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Abstract
The fungus Aspergillus fumigatus causes disease in immunocompromised patients. Resistance of A.
fumigatus against the biggest class of medicines, the triazoles, evolves in patients and in the environment.
The resistance evolution in the environment is however not yet fully understood. Here we show that
agricultural triazoles have a resistance-inducing effect on A. fumigatus in its natural habitat compost. One
gram of flower-bulb compost can hold 500 million A. fumigatus spores, generating genetic variation
necessary for triazole resistance development. Increasing the triazole concentration in compost to 10 µg
triazole/gr of compost leads to a slight reduction in population size and a clear increase in the fraction of
TEB resistant spores. Nonetheless, no known mutation combinations leading to triazole-resistance have
been found. These results implicates that the use of high concentrations of triazoles in agriculture and
industry leads to more triazole-resistance in A. fumigatus.

Relevance of research
The fungus Aspergillus fumigatus is causing increasing global health problems. The emergence of more
immunocompromised patients has led to a surge of serious fungal infections in humans (Denning, 1998).
Millions of patients worldwide suffer from either lethal or chronic diseases caused by an A. fumigatus
infection. Together with the increase of A. fumigatus infections, resistance to the most important class of
antifungal drugs, the triazoles, has become a serious health threat (Cohen, Denning and Viviani, 1993;
Groll et al., 1996; J.-P. Latgé, 1999; Denning, Pleuvry and Cole, 2013). The natural habitat of A. fumigatus
is decaying plant material, and the fungus thrives in compost heaps containing agricultural plant waste
material. The extensive use of fungicides in agriculture and industry can lead to resistance of A. fumigatus
to the most important antifungal agents, the triazoles. This thesis focusses on growth of and triazoleresistance development in A. fumigatus in compost heaps.
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Introduction
This introduction elaborates on the place of A. fumigatus in the eukaryote domain and the various
reproductive cycles that cause genetic variation in A. fumigatus. Next, the pathogenicity of A. fumigatus
is discussed and what treatment options exist. The molecular mechanism behind the biggest class of
treatment, the triazoles, is explored. Likewise, the molecular mechanism and genetic cause of resistance
against triazoles are explained. Lastly, the use of a compost model to prove environmental triazoleresistance emergence is introduced.

Aspergillus fumigatus taxonomy
The fungal species Aspergillus fumigatus used to belong to the Aspergillus genus. The genus Aspergillus
owes its name to the aspergil, an instrument used by Catholic clergy to sprinkle holy water (Ainsworth,
1976). The asexual sporulation structure of Aspergillus under the microscope resembles an aspergil
(Figure 1).

Figure 1: Left; Aspergillus nidulans conidiophore (Houbraken, de Vries, & Samson, 2014), right; Pope Benedict holding an
aspergillum (pictures.google.com).

A distinct feature of the Aspergillus genera used to be the method of asexual reproduction, and A.
fumigatus was long thought to be strictly asexual. In 2009, a sexual cycle was discovered in A. fumigatus,
resulting in its formal shift to the Neosartorya fumigatus genus (O’Gorman, Fuller, & Dyer, 2009). The
genus Neosartorya fumigatus belongs to the family of Trichocomaceae, harboring species that are known
for survival in extreme circumstances (Houbraken & Samson, 2011).

Life cycle A. fumigatus
Until recently, A. fumigatus was believed to have the asexual and parasexual reproductive cycles. In this
section, three different reproductive cycles are described. Knowledge of reproduction is needed to
understand the origin of mutations and recombination that can lead to resistance.
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Asexual cycle
The asexual cycle involves the generation of haploid conidiospores by a conidiophore through mitosis.
Conidiospores are generated by phiallide cells, which can divide up to 100 times. Each conidiophore
contains +/- 100 phiallide cells, resulting in a spore production of 104 conidiospores per conidiophore
(Orange cycle, Figure 2). A single spore can thus produce a colony with up to 109 spores in just three or
four days (Zhang et al., 2015). This mitotic nature of reproduction creates enormous amounts of genetic
clones, where errors in mitosis will cause small genetic differences between the clones. Zhu et al. (2014)
have shown that the chance of a point mutation in a basepair (bp) per mitotic division is 1.67*10-10.
Considering that the A. fumigatus genome is 2.9*107 bps and one spore can produce 109 spores, a few
days of A. fumigatus growth can lead to almost 5 million de novo mutations. Hence, the high amount of
mutations makes the asexual cycle relevant to the evolution of A. fumigatus.

Figure 2: Reproductive cycles in A. fumigatus (Verweij, Zhang, et al., 2016). The asexual cycle shows the spread of conidiospores
by wind, causing opportunistic lung infections in immunocompromised humans.

