𝑝𝑜𝑟𝑒𝑠] = 𝑛̅ ∙ 104 = 𝐶𝐹𝑈/𝑚𝑙 

 

𝑛1 =  number of spores in chamber 1   

𝑛2 =  number of spores in chamber 2  

𝑛3 =  number of spores in chamber 3  

𝑛4 =  number of spores in chamber 4  

𝑛̅ = average number of spores per chamber   
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Figure 12: Rules applied for the counting grid. Spores that are coloured black were counted, while the grey were 

left uncounted. Adapted from LO-Laboroptik (n.d.). 

The experiment was repeated twice with fresh 0.50 MF spore suspensions for each replicate. 

 

3.2 Molecular 

3.2.1 DNA extraction 

The process of extracting DNA started with a spore suspension in a microtube. A sterile steel 

bead of 4 mm in diameter was placed into a 2 ml microtube together with 350 µl lysis buffer (AL-

buffer from QIAGEN®, Vienna, Austria). Spores from a secondary plate were then suspended into the 

microtube (see section 3.1.3.3) until the suspension had turned dark and murky. Each tube was marked 

with a designated number. 

 The tubes were sealed and homogenised using a RETSCH® mixer mill for 3 minutes at 25 Hz. 

The samples were then spun down in a centrifuge for a few seconds to compress some of the foam 

created during the homogenisation. After that, 10 µl of 20 mg/ml Proteinase K (Sigma-Aldrich, St. 

Louis, Missouri) was added in each tube, mixed on a vortex for a couple of seconds and placed on a 

Thermomixer heating block at 56 °C, shaking on 550 rpm for 30 minutes. 

 Once the mixing had ended, the tubes were centrifuged for 5 minutes at 12 000 x g, and 200 µl 

of the supernatant was transferred into new 2 ml microtubes. All the samples were stored in -20 ± 1 °C 

until further extraction with QIAcube Connect by QIAGEN®. For every 11th sample, an extraction 

blank control (EBK) was also made using the exact same methods as the samples, except no spores 

nor substitutes were added.  

 DNA extraction was performed on a QIAcube machine, using the QIAamp® DNA Mini Kit 

(Vienna, Austria). With each run containing 11 samples and 1 EBK. The setting used on QIAcube for 
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the DNA extraction was DNA > QIAamp DNA Mini Kit > Tissue > Standard. The reagents inserted 

into the machine for DNA extraction were absolute EtOH, lysis buffer AL, wash buffers AW1 and 

AW2, and elution buffer, AE; these reagents, along with the QIAamp spin column, came from the kit. 

The extracted DNA samples were stored in -20 ± 1 °C. DNA concentration was also measured 

in a few of the DNA samples using NanoDropTM One to get an approximate measurement among all 

the samples; this was to see how successful the DNA extraction was, and to estimate if the amount 

would be sufficient for PCR. 

3.2.2 PCR 

PCR was used to amplify gene fragments prior to sequencing. To confirm the species of the 

fungi, either parts of the calmodulin gene (caM) or β-tubulin (bT2) were amplified and sequenced. For 

this set of isolates, caM was the main marker used for species identification; the protocol used for this 

PCR was based on Hong et al. (2005). The bT2 gene was used for A. niger and a few A. fumigatus 

isolates whenever caM PCR was insufficient; the protocol used for bT2 PCR was based on Glass and 

Donaldson (1995). The cyp51A gene and promoter region were sequenced to search for mutations that 

indicate azole resistance in the fungi. The protocol for the cyp51A PCR was based on the article from 

Mellado et al. (2001) and Mortensen et al. (2011). 

Table 6: Forward and reverse primers of the genes that were amplified with PCR in this study. 

 

3.2.2.1 Species identification – caM and bT2 PCR 

 Since there were several samples that had to be sequenced, a master mix was made prior to the 

PCR; this is a mix of all components needed for the reaction except for the DNA template. The 

concentration and volumes of all the components in the master mix were pre-calculated and dependent 

on the number of samples. For PCR of caM and bT2, the master mix contained only Milli-Q water and 

primers. Volumes of each component used per sample reaction can be viewed in Table 7 for caM PCR 

and Table 8 for bT2 PCR. For each master mix made, a negative control was also prepared where the 

template was replaced with Milli-Q water. 

Gene Primers Direction Sequence (5' → 3') 

caM CMD5 Fwd CCGAGTACAAGGAGGCCTTC 

CMD6 Rev CCGATAGAGGTCATAACGTGG 

bT2 BT2A Fwd  GGTAACCAAATCGGTGCTGCTTTC 

BT2B Rev ACCCTCAGTGTAGTGACCCTTGGC 

cyp51A P-A07 Fwd TCATATGTTGCTCAGCGG 

cyp51A_4R Rev CCTATTCCGATCACACCAAA 
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In order to make the master mix, the primer solutions were first defrosted and stirred with a 

vortex. In caM PCR, forward primer CMD5 and reverse primer CMD6 were used, while bT2 PCR 

used forward primer Bt2A and reverse primer Bt2B (See Table 6). The correct amount of each primer 

was measured according to the number of samples and added into a 1.5 ml microtube. The Milli-Q 

water was then added to complete the master mix. The master mix was mixed with a vortex and spun 

down with a centrifuge to collect droplets along the walls of the tube. 

The PCR-kit used for species identification of the isolates was GE Healthcare 27955702 

illustraTM PuReTaq Ready-To-GoTM PCR beads (Buckinghamshire, UK). These dry beads contain all 

components needed for PCR except the primers and the template. 

Table 7: Added volumes of each component for caM PCR. Master mix contained CMD5, CMD6 and MQ. 

Component Volume (µl) 

CMD5 (5 µM) 1.5 

CMD6 (5 µM) 1.5 

MQ 18 

PuReTaqTM Ready-To-GoTM PCR bead - 

DNA template 4 

Total volume 25 

 

Table 8: Added volumes of each component for bT2 PCR. Master mix contained Bt2A, Bt2B and MQ. 

Component Volume (µl) 

Bt2A (5 µM) 3 

Bt2B (5 µM) 3 

MQ 17 

PuReTaqTM Ready-To-GoTM PCR - 

DNA template 2 

Total volume 25 

 

 The end volume of each reaction mix for both caM and bT2 PCR was 25 µl. In the caM PCR, 

21 µl of the master mix was added into a PCR tube with a bead from the kit along with 4 µl template 

made in section 3.2.1. For bT2 PCR, 23 µl of the master mix and 2 µl of the template were added into 

a PCR tube with a bead. The DNA templates were all defrosted and mixed with a vortex before use. 

Once everything was added into the PCR tube, the tubes were sealed shut with lids and gently tapped 

against the table surface a few times to mix. The tubes were then spun down with a centrifuge to 

collect all droplets to the bottom and get rid of any air bubbles. 
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The tubes were then placed into a Bio-Rad 96-well T100TM Thermal Cycler PCR machine, or a 

Thermo Fisher Scientific Veriti 96 Well Thermal Cycler PCR machine. The program used can be seen 

in Table 9 for caM, and Table 10 for bT2. All the PCR products were stored in -20 ± 1 °C for further 

analyses.  

Table 9: PCR program for caM. 

Temperature Time 

95 °C 4 min 

95 °C 1 min 

55 °C 1 min 

72 °C 2 min 

72 °C 8 min 

12 °C ∞ 

 

Table 10: PCR program for bT2. 

Temperature Time 

95 °C 5 min 

95 °C 30 sec 

58 °C 20 sec 

72 °C 30 sec 

72 °C 5 min 

8 °C ∞ 

 

3.2.2.2 PCR on cyp51A 

 The isolates that showed azole resistance during the E-test in section 3.1.7.2 were selected to 

have their cyp51A and promoter region sequenced for mutation. Dissimilar to the PCR for species 

identification, cyp51A PCR used components from Thermo Fisher Scientific (Waltham, 

Massachusetts) for the master mix; it consisted of 10x Dream Taq buffer, dNTP and Dream Taq DNA 

polymerase along with the primers and Milli-Q water (See Table 11). The forward primer used in this 

PCR was P-A07, while the reverse primer was cyp51A-4R (See Table 6). The volumes of each 

component in the master mix was calculated according to the number of samples, mixed together in a 

1.5 ml microtube by pipetting the mix up and down a few times and spun down in a centrifuge to 

collect droplets. 

 

x 35 

x 35 



36 

 

Table 11: Added volumes of each component for cyp51A PCR. 

Component Volume (µl) 

10x Dream Taq buffer 5 

dNTP (10 mM) 1 

P-A07 (10 µM) 1 

cyp51A-4R (10 µM) 1 

Dream Taq (5 U/µl)  0.25 

MQ 37.75 

DNA template 4 

Total volume 50 

 

 In each PCR tube, 46 µl of the master mix and 4 µl of vortexed DNA template were mixed 

together, sealed and spun down in a centrifuge to collect all the droplets and get rid of the air bubbles. 

The tubes were then placed into the PCR machine from BIO-RAD or Thermo Fisher Scientific (See 

Table 22 in Appendix 3) with the program in Table 12 running. The PCR products were stored in  

-20 ± 1 °C afterwards.  

Table 12: PCR program for cyp51A. 

Temperature Time 

95 °C 2 min 

95 °C 30 sec 

58 °C 30 sec 

72 °C 1 min, 30 sec 

72 °C 7 min 

8 °C ∞ 

 

3.2.3 Gel electrophoresis 

 All PCR products that were made in this study were run on gel electrophoresis after the 

reaction to verify whether the amplification was successful. This process separates DNA fragments by 

size; this is done by running the amplicons through a gel with an electrical current. The TBE (Tris-

borate-EDTA) buffer used in gel electrophoresis creates conditions that enable DNA to obtain 

maximum negative charge so they can travel with the current. The gel matrix creates resistance so the 

speed of the DNA fragments is proportional with their size; shorter fragments will then be able to 

travel further than longer fragments. The gel is also stained with GelRedTM dye that creates fluorescent 

light under ultraviolet (UV) light when bound to nucleic acids; this makes the samples visible to the 

eye (Yılmaz et al. 2012). 

x 35 
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 For caM and bT2 PCR product, a 1.5% agarose gel was made for the electrophoresis; firstly, 

1.50 g peqGOLD agarose universal powder (VWR, Spain) was weighed. After adding the agarose into 

a flask, 100 ml 1:10 dilution TBE buffer was measured and added in as well. To solve the agarose into 

the buffer, the mix was put into the microwave on medium high effect. Once all the agarose was fully 

dissolved, 10 μl GelRedTM (Sigma-Aldrich, St. Louis, Missouri) was added into the content of the 

flask. Later in the study, 7 μl for 100 ml agarose mix was used as that was sufficient as well. GelRedTM 

was homogenised into the agarose mix by swirling the content in the flask around before it was poured 

into the mould with the appropriate comb (or combs) for the wells. For cyp51A PCR products, 1.0% 

agarose gel was prepared instead. See Table 13 for an overview of the different gels and measurements 

used throughout the procedure. 

Table 13: Measurements used for different gels. 

Gel Agarose (g) 1:10 dilution TBE (ml) GelRedTM (μl) 

1.5% agarose (100 ml) 1.50 100 7 

1.5% agarose (50 ml) 0.75 50 3.5 

1.0% agarose gel (50 ml) 0.50 50 3.5 

1.0% agarose gel (120 ml) 1.20 120 8 

 

The comb was carefully extracted from the gel once it had settled. The gel was then taken out 

from the mould and submerged into an electrophoresis box with 1:10 dilution TBE buffer. More buffer 

was added if the gel was not fully submerged. 

 The PCR products were prepared by mixing 5 µl of the product with 1 µl 6X DNA Loading 

Dye (Thermo ScientificTM, Vilnius, Lithuania), by pipetting up and down 5-7 times. The dye would 

increase the density and visibility of the samples so they would sink into the wells and become easier 

to monitor during electrophoresis. The entire mix (6 µl) was carefully loaded into each well in the gel. 

Along with the caM- and bT2-amplicons, 3.5 µl GeneRuler 1 kb DNA Ladder (Thermo ScientificTM, 

Lithuania), was added into the first well of the gel. In instances where there were more than 15 

samples, 3.5 µl of the ladder was also loaded at the other end of the row. In gel electrophoresis on 

cyp51A, 3.0 µl ladder was used instead. The ladder was usually added as the last step before the 

electrophoresis started. Figure 13 displays the lengths of each band of the ladder and was used as 

reference for interpreting the chain size of the PCR products. 
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Figure 13: Reference of the GeneRuler 1 kb DNA Ladder by Thermo ScientificTM, (Vilnius, Lithuania). 

Retrieved from Thermo Fisher Scientific (2019). 

 

Once all the samples were loaded, an electric current (90 V and ~80 mA) was applied to the 

instrument for 40 minutes to 1 hour. For the cyp51A PCR product with 1.0% agarose gel, the 

electrophoresis was run on 100 V and ~90 mA for 50 minutes to 1 hour. Once the electrophoresis was 

complete, pictures of the gel were taken; UV302, 5 seconds exposure time with an AzureTM c150 

geldoc instrument. 

3.2.4 Gel purification 

 The results of the gel electrophoresis on cyp51A PCR product revealed some impurities, which 

seemed to be persistent. The impurities were contained in a different band size, and it was decided that 

gel purification was necessary for some of the samples. 

 A 120 ml, 1.0% agarose gel was made and moulded with 8 µl GelRedTM (See Table 13). All 

the PCR products were loaded with loading dye (1 µl for every 5 µl sample) and inserted into the wells 

as full as possible; the aim was to use as few wells as possible. In a separate well, 3 µl GeneRuler 1 kb 

DNA Ladder was added. The gel was running on 80 V and ~80 mA for an hour, and then on 60 V for 

an additional hour. 

 An image was taken under the geldoc (UV302, 5 sec exposure time) to check for bands. 

Working under UV326, the bands were cut out from the gel with a scalpel and collected into a 2 ml 

microtube for each sample. 
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For the proceeding steps of the gel purification, the QIAquick® Gel Extraction Kit from 

QIAGEN® (Vienna, Austria) was utilised; in this protocol, some of the volumes were stated in 

relation to the amount of gel collected. Three times the volume of buffer QG was added to the 

samples. The tubes were then placed on a 50 °C heat block and vortexed every 2-3 minute for 10 

minutes until all the gel had fully dissolved. One volume of isopropanol was then added and vortexed. 

The start amount of each sample and component used before the first run through of the column are 

shown in Table 14. 

Table 14: Sample size at the start of gel purification, and volumes of components used before the first run 

through the column. 

 Sample B Sample C 

Gel collected (g) 0.39 0.28 

Amount of start sample (µl) 390 280 

QG added (µl) 1170 840 

Isopropanol added (µl) 390 280 

 

The samples were then transferred into a QIAquick® spin column with a 2 ml tube that came 

with the purification kit and centrifuged at 17 900 x g for 1 minute. The flow-through was discarded 

afterwards. Since there was a large volume of each sample, this step was repeated until all the sample 

had gone through the spin column, using 500 µl at the time. After all sample had passed through the 

spin column, an additional 500 µl QG buffer was added into the column and centrifuged for 1 minute; 

the flow-through was discarded. 

For the next step, 750 µl PE buffer was added into the spin column. The tubes were then left 

on the bench for 2-5 minutes to rest before they were centrifuged for 1 minute, and the flow-through 

was discarded. The tubes were centrifuged once more to dry off the column extensively. 

The spin columns were transferred into clean 1.5 ml microtubes, and 30 µl EB buffer was 

inserted at the centre of the column filter. The tubes rested for 1-4 minutes on the bench before they 

were centrifuged for 1 minute. The flow-through collected was then sent to sequencing. 

 

3.3 Sequencing and sequence processing 

3.3.1 Sanger sequencing 

 The sequencing of each sample was done by Eurofins Genomics (Ebersberg, Germany). 15 µl 

of every caM and bT2, and 20 µl cyp51A PCR product was packed into 1.5 ml microtubes and labelled 

with barcodes before they were sent off to be sequenced with Sanger sequencing methods. The 

primers that were used for sequencing can be seen in Table 15. 
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Table 15: Primers and their sequences used during Sanger sequencing for each gene written below. 

 

3.3.2 Bioinformatic 

3.3.2.1 Sample identification - Assembly and BLAST 

After receiving the caM and bT2 sequences, they had to be aligned and edited. The program 

used for this task was Geneious Prime (Biomatters, New Zealand). Every sample had a sense and 

antisense sequence, as a forward and reverse primer was utilised for the DNA sequencing (Table 15). 

By aligning these two sequences with each other, a higher quality read and longer contig could be 

achieved.  

 De Novo Assembly was used to align the sequences pairwise. The settings were adjusted to 

high sensitivity, and variants that had coverage of over 6 were not to be merged. Samples where one 

strand had a high quality read, and the other was of poor quality, were not aligned; only the strand of 

high quality was further processed.  

After obtaining a consensus, ends with bad sequence quality were cropped. Base pairs where 

the read was too ambiguous were further looked into and edited based on comparing the 

chromatogram of the sense and antisense sequences. The ambiguous base pair reads were left unedited 

if the chromatogram was too unclear. 

 Once alignment and editing were complete, all the consensuses were put through the Basic 

Local Alignment Search Tool (BLAST), developed by the National Center for Biotechnology 

Information (NCBI), and was a feature in Geneious Prime. The BLAST was searching through the 

nucleotide collection database using Megablast. See Figure 14 for a detailed view of the settings used. 

Gene Primers Direction Sequence (5' → 3') 

caM CMD5 Fwd CCGAGTACAAGGAGGCCTTC 

CMD6 Rev CCGATAGAGGTCATAACGTGG 

bT2 BT2A Fwd  GGTAACCAAATCGGTGCTGCTTTC 

BT2B Rev ACCCTCAGTGTAGTGACCCTTGGC 

cyp51A P-A07 Fwd TCATATGTTGCTCAGCGG 

P-A04 Fwd CAGACATGATATGGAACC 

cyp51A_2F Fwd CGGCAATCTTGCTCAATG 

cyp51A_1R Rev CATTGAGCAAGATTGCCG 

cyp51A_2R Rev GGTGAATCGCGCAGATAGT 

cyp51A_3R Rev GTCAAGATCCTTGTACTGGAGC 

P450.2 Rev CTGTCTCACTTGGATGTG 
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Figure 14: Snippet of the settings used in the BLAST feature in Geneious Prime. 

 

3.3.2.2 Screening for mutations on cyp51A 

  Using De Novo Assembly with the same settings used for caM and bT2, all seven sequences 

from the cyp51A sequencing were aligned into one longer sequence. Low quality reads at the ends 

were cropped, and ambiguous base pairs were evaluated by the chromatogram and edited accordingly. 