Sexual cycle
The sexual cycle starts with fertilization leading to a dikaryotic mycelium containing cells with a male and
female nucleus. After fusion of the two nuclei, diploid meiocytes are formed that undergo meiotic and
post-meiotic mitotic divisions, leading to asci containing eight genetically variant spores. Asci are packed
in a fruiting body, which can hold 104 asci (Blue cycle, Figure 2, Verweij, Zhang, et al., 2016).
Recombination during meiosis leads to progeny that are genetically different from the parents. The sexual
cycle thus results in genetic diversity.
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Parasexual cycle
Next to the sexual and asexual reproductive cycles, A. fumigatus has a third mode of generating genetic
variation. Parasex involves the fusion of hyphae. This fusion can lead to a homokaryon (in case of
genetically similar hyphae fusion) or heterokaryons (in case of unalike hyphae). The fusion of nuclei in
these dikaryons leads to diploid progeny. During mitotic divisions of these diploid nuclei, mitotic
recombination and haploidization can occur resulting in recombinant haploid genotypes. These haploids
consequently are recombinant (Pink cycle, Figure 3, Stromnaes & Garber, 1963). Thus, the parasexual
cycle can also contribute to genetic diversity.

A. fumigatus pathogenicity
The first patient was diagnosed with an A. fumigatus infection in 1953 (Rankin, 1953). A. fumigatus can
enter the body via the respiratory tract and causes disease in the lungs of immunocompromised patients
(Kwon-Chung & Sugui, 2013). This section describes why A. fumigatus is pathogenic and in what patient
groups it causes disease.

Why is A. fumigatus pathogenic?
A. fumigatus causes over 90% of all human infections by the genus Aspergillus (Quinn et al., 1994). The
majority of these infections take place in immunocompromised patients. This superior opportunistic
pathogenicity compared to the rest of the Aspergillus genus is due to:
- the conidiospores of A. fumigatus being exceptionally small, between 2 and 3 μm, ensuring easy dispersal
through air and entering of the lower airways. Spores larger than 5 μm cannot enter the lung (Cohen et
al., 2011; Kwon-Chung & Sugui, 2013).
- the capacity to thrive in human-created heaps of various plant-waste materials resulting in a high
abundance of A. fumigatus spores in the human environment (Sijmen E. Schoustra et al., 2019).
- A. fumigatus conidia having a more negatively charged surface, enabling stronger binding to epithelial
cells in the human respiratory tract and lung (Wasylnka, Simmer, & Moore, 2001).
- the attribute of A. fumigatus to thrive in many different and extreme environments (high
thermostability, wide pH-range, Wasylnka et al., 2001).
Nevertheless, immunocompetent humans are efficient in the removal of A. fumigatus from the
respiratory tract. Every human inhales hundreds of A. fumigatus spores daily, which are disarmed by the
innate immune system (Chazalet et al., 1998). Macrophages destroy the conidia efficiently and hyphae
are detected and broken down by granulocytes (Schaffner, Douglas, & Braude, 1982).

A. fumigatus diseases and patient groups
Aspergilloma
Before Aspergillosis became a threatening disease in immunocompromised patients, A. fumigatus was
viewed as a weak pathogen that causes Farmers’ lungs or Aspergilloma, a disease where A. fumigatus
grows in lung cavities that formed during tuberculosis (Tomlinson, 1987).
Invasive Aspergillosis
In recent decades, a surge in immunosuppressing treatments in among others cancer patients has led to
more severely immunocompromised patients. In specific immunocompromised cancer patients suffering
from Invasive Aspergillosis, proper treatment cannot prevent patients from dying (mortality rate 80-90%,
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Cohen et al., 1993). Other patient groups susceptible to Invasive Aspergillosis include AIDS patients and
organ transplant recipients (J. P. Latgé, 1999).
Allergic Bronchopulmonary Aspergillosis
Allergic Bronchopulmonary Aspergillosis (ABPA) is an allergic reaction to an A. fumigatus infection of the
lung. This disease is frequently found in Cystic Fibrosis patients, just like in persistent asthma patients
(Elphick & Southern, 2016). It is estimated that 4.8 million asthma patients globally suffer from ABPA
(Denning et al., 2013)
Mortality in Cystic Fibrosis patients is often caused by numerous different recurrent bacterial and fungal
infections that cause the destruction of the lung and airways. ABPA can be one of the infections acting in
this destructive cycle of infections (King, Brunel, & Warris, 2016).
Chronic Pulmonary Aspergillosis
Chronic Pulmonary Aspergillosis (CPA) is found in a number of large patient groups. Interestingly, CPA is
found in patients that are not immunocompromised. Patients suffering from Chronic Obstructive
Pulmonary Disease (COPD, 240,000 CPA cases in Europe annually, David W. Denning et al., 2016) and
Tuberculosis survivors are two large risk groups. CPA involves fungal growth in enlarged lung cavities that
were created in the development of COPD or Tuberculosis (Denning et al., 2016).

Antifungal drugs
Classes of antifungal drugs
Unlike the wide range of antibiotics targeting numerous pathways in bacteria, most antifungal drugs
target just one pathway. The human species and fungi, both belonging to the eukaryotic domain, share
many essential processes and pathways. This makes it difficult to find drugs that eradicate a fungus but
do not harm humans.
There are several different classes of
antifungal drugs. The biggest class is that of
the ergosterol biosynthesis inhibiting drugs.
This class contains several subclasses of which
the azoles, interfering with cyp51 responsible
for the demethylation of lanosterol (14-αdemethylase in Figure 3), are the main ones.
Next to azoles, allylamines interfere with
squalene epoxidase, morpholines inhibit
sterol reductase and sterol isomerase and
polyenes binding to ergosterol itself (Figure 3,
Sanglard, 2002).

Figure 3: Ergosterol biosynthesis pathway (Onyewu, Blankenship, Del
Poeta, & Heitman, 2003)
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Next to the drugs interfering with ergosterol
synthesis, two smaller classes of antifungal
drugs exist. Pyrimidine analogs inhibit nucleic
acid production in fungi. This class of drugs is
however very prone to the emergence of
resistance in various fungal species (Sanglard,
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2002). Furthermore, a wide array of serious side effects has been described in patients treated with
pyrimidine analogs, making the use undesirable (Galmarini, Mackey, & Dumontet, 2002).
At last, echinocandins are a class of antifungal drugs that inhibit glucan synthase, an enzyme involved in
fungal cell wall synthesis. These drugs, however, show weak activity against A. fumigatus (Sanglard, 2002).
In conclusion, the ergosterol biosynthesis pathway is currently the primary target in the treatment of A.
fumigatus infections.

Ergosterol inhibiting drugs
As established above, treatment of patients with fungal infections focusses on the inhibition of the
(ergo)sterol biosynthesis pathway. In the section below, the importance of this pathway for fungi is
described.
Sterols in eukaryotes
Sterols are an essential part of the cell membrane of
eukaryotes. In the different kingdoms of eukaryotes,
different sterols are present in the cell membranes,
whereas in bacteria, no sterols reside in the cell wall. In
animals, plants, and fungi these sterols are named
zoosterols, phytosterols and mycosterols respectively. In
animals, the most common zoosterol is cholesterol, in
plants, the most common phytosterol is β-sitosterol and in
fungi, the most common mycosterol is ergosterol (Snyder
& Wilson, 2003). As shown in Figure 4, these sterols are
highly similar, with minor differences in their tail (Stillwell
& Stillwell, 2016). Strikingly, the seemingly small
differences have been vital for the invention of fungicides.
Function sterol
The hydroxyl group of ergosterol, being hydrophilic,
ensures the attachment to the aqueous phase. The
carbocyclic rings and tails are hydrophobic and reside in
the cell membrane (Stillwell & Stillwell, 2016, Figure 4).
The highly conserved molecular structure of sterols
between the different eukaryotic kingdoms indicates an
essential function for sterols in a cell membrane (Figure 4).
At first, sterols have an effect on the fluidity and
permeability of the membrane. The interaction of sterols
Figure 4: Molecular structure of cell membrane sterols
of animals (Cholesterol), fungi (Ergosterol) and plants with phospholipids leads to a more dense lipid structure
(β-sitosterol) (Stillwell & Stillwell, 2016).
and consequently a more rigid cell membrane in the liquid
crystalline state (Ohvo-Rekilä, Ramstedt, Leppimäki, &
Peter Slotte, 2002). This rigidness causes the cell membrane to be less permeable and gives it mechanical
strength (Needham & Nunn, 1990).
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Next to the effect on the overall behavior of the cell membrane, sterols also have an effect on the signal
transduction through the membrane (Simons & Toomre, 2000). Signaling pathways in eukaryotic cell walls
often depend on interactions between numerous proteins.
These membrane proteins need to be close together to
interact. Groups of membrane proteins are found in socalled ‘lipid rafts’, consisting of sterols and sphingolipids
(Brown & London, 1998). Sphingolipids contain long
saturated acyl chains, causing them to have a lower melting
point than phospholipids in non-raft parts of the cell
membrane. Sterols and sphingolipids organize in rigid
liquid-ordered domains, in which protein complexes are
packed (Figure 5).

Figure 5: Lipid rafts in cell membrane (Deborah A.
Brown & London, 2000). A depicts the dispersed raft
proteins that coalesce into larger rafts. Proteins that
have affinity for rafts can move through the cell
membrane and cluster in a lipid raft (B).

Different studies have shown that lipid rafts have a
function in signal transduction and interactions between
membrane proteins in different rafts in the membrane, but
the exact mechanism responsible for this is not yet
understood (Pike & Miller, 1998; Tansey, Baloh, Milbrandt,
& Johnson, 2000).