The consensuses of the samples were copied and pasted into their own file and aligned with 

three cyp51A and promoter region reference sequences with De Novo Assembly. The reference 

sequences used were a wild type (WT) sequence, a TR34/L98H mutation sequence, and a 

TR46/Y121F/T289A mutation sequence; these are depicted schematically in Figure 15, and the 

consensus of each reference sequence can be found in Appendix 15. The software marked where the 

sequences differed, and by comparing this, the mutation and its identity could be spotted. 
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Figure 15: Schematic view over the reference sequences of cyp51A and its promoter region. 
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4. Results 

4.1 Citizen science participant’s information 

Air samples were collected from the participants along with the information they provided in 

the form. In total, 43 participants were contacted to participate in the second round of this research 

project, due to their participation in the first round. There were in total 41 people who showed interest, 

which amounted to a response rate of 95.3%. Out of the 41 participants who responded, 37 actually 

sent their samples back; resulting in a response rate of 90.2%. This was 9 participants fewer compared 

to the first round of sampling, where 46 participants had sent their samples back. During the second 

round, 72 films were received in total; 35 from animal housing rooms, and 37 from storage rooms. 

Figure 16 shows a map over all the areas in Norway the samples were taken. 

 

Figure 16: Map over air sampling locations. Map base was retrieved from Kartverket (n.d). 

 Information about the farms based on the responses given in the questionnaires that were sent 

to them (Appendix 2) was structured and sorted. Out of the 37 farms that were sampled, 35 of them 

housed animals. In total, 26 farms housed dairy cows and/or meat cattle; dairy cows were the most 

common livestock among the farms. The number of farms that housed each animal type is listed in 

Table 16. The type of bedding used for the animals was also inquired in the questionnaire; the most 

common type of bedding was wood shaving, which was used as the only bedding material in 20 of the 

farms, and in a mix in 9 of the farms. Furthermore, the questionnaire also inquired about plots; 5 of the 

37 farms owned plots that they used to grow crops and hay. 
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Table 16: Number of farms housing each animal type. There were 37 farms in total. Take note that some farms 

housed more than one type of animal. 

Animal Number of farms (n = 37) 

Dairy cow 21 

Meat cattle 9 

Sheep 8 

Goat 1 

Pig 1 

Horse 5 

Chicken 3 

Others 3 

  

A total of 6 of the 37 participants stated they ran an organic farm, according to the 

questionnaire. Two farms noted that they used pesticides on their plot; one farm stated they used all 

three categories of pesticides (herbicides, fungicides and insecticides) inquired in the form, but 

fungicides were used on only one of their two plots (wheat). The other farm used fungicides and 

herbicides on their plot. 

The participants also noted what was kept inside their storage rooms. Some of the items listed 

in the questionnaire by the participants were silage, hay, other types of animal feed, straw, wood 

shaving, tools, equipment, vitamins, vegetables and fertilisers (some of the farmers actually kept their 

animals in their storage room). The most common items kept in were hay (18 farms), silage (13 farms) 

and other types of animal feed (14 farms). 

Because temperature is one of the key factors that affect fungal growth, the temperatures of 

the sampling rooms were measured. The temperature measured in the animal housing rooms was 

between 7 °C and 21 °C, with a median temperature of 15 °C (± 3.5 °C). Next, the temperatures of the 

storage rooms were between 6 °C and 21 °C, with a median temperature of 10 °C (± 3.1 °C). Figure 17 

shows the distribution of temperatures measured at the different farms.  

Figure 17 also shows the differences in temperatures measured during the first and second 

sampling rounds in this study. The data from the first round are gathered from Henriksen (2021). In 

general, the first round had a lower median temperature with a higher standard deviation than the 

second round. The highest and lowest temperatures measured in the animal housing rooms were 22 °C 

and 3 °C, and in the storage rooms, 22 °C and -15 °C. The median temperature of the first round was 

10 °C (± 4.9 °C) for the animal housing rooms, and 2.5 °C (± 6.7 °C) for the storage rooms. 
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Figure 17: Comparison of temperatures measured during the first round (blues) and the second round (red and 

yellow). The box diagram displays the temperatures measured in the animal housing rooms (H1 and H2) and the 

storage rooms (L1 and L2) respectively. There are 34 points in H1, 36 in L1, 31 in H2 and 33 in L2. The first 

round had generally lower temperatures and higher standard deviation than the second round. 

It is important to note that not all the questionnaires that were sent back with the samples were 

filled in completely; this has led to some data getting lost or becoming more challenging to sort. See 

Table 30 in Appendix 7 for a more detailed description of the information the participants granted. 

 

4.2 Fungal cultivation and subsampling 

4.2.1 Contamination test 

 Cross contamination was a constant concern while extracting, cultivating and processing the 

fungal isolates. A small test was therefore done parallel to the main processes, where agar plates were 

placed within and next to the field of work after processing the isolates to check for airborne spores. 

The results of the contamination test are displayed in Table 17. Photos of the agar plates and 

setup of the test can be found in Appendix 8. The first round of MEA plates used for testing 

Aspergillus fumigatus contamination risk displayed no growth. The second round of MEA plates had 

A. fumigatus growth on the middle plate placed in the airflow cabinet after 0 minutes, and on the side 

plates after 0 minutes and 6 minutes. The DG18 plates used for testing Aspergillus niger 

contamination risk had growth only on the side plate placed in the airflow cabinet after 2 minutes. 
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Table 17: Results of the contamination test that shows growth (+) or no growth (-) on the agar plates. Plates 

marked with M were placed at the centre of the work area, while plates marked with S were placed 30-40 cm to 

the side of the work area. 

Plate number 
Time of 

placement 

A. fumigatus –

MEA (1) 

Growth (-/+) 

A. fumigatus – 

MEA (2) 

Growth (-/+) 

A. niger – 

DG18 

Growth (-/+) 

M0 0 min - + - 

M2 2 min - - - 

M4 4 min - - - 

M6 6 min - - - 

S0 0 min - + - 

S2 2 min - - + 

S4 4 min - - - 

S6 6 min - + - 

 

 There did not seem to be any coherent patterns in terms of cross contamination according to 

this test. According to the similar test done by Henriksen (2021), cross contamination was persistent at 

the centre where isolates had been disturbed, while 30 cm to the side had no growth. Because of that, 

switching between workbenches was imperative to avoid cross contamination. For the remainder of 

this study, however, the measures done to prevent cross contamination was to work on one side of the 

airflow cabinet, wipe with 70% EtOH, wait 10 minutes, wipe with EtOH again, and work on the other 

side of the airflow cabinet. 

4.2.2 Findings on primary plates 

A total of 72 primary plates were made from the films received. About 11 different genera 

and/or species of fungi were identified morphologically on the primary plates; this included A. 

fumigatus, A. niger, Aspergillus glaucus, Aspergillus flavus, Aspergillus nidulans, Aspergillus tritici, 

Penicillium spp., Scopulariopsis spp., Paecilomyces spp., yeasts, and Mucorales. Little or no 

distinction was made between the different species of yeasts and Mucorales due to morphologic 

similarities, and because it had little relevance to the study. Hence, these species were usually 

categorised within the same group. In cases where it was apparent that there were more than one 

species of yeast or Mucorales on the same plate, the observation was noted as such. Species within 

Penicillium, Scopulariopsis and Peacilomyces were usually grouped together respectively as well. See 

Table 31 in Appendix 9 for a more detailed description of the different findings on each primary plate. 

Figure 18 shows an example of how a primary plate could look like after incubation. 
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Figure 18: Primary plate (G23L2) with growth of various fungal species on DG18 after incubation at 37 °C for 

48 h without the film. The plate displays colonies of A. fumigatus, A. niger, A nidulans, A. flavus, A. tritici and 

two types of Mucorales. 

 

In order to create an overview of the diversity of species observed on the primary plates, each 

genus and Aspergillus spp. were scored as present or absent on each plate. Figure 19 shows the 

percentage of primary plates from animal housing rooms (H2) and storage rooms (L2) respectively 

that had each genus and Aspergillus species appearing. The figure also shows the percentage of plates 

with unidentified colonies. Yeasts appeared most often and were found on 47 of the 72 primary plates 

(~65%). The genus that appeared the rarest was Paecilomyces, which appeared on only two primary 

plates (~3%). Three primary plates (~4%) had no fungal growth after 2-5 days of incubation, and 14 of 

the 72 plates (~19%) had unidentified colonies. 
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Figure 19: The percentage of primary plates from animal housing rooms (H2) and storage rooms (L2) that had 

growth of each type of finding listed. There were 35 H2 plates, and 37 L2 plates. 

 

4.2.3 Morphological identification of A. fumigatus and A. niger on primary plates 

Colonies of A. fumigatus and A. niger were isolated onto secondary plates from the primary 

plates. Aspergilli of both section Nigri and section Fumigati were recognisable through colony 

inspection and microscopy. Figure 20 shows the morphological characteristics of each of the two 

fungal species.  

  

A 

 

D 
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Figure 20: Morphological characteristics of A. fumigatus (A-C) and A. niger (D-F). The colonies of the two 

Aspergillus spp. on DG18 after incubation at 37 °C for three days can be seen in A and D. The conidiophores 

under the stereo microscope at 4x zoom are seen in B and E. Microscope images of the conidiophores 100x 

objective are shown in C and F. 

Of the 72 films that were plated, 27 produced at least one colony of A. fumigatus, and 19 

plates had at least one colony of A. niger (this includes plates with growth of both Aspergillus spp.). 

The number of plates that had both A. fumigatus and A. niger was 13. In total, there were 58 A. 

fumigatus (31 from animal housing, and 27 from storage rooms) and 37 A. niger isolates (22 from 

animal housing, and 15 from storage rooms) collected from all the primary plates (Figure 21). The 
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number of animal housing and storage rooms that gave one, two or three isolates of each Aspergillus 

spp. is shown in Figure 22. 

 

Figure 21: Number of A. fumigatus and A. niger isolates gathered from animal housing rooms, storage rooms 

and in total. 

 

Figure 22: Number of primary plates that provided one, two or three isolates of A. fumigatus and A. niger from 

animal housing and storage rooms. 

The map in Figure 23 shows where in Norway the A. fumigatus and A. niger isolates came 

from. Very few isolates were found in the more northern parts of the country, while clusters are 

located at the South-West and eastern parts. 
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Figure 23: Map over locations where the A. fumigatus and A. niger isolates originated. Map base was retrieved 

from Kartverket (n.d). 

 

The comparison of how often A. fumigatus was found on the primary plates between the first 

(January-March) and second (October-November) sampling rounds can be seen in Figure 24. This was 

to see if different seasons affected proliferation of A. fumigatus. Data from the first sampling are 

retrieved from Henriksen (2021). It is clear that A. fumigatus appeared more frequently during the first 

sampling than in the second sampling, which is also reflected in the total number of isolates collected 

between the two rounds (Figure 25). There was a substantially higher number of A. fumigatus isolates 

gathered from the first sampling, which was almost double of what was collected during the second 

sampling. 
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Figure 24: Comparison between percentage of primary plates with A. fumigatus in the first and second 

sampling. 

 

 

Figure 25: Comparison of number of A. fumigatus isolates collected during the first and second round. 
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4.3 Molecular identification of fungal isolates 

4.3.1 caM primer optimisation and troubleshooting 

Fungal isolates were identified molecularly by amplification and sequencing of appropriate 

genes. The caM gene gives the best resolution for A. fumigatus and was the primary choice as genetic 

marker. However, based on experience, the caM PCR can vary in quality, and a small test was 

conducted to find out what primer concentration and what template volume would optimise the caM 

PCR reaction. Combinations of two different primer concentrations (one with 0.6 μM, and one with 

0.3 μM of forward primer CMD5 and reverse primer CMD6), with three different amounts of template 

were tested on representative isolates of A. fumigatus and A. niger. 

The isolates of A. fumigatus and A. niger had the same DNA concentration (2.1 ng/µl), and the 

template amount was adjusted by changing the volume of the template (i.e.1 μl, 2 μl and 4 μl). See 

Figure 26 for the schematic view of the PCR setup. 

 

Figure 26: Schematic view of the set-up used for the troubleshooting of caM PCR. There were 25 µl in each 

tube. 

After gel electrophoresis (Figure 27), the PCR products were visible in every well where the 

primer concentration was 0.3 µM. In the wells where the primer concentration was 0.6 µM, only the 

samples with 4 µl A. fumigatus DNA template and 2 µl A. niger DNA template had visible PCR 

products; the rest were obscure or not visible on the gel. One clear band with the expected length of 

the caM amplicon is visible wherever the PCR was successful. It also appears that the wells containing 

A. niger isolates created several other PCR products of different sizes during the reaction; this was 

especially prominent in the samples with 4 µl and 1 µl A. niger DNA template and 0.3 µM primer 

concentration. The negative controls were all blank, so this was unlikely due to a contamination. 

Regardless, based on the results of this test, the PCR protocol for caM was adjusted to 4 µl template 

volume and 0.3 µM primer concentration. 
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Figure 27: Gel image of caM PCR optimisation. The wells are marked with sample, template volume and primer 

concentration. A.f is for A. fumigatus, A.n is for A. niger. Neg. is negative sample and Lad is ladder. The band 

containing the PCR product of caM is marked with an arrow. All negative samples were blank. 

 

The phenomenon of multiple bands seemed to only appear in A. niger and not A. fumigatus. 

The number and intensity of these bands also varied slightly from sample to sample. In order to figure 

out a possible explanation for why this was the outcome for caM PCR on A. niger, a few random caM 

sequences from A. fumigatus, A. niger and Aspergillus tubingensis were downloaded from the NCBI’s 

nucleotide database and inspected. After performing multiple alignment of the sequences in Geneious 

Prime (New Zealand), a search for the primer sequences, CMD5 and CMD6, was conducted (See 

Figure 28). The results show that CMD5 was only found on the A. fumigatus sequences. Upon further 

inspection, there were some base pair variation on one of the A. niger sequences. One of the A. 

tubingensis sequences had a segment similar to the CMD5 sequence, but lacks a couple of base pairs 

at the end to draw a complete conclusion. The CMD6 sequence was found on one A. fumigatus and 

one A. tubingensis strain. Most of the other reference sequences had a few base pair variations in the 

primer region. This shows a possible explanation as to why the caM PCR did not work well on the 

black Aspergillus isolates; the base pair variations in the primer region would disable the primers from 

annealing perfectly. This could in turn have made the primers favour other loci on the genome with 

similar sequences; creating multiple bands during PCR. It is not very clear as to why CMD6 was not 

found on both A. fumigatus reference strands. Furthermore, it was also unexpected that the one primer 

sequence that was found on the black Aspergillus references was CMD6, as it was the forward strand 

(CMD5) that had a higher success rate during sequencing. This has demonstrated that molecular 

techniques do not always yield the expected outcome every time. Using different primers better suited 

to the black Aspergillus isolates could have increased the quality of the amplicon. 
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Figure 28: Primer sequences marked on random caM sequences of A. fumigatus, A. niger and A. tubingensis 

from NCBI’s nucleotide library. The grey area in the upper image marks the CMD5 (forward primer) sequence, 

while the grey area in the bottom image marks the CMD6 (reverse primer) sequence. 

 

The multiple bands A. niger created during caM PCR would interfere with sample sequencing. 

In order to try and solve this issue, the annealing temperature was increased from 55 °C to 56 °C, and 

the number of cycles was changed from 35 to 37 on a few selected A. niger isolates; both numbers of 

cycles were tested parallel to each other. As seen in Figure 29, the multiple bands still persisted after 

the adjustments. Changing the number of cycles from 35 to 37 seemed to have noticeably increased 

the intensity of the bands. Given the problems with caM-amplification on A. niger, the genetic marker 

used for A. niger identification was switched from caM to bT2. 

 

Figure 29: Gel image of A. niger isolates after an adjusted caM PCR; the product is between 500 bp and 750 bp. 

The annealing temperature had been increased to 56 °C. The number of cycles was also changed; 35 cycles to 

the left, and 37 cycles to the right. The negative control (N6) was blank. Band sizes are marked on the ladder 

(Lad). Sample numbers can be seen in Table 35 in Appendix 17. 
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4.3.2 Molecular identification of A. fumigatus isolates 

 PCR on caM was successful for most of the A. fumigatus isolates as they acquired a band 

somewhere between 500 bp and 750 bp; caM has a band size of 580 bp. The quality of the product 

varied moderately from sample to sample; some samples had a very clear, singular band at correct 

band length, while others were very faint or not visible. All EBK samples and negative controls turned 

out blank. A representative gel electrophoresis image of caM-amplified A. fumigatus can be seen in 

Figure 30. Gel images of all of the caM PCR products are shown in Figure 50 in Appendix 16, while 

the sample numbers are listed in Table 35 in Appendix 17. 

 

Figure 30: Gel image of caM PCR product for some of the A. fumigatus isolates (between 500 bp and 750 bp). 

EBKs are extraction blank control, and N5 is negative control, which were all blank. Band sizes are marked on 

the ladders (Lad). The description of what samples are in which wells is listed in Table 35 in Appendix 17. 

 

 There were a few A. fumigatus isolates that did not obtain a good enough sequence due to poor 

PCR-amplification. In order to increase the amount of PCR product, an additional amplification was 

set up, increasing the number of cycles to 36 (Figure 31). Five samples were sent to sequencing. Next, 

it was decided that three other samples had a high enough read quality on one of their two strands 

from the initial sequencing round and were not molecularly processed any further. The remaining four 

samples were put through another round of caM PCR where the number of cycles were increased to 

37, and the template volume used was increased to 6 µl. This did not seem to have had an impact on 

the quality of the PCR products, so these four A. fumigatus isolates were identified using bT2 instead 

(Figure 51-C, Appendix 16). The results of the last modified caM PCR round can be seen in Figure 

51-A in Appendix 16. 
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Figure 31: Gel image of A. fumigatus isolates where caM PCR had been modified to 36 cycles (between 500 bp 

and 750 bp). Sample 3, 22, 24, 26 and 55 were sent to get sequenced. Sample 1, 5 and 51 had a sufficient quality 

read on one of their strands in the initial sequencing round. Another modified PCR reaction was done on sample 

6, 7, 13 and 18. Negative control (N7) was blank. Band sizes are marked on the ladder (Lad). Sample numbers 

are listed in Table 35 in Appendix 17. 

The BLAST results of all the caM sequences from the A. fumigatus isolates confirmed that 

they were all indeed A. fumigatus, with a 99.5-100% similarity with the top hits. The bT2 sequences of 

the A. fumigatus isolates also confirmed that they were A. fumigatus with a 100% similarity to the top 

hits. Details about the sequences and the BLAST hit results of the environmental A. fumigatus isolates 

are listed in Table 36 in Appendix 18. 

4.3.3 Molecular identification of A. niger isolates 

 As all A. niger isolates had multiple bands in caM PCR, it was decided to use bT2 as the 

molecular marker instead. The bT2 PCR was successful for all samples. A clear band at somewhere 

around 500 bp was visible in all samples; this fits the description of bT2, which is 400-600 bp. 

Negative controls displayed no bands. Some of the samples had some additional bands of other sizes 

(Figure 32), but none of them harboured the same intensity as the main PCR product and would most 

likely not affect the results during sequencing. Gel images of the rest of the bT2 amplicons of the A. 

niger isolates can be seen in Figure 51 in Appendix 16. 

 

Figure 32: Gel image of some of the A. niger bT2 PCR products (at around 500 bp). All bT2 products were very 

clear, and negative control (N10) was blank. Band sizes are marked on the ladders (Lad). Sample numbers are 

listed in Table 35 in Appendix 17. 
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 The BLAST results of the bT2 sequences from the A. niger isolates revealed that they were all 

A. tubingensis; except for one that was A. welwitschiae (G53H2A1). All bT2 sequences had a 100% 

similarity with the top hits of the search. The bT2 amplicons seemed to also have a smaller variety in 

BLAST hits than the caM amplicons. Details of the sequences and the BLAST hit results of the 

environmental black Aspergillus spp. isolates are listed in Table 37 in Appendix 18. 

 

4.4 Resistance Screening 

4.4.1 Primary resistance screening with VIPcheckTM 

A total of 95 fungal isolates, 58 A. fumigatus and 37 A. niger, were tested for resistance 

against voriconazole, itraconazole and posaconazole using VIPcheckTM test plates. The scoring of 

potential resistance was determined by the mycelial growth, number and size of the colonies in the 

wells with azoles. The scoring system was divided into -, +, ++ and +++, and the inoculums were 

ranked according to these criteria. A control well without azoles served as a positive control for the 

spore inoculum. Figure 33 displays examples of VIPcheckTM plates that were granted each of the four 

scores. All VIPcheckTM plates that were granted a high score can be seen under Appendix 12. 

  

  

Figure 33: VIPcheckTM plates of A. niger after 48 h incubation. The images show isolates that were granted with 

different scores for itraconazole resistance (well 1). Well 4 is the control. A; G22H2A3 (-), B; G38L2A2 (+), C; 

G23L2A1 (++), D; G38H2A1 (+++). 

A 
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Among the A. fumigatus isolates, only two showed significant growth after 48 hours in at least 

one of the wells containing azoles. Among the A. niger isolates, however, there was a significantly 

higher frequency in growth on azole containing wells, with eight isolates showing some degree of 

resistance to one or more of the three azoles. The conidia of all A. niger isolates that managed to grow 

on the azole wells were less pigmented than those of the control well, which could be a stress 

response. Table 18 displays the number of A. fumigatus and A. niger isolates that were granted scores 

of -, +, ++ or +++ after 48 hours incubation (there was too little growth after 24 h). The tables in 

Appendix 11 displays the scores granted to every VIPcheckTM plate after 24 h and 48 h incubation.  

Table 18: VIPcheckTM scores for all A. fumigatus (n = 58) and A. niger (n = 37) isolates after 48 h incubation at 

37 °C. Scores of the control wells are excluded from this table. 

 Score Itraconazole Voriconazole Posaconazole 

A. fumigatus - 50 55 55 

+ 7 2 3 

++ 1 0 0 

+++ 0 1 0 

A. niger - 19 37 23 

+ 11 0 12 

++ 6 0 1 

+++ 1 0 1 

 

In order to see if seasonal differences affect the frequency of azole resistant strains appearing 

in the environment, a comparison on the VIPcheckTM results between the first sampling (January-

March) and second sampling (October-November) was made. Data from the first round were retrieved 

from Henriksen (2021). Figure 34 summarises the percentage of A. fumigatus isolates with different 

scores for the various azoles from the first and second round. In general, the first round had a higher 

percentage of isolates with scores indicating growth (+, ++, +++) than the second round. 
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Figure 34: VIPcheckTM results comparison of A. fumigatus between the first and second sampling. Percentage of 

A. fumigatus isolates that were granted a score of -, +, ++ or +++ on each azole type after 48 h in 37 °C. Top: 

Itraconazole. Middle: Voriconazole. Bottom: Posaconazole. 
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4.4.2 Secondary resistance screening with E-test 

 Eleven fungal isolates from the VIPcheckTM were further screened with the E-test. 

Additionally, 3 resistant clinical A. fumigatus isolates from NVI’s strain collection were included, and 

4 commercially available isolates serving as references. The MIC-values for all these isolates can be 

found in Table 19. Photos of the E-test results of the resistant isolates as well as an environmental A. 

fumigatus and A. niger isolate can be viewed under Appendix 13. 

Table 19: MIC-value for each isolate screened with E-test. MIC on Aspergillus spp. were read 24 h after 

inoculation, while yeast isolates (Candida spp.) were read after 48 h. G38H2A1 was read 48 h after inoculation 

for voriconazole and posaconazole due to slow growth. The isolates marked in orange had their cyp51A gene and 

promoter region sequenced. 

Sample no. Species 

Itraconazole Voriconazole Posaconazole 

MF[1] MIC 

(µg/ml) 

MF[1] MIC 

(µg/ml) 

MF[1] MIC 

(µg/ml) 

G18H2A1 A. niger 0.54 1.0 0.50 0.19 0.52 0.047 

G23H2A1 A. niger 0.52 0.75 0.50 0.125 0.52 0.125 

G23L2A1 A. niger 0.53 1.0 0.51 0.25 0.51 0.064 

G27H2A1 A. niger 0.50 0.5 0.50 0.19 0.50 0.064 

G27L2A1 A. niger 0.52 0.5 0.52 0.125 0.52 0.064 

G33L2A1 A. niger 0.51 0.5 0.50 0.38 0.51 0.064 

G38H2A1 A. niger 0.52 0.75 0.50 0.5 0.50 0.38 

G42H2A2 A. niger 0.53 1.0 0.50 0.19 0.50 0.047 

G22H2S2 A. fumigatus 0.50 0.064 0.50 0.125 0.50 0.047 

G23H2S2 A. fumigatus 0.50 0.5 0.51 0.25 0.50 0.094 

G38L2S1 A. fumigatus 0.50 0.5 0.50 0.25 0.50 0.19 

VI06245[2] A. fumigatus 0.51 4.0 0.51 1.5 0.51 0.75 

VI06584[2] A. fumigatus 0.50 3.0 0.50 1.0 0.50 0.38 

VI06658[2] A. fumigatus 0.50 4.0 0.50 1.5 0.50 0.75 

ATCC MYA 

4609[3] 

A. fumigatus 0.50 0.38 0.50 0.5 0.50 0.19 

ATCC 

22019[3] 

C. parapsilosis 0.56 0.19 0.56 0.032 0.56 0.032 

CCUG 

32723[4] 

C. albicans 0.51 0.064 0.51 0.016 0.51 0.032 

CCUG 

35869[4] 

C. krusei 0.50 0.38 0.50 0.25 0.50 0.19 

1. E-tests with different azoles were done on separate occasions due to shortage of equipment at the time; 

hence the different MF-value across the same isolate as multiple spore suspensions were made. 
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2. Resistant clinical strains from the NVI strain collection. 

3. Reference strains from American Type Culture Collection. 

4. Reference strains from Culture Collection University of Gothenburg. 

 

All the yeast reference strains displayed MIC-values similar to those indicated by bioMérieux 

(2018). The A. fumigatus reference strain, ATCC MYA 4609, had MIC-values that were higher than 

what was listed by ATCC (2020). The breakpoints in this table were determined with a microdilution 

series instead of an E-test, and it was stated that the spore concentrations used as inoculums were a 

thousand times more diluted than what was used on the E-test. These differences could potentially 

explain the high reads on the A. fumigatus strain, as the yeast cultures got MIC-values within the 

intervals given. 

The MIC-value seemed quite consistent for each azole type between each environmental 

isolate; the MIC for itraconazole was somewhere between 0.064 µg/ml and 1.0 µg/ml, and half the 

environmental isolates had a MIC of 0.5 µg/ml for this azole type. The MIC-value for voriconazole 

ranged between 0.125 µg/ml and 0.5 µg/ml, while isolates tested on posaconazole had a MIC-value 

between 0.047 µg/ml and 0.38 µg/ml. According to EUCAST (2022), all the environmental isolates 

were below the ECOFF-value, and none of the A. fumigatus isolates exhibited phenotypic resistance. It 

is a bit more unclear for the A. niger isolates as the EUCAST table does not contain any resistance 

breakpoints for this species. However, since none of them exceeded the ECOFF-value, it is unlikely to 

assume they harboured any resistance.  

One of the A. fumigatus isolates (G22H2S2) possessed a different morphology than the rest of 

the isolates. This isolate had less pigmented phialides and a lower spore production. Additionally, the 

edges of the colonies seemed to fuse into each other when they met (Figure 42 in Appendix 10). Since 

it had not shown resistance on the VIPcheckTM, it was tested with E-test to see if it was exceptionally 

susceptible. No significant sensitivity towards posaconazole and voriconazole was detected on the E-

test, but it had a significantly lower MIC-value on itraconazole (0.064 µg/ml) compared to the other 

Aspergillus isolates. No further analyses were done on this isolate. 

The clinical isolates, VI06584, VI06658 and VI06245, had MIC-values higher than the rest of 

the isolates tested. The MIC-values also exceeded the threshold for the resistance definition stated by 

EUCAST (2022) on all azoles. These three strains were therefore the only isolates for which the 

cyp51A gene and promoter region was characterised. 

4.4.3 MF-value and spore count 

 A few of the steps in the resistance screening were reliant on absorbance as a measurement for 

spore concentration. Because A. niger is much more pigmented than A. fumigatus, a test was 

conducted to see if the protocols, which were designed for A. fumigatus, were applicable for both 
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Aspergillus spp. A comparison in spore count of suspensions with the same MF-value between both 

species was done on a haemocytometer. 

 The spore count of a 0.50 MF A. fumigatus and A. niger spore suspension were done in three 

replicates, which are listed in Table 20. The spore concentration was calculated using the formula in 

section 3.1.7.3. 

Table 20: Number of spores counted in all replicates on the haemocytometer, the mean spore count and the 

spore concentration of A. fumigatus and A. niger at 0.50 MF. 

 Replicate 1 Replicate 2 Replicate 3 

Spore count–  

A. fumigatus 

152 157 143 

133 145 155 

143 186 178 

159 161 128 

Mean spore count 146.75 162.25 151 

Spore 

concentration 

(CFU/ml) 

1 467 500 1 622 500 1 510 000 

Spore count–  

A. niger 

44 65 82 

40 70 68 

47 69 46 

33 56 52 

Mean spore count 41 65 62 

Spore 

concentration 

(CFU/ml) 

410 000 650 000 620 000 

 

 The calculations show that the mean spore concentration of a 0.50 MF A. fumigatus 

suspension was 1 533 300 CFU/ml. The mean spore concentration was at 560 000 CFU/ml for A. 

niger. The results show that the spore concentration for A. fumigatus is two-three times higher than 

that of A. niger when the MF-value of the spore suspension is 0.50. Whether this trend is the same at 

other MF-values remains unknown. The analyses were not adjusted accordingly to the results of this 

experiment, but they have been noted for future references. 
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4.5 Molecular characterization of the clinical isolates 

 The resistant clinical strains from NVI’s strain collection were also put through bT2 PCR as 

the success rate was higher than that of caM PCR. The gel image is displayed in Figure 35, and the 

isolates are listed in Table 21. More details about each isolate are listed in Table 34 in Appendix 14. 

 

Figure 35: Gel image of bT2 PCR products from the resistant strain (around 500 bp). The negative control (N13) 

and EBK10 were blank. Band sizes are marked on the ladder (Lad). Samples are listed in Table 21. 

Table 21: Clinical, resistant A. fumigatus isolates. 

Well Sample no. 

A VI06245 

B VI06584 

C VI06658 

 

The PCR product of cyp51A and promoter region from the three resistant A. fumigatus strains 

can be seen in Figure 36. A band appeared somewhere between 2000 bp and 2500 bp in the gel, which 

seems correct as the expected size of the PCR product is 2130 bp. The negative control appeared to be 

blank. 

 

Figure 36: Gel image of cyp51A and promoter region PCR products from the resistant A. fumigatus strains 

(between 2000 bp and 2500 bp). Sample A was a little faint, and an extra band at around 1000 bp appeared in all 

of them. Negative control (N14) was blank. Band sizes are marked on the ladder (Lad). Samples are listed in 

Table 21. 
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 In addition to the main PCR product, there was also a second, fainter band at 1000 bp that 

appeared in the gel. The PCR was repeated twice in order to gain a purer product; three parallels were 

run at the same time in one of these attempts. The product came out with poor quality, and the extra 

band still persisted (See Figure 52 and Figure 53 in Appendix 16). However, a sufficient PCR product 

without the extra band was achieved in one of the parallels of strain VI06245, so it was sent to 

sequencing without any additional processing. Because the extra band persisted in the other two 

samples, gel purification was executed on them before sequencing to avoid any potential noise. 

 After aligning the cyp51A and promoter region sequence with the reference strains, it appeared 

all three strains harboured the TR34/L98H mutation. As displayed in Figure 37, all three sample 

sequences were identical to the TR34/L98H reference strain.  

 

Figure 37: The cyp51A gene and promoter region from the three NVI resistant clinical strains aligned with the 

reference strains. Tandem repeats in the promoter region are marked to the left of the sequences, and the L98H 

point mutation is marked to the right. All isolates seem to have the same sequence as the TR34/L98H mutation 

strain. Snippet from Geneious Prime (New Zealand). 
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5. Discussion 

 None of the 58 Aspergillus fumigatus or 37 Aspergillus niger isolates collected during this 

sampling displayed phenotypical azole resistance on the E-test. However, the three clinical isolates 

showed resistance against all three azoles (itraconazole, voriconazole and posaconazole) on the E-test, 

and had the cyp51A gene and promoter region screened for mutation. It was revealed that they all 

harboured the environment mediated mutation, TR34/L98H.  

5.1 The sampling yield in relation to environmental conditions 

A total of 37 farms participated in the second sampling round of this research project, which 

resulted in 72 air samples; from these air samples, 58 A. fumigatus and 37 A. niger isolates were 

collected. Yeast, Mucorales and Aspergillus spp. were the most common fungi to appear on the 

primary plates. A. fumigatus was the most common Aspergillus sp. observed; this confirms how 

ubiquitous this species is in the environment, in accordance with previous reports (Latgé 1999). 

Generally, more isolates were collected from animal housing rooms than from the storage rooms, 

though the difference between the two was not very significant in terms of A. fumigatus isolates 

collected (31 from animal housing rooms, and 27 from storage rooms). In terms of A. niger isolates, 

however, the difference in number was a little wider (22 isolates from animal housing rooms and 15 

from storage rooms). These trends could imply that animal housing rooms generally harbour more 

growth of A. fumigatus and A. niger compared to storage rooms. This does not seem to have always 

been the case for other fungal species that were found. In fact, some fungi were found more often in 

the storage rooms than the animal housing rooms. The exact distribution of species cannot be 

determined with this dataset as there were few samples, and several of the species were compiled into 

one group when the data were sorted. 

In addition to the main sampling, a different set of samples from random households in 

Norway were taken in order to compare prevalence of fungi between farms and a different setting (See 

Appendix 6). Out of the 19 air samples, only two had A. fumigatus growth, and no A. niger appeared. 

Generally, there was significantly less fungal growth from households compared to barns (See Table 

29 in Appendix 6). This was not unexpected despite households generally harbouring more stable 

conditions and warmer temperatures. The results might imply that farm buildings are hotspots for A. 

fumigatus proliferation, but it cannot be concluded with certainty as the sampling size from both 

settings were small. 

During the first sampling (Henriksen 2021), the frequency ratio of A. fumigatus appearing 

between animal housing and storage rooms was similar to that of the second sampling. When 

comparing the number of isolates collected and the total fraction of plates with A. fumigatus, it is clear 

that the first sampling had a higher yield (108 isolates from 91 films in the first round, and 58 isolates 

from 72 films in the second round). One of the initial hypotheses was that proliferation of A. fumigatus 
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is controlled by seasonal differences as its optimum temperature (37 °C) is higher than compared to 

most other fungi (Kwon-Chung and Sugui 2013, Samson 2019, p. 130). However, the results were 

unexpected because more isolates were gained during the first sampling when the temperatures were 

generally lower. The median temperatures during the first sampling were 10 °C and 2.5 °C in animal 

housing and storage rooms respectively, while they were 15 °C and 10 °C in the second sampling (See 

Figure 17). Kwon-Chung and Sugui (2013) discloses that A. fumigatus does not grow when the 

temperature reaches below 12 °C; by that admission, the fungus should have been especially 

prominent in animal housing rooms during the second sampling compared to the first sampling, 

though that did not seem to be the case. According to Rhodes (2006), the germination rate for A. 

fumigatus does not vary significantly when the temperatures are below 30 °C; it is more prominent 

once the optimum temperature is reached. 

One possible explanation to why the first sampling yielded more A. fumigatus growth is that 

livestock were kept inside the animal housing rooms during the winter, and the activity from the 

animals could have caused more A. fumigatus spores to disperse into the air. Animals are released out 

on the fields during spring and stay outside until autumn, leaving the rooms mostly vacant during this 

period. The differences in activity between the two sampling rounds could therefore have affected the 

number of A. fumigatus appearing. It is not clear how many of the participants took samples when 

there were no animals inside, but activity might still have been a contributing factor in isolate number 

from the animal housing rooms. However, this does not explain the differences in the storage rooms. 

Even though some of the participants mentioned they had kept animals in the storage rooms during 

sampling, these rooms were thought to remain vacant of activity most of the time during all seasons. 

According to Tekaia and Latgé (2005), A. fumigatus degrades dead organic materials such as decaying 

vegetation. This means that over time, they will produce more spores when conditions are stable. 

Items such as hay and bedding are stored over winter, while during the rest of the year, these items are 

replenished. This could possibly explain why more isolate were collected in the storage rooms during 

the first sampling compared to the second sampling. It could also be coincidental, given how small the 

sampling sizes were; especially during the second sampling. The temperatures were also fairly low for 

optimal growing conditions in the first sampling (Kwon-Chung and Sugui 2013). It is unspecified how 

close the storage rooms were to the animal housing rooms at each farm, or if the activity differed with 

the seasons. Seasonal differences, as well as climatic differences, may still be of interest to investigate 

further with larger samplings in order to determine the proliferation patterns of A. fumigatus. 

Other factors that could have affected the isolate yield were considered. The participants were 

handed a questionnaire with various relevant questions to answer and fill in (Appendix 2). Based on 

the data provided, there does not seem to be any clear correlation between how often A. fumigatus and 

A. niger appeared and the type of animal, bedding, storage items or pesticides used during the second 

round (See Table 30 in Appendix 7 with Table 31 in Appendix 9). The results may imply that A. 
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fumigatus appears more frequently in the farm environment, suggesting that farm buildings harbour 

potential hotspots for proliferation of this fungus, which was one of the initial hypotheses. However, 

because of the small sampling size and the one-sided focus on Norwegian farms specifically, it is 

difficult to draw any final conclusions. More investigation is necessary in order to determine what 

factors affect fungal proliferation, and if they favour any species specifically. 

5.1.1 Citizen science provided efficient sampling, but may have affected data quality 

 The information data and the samples were all provided by citizen scientists. Samples were 

acquired much quicker and cheaper than if they were to be retrieved manually; it cut down on both 

travelling and manual labour. During the first sampling, over fifty farms were interested in 

participating, and 85.2% sent their samples back (Henriksen 2021). In total, 95.3% of the same 

participants that were contacted showed interest in joining the second round. During the second round, 

90.2% of the participants who responded sent in their samples. It is expected that engagement drops a 

little over time (Eveleigh et al. 2014), but there was a high percentage of participants that showed 

interest for the second round, and the engagement seemed good overall. 

One of the four violations of a good experimental setup that was described by Isaac et al. 