Mode of action azoles

The biggest group of ergosterol biosynthesis inhibiting
drugs are the azoles. In this group, triazoles have shown to be the most potent antifungal drugs. Triazoles
contain one or more 1, 2, 4-triazole rings (Peyton, Gallagher, & Hashemzadeh, 2015). Prominent medical
triazoles include itraconazole, posaconazole and voriconazole (Meis, Chowdhary, Rhodes, Fisher, &
Verweij, 2016).
Triazoles inhibit the 14-α-demethylase that demethylates
lanosterol (Figure 3, Figure 6)(Bossche, Koymans, &
Moereels, 1995). 14-α-demethylase is a Cytochrome P450
enzyme, so it contains a heme cofactor. The enzyme uses
this heme co-factor to remove the 14-α-methyl group from
lanosterol. The triazole rings bind to the iron atom of the
heme cofactor, shielding the active site of the 14-αdemethylase (Odds, Brown, & Gow, 2003; Podust, Poulos, &
Waterman, 2002). The differences in the biochemical
pathways for ergosterol and cholesterol cause these
fungicidal triazoles to not be toxic to humans.

Figure 6: This picture shows the binding of 3
triazoles to the iron-molecule in the heme co-factor
of the Cytochrome P450 enzyme 14-α-demethylase
(Odds et al., 2003).
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The inhibition of this demethylase leads to a stagnant
production of ergosterol, which is essential for fungi (see
‘Sterols in eukaryotes’). Instead, lanosterol builds up in the
cell membrane and lethally alters the permeability and
flexibility of the cell membrane (Odds et al., 2003, Figure 7).
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Figure 7: Mode of action of azoles in the fungal cell membrane (https://drfungus.org/knowledge-base/antifungalpharmacology/).

Triazole resistance in A. fumigatus
The emergence of triazole resistance of A. fumigatus is causing major health problems, as described in
section ‘A. fumigatus pathogenicity’. The causes of the emerging resistance of A. fumigatus to triazoles
are explained below.

Genetic cause triazole resistance
Resistant A. fumigatus strains were first discovered in 1997, which led to the discovery of two genes
responsible for triazole resistance, cyp51A, and cyp51B (Chryssanthou, 1997). Most resistance-related
mutations are found in cyp51A (Mellado et al., 2001), though cyp51A and cyp51B can act in a
compensatory manner (Warrilow et al., 2010). Due to mutations in cyp51A (or in the promoter of cyp51A),
the tertiary structure of the 14-α-demethylase is altered. This troubles the binding of triazoles to the heme
cofactor, resulting in the loss of the inhibitory effects of triazoles.
Triazole resistant A. fumigatus strains have regularly been isolated in The Netherlands since 1998. In a 14year comparative study performed in 28 hospitals in The Netherlands, 1912 clinical A. fumigatus samples
were isolated and tested for resistance to medical itraconazole. Thirteen incidents of resistance were
found. The most abundant resistance mechanism was a combination of a point mutation leading to a
substitution of leucine 98 to histidine, combined with the insertion of a 34 bp tandem repeat in the
promoter of cyp51A (Snelders et al., 2008). Since then, this resistance mechanism has been isolated in
other European countries, Asia, Australia, and Africa (Chowdhary et al., 2012; Chowdhary, Sharma, van
den Boom, et al., 2014; Kidd, Goeman, Meis, Slavin, & Verweij, 2015). Molecular epidemiology suggests
that isolates harboring identical resistance traits have migrated rather than having developed the
resistance traits de novo (Chowdhary, Sharma, van den Boom, et al., 2014).
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Since 1998, the combination of specific point mutations in cyp51A and a tandem repeat in the cyp51A
promoter has been found more often in triazole-resistant strains.

Resistance development routes
A tandem repeat (TR) of 46 bp in combination with two mutations - tyrosine 121 changed to phenylalanine
and threonine 289 changed to alanine (TR46/Y121F/T289A) - was first isolated from patients in The
Netherlands in 2009 (Van Der Linden et al., 2013). After its discovery, this TR mutation combination was
also found in other countries on different continents (Chowdhary, Sharma, Kathuria, Ferry, & Meis, 2014;
Hagiwara, Takahashi, …, & 2016, n.d.; Lavergne et al., 2015; Pelaez, Monteiro, …, & 2015, n.d.; Steinmann,
…, & 2015, n.d.). The patients from whom the resistant A. fumigatus strains where isolated had been
treated primarily with voriconazole. This showed after testing its resistance; all strains with
TR46/Y121F/T289A mutations were highly resistant to voriconazole. Strikingly, susceptibility to other
medical triazoles had also increased (Van Der Linden et al., 2013). The fact that treatment of a patient
with one triazole can lead to resistance to another triazole, points towards the possibility of crossresistance to triazoles in A. fumigatus.
In addition, triazole-resistant A. fumigatus isolates have been isolated from patients that had never been
treated with triazoles. A large study with 1315 patients has shown that the majority (64%) of A. fumigatus
infected patients harboring triazole-resistant strains, were triazole-naive (van der Linden et al., 2011). This
suggests that azole-resistance can also develop outside patients. When analyzing samples of soil, air,
water filters, and living rooms, azole-resistant A. fumigatus strains were indeed found (Snelders et al.,
2009).
Finally, Snelders et al. (2012) have shown that agricultural fungicides can induce the TR34/L98H mutation
combination in cyp51A in A. fumigatus. Strains with this mutation showed resistance against both
medical- and agricultural azoles.
The fact that triazole-resistant A. fumigatus strains are found in both patients and environment, growth
of triazole-resistant A. fumigatus strains in azole-naive patients occurs and that agricultural fungicides are
able to induce medical azole-resistance, makes it highly likely that the evolution of azole resistance occurs
via two ways:
1. In patients; treatment of A. fumigatus patients with medical triazoles leads to the development
of triazole-resistance of A. fumigatus in the patient (Snelders et al., 2008).
2. In the environment; the presence of triazoles in the environment leads to the development of
triazole resistance of A. fumigatus (Snelders et al., 2009; Van Der Linden et al., 2013).
Nonetheless, the actual emergence of azole-resistance of A. fumigatus in the environment has never been
proven.