(2014) regarded uneven geographical coverage of sampling. As the map in Figure 16 shows, the 

samples were quite scattered; some areas, such as the South-West of Norway, had densely clustered 

sampling. Other areas were left vastly uncovered; especially the northern parts of the country. It 

should be noted that there were relatively few participants for such a large scale study, and thus it 

cannot be expected that the sampling coverage would be as sufficient as preferred. The map is likely a 

reflection of the distribution of population density in the country, which is a phenomenon often seen in 

citizen science (Geldmann et al. 2016). This might also be something to note for future studies. If an 

adequate participation does not grant a sufficient geographical coverage, manual field work and 

sampling might be necessary (Mair and Ruete 2016). In the case of investigating azole resistance in 

Norway, trying to increase engagement or gathering samples manually in the northern parts of the 

country might be required in order to gain a better sampling coverage, and thus a more representable 

surveillance data. In terms of the geographical distribution of A. fumigatus and A. niger prevalence, it 

appeared to be lower further up North compared to South of Norway. This could be due to the warmer 

climate down South, which promotes proliferation of fungi (Kwon-Chung and Sugui 2013). This 

might imply that the South is more susceptible to become endemic than the North, but a better 

sampling coverage is needed in order to determine that. 

Another violation Isaac et al. (2014) brought up is that the quality of the data is affected by the 

differences in effort among the participants. It is likely that the participants did not handle the 

equipment or followed instructions equally as thoroughly; e.g. if the spore traps were left out for the 

amount of time instructed (6 h), or if the setup was handled with equal care. There are no ways of 
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telling how significant these variables were, or how much they have affected the results. They are 

nevertheless something that must be taken into consideration upon analysing the data and drawing 

conclusions. This violation is also relevant in terms of the information provided by the participants; 

how the questionnaire was filled and interpreted seemed to be somewhat different between the 

participants. This has in turn made data sorting especially challenging. The participants in this 

sampling already had some experience from the first round, which could have contributed positively to 

the quality of the data. In future citizen science projects, it might be worth to consider providing forms 

that are clearer and even more on point with its questions to restrict any ambiguity. It is also important 

to communicate clearly with the participants; i.e. educate them and give them feedback on how they 

are operating in order to further limit noise and errors (Silvertown 2009). 

Because of all the uncertainties that come with citizen science, there is a possibility that this 

sampling approach has affected some of the results. Some primary plates had minimal or no fungal 

growth; this was peculiar, given that farms are likely to harbour a lot of fungi. The cultivation methods 

selected for fungal species that could grow at 37 °C, so it is likely that there were many species on the 

film that were uncultivable under the conditions used. If sampling was done by the participants exactly 

as instructed, and the film had no fungal growth, it could mean that their farms were dominated by 

mesophilic fungi. 

Despite all the potential errors that can come with citizen science, this approach seemed like a 

viable way of collecting data for microbiological studies such as this, which Shelton et al. (2020) also 

has concluded. With the two sampling rounds combined, a substantial amount of isolates were 

collected much quicker than if they were to be collected manually. 

 

5.2 Species identification of the isolates revealed the importance of sequencing 

 In terms of morphological identification and isolation of A. fumigatus and A. niger colonies 

from the primary plates, both fungal species were relatively easy to recognise. Incubating the samples 

at 37 °C on DG18 potentially restricted the growth of several other species that could be mistaken for 

A. fumigatus, such as some Penicillium spp. Whenever there were any doubts, microscopy could 

reveal if a colony was an Aspergillus sp. or a Penicillium sp. Most often, microscopy was used to 

identify other fungal colonies as many of the Penicillium colonies looked quite different from A. 

fumigatus colonies; e.g. some Penicillium colonies had a yellow zone around it or was a different 

shade of green. While the target species were fairly recognisable, the identity of the colonies could not 

really be determined with any certainty beyond that they belonged to Aspergillus section Fumigati or 

section Nigri. Species within the same complex are most often only distinguishable from one another 

through molecular analyses (Alcazar-Fuoli et al. 2008, Gautier et al. 2016). 
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All the isolates that were morphologically identified as an Aspergillus belonging to section 

Fumigati turned out to be A. fumigatus in the sequence analysis. The sequence identification of the 

black Aspergillus isolates revealed that none of them were A. niger; 36 Aspergillus tubingensis, and 1 

Aspergillus welwitschiae. This shows how important it is to use molecular tools in order to confirm the 

species identity of a strain; especially if there are several other variants with similar morphological and 

metabolic properties. This type of identification is especially crucial in certain industries, where strains 

within the same species can be either pathogenic or commercially beneficial (Frisvad et al. 2018). 

While A. niger is among the most common species to cause aspergillosis, A. tubingensis is also a very 

prevalent pathogenic species among the black Aspergillus spp. (Gautier et al. 2016, Toyotome et al. 

2018). The results of the identification might also be an implication that A. tubingensis could be more 

prevalent in Norway than A. niger, or that A. tubingensis is more competitively fit. However, it is 

unknown how many people get infected by A. tubingensis and other black Aspergillus spp. in Norway 

annually. 

Two genetic markers were used to identify the isolates; caM and bT2. The variety in BLAST 

top hits for caM was higher than bT2; this connotes to the calmodulin gene having a higher resolution 

in species identification for Aspergillus spp. than the β-tubulin gene (Alshehri and Palanisamy 2020). 

On the other hand, caM was more difficult to work with, and had a lower success rate in terms of PCR 

and sequencing than bT2 had. From this experience, it is recommended to use caM as the primary 

genetic marker for a more distinct identification of Aspergillus spp., but to use bT2 if caM fails. If the 

resolution is not crucial, and the only directive is to confirm the species, it is advised to use bT2 due to 

its practical advantages. 

 Morphological observation is quick and reliable when identifying fungal species as all the 

isolates were later revealed to be of the Aspergillus complex that the target species belonged to. By 

restricting some growth conditions, the target species became easier to extract. However, molecular 

identification is still necessary to confirm the species, which was especially prominent when 

sequencing the black Aspergillus isolates because none of them were A. niger. 

 

5.3 A. fumigatus and A. niger require different approaches in analyses due to 

biological differences 

Even though A. fumigatus and A. niger belong in the same genera and share some biological 

attributes (Samson 2019, p. 130, 146), a few distinctions became especially noticeable during some of 

the analyses. These distinctions have shown that some of the protocols that were originally made for 

A. fumigatus were not optimal for all Aspergillus spp. Initially, caM was meant to be the only genetic 

marker for sample identification in this study. However, it was eventually decided to switch over to 

bT2 for some of the isolates as all the black Aspergillus isolates produced several bands during caM 
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PCR. The first assumption was that there might have been some kind of contamination during the 

PCR, but because the negative samples were blank, this was not likely to be the case. Upon aligning 

the primer sequences (CMD5 and CMD6) with random caM sequences of A. fumigatus, A. niger and 

A. tubingensis, it became apparent that the primers were not optimal for all species; both primer 

sequences were mostly found in the A. fumigatus caM sequences. A suboptimal alignment between the 

primers and intended template flanks could have led to the primers annealing to other parts of the 

genome of the black aspergilli. A whole genome sequencing could reveal which parts of the genome 

these primers might have annealed to. In order to optimise caM PCR for black Aspergillus spp. in any 

future studies, a different set of primers that are more specific for the target species should be 

considered. 

Another challenge that could possibly be related to dissimilarities between species appeared 

during PCR of cyp51A. The cyp51A PCR was mainly done on the clinical A. fumigatus strains, but one 

cyp51A PCR run was also attempted on one of the A. tubingensis isolates, which appeared to not yield 

any products at all. DNA from a random A. fumigatus isolate was used as a positive sample template 

during the PCR, which produced the correct amplicon. These results further implies that not all 

primers are universal for every Aspergillus spp. 

During cyp51A PCR on the clinical isolates, an extra band at 1000 bp appeared on the gel, and 

it was necessary to extract the right PCR product through gel purification. No contamination appeared 

during PCR as the negative sample was blank (Figure 36). According to Henriksen (2021), where 

cyp51A PCR was done exclusively on environmental isolates, such extra bands did not appear. This 

might be an indication that there are some differences between clinical and environmental strains, even 

though they are of the same species. The host environment is very different from the outdoor and 

indoor environment, which tells how adaptable A. fumigatus is. It is expected that the transcriptional 

profile of clinical and environmental isolates are very different, but the genome should be the same. 

According to Debeaupuis et al. (1997), their analysis showed no genetic clustering between clinical 

and environmental samples. In other words, clinical and environmental strains are equally as 

genetically diverse from each other as strains within one of these groups are. Contamination during 

colony isolation as a possible explanation for the extra band forming in the cyp51A PCR could be 

considered, but this is uncertain. Extracting and sequencing the extra band might reveal where it 

originated from, though it was not prioritised in this study. 

PCR was not the only step that displayed challenges with the protocol between different 

species. Black Aspergillus spp. are much more pigmented than A. fumigatus, and the phenotypic 

resistance screening methods relied on using absorbance (MF-values) as a measurement for spore 

concentration. It was therefore thought that there would be a difference in spore concentration between 

A. fumigatus and black Aspergillus spp. at the same MF-value, and the spore counting test showed that 
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there was a two-three folds difference at 0.5 MF. Still, it remains unclear how much of an impact this 

might have had on the results as the protocol was not adjusted for black Aspergillus spp. for the 

duration of the study. Nor is it clear if the difference is equally as significant at other MF-values. 

If the differences in spore concentration affected the results of the VIPcheckTM, then the black 

Aspergillus suspensions would have acted more susceptible to azoles because of the lower spore 

concentration (granted that the Aspergillus spp. respond similarly to the antifungals). Using a lower 

concentration than what was instructed in the protocol could potentially deem some resistant strains as 

non-resistant, and phenotypic resistance would go undetected. It was attempted to keep a consistent 

MF-value between isolates during the VIPcheckTM. Some of the black Aspergillus isolates managed to 

grow in some of the azole wells, and there were also more black Aspergillus isolates than A. fumigatus 

isolates that passed the VIPcheckTM. It is unknown why this was the outcome, considering the 

differences in spore concentration. It could be that black aspergilli are naturally more resilient to 

azoles, or that more spores managed to cluster together upon inoculation.  

Lastly, the differences in spore concentration could affect the outcome of the E-test; black 

Aspergillus suspensions with a lower spore concentration could achieve a breaking point at a lower 

azole concentration. This difference might be a little more significant for the E-test as there is less 

leeway for MF-value used in this test. It is possible that this may have affected the results of the 

resistance screening, but the extent is unclear. The breakpoints for both species were evaluated equally 

throughout this study. The spore concentration in relation to MF-value is not the same between 

different species with different grades of pigmentation. This is something that might be worth 

investigating for future studies involving different Aspergillus spp. in order to design optimal 

protocols that are more species specific. 

 

5.4 The differences between phenotypic resistance screening methods 

 Two phenotypic azole resistance screening methods were used in this study. In the first 

screening method, the VIPcheckTM, two A. fumigatus isolates and eight black Aspergillus isolates had 

managed to grow in the azole wells. This resistance screening tool was quick and easy to set up, 

something that was especially convenient when handling a large number of isolates. The isolates that 

had a high score on the VIPcheckTM (++ or +++) were screened with the second screening method; the 

E-test, which showed what azole concentration the fungi would be growth inhibited (MIC). In 

reference to EUCAST (2022), none of the isolates exhibited any traits of azole resistance on the E-test. 

One uncertainty is that there are no standard MIC-values for A. niger nor A. tubingensis that 

distinguish between sensitive and resistant strains. This has made it challenging to determine if a black 

Aspergillus isolate can be considered resistant or not. However, the ECOFF-values to A. niger were 

higher than any of the MIC-values to the black Aspergillus isolates, which indicates that these isolates 
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are likely WT strains; that is, if A. tubingensis is similar to A. niger in terms of azole susceptibility. 

The A. fumigatus isolates also had MIC-values under the ECOFF-values, and none of them exceeded 

the threshold for resistance. 

The VIPcheckTM seems to be quite sensitive because some isolates managed to grow on azole 

infused agar, but later showed no resistance on the E-test. This also seemed to be the case for 

Henriksen (2021). According to Buil et al. (2017), the VIPcheckTM is quite reliable and manages to 

discriminate between resistant and sensitive strains, and that minimal growth after 48 h should be used 

as a threshold for resistance. There were many false positives from the VIPcheckTM during this study. 

The VIPcheckTM is a qualitative test, and how the results are interpreted can be very subjective. This 

could explain why the experience with this screening method was so different from Buil et al. (2017). 

In the “BARNS” project, the threshold chosen was very low due to limited previous experience with 

the test; this was to make sure that no potential resistant strains were left undetected.  

 E-tests can sometimes be challenging to read when working with filamentous fungi, but in this 

study, the breakpoints were relatively easy to read after 24 h. Even so, the interpretation of the 

breakpoints can sometimes be different between persons. Letting more people read the results might 

alleviate any ambiguities. Due to the lack of resources and time at one point, RPMI plates and old 

ETEST® strips that were newly expired were utilised, which could have affected the results. Upon 

testing voriconazole ETEST® strips from a new and an old batch on the same isolate, there did not 

seem to be much noticeable differences. The RPMI plates were never used if they were one day or 

more past the expiration date, and it has likely not affected the results much. 

The experimental setup of azole resistance screening used in this study was based on a 

“process of elimination”. The VIPcheckTM served as the first layer in detecting resistance among the 

isolates. The sensitivity of the VIPcheckTM makes it less likely to leave resistant strains undetected, but 

some very minimal mycelial growth in the azole wells can most likely be negligible. The VIPcheckTM 

is also faster and easier to set up than the E-test. Time was saved as the VIPcheckTM made it no longer 

necessary to put every isolate through the E-test. Instead, the E-test served as the second layer in 

resistance screening, and only the isolates selected by the VIPcheckTM were screened. Resistant strains 

detected on the E-test further restricts the number of isolates needed to be screened for mutations on 

cyp51A and its promoter region. This streamline of assays proved to be an efficient technique when 

looking for azole resistance. 

 

5.5 Mucorales contamination can be inconspicuous and persistent 

 There was one A. fumigatus isolate (G23H2S2) that managed to grow on agar with 

voriconazole on the VIPcheckTM (See Figure 43-B in Appendix 12). This mycelium was quite 
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filamentous, and it was first believed that this was a stress response from the fungus. However, upon 

attempting to inoculate an agar plate with the glycerol stock solution, it became apparent that the 

isolate was contaminated with Mucorales. It is unknown when the isolate was contaminated, because 

the secondary plate looked pure before the stock solution was made. The control well on the 

VIPcheckTM also looked like it only had an A. fumigatus colony and no network of filamentous 

mycelium. Furthermore, there were no apparent signs of contamination on the caM PCR product (See 

Figure 50-C in Appendix 16), or any noise in the sequence data (see Table 36 in Appendix 18). 

There was Mucorales on the primary plate this isolate stemmed from, so it is most likely the 

contamination occurred during the isolation phase, and somehow went undetected. A similar 

phenomenon was also observed by Henriksen (2021). It seems that the Mucorales was unable to grow 

in the presence of A. fumigatus, but could lie dormant in its presence. Mucorales has been reported to 

be naturally resistant to azoles (Nordøy and Gaustad 2008). Once A. fumigatus was inhibited, 

Mucorales was able to germinate; this must have been the case in the voriconazole well on the 

VIPcheckTM plate. It is unknown how it managed to grow when the stock solution was cultivated. 

 It can be difficult to prevent such inconspicuous cross contaminations. The Mucorales did not 

seem to have affected the results significantly. The only preventative measures to take are to work as 

sterile as possible, and if contamination does appear, one should try and isolate the target fungus to the 

best of their ability (e.g. see section 3.1.3.2) and restart the analysis. 

 

5.6 Very few resistant A. fumigatus isolates have been detected in Norway 

The resistance screening showed that none of the A. fumigatus or black Aspergillus isolates 

collected during this study were resistant to itraconazole, voriconazole or posaconazole. It is unlikely 

that there are no resistant mutants in the environment due to evidence of resistant A. fumigatus with 

environmental mutations from patients in Norway (Skaar et al. 2019). The outcome of this study is 

most likely due to the small sample size compared to the scale of the project. With fewer isolates to 

work with, there is a lesser chance of detecting any resistant strains. A primary plate with multiple 

colonies of A. fumigatus and/or black Aspergillus spp. could potentially harbour resistant strains, but 

only a maximum of three colonies were isolated from each plate, and the pick was rather random. 

Furthermore, the sampling size and the lack of azole resistant isolates make it impossible to 

find any correlations between prevalence and specific external factors. One such factor of particular 

interest was the farmers’ use of pesticides, which was inquired in the questionnaire. Only two of the 

37 participants used fungicides, and six were running an organic farm. None of the participants 

disclosed if these fungicides were of the DMI type. Even if resistant strains were found among the 
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isolates, the total data gathered would still not have been sufficient enough to observe any trends. A 

more specific questionnaire could potentially uncover more relevant information. 

The three clinical isolates from NVI’s strain collection were isolated from animal hosts (See 

Table 34 in Appendix 14) and had shown phenotypic azole resistance. The mutation screening on 

cyp51A and its promoter region revealed that all three strains harboured the TR34/L98H mutation. This 

is a mutation is obtained through the environmental route of resistance and promotes overexpression 

of the cyp51A gene, but it is also one of the most common mutation among clinical azole resistant A. 

fumigatus samples (Buil et al. 2019). Oslo University Hospital stated that most of the resistant A. 

fumigatus isolates from their clinical strain library harboured the TR34/L98H mutation. Additionally, 

one of their samples had the TR46/Y121F/T289A mutation, and some had point mutations related to 

azole therapy in patients (C. T. Andersen, Personal Communication, 07.03.2022). Aspergillosis and 

other fungal infections in animals are likely underreported (Skaar et al. 2019), and likely is also the 

prevalence of azole resistant strains. The identification of the cyp51A genotype of the three clinical 

isolates along with what was reported by C. T. Andersen is consistent with the findings in other 

studies (Jensen et al. 2016, Verweij et al. 2016). It is also consistent with the leading hypothesis that 

environmental impacts have an effect on the development of azole resistant strains, which then lead to 

treatment failure in humans and animals that are infected. 

In the first sampling round done by Henriksen (2021), three resistant strains were detected; 

both environmental mutations, TR34/L98H and TR46/Y121F/T289A, were identified, along with 

another resistance mutation not found on cyp51A. Henriksen (2021) also discloses that the resistant 

strains were found in different geographical locations, implying that environmental selection pressure 

is not restricted to one area of the country. There could be a small possibility that resistant strains have 

been imported from other parts of the world, but this is difficult to prove. It is likely that azole 

resistance emerged from the Norwegian environment, given the reproduction rate and adaptation 

capabilities of A. fumigatus (Latgé and Chamilos 2019).  

Because of the small sampling size, it is limited what can be drawn as a final conclusion in 

terms of prevalence of azole resistant Aspergillus spp. in Norway. However, the fact that no resistant 

strains were found during the second sampling may serve as an indication of how low this prevalence 

may be compared to other countries. The number of resistant strains (3) uncovered in relation to the 

number of isolates found during both samplings (166) was fairly small. One of the initial hypotheses 

was that Norway would have a lower prevalence of azole resistance than other countries. The results 

of this study may seem consistent with it. Still, more extensive studies are needed in order to confirm 

this hypothesis. 
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5.7 Azole resistance is a One Health challenge 

 Several papers have reported azole resistant A. fumigatus in patients and linked the mutation to 

environmental selection pressure (Bromley et al. 2014, Buil et al. 2019, Prigitano et al. 2019). Azoles 

are important in health, industry and food production, and the emergence of resistant fungal strains has 

become a challenge in a One Health perspective (Skaar et al. 2019). 