The use of a compost model
This thesis focusses on the triazole-resistance acquisition via the environmental route. Recent research
by Schoustra, Debets, et al. (2019) revealed possible environmental hotspots for resistance selection
against triazoles were tested for the presence of triazole-resistant A. fumigatus strains.
Several natural hotspots were detected:
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1. Flower-bulb waste. In flower bulb production, extensive use of fungicides is common. A sampling
of different bulb-waste heaps at flower farms showed high concentrations of resistant A.
fumigatus spores. Next to that, a wide variety of agricultural triazoles was detected.
2. Green-material waste. Waste from gardening and landscaping is composted on a large scale by
several companies in The Netherlands. In stockpiles of pre-compost plant material, resistant A.
fumigatus was found, together with traces of agricultural triazoles.
3. Wood chippings. Processed woods like garden furniture and railway sleepers have often been
treated with fungicides. Samples retrieved from compost heaps from processed woods show the
presence of triazoles and high concentrations of A. fumigatus.
Considering the wide variety of azoles and high concentrations of resistant A. fumigatus present, flower
bulb waste was deemed most interesting and feasible to focus research on. In yet unpublished research,
dr. J. Zhang has proposed a compost model in which the emergence of triazole resistance can be tested
(see Appendix B).

(Pre)-composting process
To understand the emergence of triazole resistance in flower bulb (pre-)compost, the composting process
needs to be understood. Flower bulbs are normally harvested in summer after which leftover leaves and
stalks are stored in a heap (Figure 8). These heaps gradually grow when more plant waste is added. After
a few months, the heap will be managed as a compost heap following three stages (Van ’t Riet et al.,
2003);
1. The warming phase – This phase is needed for the killing of pathogens. Temperatures are kept
between 60- 75°C. These temperatures occur in the core of a compost heap. To ensure even
heating of the heap, the compost is turned and mixed regularly.
2. The cooling phase – In this phase, temperature drops due to the reduced activity of bacteria. Fungi
act in the degradation of the bigger carbon chains.
3. The ripening phase – nematodes populate the compost heap and degradation of the bigger
carbon chains continues. Temperatures stay slightly higher than environment temperatures.
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Figure 8: The processing of flower bulb waste in The Netherlands. Leftover leaves after harvest in summer will be left until a heap
is big enough for composting. The composting process takes 3-4 months, after which the mature compost is used as fertilizer
(Zhang, unpublished; drawing Marc Maas).