One Health is a model approach in which the health of humans, animals and the environment 

are closely linked together (Atlas 2013). For example, an environmental change can cause a rippling 

effect that will directly or indirectly affect humans and/or animals on a local or global scale (Shomaker 

et al. 2013). The term was first used somewhere between 2003 and 2004, but the concept can be traced 

back much further than that. One Health focuses on infectious diseases and how to contain, minimise 

or prevent them from advancing. The goal is to achieve the best public, veterinary and environmental 

health, which are affected by changes in the ecosystem along with other human interferences 

(Mackenzie and Jeggo 2019). It is a collaborative and multidisciplinary effort between several sectors 

and science fields, and they work together to maintain a balance that is beneficial for humans, plants 

and animals by reducing any impact that may interfere with it (Atlas 2013, Mackenzie et al. 2014, 

Mackenzie and Jeggo 2019). 

 In a One Health perspective, azole resistant fungal infections are linked to human impact on 

the environment. Fungicide use in agriculture and industry can mediate azole resistance in pathogenic 

fungal strains, which then can spread to humans and animals with infections that are difficult to treat. 

Azole resistance is developed in both patients and the environment, and while medicine and 

agriculture do not use the exact same azoles, cross resistance can occur (Snelders et al. 2012). The 

resistance obtained in the environment will then lead to treatment failure and increase mortality rates. 

Additionally, climate changes are expected to increase the prevalence of pathogenic fungi (Velásquez 

et al. 2018, Skaar et al. 2019), and with fungal infections expected to increase (Latgé and Chamilos 

2019), the demand for effective drugs to manage these diseases will also increase. 

It cannot be stated with certainty that agricultural fungicides are the main selection pressure 

event in the rise of azole resistant fungi in Norway, but there are implications, given that environment 

mediated resistance mutations, TR34/L98H and TR46/Y121F/T289A, have been uncovered in both 

clinical and environmental samples. Azole resistance in Norway and the rest of the world in a One 

Health perspective is something that should be investigated and addressed further. 
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5.8 Future approaches for azole resistance surveillance and management in 

Norway 

 Azole resistant pathogenic fungi are becoming an increasing problem all over the world 

(Verweij et al. 2016). While azole resistant A. fumigatus has been detected in both patients and the 

environment in Norway, the true extent of resistance in this country is still not fully understood yet; 

nor what the strongest driving forces are. In order to determine where Norway is currently at in the 

development, a higher sampling density is needed. Sampling over time is something that should also 

be considered in order to monitor changes, and see what directions they are taking. An increased 

sampling size is also needed in order to find any correlations with external factors and map out 

hotspots. While the results from the study imply that the prevalence of azole resistance in Norway is 

lower compared to other countries, management of fungal diseases should still be executed in order to 

prevent any serious endemics. Henceforth, a collaborative effort to close any knowledge gaps should 

be further enhanced so the authorities can implement helpful measures. 

Trying to understand the resistance mechanisms and how it is proliferating is imperative in 

managing it, and so several aspects of the ecosystem should be investigated in order to map out the 

extent of the endemic. The prevalence of azole resistant A. fumigatus could imply that there might be 

other fungal pathogens that can have obtained azole resistance, or resistance against other fungicides, 

through the same routes. Black Aspergillus spp. were also screened for resistance during the study, and 

even though no resistance was detected, it is not unlikely that there are strains that have responded 

similarly to environmental impacts as A. fumigatus has. 

Furthermore, expanding the approaches in laboratory analyses could be considered. While 

cyp51A has the most studied mutations that lead to azole resistance, screening for mutations on other 

relevant genes could be informative. Examples of such genes are cyp51B, which carries out similar 

functions as cyp51A in ergosterol biosynthesis (Dhingra and Cramer 2017). Another relevant gene is 

cdr1B, which is related to the efflux pump mechanism pathway when overexpressed (Hagiwara et al. 

2016). Other screening methods for phenotypic resistance could also be considered if there are 

uncertainties with the E-test, such as Clinical and Laboratory Standards Institute (CLSI) broth 

microdilution. In this assay, a dilution series of an antifungal is tested across a dilution series of an 

isolate spore suspension in order to determine the MIC-value (Nascente et al. 2009). Similar setups 

can also be used to test several isolates and antifungals simultaneously, which could increase the 

efficiency of screening methods (Cox et al. 2009, Wedge et al. 2013). 

The fact that most resistant clinical samples seem to harbour the TR34/L98H environmental 

mutation (Buil et al. 2019) is another evidence for concern. It is important to make sure azole 

resistance do not spiral out of control while it is still manageable, which is why preventative measures 

should be implemented by the authorities. It is unlikely that azole use in industry and agriculture will 
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end completely, especially since food demands are increasing with the growing human population 

(Brauer et al. 2019, Verweij et al. 2020). It is therefore imperative to ration the resources we have in 

order to reserve its efficiency. Integration of new laws and regulations on use of azoles would enable 

more time to discover new families of drugs to combat fungal infections. Such regulations include 

using the lowest effective dose of azoles as well as rotating between the fungicide classes used in 

agriculture (Gossen et al. 2014, Lopez-Ruiz et al. 2020). 

The “BARNS” project was a pilot run for a more elaborate AMR research project called 

Navazole, where a more extensive citizen science sampling with multiple rounds will be executed. The 

research project will investigate azole resistance in Zymoseptoria tritici, Parastagonospora nodorum 

and A. fumigatus from several sample types and different geographical areas in Norway. The research 

project also aims to identify hotspots for proliferation and resistance development and try to better 

understand azole resistance in a One Health perspective in order to implement the best preventative 

measures. 

 

5.9 Conclusion 

 The prevalence of azole resistant A. fumigatus and black Aspergillus spp. in Norway is not yet 

fully understood. This is mostly due to the small sampling size and the one-sided focus on Norwegian 

farms in this study, but the results may imply that it is relatively low compared to other countries. It is 

still uncertain what driving forces are involved, but the results seem consistent with the leading 

hypothesis that environmental impacts affect the development of resistance. The results are also 

consistent with the initial hypothesis that farm buildings may be hotspots for A. fumigatus 

proliferation, but a clear conclusion cannot be drawn from this study because of the size and bias of 

the sampling. It is difficult to find any correlations between proliferation and the determining external 

factors that were investigated, such as seasonal temperature differences, but the presence and activity 

of animals could potentially have affected the outcome of this study. Furthermore, laboratory 

techniques used might need optimisation for different species in future studies. More extensive 

surveillance and sampling are needed in order to gain a better understanding of azole resistance 

development in Norway. Measures to preserve public health and food safety can be implemented once 

more is known about the pattern of fungal proliferation and development of resistance.  
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7. Appendix 

Appendix 1 – Instruction manual 

The English version can be seen in the next page. 

Resistente muggsopp i fjøset?    
  
  

Veiledning  
Du har nå mottatt to plastfilmer. De er tapet sammen i den ene enden. Vennligst ikke fjern denne 
tapen da den skal gjøre det enklere å feste beskyttelsen tilbake på filmen (se bildet under).   
Filmene skal eksponeres i to ulike rom. Hvis du har dyrehold skal én plasseres på fôrlageret (film 
merket L) og én i husdyrrommet (film merket H). Hvis du har korn/fôrproduksjon skal du bare bruke 
den ene filmen (L), og den skal plasseres på korn/fôrlageret.   

1. Fyll ut medfølgende spørreskjema. Fyll ut med samme ID-nummer som angitt på filmen (G-
x).  
2. Prøv å utføre så sterilt som mulig: Trekk beskyttelsesfilmen forsiktig helt av uten å berøre 
innsidene og behold tapefestet på (se bilde). Slik blir det lettere å feste på beskyttelsesfilmen 
igjen etter endt eksponering.  
3. Legg filmen med limsiden (eksponeringsflaten) opp på en flate midt i rommet ca. en meter 
over bakken hvor den kan ligge urørt i seks timer. Hvis du ikke finner egnet sted midt i rommet, 
legg den på et sted hvor det er litt luftsirkulasjon og nærhet til dyr/korn/fôr.   
4. Etter endt eksponering, legger du beskyttelsesfilmen forsiktig og jevnt, men fast og så 
nøyaktig du kan, tilbake over eksponeringsflaten.   
5. Legg plastfilmen(e) ned i medfølgende zip-lock pose. Legg posen og spørreskjemaet i 
medfølgende svarkonvolutt, klistre på medfølgende returlapp og postlegg.   

  
Bilde1: Plastfilmen slik den skal eksponeres. Behold tapen på i enden slik at det blir lettere å feste beskyttelsen 
tilbake på filmen etter endt prøvetaking.    
  

Tusen takk for hjelpen!  
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Resistant fungi in the barn?   
  
  

Instructions 

You have now received two plastic films. They are taped together on one end. Please do not remove 
this tape as it is there to make it easier to put the protective sheet back over the film again (see 
picture below). The films are to be exposed in two separate rooms. If you have livestock, one film is 
to be placed in the animal feed storage room (film marked L) and one in the animal housing room 
(film marked H). If you produce grains/animal feed, then you are to only use one film (L), and it is to 
be placed in the storage room. 
 

2. Fill out the questionnaire that came with the sampling set. Fill in with the same ID-number 
you see on the films (G-x).  
3. Try to work as sterile as possible: Carefully peel off the protective sheet fully without 
touching the inside and keep the tape on (see picture). That way, it will be easier to put the 
protective sheet back on again after air exposure.  
4. Place the film with the sticky side (adhesive side) up on a surface in the middle of the room 
about a meter above the ground where it is to be left untouched for six hours. If there are no 
ideal surfaces in the middle of the room, place it somewhere where there is air circulation and 
close to animals/grains/feed. 
5. After exposure, place the protective sheet carefully and evenly, but also firmly and as precise 
as you can, back over the adhesive side.   
6. Place the plastic film(s) in the zip-lock bag that was included. Place the bag and the 
questionnaire in the return envelope, stick on the return label that was included and mail it.   

  
Figure1: The plastic film the way it is to be exposed. Keep the tape at the end on so it becomes easier to place 
the protective sheet back over the film after sampling. 

 
  

Thank you so much!   
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Appendix 2 – Questionnaire 

The English version can be seen in the next page. 

Resistente muggsopp i fjøset?    
  

Dersom du vil motta resultatene fra gården din trenger vi ditt samtykke (se baksiden). Det er helt frivillig. 
Dersom du vil delta anonymt trenger du ikke å fylle ut kontaktinformasjon. ID-nummeret på filmen og 
postnummeret MÅ oppgis.  
  

ID-NUMMER PÅ FILMEN*    
Postnummer*    
  

Navn    

Adresse    

  

Telefon    

E-post    
  

DRIFTSTYPE  Økologisk drift?  JA            NEI    

  

DYREHOLD  Antall 
(totalt)  

Besetningstype  
(Kryss av i skravért rute)  

Type strø   
(sett kryss)  

            Flis  Halm  Talle  Annet  

Melkekyr     Bås    Løsdrift            

Kjøttfe    Ammeku    Framfôring            

Småfe    Sau    Geit            

Gris    Avlsbesetn    Slaktegris            

Hest                    

Annet                    
  

KORN  Areal (# mål)  Bruker du sprøytemidler? Hvis ja; spesifisér hvilket produkt   

    Bruker ikke  Mot sopp  Mot ugress  Mot insekter  

Havre            

Hvete            

Bygg             

Rug            

Annet            
  

HUSDYRROM (H-FILM)      LAGERROM (L-FILM)  
Temperatur i 
rommet  

    Temperatur i rommet    

Hva slags dyr?      Hva lagres her?    

      Tørrhøy    

      Ensilasje    

      Annet  
(spesifisér)  
  

  

Skriv på baksiden om du trenger mere plass.  
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Resistant fungi in the barn?    
  

If you would like to receive the results from your farm, we will need your consent (see next page). This is 
completely voluntary. You do not need to fill out contact information if you would like to stay anonymous. ID-
number on the films and post code MUST be included.  
  

ID-NUMBER ON THE FILM*    
Post code*   
  

Name    

Address    

  

Phone    

E-mail    
  

TYPE OF FARM Organic farm? YES            NO    

  

ANIMALS Number 
(total) 

Type of management  
(Set an X on the shaded area) 

Type of bedding   
(Set an X)  

            Woodchips  Straw  Talle * Other 

Dairy cow   Booth    Open housing           

Meat cattle   Nursing cow   Artificial feeding           

Sheep/goat    Sheep    Goat            

Pig    Breeding    Butcher hogs           

Horse                    

Other                   
  

GRAIN Area (# 1000 m2) Do you use pesticides? If yes; please specify which product 

    Not using  Fungicide  Herbicide  Insecticide  

Oat            

Wheat            

Barley             

Rye            

Other            
  

ANIMAL HOUSING ROOM (H-FILM)    STORAGE ROOM (L-FILM) 
Temperature in the 
room 

    Temperature in the 
room  

  

What type of 
animal? 

    What is stored  
here? 

  

      Dry hay   

      Silage    

      Other 
(specify)  
  

  

Use the back of this page if you need more space to write.  
*Talle = a mix of bedding, animal urine and faeces  
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Appendix 3 – Instruments 

Table 22: Devices and equipment used during the study. 

Instruments/equipment Manufacturer Application 

MicroAmp® Clear 

Adhesive Films 

Thermo Fisher 

Scientific, 

Waltham, 

Massachusetts 

Adhesive film used as spore traps. 

Labmodul Greenlife PRO Labmodul Airflow cabinet to restrict cross contamination while 

working. 

Nikon Stereo Microscope 

SMZ1270i 

Nikon Macroscope used for morphologic identification of 

colonies. 

Olympus BX-50 Olympus Microscope used to identify samples by morphology 

and spore counting. 

Sellotape Crystal Clear 

ultra transparent premium 

quality tape 

Sellotape Clear tape used to prepare microscopy slides. 

WypAll® X60 Kimberly-

Clark® 

Professional 

Tissue used for microscopy slide preparation. 

DEN-1B McFarland 

Densitometer 

Grant 

Instruments 

Instrument for measuring density of spore 

suspensions in McFarland. 

Mixer Mill MM400 RETSCH® Machine that homogenises spore suspensions and 

breaks cells mechanically for DNA extraction. 

Thermomixer Comfort,  

2 ml 

Eppendorf® Instrument that stirs and heats DNA samples. 

Heraeus Pico 21 

centrifuge 

Thermo 

Scientific, 

Waltham, 

Massachusetts 

Spins samples for separation or droplet collection. 

Vortex Mixer VELP 

Scientifica 

For mixing samples. 
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Mini Star Whiteline VWR Spins samples to collect droplets. 

QIAcube Connect QIAGEN®, 

Vienna, 

Austria 

Machine that automatically extracts DNA with 

buffers (See Table 27 in Appendix 4). 

NanoDropTM One Thermo Fisher 

Scientific, 

Waltham, 

Massachusetts 

Measures DNA concentration. 

96-well T100TMThermal 

Cycler 

BIO-RAD PCR machine. 

Veriti 96 Well Thermal 

Cycler 

Thermo Fisher 

Scientific, 

Waltham, 

Massachusetts 

PCR machine. 

Azure c150 AzureTM 

biosystems 

Geldoc to capture gel images with UV-light. 

Telkamer Bürker-Türk 

bright line, with clamps, 

double net ruling 

Marienfeld, 

Berlin, 

Germany 

Used to count spores and find spore concentration in 

spore/cell suspensions. 
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Appendix 4 – Compounds 

Table 23: Types of water used throughout the study. All were prepared by NVI’s media production department. 

Water Description 

Distilled water Distilled water is treated by adding 5-10 ml into test tubes before 

autoclaving them under temperatures of 134 °C for 20 minutes. 

Milli-Q water Milli-Q water is free of any nucleic acids and DNases, and is made 

by running distilled water through a filter with reverse osmosis. 

Physiological saltwater Physiological saltwater is distilled water that contains 0.85% NaCl 

(9.0 g NaCl in 1.0 L distilled water). It grants better growing 

conditions for the fungi and prevents spores from potentially 

rupturing. 

 

 

Table 24: Ethanol solutions used throughout the study. 

Ethanol Manufacturer Description/application  

70% EtOH VWR For sterilising the work bench and preparing 

microscopy slides. Diluted 96 % EtOH in lab. 

96% EtOH VWR For sterilising equipment 

100%  EtOH VWR For molecular steps of the analysis 
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Table 25: Media and their composition used in this study. Recipe for DG18, MEA and SAB were prepared by 

NVI’s media production department, and the recipes stated are for ca. 1 L medium. The RPMI medium was 

prepared by Oslo University Hospital, and the recipe stated is for ca. 4 L medium. 

Medium Application Components Product/ 

manufacturer 

Measurements 

DG18[1] Promotes growth of 

fungi with lower 

water activity and 

inhibits growth of 

bacteria and fast 

growing fungi such 

as Mucorales. 

Dichloran-Glycerol Agar 

Base 

Oxoid CM729 31.5 g 

Glycerol 85% Merck 1.04094 220 g 

Distilled/RO-water  1.0 L 

Trace metal solution for 

CZID and others 

KA_K 0009 1.0 ml 

Chloramphenicol (50 

mg/ml) 

KA_K 0007 1.0 ml 

Chlortetracycline (5 

mg/ml) 

KA_K 0010 10.0 ml 

MEA[1] For cultivating 

fungi. 

Malt extract Oxoid LP0039 20.0 g 

Bacto Peptone Difco 211677 1.0 g 

Glucose Merck 1.08337 20.0 g 

Distilled/RO-water  1.0 L 

Agar Bacteriological Oxoid LP0011 20.0 g 

SAB[1] For cultivating 

fungal isolates. It 

also inhibits 

bacterial growth. 

Neopeptone Difco 211681 10.0 g 

D(+) Glucose Merck 1.08337 20.0 g 

Bacto Yeast extract Difco 212750 5.0 g 

Distilled/RO-water  1.0 L 

Chloramphenicol (50 

mg/ml) 

KA_K 0007 0.1 ml 

Agar Bacteriological Oxoid LP0011 20.0 g 
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RPMI-

1640[2] 

For cultivating cells 

and promote healthy 

cell growth. 

Bacto agar Difco 60 g 

RO-water  4000 ml 

RPMI-1640  Sigma R1383 33.6 g 

MOPS Sigma 138 g 

D(+) Glucose Prolabo 80 g 

NaOH 10%  112 ml 

1. Retrieved from the Norwegian Veterinary Institute media production catalogues. 

2. Retrieved from Oslo University Hospital. 

 

Table 26: Phenotypic resistance screening tools and their manufacturers – VIPcheckTM plates and ETEST® 

strips. 

Azole asset Manufacturer Description 

VIPcheckTM  Mediaproducts BV, 

Groningen, The 

Netherlands 

A four-well agar plate where one well contains 

4 mg/L itraconazole (1), one with 2 mg/L 

voriconazole (2), one with 0.5 mg/L 

posaconazole (3) and one without azoles for 

control (4). 