The warming phase in composting ensures the killing of A. fumigatus spores (Schoustra et al., 2019),
thereby reducing the chance of triazole resistance development of A. fumigatus in the composting
process. The pre-composting heaps have however shown to provide excellent growth conditions for A.
fumigatus (Sijmen E. Schoustra et al., 2019).
The large production of triazole containing compost in The Netherlands hypothetically provides a perfect
breeding ground for A. fumigatus and its triazole resistance development. These resistant A. fumigatus
spores may then spread and cause disease in humans. Hence, this thesis will focus on the triazoleresistance development of A. fumigatus in flower bulb pre-compost heaps.
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Research question
This thesis seeks to answer the following research question:
What effects do various Tebuconazole (TEB) concentrations have on triazole-resistance development and
population size in A. fumigatus?
This research question will be answered with an evolution-in-compost experiment using the compost
model (‘Culturing A. fumigatus in a compost model’, Zhang). Three different A. fumigatus strains are
grown in flower bulb compost for three months in different concentrations of TEB, a triazole abundantly
found in compost. Literature suggests that there are a handful of specific combinations of mutations in
the cyp51A gene in A. fumigatus that cause this triazole resistance (Paul E. Verweij et al., 2016).
Orange A. fumigatus strains are regularly used in laboratories because they can be distinguished from
wild-type strains with green spores. By using two strains that have either green or orange spores in this
experiment, we check if the laboratory strain with orange spores behaves the same as the strain with
green spores.
Zhang et al. (2017) have demonstrated that sexual recombination of A. fumigatus can lead to duplication
of a tandem repeat upstream of cyp51A. Genotyping strains retrieved from triazole containing heatshocked compost revealed the presence of a pan-triazole-resistant mutation combination
TR463/Y121F/M172I/T289A/G448S. Hypothetically, this triple TR46 tandem repeat emerged after unequal
crossing over during meiotic recombination of two TR46/Y121F/M172I/T289A/G448S strains. It remains
unknown if the elongation of tandem repeats, together with the increasing pan-triazole-resistance, can
also emerge in the asexual cycle. We test this by using a triazole-resistant strain with a single tandem
repeat in the promoter region of cyp51A, TR34/L98H, in the evolution-in-compost experiment.
The evolution-in-compost experiment will answer several sub-questions:
1. Does the TEB concentration in compost affect the A. fumigatus population size for both wild-type
and TR34/L98H strains?
2. Does the TEB concentration in compost affect the dynamics and level of triazole-resistance?
3. What is the genetic basis of triazole resistance evolving in flower bulb pre-compost?
4. Can elongation of tandem repeats in the promoter of cyp51A happen in the compost model?
5. Does the orange spore-producing strain behave identically to the wild-type A. fumigatus strain?
Next to the effect of different TEB concentrations, the role of solar radiation in the triazole resistance
development of A. fumigatus will be investigated. UV-radiation is a known DNA mutagen (Kiefer, 2007),
making solar UV-radiation a plausible driver of DNA mutagenesis in A. fumigatus spores. The fact that A.
fumigatus is abundantly found in pre-compost heaps, which are exposed to solar radiation regularly,
might suggest that UV-radiation promotes genetic variation in an A. fumigatus population in compost
heaps. This genetic variation is essential for resistance against TEB to arise.
Of the different UV-spectra emitted by the sun, only UV-A and UV-B actually reach the surface of the
earth. UV-B can cause DNA damage directly, while UV-A only excites secondary photoproducts that can
cause DNA damage (Sinha & Häder, 2002). UV-B radiation is believed to make up only 0.5% of the global
solar irradiance that reaches earth and UV-A radiation 4.5% (Caldwell & Flint, 1994). UV-C radiation is
highly carcinogenic, but these wavelengths are blocked by the ozone layer of the earth, making them
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irrelevant in this experiment. The variability
of UV-radiation is very high due to the
difference in ozone concentration, solar
elevation and cloud-cover (Ambach &
Blumthaler, 1993)
Mutagenic effects of different UV-spectra on
DNA has been tested in mouse fibroblasts by
measuring the production of lethal DNA
photoproduct cyclobutane pyrimidine dimers
(Figure 9, Besaratinia et al., 2011). This clearly
shows that UV-B radiation is the most
relevant factor in DNA-mutations due to
radiation.

Figure 9: Formation of cyclobutane pyrimidine dimers and (6-4)PP
formation in mouse genomic DNA irradiated with various UV
wavelengths (Besaratinia et al., 2011).

The effect of solar radiation on A. fumigatus
will first be tested by establishing if solar
radiation has a killing effect on spores,
followed by an experiment on the
mutagenizing effect of solar radiation.

These experiments will answer the following questions:
1. Can solar radiation affect the triazole resistance acquisition of A. fumigatus in pre-compost
heaps?
2. What mutation combinations leading to triazole resistance arises in UV-shocked A. fumigatus
spores?
3. Is the exposure of sunlight a relevant factor in the evolutionary development of triazole resistance
in A. fumigatus?
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Materials and methods
Materials
A. fumigatus strains
Three different A. fumigatus strains were used in this thesis. Unless specified otherwise, a wild-type green
sporulating strain named ‘2ɣ’ was used. Furthermore, an orange sporulating A. fumigatus mutant was
used. This mutant is widely used to distinguish between the lab strain and unwanted A. fumigatus
infections in experiments. Lastly, a TEB-resistant A. fumigatus strain was used harboring the cyp51A L98H
mutation in combination with a single tandem repeat in the promoter region. All these strains were
provided by dr. Jianhua Zhang. Abbreviations will be used for the wild-type green (WT-G), wild-type
orange (WT-O) and TR34/L98H resistant (R) A. fumigatus strains.

Media
A list of all media used during this thesis can be found in Appendix A.

Methods
All methods used in the compost model experiment can be found in Appendix B, methods used in the UVradiation experiments can be found in Appendix C. Unless specified otherwise, experiments have been
executed in triplicate.

Statistical significance
Statistical significance was tested for the obtained data. If significant relations were found, the statistical
test is mentioned and the output table is supplied in the appendix.
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Evolutionary development of triazole resistance in the compost model
Experimental approach
An overview of the evolution-in-compost experiment can be found in Figure 10.

Figure 10: Illustration of evolution-in-compost experiment. Three different A. fumigatus strains evolve in compost samples for six
cycles of two weeks. After three months, several analyses are performed.

Strains WT-O, WT-G and R are inoculated at eight different TEB concentrations. For every TEB
concentration and strain, three replicates are inoculated. After two weeks the spore populations are
harvested and a set volume of harvested spore suspension is inoculated in a fresh compost sample. In
total there will be six cycles of two weeks (Figure 10). Analysis will be performed on the different
harvested spore suspensions.
The various methods used for the execution of this experiment and the analysis can be found in Appendix
B.

Analysis
The compost sample population size was quantified after two weeks, two months and three months to
indicate the evolution of the population sizes under different TEB pressures. Of all samples harvested after
three months, spores were plated on the MIC (Minimal Inhibitory Concentration) of TEB (the MIC of TEB
is 4 mg/L), surfacing possible triazole-resistant strains. These possibly resistant strains were then plated
on MEA plates with 4*MIC concentration of TEB, to verify if the colonies were highly resistant to TEB.
Viable colonies from the MEA plates with 4*MIC concentration of TEB would subsequently be genotyped
to find their resistance mechanism. With the above experiments, the fraction of TEB-resistant spores per
sample could be determined. Furthermore, mycelial growth rates of all samples harvested after three
months has been determined and compared to the WT strain.
Finally, cross-resistance to medical triazoles was checked by plating the harvested samples on MEA-plates
containing Itraconazole.
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Results
Does the TEB concentration in compost affect the A. fumigatus population size?
Figures 11, 12 and 13 show the population sizes for the different sample treatments after two weeks, two
months and three months. In general, population sizes appear to decrease over time for all three strains
and all TEB treatments. In Figure 11, R reaches a higher population size in compost with high amounts of
TEB. When no TEB is present however, this mutant strain still produces a bigger number of spores than
the wild-type strains. Minor differences in population sizes can be discovered between the WT-O and the
WT-G. However, no clear trend can be seen over time. For example, after two weeks, the WT-G has
produced a larger amount of spores at the highest two TEB-concentrations, while after two months
(Figure 12) the WT-O seems to perform better at these TEB concentrations. In general, the WT strains still
produce a considerable number of spores at the highest two TEB concentrations, which are higher than
the MIC-value of TEB for A. fumigatus.
For the two WT strains, the decrease of population size with increasing TEB concentration does not have
a gradual, even trend. At all three timepoints, a higher concentration of TEB results in smaller population
size. Notably, the population sizes differ considerably between the three replicates per strain.

Number of spores per compost sample (n)

Average population size after two weeks
1.60E+09
1.40E+09
1.20E+09
1.00E+09
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6.00E+08
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4.00E+08
2.00E+08
0.00E+00
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0.5
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10

Concentration of Tebuconazole (TEB) in μl TEB/g compost
Figure 11: The average population size after two weeks. The error bars indicate the standard error of the mean of three replicates.
X-axis represents the TEB concentrations during the evolution-in-compost experiment. Population size was assayed on MEAmedium without TEB.

For WT-O, there is a significant negative effect of the TEB concentration on the population size controlling
for the three time points (ANCOVA, p<0.05, Appendix D). For the WT-G and R, the error variance of the
triplicates is not equal across the different TEB concentrations. Therefore, the effect of the TEB
concentration on the population size cannot be tested for significance. The largest WT population had a
size of 9.9*108 spores in 2 gr of compost.
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Number of spores per compost sample (n)

Average population size after two months
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Figure 12: The average population size after two months. The error bars indicate the standard error of the mean of three
replicates. X-axis represents the TEB concentrations during the evolution-in-compost experiment. Population size was assayed
on MEA medium without TEB.
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Figure 13: The average population size after two weeks. The error bars indicate the standard error of the mean of three replicates.
X-axis represents the TEB concentrations during the evolution-in-compost experiment. Population size was assayed on MEAmedium without TEB.

The number of spores in the compost samples, relative to the azole-naive compost samples, has been
plotted for each of the three A. fumigatus strains.

Twan Boot | MSc Thesis | December 2019

16

WT-O relative population size
1.8
1.6

Relative fitness

1.4
TEB 0.01

1.2

TEB 0.05

1

TEB 0.1

0.8

TEB 0.5

0.6

TEB 1

0.4

TEB 5

0.2

TEB 10

0
2 weeks

2 months

3 months

Time
Figure 14: Relative population size of the WT-O strain over time compared to compost control samples that have not been exposed
to TEB. For the sake of readability, no error bars are depicted.