ETEST® strips bioMérieux,  

Marcy-l'Étoile, France 

Plastic strips with a gradient concentration of 

azoles (itraconazole, voriconazole, 

posaconazole) 0.002 mg/L – 32 mg/L. 
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Table 27: List of compounds and their manufacturers used for the analyses throughout the study. 

Compound Manufacturer Description 

Microbiology 

PBS, 0.1% 

Tween® 20 

NVI 

Mediaproduction 

Phosphate buffered saline. Maintains a stable pH of 7,4 

and prevents cells from rupturing. Tween® 20 prevents 

cells from clumping together. Composition for 30 L 

solution is listed below. 

NaCl 240.0 g 

KH2PO4 6.0 g 

Na2HPO4 x 2H2O 44.7 g 

KCl 6.0 g 

Tween® 20 30.0 ml 

Distilled water 30.0 L 

Lactofuchsin NVI 

Mediaproduction 

A compound with a deep magenta colour that was used 

for staining samples on microscopy slides. The solution 

both preserves the fungal structures as well as 

accentuates certain characteristics for light microscopy. 

10% Glycerol NVI 

Mediaproduction 

This solution lowers the water activity and protects the 

spores in lower temperatures. 

DNA extraction 

Proteinase K,  

20 mg/ml 

Sigma-Aldrich, St. 

Louis, Missouri 

Enzyme that breaks down proteins 

AL QIAGEN®, Vienna, 

Austria 

Lysis buffer that contains enzymes like chitinase to 

break down cell walls. 

AW1 QIAGEN®, Vienna, 

Austria 

Wash buffer that washes away proteins from the spin 

column. 

AW2 QIAGEN®, Vienna, 

Austria 

Wash buffer that washes away salts from the spin 

column. 
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AE QIAGEN®, Vienna, 

Austria 

Elusion buffer that detaches nucleic acids from the spin 

column. 

PCR 

27955702 

illustraTM 

PuReTaqTM 

Ready-To-GoTM 

GE Healthcare, 

Buckinghamshire, 

UK 

PCR kit. It contains beads with necessary components 

for the PCR reaction except the primers, template and 

MQ-water. 

10x Dream Taq 

buffer 

Thermo Fisher 

Scientific, Waltham, 

Massachusetts 

Buffer to maintain the right conditions for PCR. 

dNTP Thermo Fisher 

Scientific, Waltham, 

Massachusetts 

Building blocks for DNA synthesis. 

Dream Taq Thermo Fisher 

Scientific, Waltham, 

Massachusetts 

DNA polymerase. 

Gel electrophoresis/ gel purification 

TBE NVI 

Mediaproduction 

Tris-borat-EDTA (ethylenediaminetetraacetic acid). It is 

a running buffer for the electrophoresis; it conduct 

electricity and creates conditions in which DNA obtains 

the highest total negative charge. 

Agarose, 

universal, 

peqGOLD 

VWR, Spain Compound used to create the gel for gel electrophoresis. 

GelRedTM 

Nucleic Acid 

Stain 10,000X 

Water 

Sigma-Aldrich, St. 

Louis, Missouri 

Fluorescent dye that stains nucleic acids in gel 

electrophoresis. 

6X DNA 

Loading Dye 

Thermo Fisher 

Scientific, Vilnius, 

Lithuania 

A coloured buffer that binds to nucleic acids and 

increases their density as well as dying them for better 

visibility. 
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GeneRuler 1 kb 

DNA Ladder 

SM0311 

Thermo Fisher 

Scientific, Lithuania 

A mix of nucleic acid chains of different, specific 

lengths and dye. 

Isopropanol VWR Isopropanol helps DNA to bind to the spin column. 

QG QIAGEN®, Vienna, 

Austria 

Buffer that solubilises the agarose gel and acts as a pH 

indicator. 

PE QIAGEN®, Vienna, 

Austria 

Wash buffer that removes salts out of the spin column. 

EB QIAGEN®, Vienna, 

Austria 

Buffer that elutes DNA from the spin column. 

 

 

Appendix 5 – Software 

Table 28: Software used to process data and compose this thesis. 

Program Manufacturer Application 

Geneious Prime Biomatters, New Zealand For aligning and assembling sequences 

and perform BLAST search (NCBI). 

Microsoft Word Microsoft, Washington For writing 

Microsoft Excel Microsoft, Washington For data sorting, volume/concentration 

calculations, making diagrams. 

Microsoft PowerPoint Microsoft, Washington For making figures. 
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Appendix 6 – Household sampling 

According to Figure 19, the percentage of primary plates that had A. fumigatus was at around 

40% in animal housing and storage rooms respectively. The percentage plates that had A. niger 

appearing was at about 20-30%. In order to get an idea of how common it is for these two fungal 

species to appear in an agricultural setting compared to a household setting, a small test was 

conducted. A set of 19 samples were taken from random households in Norway and cultivated in the 

same manner as the samples from the farms (see section 2.1.4). The samples came from the southern 

and western parts of the country as well as around the Oslo area. There was generally less fungal 

growth on the plates from the households than the plates from the farms. Of the 19 plates, 2 had A. 

fumigatus, and none had A. niger growth. The results are listed in Table 29. 

Table 29: Participant information and fungal growth of air samples from households. 

Sample 

no. 

Residents Pets Room Temp. 

(C°) 

Findings 

HUS1 16 None Kitchen 23 No growth 

HUS2 1 Two dogs Kitchen/living room 20 4 Penicillium (three types), yeast, 

1 unknown, fuzzy, white colony 

HUS3 1 Two dogs Sleeping room 19 4 Penicillium 

HUS4 4 Three dogs, one cat Sleeping room 22 No growth 

HUS5 4 Three dogs, one cat Wash room/dog 

room 

22 1 Penicillium, two types of yeast 

HUS6 2 None Living room 21 No growth 

HUS7 1 One dog Kitchen/living room 22 No growth 

HUS8 1 One dog Sleeping room 20 No growth 

HUS9 2 None Studio apartment 19 Two types of yeast 

HUS10 3 None Kitchen/living room 22 1 A. fumigatus 

HUS11 1 None Living room 19 No growth 

HUS12 3 None Living room 19 No growth 

HUS13 2 One cat Kitchen 21 Mucorales, yeast 

HUS14 2 None Kitchen/living room 21 No growth 

HUS15 2 Two cats Living room 22 No growth 

HUS16 5 One cat Living room 24 2 white unknown colonies 

HUS17 2 One cat Kitchen 17 1 A. fumigatus 

HUS18 5 None Sleeping room 20 No growth 

HUS19 1 None Kitchen/living room 17 No growth 
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Appendix 7 – Participant information 

Table 30: Information about the participants gathered from the questionnaire in Appendix 2. Information from G11 is missing. 

 

Farm 

no. Ecologic

Number of 

animals Animal

Production 

form Bedding Crop

Plot area 

(1000 m^2) Pesticide

Temperature 

H2 (C°) Animals kept in H2

Temperature 

L2 (C°) Storage items in L2

G4 No 14 Dairy cow Loose housing Woodchips 16 Cow calves 14 Dry hay, feed

G5 No
50 Dairy cow Loose housing Woodchips 10-15 Cattle 10-15 Ensilage, straw, 

vitamins, tools

Oat 100 None

Others 50 None

23 Dairy cow Loose housing Woodchips, straw

20 Sheep

Dairy cow Loose housing Woodchips

Meat cattle Fed Woodchips

Sheep

1 Horse

G10 No 25 Dairy cow Pen Woodchips 15 Cattle 8 Bedding

G11

G13 No
16 Dairy cow Pen Woodchips 10 Cow, calves (no animals 

inside during sampling)

10 Feed in silo, straw, 

tools

33 Dairy cow Loose housing

15 Ox Loose housing

Dairy cow Loose housing

Meat cattle (Nursing)

G18 Yes
46 Dairy cow Loose housing Woodchips, straw Barley 39 12 Cow, calves 10 Ensilage, woodchips, 

potatoes

G19 No
270 Sheep 7 Sheep, 30 lambs inside 7 Silos with woodchips, 

used for sheep

G21 No
Meat cattle (Nursing) Fed, loose 

housing

Woodchips 15 Cattle 10 Equipment, feed

Oat 10 Herbicide, insecticide

Wheat 50 Fungicide, herbicide, 

insecticide

23 Sheep Talle

2 Horse Woodchips

G25 Yes 20 Dairy cow Loose housing Woodchips, others None 15 Cattle 10 Ensilage, straw

22 Dairy cow Pen Woodchips

8 Meat cattle

G27 Yes 65 Goat Talle 10 Goat 10 Dry hay, ensilage

G23 No

G26 No

103 Meat cattle Fed Woodchips, talle 15 Cattle

G14 No

G15 No

G22 No

G7 Yes

G8 No

G9 No

10 Dry hay, ensilage, 

grains, straw

15-20 Cattle 2-10 Sheep, silo, hay

Dry hay, ensilage, silo

Cattle Ensilage

Dairy cow

Feed, baleage

21 Meat cattle (Nursing) Woodchips, straw, 

talle

10 Nursing cow (no animals 

inside during sampling)

10 Grains, wheat

15 Cow, calves 12

Dry hay, ensilage, hay, 

hay bales

20 Cattle 13 Feed

15 Horse, sheep 10
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Talle = a mix of bedding, animal urine and faeces.

25 Dairy cow Loose housing Woodchips

25 Young meat cattle Woodchips, straw

40 Meat cattle (Nursing) Fed Woodchips

2 Horse Woodchips

G32 No 24 Meat cattle (Nursing) Straw 8 Young animals 7 Dry hay, chicken

G33 No Others 26 Fungicide, herbicide 12 Dry hay, hay

40 Dairy cow Loose housing Woodchips

120 Sheep

150 Sheep Woodchips

1 Horse

Chicken, quail

G36 No
10 Sheep Woodchips, talle 17 Sheep (no animals inside 

during sampling)

17 Dry hay, woodchips

G37 No Hay 100 None 10 Dry hay

30 Sheep Talle

2 Horse

G39 Yes

16 Dairy cow Pen Woodchips 16 16 dairy cows, 5 meat 

cattle, 10 calves 

(mechanical ventilation)

8 Dry hay, feed in silo 

and basin

G40 No
27 Dairy cow Pen Woodchips, straw 20 Cattle 15 Woodchips, straw, 

feed

G42 No 50 Dairy cow Loose housing Woodchips, straw 13 Cow, calves 12 Straw, feed

G43 No

60 Dairy cow Loose housing None 12 Oxes (sporetrap fell with 

sticky side down at one 

point)

15 Dairy cow

G44 No 7500 Chicken Free range Other 21 Chicken 21 Chicken feed

G45 No
Dairy cow Loose housing Woodchips Dairy cow, meat cattle, 

calves, oxes

Silo, straw

20 Dairy cow Pen Woodchips

120 Pig Woodchips

G48 No 15000 Chicken Woodchips 20 Chicken 12 Chicken feed

60 Dairy cow Loose housing Woodchips, straw

Meat cattle Fed

G53 No 34 Dairy cow Pen Woodchips 18 14

G52 No

G29 No

G34 No

G35 Yes

G28 No

G38 No

G47 No

15

Baleage, woodchips

Dry hay, ensilage, 

fertilisers, tools

12Cattle15

13 Cow, calves 10

Cattle 12 Ensilage in silo, stray, 

baleage

10 Sheep, cat 10 Dry hay, various items

15 Pigs

Dry hay, hay, 

woodchips

14Sheep14

10 Ensilage, feed

15 Cattle 15 Feed, baleage
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Appendix 8 – Contamination test photos 

 

 

Figure 38: Setup of the contamination test. One plate was placed where secondary plates were processed. The 

other plate was placed 30-40 cm to the side. 

 

 

 

Figure 39: Results of contamination test. A. fumigatus – MEA, round 1. 
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Figure 40: Results of contamination test. A. fumigatus – MEA round 2. 

 

 

 

Figure 41: Results of contamination test. A. niger - DG18. 
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Appendix 9 – Findings on primary plates 

 

Table 31: A list of fungi identified on each primary plate and the number of isolates extracted from them.  

Farm 

no. 

H2/

L2 
Findings 

Isolates 

A. fumigatus A. niger 

G4 
H2 Yeast   

L2 Yeast, Mucorales, 1 Penicillium   

G5 
H2 Yeast   

L2 2 white/pink unidentified colonies   

G7 
H2 1 A. niger, Mucorales coverage  1 

L2 1 A. fumigatus, 1 A. niger, yeast, Mucorales cover 1 1 

G8 
H2 Yeast   

L2 Yeast, 2 white Mucorales   

G9 

H2 Yeast, 1 white Mucorales, 10 white/light green Penicillium   

L2 Yeast, 3 white Mucorales, 2 white + 1 light green 

Penicillium 
  

G10 
H2 A. fumigatus coverage 3  

L2 50+ A. fumigatus 3  

G11 

H2 Yeast, 8 Penicillium, 1 Scopulariopsis brevicaulis   

L2 Yeast, 1 Mucorales (inhibited), 2 light green unidentified 

colonies 
  

G13 
H2 Yeast   

L2 1 white unidentified colony   

G14 
H2 2 A. fumigatus, 1 green + 2 hvite/ light green Penicillium,  2  

L2 Two types of yeasts, 1 white Mucorales   

G15 
H2 Two types of yeasts, unidentified white colonies   

L2 No growth   

G18 

H2 12 (growth inhibited) A. fumigatus, 1 A. niger, yeast, two 

types of Mucorales, Penicillium 
3 1 

L2 10 inhibited A. fumigatus, yeast, Mucorales, several 

Penicillium 
3  

G19 
H2 No growth   

L2 Yeast, Penicillium at the edge   
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G21 
H2 Yeast, 3 Scopulariopsis   

L2 Yeast, 6 Scopulariopsis, 1 unidentified yellow colony.   

G22 

H2 A. fumigatus coverage, 20 A. niger, 3 Mucorales, 

Penicillium 
3 3 

L2 50+ A. fumigatus, 1 A. niger, several Penicillium 3 1 

G23 

H2 40+ A. fumigatus, 2 A. niger, three types of Mucorales, 8 

A. flavus, 1 A. tritici, 5 A. nidulans 
3 2 

L2 13 A. fumigatus, 1 A. niger, two types of Mucorales, 4  

A. nidulans, 4 A. flavus, 1 A. tritici 
3 1 

G25 

H2 1 A. fumigatus, 2 A. niger, yeast, two types of Mucorales, 

A. tritici, Peacilomyces 
1 2 

L2 1 A. fumigatus, 1 A. niger, yeast, 1 Mucorales, 27 

Paecilomyces, A. tritici 
1 1 

G26 
H2 Yeast   

L2 1 A. fumigatus, two types of yeast, 1 Scopulariopsis 1  

G27 
H2 1 A. niger, yeast, Mucorales, Scopulariopsis  1 

L2 1 A. niger, yeast, Mucorales, several Scopulariopsis  1 

G28 
H2 50+ A. fumigatus 3  

L2 44 A. fumigatus, yeast. 3  

G29 
H2 1 A. fumigatus 1  

L2 No growth   

G32 
H2 Mucorales, 50+ A. flavus   

L2 Mucorales, 3 A. flavus, 1 white unidentified colony   

G33 L2 1 A. fumigatus, several A. niger, Mucorales, A. flavus 1 3 

G34 

H2 Two types of yeast, 3 Mucorales   

L2 1 A. fumigatus, two types of yeast, 1 Scopulariopsis, 1 

Penicillium 
1  

G35 
H2 Two types of Mucorales, 20+ Scopulariopsis   

L2 Mucorales, 8 Scopulariopsis   

G36 
H2 1 unidentified white colony   

L2 1 unidentified colony   

G37 L2 Some yeast on the edge   

G38 H2 A. fumigatus, 50+ A. niger, Mucorales, 3 A. nidulans 3 3 
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L2 24 A. fumigatus, 50+ A. niger, 2 Mucorales, 1 A. flavus, 1 

A. nidulans 
3 3 

G39 
H2 Yeast, 2 white/light green Penicillium   

L2 Yeast   

G40 

H2 Yeast, Mucorales, 2 Scopulariopsis, 1 unidentified 

Aspergillus sp., 2 unidentified colonies with a yellow zone 
  

L2 Yeast, 1 Scopulariopsis, 1 unknown Aspergillus sp., 2 

unknown colonies with yellow zone 
  

G42 
H2 3 A. niger, yeast, Mucorales  3 

L2 1 A. niger, yeast, three types of Mucorales, 2 A. flavus  1 

G43 
H2 1 A. niger, yeast, 2 A. glaucus  1 

L2 Two types of yeast, 9 A. glaucus   

G44 

H2 1 A. fumigatus, yeast, Mucorales, 15 A. glaucus, two types 

of unidentified Aspergillus spp. 
1  

L2 Yeast, 50+ A. glaucus (mostly at the edges), 6 unknown 

Aspergillus sp. 
  

G45 
H2 Two types of yeast   

L2 Yeast, 1 A. flavus   

G47 
H2 1 A. fumigatus, yeast, 50+ A. flavus 1  

L2 Yeast, 2 A. glaucus, 8 Scopulariopsis   

G48 

H2 5 A. fumigatus, 2 A. niger, yeast, Mucorales, 14 A. flavus 

on the film’s edge, 1 unidentified colony with yellow 

conidia 

3 2 

L2 Yeast, 3 A. flavus at the edges, 5 unknown white colonies 

(one with yellow zone) 
  

G52 

H2 Yeast, on the edge of the film: 1 A. fumigatus, 2 Mucorales 

(one in the middle of the plate), 1 A. nidulans, 1 A. flavus 
1  

L2 Yeast, at the edges: 1 A. fumigatus, 1 Mucorales, 2 A. 

flavus  
1  

G53 

H2 28 A. fumigatus, 23 A. niger, yeast, Mucorales, 2 A. tritici, 

1 A. flavus 
3 3 

L2 50+ A. fumigatus, 11 A. niger, 2 A. nidulans 3 3 
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Appendix 10 – Pale A. fumigatus 

 

Figure 42: A. fumigatus isolate (G22H2S2) on MEA after incubation at 37 °C for three days. The colonies were 

very pale and were fusing at the edges. It had produced very little conidia, but the microscopy and caM 

sequencing confirmed that it was A. fumigatus. See Figure 40 in Appendix 8 and Figure 20-A for comparison. 
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Appendix 11 – VIPcheckTM scores 

Table 32: VIPcheckTM score results of all A. fumigatus isolates. Isolates marked in grey were screened with E-

test. 

 VIPCHECK 24 H VIPCHECK 48 H 

FARM 
NO. 

MF-
value 

Itracon 
azole 

Voricon 
azole 

Posacon 
azole 

Control 
well 

Itracon 
azole 

Voricon 
azole 

Posacon 
azole 

Control 
well 

G7L2S1 0.96 - - - +++ - - - +++ 
G10H2S1 0.95 - - - +++ - - - +++ 
G10H2S2 1.15 - - - +++ - - - +++ 
G10H2S3 1.07 - - - +++ - - - +++ 
G10L2S1 1.15 - - - +++ - - - +++ 
G10L2S2 1.15 - - - +++ - - - +++ 
G10L2S3 1.06 - - - +++ - - - +++ 
G14H2S1 1.19 - - - +++ - - - +++ 
G14H2S2 1.11 - - - +++ - - - +++ 
G18H2S1 1.40 - - - +++ - - - +++ 
G18H2S2 1.03 - - - +++ - - - +++ 
G18H2S3 1.01 - - - +++ - - - +++ 
G18L2S1 1.05 - - - +++ - - - +++ 
G18L2S2 1.02 - - - +++ - - - +++ 
G18L2S3 1.09 - - - +++ - - - +++ 
G22H2S1 1.39 - - - +++ - - - +++ 
G22H2S2 0.62 - - - +++ - - - +++ 
G22H2S3 1.07 - - - +++ + - - +++ 
G22L2S1 1.19 - - - +++ - - - +++ 
G22L2S2 1.03 - - - +++ - - - +++ 
G22L2S3 1.11 - - - +++ - - - +++ 
G23H2S1 1.26 - - - +++ - - - +++ 
G23H2S2 1.19 - +++ - +++ + +++ - +++ 
G23H2S3 1.02 - - - +++ - - - +++ 
G23L2S1 1.14 - - - +++ - - - +++ 
G23L2S2 1.19 - - - +++ - - - +++ 
G23L2S3 1.43 - - - +++ - - - +++ 
G25H2S1 1.00 - - - +++ - - - +++ 
G25L2S1 1.03 - - - +++ - - - +++ 
G26L2S1 1.20 - - - +++ + - - +++ 
G28H2S1 1.50 - - - +++ - - - +++ 
G28H2S2 1.31 - - - +++ - - - +++ 
G28H2S3 1.18 - - - +++ - - - +++ 
G28L2S1 0.96 - - - +++ - - - +++ 
G28L2S2 1.02 - - - +++ - - - +++ 
G28L2S3 1.15 - - - +++ - - - +++ 
G29H2S1 1.12 - - - +++ - - - +++ 
G33L2S1 1.07 - - - +++ - - - +++ 
G34L2S1 1.10 + + - +++ + + - +++ 
G38H2S1 1.15 - - - +++ - + - +++ 
G38H2S2 1.07 - - - +++ - - + +++ 
G38H2S3 0.96 + - - +++ + - - +++ 
G38L2S1 1.24 + - - +++ ++ - + +++ 
G38L2S2 0.98 - - - +++ - - - +++ 
G38L2S3 1.30 - - - +++ + - + +++ 
G44H2S1 1.73 - - - +++ - - - +++ 
G47H2S1 1.21 - - - +++ - - - +++ 
G48H2S1 1.17 - - - +++ - - - +++ 
G48H2S2 1.09 - - - +++ - - - +++ 
G48H2S3 1.26 - - - +++ - - - +++ 
G52H2S1 1.22 - - - +++ - - - +++ 
G52L2S1 1.27 - - - +++ - - - +++ 
G53H2S1 1.19 - - - +++ - - - +++ 
G53H2S2 1.26 - - - +++ - - - +++ 
G53H2S3 1.11 - - - +++ - - - +++ 
G53L2S1 1.15 - - - +++ - - - +++ 
G53L2S2 1.30 - - - +++ - - - +++ 
G53L2S3 1.12 - - - +++ + - - +++ 
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Table 33: VIPcheckTM score results of all A. niger isolates. Isolates marked in grey were screened with E-test. 

 VIPCHECK 24 H VIPCHECK 48 H 

FARM 
NO. 

MF-
value 

Itracon 
azole 

Voricon 
azole 

Posacon 
azole 

Control 
well 

Itracon 
azole 

Voricon 
azole 

Posacon 
azole 

Control 
well 

G7H2A1 1.16 - - - +++ - - + +++ 
G7L2A1 1.08 - - - +++ - - + +++ 
G18H2A1 1.42 + - - +++ ++ - ++ +++ 
G22H2A1 1.24 - - - +++ + - - +++ 
G22H2A2 1.14 - - - +++ + - - +++ 
G22H2A3 1.24 - - - +++ - - - +++ 
G22L2A1 1.07 - - - +++ - - - +++ 
G23H2A1 1.11 + - - +++ ++ - + +++ 
G23H2A2 1.27 - - - +++ - - + +++ 
G23L2A1 1.59 + - - +++ ++ - - +++ 
G25H2A1 0.98 - - - +++ - - + +++ 
G25H2A2 1.15 - - - +++ + - + +++ 
G25L2A1 1.11 - - - +++ + - + +++ 
G27H2A1 1.07 - - - +++ ++ - + +++ 
G27L2A1 1.55 - - - +++ ++ - + +++ 
G33L2A1 1.19 + - + +++ ++ - +++ +++ 
G33L2A2 1.16 - - - +++ - - + +++ 
G33L2A3 1.03 - - - +++ - - + +++ 
G38H2A1 1.03 - - - +++ +++ - - +++ 
G38H2A2 1.07 - - - +++ + - - +++ 
G38H2A3 1.15 - - - +++ - - - +++ 
G38L2A1 1.15 - - - +++ - - - +++ 
G38L2A2 0.99 - - - +++ + - - +++ 
G38L2A3 1.18 - - - +++ - - - +++ 
G42H2A1 1.28 - - - +++ + - - +++ 
G42H2A2 1.85 - - - +++ + - - +++ 
G42H2A3 1.17 - - - +++ - - - +++ 
G42L2A1 1.10 - - - +++ - - - +++ 
G43H2A1 1.16 - - - +++ + - - +++ 
G48H2A1 1.68 - - - +++ - - - +++ 
G48H2A2 1.08 - - - +++ + - + +++ 
G53H2A1 1.30 - - - +++ - - - +++ 
G53H2A2 1.07 - - - +++ + - - +++ 
G53H2A3 1.02 - - - +++ - - - +++ 
G53L2A1 1.07 - - - +++ - - - +++ 
G53L2A2 1.19 - - - +++ - - - +++ 
G53L2A3 1.15 - - - +++ - - - +++ 
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Appendix 12 – VIPcheckTM photos 

 

   

Figure 43: VIPcheckTM plates of A. fumigatus after 48 h in 37 °C. These isolates were further screened for 

resistance with the E-test. Well 1; 4 mg/L itraconazole, well 2; 2 mg/L voriconazole, well 3; 0.5 mg/L 

posaconazole, well 4; control. A; G22H2S2, B; G23H2S2, C; G38L2S1. 
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Figure 44: VIPcheckTM plates of A. niger after 48 h in 37 °C. These isolates were further screened for resistance 

with the E-test. Well 1; 4 mg/L itraconazole, well 2; 2 mg/L voriconazole, well 3; 0.5 mg/L posaconazole, well 

4; control. A; G18H2A1, B; G23H2A1, C; G23L2A1, D; G27H2A1, E; G27L2A1, F; G33L2A1, G; G38H2A1, 

H; G42H2A2. 

 

 

Appendix 13 – E-test results photos 

 

Figure 45: E-test results of G27H2A1. This A. niger isolate shows no resistance against any of the azoles. 

ETEST® strips from left to right: voriconazole, itraconazole and posaconazole. See Table 19 for the readings. 
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Figure 46: E-test results of G23H2S2. This A. fumigatus isolate shows no resistance against any of the azoles. 

ETEST® strips from left to right: voriconazole, itraconazole and posaconazole. See Table 19 for the readings. 

 

 

Figure 47: E-test results of the clinical A. fumigatus isolate, VI06245. ETEST® strips from left to right: 

posaconazole, voriconazole and itraconazole. See Table 19 for the readings. 
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Figure 48: E-test results of the clinical A. fumigatus isolate, VI06584. ETEST® strips from left to right: 

posaconazole, voriconazole and itraconazole. See Table 19 for the readings. 

 

 

Figure 49: E-test results of the clinical A. fumigatus isolate, VI06658. ETEST® strips from left to right: 

voriconazole, posaconazole and itraconazole. See Table 19 for the readings. 
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Appendix 14 – Clinical sample information 

 

Table 34: Information of the clinical A. fumigatus isolate from NVI’s strain collection. 

 

S = sensitive 

R= resistant

Itracon 

azole

Voricon 

azole

Posacon 

azole
Control

Itracon 

azole

Voricon 

azole

Posacon 

azole
Control

VI 06245 Aspergillus fumigatus Cattle, placenta 32 R 1 S 1/0,5 R - - - ++ ++ + + ++

VI 06584 Aspergillus fumigatus Dog, sinuses 4 R 0,5 S 0,5 R ++ - - ++ ++ ++ ++ ++

VI 06658 Aspergillus fumigatus Dog, sinuses >32 R 1 S 0,5 R + - - ++ ++ + + ++

VIPcheckTM (2018) - 24 h VIPcheckTM (2018) - 48 h

Sample 

no.
Species Host

E-test 

(2018) 

Itracon 

azole

E-test 

(2018)

Voricon

azole

E-test 

(2018) 

Posacon

azole
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Appendix 15 – Consensus of cyp51A references used mutation screening 

>"Wild-type A. fumigatus (AF338659)" 

ATAATCGCAGCACCACTTCAGAGTTGTCTAGAATCACGCGGTCCGGATGTGTGCTGAGCCGAATGAAA

GTTGCCTAATTACTAAGGTGTAGTTCCAGCATACCATACACCCTAACTCATACTACGGTAGGTAGATC

TACTTACCTATGAACCTATATTGGTAGGTAGGTGAATATAAAATACAGCATGGAACATGTTTTTCATT

AGCTGGTCTCTCATTCGTCCTTGTCCTAGGCCTTAAGGAATCCAGTATATGAAATAATCCCTCTTATC

CATTTTCCTCCTATTCTTTTTCATTTCCCTCATCACTGCAACTCTAATCCTCGGGCTCACCCTCCCTG

TGTCTCCTCGAAATGGTGCCGATGCTATGGCTTACGGCCTACATGGCCGTTGCGGTGCTGACGGCAAT

CTTGCTCAATGTTGTTTATCAATTATTCTTTCGGCTTTGGAACCGAACAGAACCGCCAATGGTCTTTC

ATTGGGTCCCATTTCTGGGTAGTACCATCAGTTACGGGATTGATCCCTACAAGTTCTTCTTTGCGTGC

AGAGAAAAGGCAAGTCTCAAGATTGTAGTTTGACATTCATTCCTGGGCGCATTGCTGAGTATTGCTTT

CTTAACCGGCAGTATGGCGATATCTTCACTTTTATACTGTTGGGTCAAAAAACCACAGTCTACCTGGG

CGTTCAGGGGAACGAGTTTATTCTCAACGGCAAGCTCAAGGATGTCAATGCGGAAGAGGTCTATAGTC

CATTGACGACCCCCGTTTTCGGATCGGACGTGGTGTATGATTGTCCCAATTCCAAGCTGATGGAGCAG

AAAAAGTTCATCAAGTACGGCTTGACTCAGTCTGCGTTAGAGTCTCATGTGCCACTTATTGAGAAGGA

GGTTTTGGACTATCTGCGCGATTCACCGAACTTTCAAGGCTCGTCCGGCCGGATGGACATCTCTGCGG

CAATGGCTGAGATTACCATTTTTACCGCTGCTCGAGCCCTCCAAGGCCAGGAAGTTCGTTCCAAACTC

ACGGCTGAGTTCGCTGACCTCTATCATGACCTGGACAAGGGCTTTACTCCCATCAATTTTATGCTACC

GTGGGCCCCATTGCCGCATAACAAGAAGCGAGATGCTGCTCATGCGCGCATGAGGTCAATCTACGTTG

ACATCATCAATCAGCGCCGTCTTGACGGTGACAAGGACTCTCAGAAATCAGACATGATATGGAACCTG

ATGAACTGCACATACAAAAACGGCCAGCAAGTGCCTGATAAAGAGATTGCGCACATGATGATAACCCT

GTTGATGGCTGGTCAGCATTCGTCTTCGTCCATCAGCGCCTGGATTATGCTGAGACTGGCCTCACAGC

CAAAAGTCCTCGAAGAGCTGTATCAGGAACAGCTGGCCAATCTTGGCCCCGCCGGGCCAGACGGCAGT

CTTCCTCCGCTCCAGTACAAGGATCTTGACAAACTTCCCTTCCATCAACATGTTATTCGTGAAACCTT

ACGGATTCACTCCTCTATTCACTCTATCATGCGCAAGGTGAAAAGCCCCTTGCCCGTTCCCGGGACCC

CTTACATGATTCCTCCCGGTCGCGTGCTCCTTGCTTCACCTGGAGTGACAGCCCTCAGCGACGAACAC

TTCCCCAATGCTGGGTGCTGGGATCCCCATCGCTGGGAGAACCAGGCTACTAAGGAGCAGGAGAACGA

CGAGGTTGTCGACTACGGTTACGGCGCCGTCTCCAAGGGCACGTCAAGTCCCTATCTTCCGTTTGGTG

CTGGCCGACACCGCTGTATCGGCGAGAAATTCGCTTATGTCAACCTTGGTGTGATTCTGGCGACCATT

GTGCGCCACCTGCGACTTTTCAACGTGGATGGAAAGAAAGGAGTCCCTGAAACTGACTATTCATCCCT

CTTTTCGGGCCCCATGAAGCCAAGCATCATCGGCTGGGAGAAGCGGTCGAAAAACACATCCAAGTGAG

ACTGTTGTAACCATCGAGGACTTCAAAGGATTTGGTGTGATCGGAATAGGTGTATTATACTTAATTCA

CCCCTCGA 

>"TR34/L98H" 

ATAATCGCAGCACCACTTCAGAGTTGTCTAGAATCACGCGGTCCGGATGTGTGCTGAGCCGAATGAAT

CACGCGGTCCGGATGTGTGCTGAGCCGAATGAAAGTTGCCTAATTACTAAGGTGTAGTTCCAGCATAC

CATACACCCTAACTCATACTACGGTAGGTAGATCTACTTACCTATGAACCTATATTGGTAGGTAGGTG
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AATATAAAATACAGCATGGAACATGTTTTTCATTAGCTGGTCTCTCATTCGTCCTTGTCCTAGGCCTT

AAGGAATCCAGTATATGAAATAATCCCTCTTATCCATTTTCCTCCTATTCTTTTTCATTTCCCTCATC

ACTGCAACTCTAATCCTCGGGCTCACCCTCCCTGTGTCTCCTCGAAATGGTGCCGATGCTATGGCTTA

CGGCCTACATGGCCGTTGCGGTGCTGACGGCAATCTTGCTCAATGTTGTTTATCAATTATTCTTTCGG

CTTTGGAACCGAACAGAACCGCCAATGGTCTTTCATTGGGTCCCATTTCTGGGTAGTACCATCAGTTA

CGGGATTGATCCCTACAAGTTCTTCTTTGCGTGCAGAGAAAAGGCAAGTCTCAAGATTGTAGTTTGAC

ATTCATTCCTGGGCGCATTGCTGAGTATTGCTTTCTTAACCGGCAGTATGGCGATATCTTCACTTTTA

TACTGTTGGGTCAAAAAACCACAGTCTACCTGGGCGTTCAGGGGAACGAGTTTATTCTCAACGGCAAG

CACAAGGATGTCAATGCGGAAGAGGTCTATAGTCCATTGACGACCCCCGTTTTCGGATCGGACGTGGT

GTATGATTGTCCCAATTCCAAGCTGATGGAGCAGAAAAAGTTCATCAAGTACGGCTTGACTCAGTCTG

CGTTAGAGTCTCATGTGCCACTTATTGAGAAGGAGGTTTTGGACTATCTGCGCGATTCACCGAACTTT

CAAGGCTCGTCCGGCCGGATGGACATCTCTGCGGCAATGGCTGAGATTACCATTTTTACCGCTGCTCG

AGCCCTCCAAGGCCAGGAAGTTCGTTCCAAACTCACGGCTGAGTTCGCTGACCTCTATCATGACCTGG

ACAAGGGCTTTACTCCCATCAATTTTATGCTACCGTGGGCCCCATTGCCGCATAACAAGAAGCGAGAT

GCTGCTCATGCGCGCATGAGGTCAATCTACGTTGACATCATCAATCAGCGCCGTCTTGACGGTGACAA

GGACTCTCAGAAATCAGACATGATATGGAACCTGATGAACTGCACATACAAAAACGGCCAGCAAGTGC

CTGATAAAGAGATTGCGCACATGATGATAACCCTGTTGATGGCTGGTCAGCATTCGTCTTCGTCCATC

AGCGCCTGGATTATGCTGAGACTGGCCTCACAGCCAAAAGTCCTCGAAGAGCTGTATCAGGAACAGCT

GGCCAATCTTGGCCCCGCCGGGCCAGACGGCAGTCTTCCTCCGCTCCAGTACAAGGATCTTGACAAAC

TTCCCTTCCATCAACATGTTATTCGTGAAACCTTACGGATTCACTCCTCTATTCACTCTATCATGCGC

AAGGTGAAAAGCCCCTTGCCCGTTCCCGGGACCCCTTACATGATTCCTCCCGGTCGCGTGCTCCTTGC

TTCACCTGGAGTGACAGCCCTCAGCGACGAACACTTCCCCAATGCTGGGTGCTGGGATCCCCATCGCT

GGGAGAACCAGGCTACTAAGGAGCAGGAGAACGACGAGGTTGTCGACTACGGTTACGGCGCCGTCTCC

AAGGGCACGTCAAGTCCCTATCTTCCGTTTGGTGCTGGCCGACACCGCTGTATCGGCGAGAAATTCGC

TTATGTCAACCTTGGTGTGATTCTGGCGACCATTGTGCGCCACCTGCGACTTTTCAACGTGGATGGAA

AGAAAGGAGTCCCTGAAACTGACTATTCATCCCTCTTTTCGGGCCCCATGAAGCCAAGCATCATCGGC

TGGGAGAAGCGGTCGAAAAACACATCCAAGTGAGACTGTTGTAACCATCGAGGACTTCAAAGGATTTG

GTGTGATCGGAATAGGTGTATTATACTTAATTCACCCCTCGA 

>"TR46/Y121F/T289A" 

ATAATCGCAGCACCACTTCAGAGTTGTCTAGAATCACGCGGTCCGGATGTGTGCTGAGCCGAATGAAA

GTTGTCTAGAATCACGCGGTCCGGATGTGTGCTGAGCCGAATGAAAGTTGCCTAATTACTAAGGTGTA

GTTCCAGCATACCATACACCCTAACTCATACTACGGTAGGTAGATCTACTTACCTATGAACCTATATT

GGTAGGTAGGTGAATATAAAATACAGCATGGAACATGTTTTTCATTAGCTGGTCTCTCATTCGTCCTT

GTCCTAGGCCTTAAGGAATCCAGTATATGAAATAATCCCTCTTATCCATTTTCCTCCTATTCTTTTTC

ATTTCCCTCATCACTGCAACTCTAATCCTCGGGCTCACCCTCCCTGTGTCTCCTCGAAATGGTGCCGA

TGCTATGGCTTACGGCCTACATGGCCGTTGCGGTGCTGACGGCAATCTTGCTCAATGTTGTTTATCAA

TTATTCTTTCGGCTTTGGAACCGAACAGAACCGCCAATGGTCTTTCATTGGGTCCCATTTCTGGGTAG
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TACCATCAGTTACGGGATTGATCCCTACAAGTTCTTCTTTGCGTGCAGAGAAAAGGCAAGTCTCAAGA

TTGTAGTTTGACATTCATTCCTGGGCGCATTGCTGAGTATTGCTTTCTTAACCGGCAGTATGGCGATA

TCTTCACTTTTATACTGTTGGGTCAAAAAACCACAGTCTACCTGGGCGTTCAGGGGAACGAGTTTATT

CTCAACGGCAAGCTCAAGGATGTCAATGCGGAAGAGGTCTATAGTCCATTGACGACCCCCGTTTTCGG

ATCGGACGTGGTGTTTGATTGTCCCAATTCCAAGCTGATGGAGCAGAAAAAGTTCATCAAGTACGGCT

TGACTCAGTCTGCGTTAGAGTCTCATGTGCCACTTATTGAGAAGGAGGTTTTGGACTATCTGCGCGAT

TCACCGAACTTTCAAGGCTCGTCCGGCCGGATGGACATCTCTGCGGCAATGGCTGAGATTACCATTTT

TACCGCTGCTCGAGCCCTCCAAGGCCAGGAAGTTCGTTCCAAACTCACGGCTGAGTTCGCTGACCTCT

ATCATGACCTGGACAAGGGCTTTACTCCCATCAATTTTATGCTACCGTGGGCCCCATTGCCGCATAAC

AAGAAGCGAGATGCTGCTCATGCGCGCATGAGGTCAATCTACGTTGACATCATCAATCAGCGCCGTCT

TGACGGTGACAAGGACTCTCAGAAATCAGACATGATATGGAACCTGATGAACTGCACATACAAAAACG

GCCAGCAAGTGCCTGATAAAGAGATTGCGCACATGATGATAGCCCTGTTGATGGCTGGTCAGCATTCG

TCTTCGTCCATCAGCGCCTGGATTATGCTGAGACTGGCCTCACAGCCAAAAGTCCTCGAAGAGCTGTA

TCAGGAACAGCTGGCCAATCTTGGCCCCGCCGGGCCAGACGGCAGTCTTCCTCCGCTCCAGTACAAGG

ATCTTGACAAACTTCCCTTCCATCAACATGTTATTCGTGAAACCTTACGGATTCACTCCTCTATTCAC

TCTATCATGCGCAAGGTGAAAAGCCCCTTGCCCGTTCCCGGGACCCCTTACATGATTCCTCCCGGTCG

CGTGCTCCTTGCTTCACCTGGAGTGACAGCCCTCAGCGACGAACACTTCCCCAATGCTGGGTGCTGGG

ATCCCCATCGCTGGGAGAACCAGGCTACTAAGGAGCAGGAGAACGACGAGGTTGTCGACTACGGTTAC

GGCGCCGTCTCCAAGGGCACGTCAAGTCCCTATCTTCCGTTTGGTGCTGGCCGACACCGCTGTATCGG

CGAGAAATTCGCTTATGTCAACCTTGGTGTGATTCTGGCGACCATTGTGCGCCACCTGCGACTTTTCA

ACGTGGATGGAAAGAAAGGAGTCCCTGAAACTGACTATTCATCCCTCTTTTCGGGCCCCATGAAGCCA

AGCATCATCGGCTGGGAGAAGCGGTCGAAAAACACATCCAAGTGAGACTGTTGTAACCATCGAGGACT

TCAAAGGATTTGGTGTGATCGGAATAGGTGTATTATACTTAATTCACCCCTCGA 
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Appendix 16 – Gel electrophoresis images of caM, bT2 and cyp51A amplicons 
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Figure 50: Gel image of caM PCR product (between 500 bp and 750 bp). Samples are numbered; numbers with 

* are from A. niger, and samples without are from A. fumigatus. EBKs are extraction blank controls, and N are 

negative controls, which were all blank. Band sizes are marked on the ladders (Lad). Sample details are in  

Table 35 in Appendix 17. 
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Figure 51: Gel image of A. fumigatus caM PCR products (samples in A without *), A. niger bT2 PCR products 

(samples in A, B and C marked with *) and A. fumigatus bT2 PCR products (samples in C without *). All 

negative controls (N) were blank, and caM products were faint (between 500 bp and 750 bp). All bT2 products 

were very clear (at around 500 bp) . Band sizes are marked on the ladders (Lad). Sample details are in Table 35 

in Appendix 17. 
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Figure 52: Gel image of the second attempt at cyp51A PCR on the three resistant clinical A. fumigatus isolates 

from NVI’s strain collection (between 2000 bp and 2500 bp). Three parallels of the reaction were running at the 

same time. Lad is the ladder, and N15 is the negative control. Unfortunately, the reaction mix evaporated during 

the PCR, which resulted in a poor yield. However, sample A in the second parallel (marked with the red box) 

seemed promising and had no traces of the persistent extra band. This PCR product was therefore sent for 

sequencing without going through gel purification beforehand. Samples are listed in Table 21. 

 

 

Figure 53: Gel image of the third attempt at cyp51A PCR on the resistant clinical A. fumigatus isolates from 

NVI’s strain collection (between 2000 bp and 2500 bp). Lad is the ladder, and N16 is the negative control. The 

extra band at 1000 bp still persisted, and it was therefore decided to run gel purification on these two isolates 

before sequencing. Samples are listed in Table 21. 
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Appendix 17 – Molecular sample numbers 

Table 35: Sample numbers and their corresponding DNA numbers seen on the gel images. A. fumigatus are 

marked in blue, and A. niger are marked in orange. 

Farm no. DNA no. Farm no. DNA no. Farm no. DNA no. 

G7L2S1 1 G23H2S2 33 G22H2A2 7* 

G10H2S1 2 G23H2S3 34 G22H2A3 8* 

G10H2S2 3 G23L2S1 35 G22L2A1 9* 

G10H2S3 4 G23L2S2 36 G18H2A1 10* 

G10L2S1 5 G23L2S3 37 G48H2A1 11* 

G10L2S2 6 G26L2S1 38 G48H2A2 12* 

G10L2S3 7 G29H2S1 39 G27H2A1 13* 

G22L2S1 8 G34L2S1 40 G27L2A1 14* 

G22L2S2 9 G38H2S1 41 G33L2A1 15* 

G22L2S3 10 G38H2S2 42 G33L2A2 16* 

G28H2S1 11 G38H2S3 43 G33L2A3 17* 

G28H2S2 12 G38L2S1 44 G23H2A1 18* 

G28H2S3 13 G38L2S2 45 G23H2A2 19* 

G28L2S1 14 G38L2S3 46 G23L2A1 20* 

G28L2S2 15 G47H2S1 47 G38H2A1 21* 

G28L2S3 16 G52H2S1 48 G38H2A2 22* 

G25H2S1 17 G52L2S1 49 G38H2A3 23* 

G25L2S1 18 G44H2S1 50 G38L2A1 24* 

G18H2S1 19 G14H2S1 51 G38L2A2 25* 

G18H2S2 20 G14H2S2 52 G38L2A3 26* 

G18H2S3 21 G53H2S1 53 G42H2A1 27* 

G18L2S1 22 G53H2S2 54 G42H2A2 28* 

G18L2S2 23 G53H2S3 55 G42H2A3 29* 

G18L2S3 24 G53L2S1 56 G42L2A1 30* 

G22H2S1 25 G53L2S2 57 G53H2A1 31* 

G22H2S2 26 G53L2S3 58 G53H2A2 32* 

G22H2S3 27 G7H2A1 1* G53H2A3 33* 

G48H2S1 28 G7L2A1 2* G53L2A1 34* 

G48H2S2 29 G25H2A1 3* G53L2A2 35* 

G48H2S3 30 G25H2A2 4* G53L2A3 36* 

G33L2S1 31 G25L2A1 5* G43H2A1 37* 

G23H2S1 32 G22H2A1 6*   
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Appendix 18 – Sequence information 

 

Table 36: Sequence and BLAST result information for each A. fumigatus isolate. 

 

G7L2S1 caM 1 (CMD6) 511 561 99,0 % 48,5 % 0 944,758 100,0 % A. fumigatus

G10H2S1 caM 2 580 99,0 % 49,4 % 0 1072,18 100,0 % A. fumigatus

G10H2S2 caM 2 515 100,0 % 48,5 % 0 946,605 99,9 % A. fumigatus

G10H2S3 caM 2 578 99,8 % 49,1 % 0 1061,1 99,9 % A. fumigatus

G10L2S1 caM 1 (CMD5) 467 568 97,6 % 49,5 % 0 863,506 100,0 % A. fumigatus

G10L2S2 bT2 2 547 100,0 % 52,1 % 0 1011,24 100,0 % A. fumigatus

G10L2S3 bT2 2 535 100,0 % 51,8 % 0 989,078 100,0 % A. fumigatus

G14H2S1 caM 1 (CMD6) 523 560 98,1 % 48,9 % 0 966,918 100,0 % A. fumigatus

G14H2S2 caM 2 565 100,0 % 48,6 % 0 1033,4 99,8 % A. fumigatus

G18H2S1 caM 2 578 100,0 % 48,8 % 0 1057,4 99,8 % A. fumigatus

G18H2S2 caM 2 577 99,8 % 49,7 % 0 1055,56 99,8 % A. fumigatus

G18H2S3 caM 2 577 99,5 % 48,9 % 0 1055,56 99,8 % A. fumigatus

G18L2S1 caM 2 575 100,0 % 48,7 % 0 1051,86 99,8 % A. fumigatus

G18L2S2 caM 2 566 100,0 % 49,2 % 0 1046,32 100,0 % A. fumigatus

G18L2S3 caM 2 545 98,5 % 48,7 % 0 1007,54 100,0 % A. fumigatus

G22H2S1 caM 2 549 99,6 % 49,0 % 0 1014,93 100,0 % A. fumigatus

G22H2S2 caM 2 291 100,0 % 51,1 % 1,68E-147 534,802 99,9 % A. fumigatus

G22H2S3 caM 2 578 99,0 % 49,0 % 0 1061,1 99,9 % A. fumigatus

G22L2S1 caM 2 551 99,6 % 48,8 % 0 1018,62 100,0 % A. fumigatus

G22L2S2 caM 2 577 99,7 % 49,0 % 0 1066,64 100,0 % A. fumigatus

G22L2S3 caM 2 566 99,8 % 49,2 % 0 1046,32 100,0 % A. fumigatus

G23H2S1 caM 2 565 99,5 % 49,2 % 0 1044,48 100,0 % A. fumigatus

G23H2S2 caM 2 565 100,0 % 49,4 % 0 1044,48 100,0 % A. fumigatus

G23H2S3 caM 2 577 98,8 % 48,8 % 0 1055,56 99,8 % A. fumigatus

G23L2S1 caM 2 555 100,0 % 49,3 % 0 1026,01 100,0 % A. fumigatus

G23L2S2 caM 2 577 99,8 % 49,1 % 0 1066,64 100,0 % A. fumigatus

G23L2S3 caM 2 578 100,0 % 49,4 % 0 1066,64 100,0 % A. fumigatus

G25H2S1 caM 2 523 100,0 % 48,7 % 0 966,918 100,0 % A. fumigatus

G25L2S1 bT2 2 536 100,0 % 52,0 % 0 990,925 100,0 % A. fumigatus

G26L2S1 caM 2 556 100,0 % 49,0 % 0 1027,86 100,0 % A. fumigatus

G28H2S1 caM 2 576 99,0 % 49,1 % 0 1064,79 100,0 % A. fumigatus

G28H2S2 caM 2 577 100,0 % 49,2 % 0 1066,64 100,0 % A. fumigatus

G28H2S3 bT2 2 537 100,0 % 52,2 % 0 992,771 100,0 % A. fumigatus

G28L2S1 caM 2 577 100,0 % 48,8 % 0 1055,56 99,8 % A. fumigatus

G28L2S2 caM 2 577 100,0 % 49,1 % 0 1066,64 100,0 % A. fumigatus

G28L2S3 caM 2 577 99,7 % 49,1 % 0 1066,64 100,0 % A. fumigatus

G29H2S1 caM 2 555 100,0 % 49,6 % 0 1016,78 99,5 % A. fumigatus

G33L2S1 caM 2 577 100,0 % 49,3 % 0 1066,64 100,0 % A. fumigatus

G34L2S1 caM 2 566 99,3 % 49,2 % 0 1046,32 100,0 % A. fumigatus

G38H2S1 caM 2 565 100,0 % 49,2 % 0 1044,48 100,0 % A. fumigatus

G38H2S2 caM 2 553 100,0 % 49,1 % 0 1022,32 100,0 % A. fumigatus

G38H2S3 caM 2 568 100,0 % 49,1 % 0 1050,02 100,0 % A. fumigatus

G38L2S1 caM 2 553 100,0 % 49,0 % 0 1016,78 99,7 % A. fumigatus

G38L2S2 caM 2 544 100,0 % 48,9 % 0 1005,7 100,0 % A. fumigatus

G38L2S3 caM 2 576 97,4 % 49,0 % 0 1064,79 100,0 % A. fumigatus

G44H2S1 caM 2 462 97,8 % 48,3 % 0 854,272 100,0 % A. fumigatus

G47H2S1 caM 2 577 99,7 % 49,0 % 0 1066,64 100,0 % A. fumigatus

G48H2S1 caM 2 507 99,4 % 48,4 % 0 937,372 100,0 % A. fumigatus

G48H2S2 caM 2 576 99,1 % 49,0 % 0 1064,79 100,0 % A. fumigatus

G48H2S3 caM 2 577 99,8 % 49,0 % 0 1066,64 100,0 % A. fumigatus

Sample no.

Genetic 

marker Strands

Contig 

length (bp)

Length prior 

to trim (bp) % HQ % GC E-value Bit score % Hit grade Specie
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Table 37: Sequence and BLAST result information for each A. niger isolate. All turned out to be A. tubingensis 

except sample G53H2A1 (marked in the table), which was A. welwitschiae. 

 

G52H2S1 caM 2 578 100,0 % 49,0 % 0 1062,94 99,9 % A. fumigatus

G52L2S1 caM 2 566 99,8 % 49,3 % 0 1035,24 99,8 % A. fumigatus

G53H2S1 caM 2 578 100,0 % 49,1 % 0 1068,48 100,0 % A. fumigatus

G53H2S2 caM 2 577 99,3 % 49,0 % 0 1066,64 100,0 % A. fumigatus

G53H2S3 caM 2 577 97,2 % 49,4 % 0 1066,64 100,0 % A. fumigatus

G53L2S1 caM 2 567 99,3 % 49,1 % 0 1048,17 100,0 % A. fumigatus

G53L2S2 caM 2 551 100,0 % 49,3 % 0 1018,62 100,0 % A. fumigatus

G53L2S3 caM 2 551 100,0 % 49,3 % 0 1018,62 100,0 % A. fumigatus

G7H2A1 bT2 2 529 100,0 % 52,9 % 0 977,998 100,0 % A. tubingensis

G7L2A1 bT2 2 530 100,0 % 53,4 % 0 979,845 100,0 % A. tubingensis

G18H2A1 bT2 2 530 100,0 % 52,8 % 0 979,845 100,0 % A. tubingensis

G22H2A1 bT2 2 533 100,0 % 52,6 % 0 985,385 100,0 % A. tubingensis

G22H2A2 bT2 2 527 100,0 % 52,9 % 0 974,305 100,0 % A. tubingensis

G22H2A3 bT2 2 532 100,0 % 52,9 % 0 983,538 100,0 % A. tubingensis

G22L2A1 bT2 2 531 100,0 % 52,9 % 0 981,691 100,0 % A. tubingensis

G23H2A1 bT2 2 526 100,0 % 53,3 % 0 972,458 100,0 % A. tubingensis

G23H2A2 bT2 2 469 98,7 % 54,2 % 0 867,199 100,0 % A. tubingensis

G23L2A1 bT2 2 527 100,0 % 53,0 % 0 974,305 100,0 % A. tubingensis

G25H2A1 bT2 2 528 100,0 % 52,8 % 0 976,151 100,0 % A. tubingensis

G25H2A2 bT2 2 532 100,0 % 53,1 % 0 983,538 100,0 % A. tubingensis

G25L2A1 bT2 2 534 100,0 % 52,7 % 0 987,231 100,0 % A. tubingensis

G27H2A1 bT2 2 531 100,0 % 52,8 % 0 981,691 100,0 % A. tubingensis

G27L2A1 bT2 2 533 100,0 % 52,8 % 0 985,385 100,0 % A. tubingensis

G33L2A1 bT2 2 530 100,0 % 53,1 % 0 979,845 100,0 % A. tubingensis

G33L2A2 bT2 2 529 100,0 % 53,1 % 0 977,998 100,0 % A. tubingensis

G33L2A3 bT2 2 530 100,0 % 53,0 % 0 979,845 100,0 % A. tubingensis

G38H2A1 bT2 2 531 100,0 % 52,8 % 0 981,691 100,0 % A. tubingensis

G38H2A2 bT2 2 530 100,0 % 53,0 % 0 979,845 100,0 % A. tubingensis

G38H2A3 bT2 2 546 100,0 % 52,4 % 0 1009,39 100,0 % A. tubingensis

G38L2A1 bT2 2 533 100,0 % 52,6 % 0 985,385 100,0 % A. tubingensis

G38L2A2 bT2 2 531 100,0 % 52,2 % 0 981,691 100,0 % A. tubingensis

G38L2A3 bT2 2 533 100,0 % 52,6 % 0 985,385 100,0 % A. tubingensis

G42H2A1 bT2 2 531 100,0 % 53,0 % 0 981,691 100,0 % A. tubingensis

G42H2A2 bT2 2 527 100,0 % 53,0 % 0 974,305 100,0 % A. tubingensis

G42H2A3 bT2 2 529 100,0 % 52,9 % 0 977,998 100,0 % A. tubingensis

G42L2A1 bT2 2 448 100,0 % 51,3 % 0 828,419 100,0 % A. tubingensis

G43H2A1 bT2 2 528 100,0 % 53,3 % 0 976,151 100,0 % A. tubingensis

G48H2A1 bT2 2 528 100,0 % 52,8 % 0 976,151 100,0 % A. tubingensis

G48H2A2 bT2 2 532 100,0 % 52,8 % 0 983,538 100,0 % A. tubingensis

G53H2A1 bT2 2 533 100,0 % 52,5 % 0 985,385 100,0 % A. welwitschiae

G53H2A2 bT2 2 533 100,0 % 52,6 % 0 985,385 100,0 % A. tubingensis

G53H2A3 bT2 2 529 100,0 % 53,1 % 0 977,998 100,0 % A. tubingensis

G53L2A1 bT2 2 528 100,0 % 52,6 % 0 976,151 100,0 % A. tubingensis

G53L2A2 bT2 2 525 100,0 % 53,3 % 0 970,611 100,0 % A. tubingensis

G53L2A3 bT2 2 531 100,0 % 52,8 % 0 981,691 100,0 % A. tubingensis

Sample no.

Genetic 

marker Strands

Contig 

length (bp)

Length prior 

to trim (bp) % HQ % GC E-value Bit score Hit grade Specie



 

 



 

 

 