Figure 14 indicates that after two weeks in the evolution-in-compost experiment, WT-O strains that have
been exposed to TEB have a lower spore production than samples that have not been exposed to TEB.
After two months though, relative fitness has increased for samples with all TEB concentrations except
for samples exposed to 0.5 µg TEB/ gr of compost. After three months, fitness has decreased for samples
with TEB concentrations from 0.05-10 µg TEB/ gr of compost. Only samples treated with 0.01 µg TEB/ gr
of compost show a gradual increase in spore production over the course of the experiment.
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Figure 15: Relative population size of the WT-G A. fumigatus strain over time compared to compost control samples that have not
been exposed to TEB. For the sake of readability, no error bars are depicted.
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Figure 15 shows a downward trend in population size for the samples exposed to 0.1 - 10 µg TEB/ gr of
compost in three months. Samples exposed to either 0.01 or 0.05 µg TEB/ gr of compost show an increase
in spore production compared to the control samples.
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Figure 16: Relative population size of the R strain over time compared to compost control samples that have not been exposed to
TEB. For sake of readability, no error bars are depicted.

Figure 16 illustrates that samples exposed to 0.01-5 µg TEB/ gr of compost demonstrate a lower
population size than the control samples, while the samples exposed to the highest concentrations of TEB
have a substantially higher spore count in the first two months of the experiment, after which the
population size drops again. Furthermore, samples exposed to 5 µg TEB/ gr of compost seem to perform
worst in terms of spore production.
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Does the TEB concentration in compost affect the dynamics and level of triazole-resistance?

8

Mycelial growth rate of A. fumigatus on 4 mg/L TEB after three
months
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Figure 17: Mycelial growth rate of samples harvested after three months of the evolution-in-compost experiment. 3 µl of undiluted
spore suspension was applied in the middle of a MEA plate with 4 mg/L TEB and incubated at 37 °C for six days. The growth rate
is considered the radius of the colony. The error bars indicate the standard error of the mean of three replicates.
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Figure 18: Mycelial growth rate after three months for WT-G and WT-O strains, relative to the growth rate of compost sample
populations that are TEB-naive. 3 µL of undiluted spore suspension was applied in the middle of a MEA plate with 4 mg/L TEB and
incubated at 37 °C for 6 days. The growth rate is considered the radius of the colony. Error bars indicate the standard error of the
mean of three replicates.
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To test the relative resistance of A. fumigatus samples to TEB harvested from the compost model, mycelial
growth rate (MGR) on MEA supplemented with 4 mg/L TEB was experimentally determined. Figures 17
and 18 depict the MGR of spore suspensions harvested after three months. The WT-G strain seems to
grow better on TEB after being exposed to high concentrations of TEB in the compost sample. Meanwhile,
the WT-O strain behaves differently, with the highest growth rates after TEB exposure between 0.05 and
1 µg TEB/gr of compost. Furthermore, the error bars indicate a big difference in MGR between the
triplicates. Figures 17 and 18 do not show a clear effect of the TEB concentration on the level of triazoleresistance

Figure 19: Left: R strain, MGR after three months of exposure to 1 µg TEB/ gr of compost. Middle: R strain, MGR after three months
without exposure to TEB Right: WT-O strain, MGR after three months exposure compost to 10 µg TEB/ gr of compost.

Figure 19 depicts three aberrant A. fumigatus colonies found in the analysis of the MGR. The left picture
shows a clear division between sporulating and non-sporulating parts of this R colony. The middle picture
in Figure 19 shows differences in the color of spores of an R colony, where one sector has a higher fraction
of green spores than the other sectors. This sectoring has happened without exposure to TEB. In the right
picture of Figure 19, a WT-O colony exposed to 10 µg TEB/gr of compost is depicted that does not produce
any spores.
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Fraction of TEB resistant A. fumigatus in compost samples after
three months
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Figure 20: Fraction of resistant A. fumigatus spores in compost samples harvested after three months. The colony growth of MEA
plates supplemented with 4 mg/l TEB was compared to colony growth on MEA plates without TEB. Error bars indicate the standard
error of the mean of three replicates.

Figure 20 shows the fraction of resistant spores for wild-type green and orange strains after different
exposures to TEB in the compost model. A clear, upward trend can be distinguished with increasing TEB
concentrations. The error bars indicate that differences within triplicates are large. When populations
have not been exposed to TEB in the evolution-in-compost experiment, the fraction of TEB resistance at
the end of the experiment is zero. Exposure to higher TEB concentrations seems to increase the level of
triazole-resistance.
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Figure 21: Fraction of resistant A. fumigatus spores in compost samples harvested after three months. The colony growth of MEA
plates supplemented with 4 mg/l ITR was compared to colony growth on MEA plates without TEB. Error bars indicate the standard
error of the mean of three replicates.

Figure 21 shows the fraction of Itraconazole resistant colonies in the compost samples after three months.
Populations that have not been exposed to TEB do exhibit resistance against Itraconazole. Fraction of
resistance for WT-O at a TEB concentration of 0.1 µg/g compost is composed of only one data point due
to infections during the analysis. Exposure in the evolution-in-compost experiment at a TEB concentration
of 10 µg/g compost slightly elevates the fraction of resistant spores in a population. In general, the fraction
of resistance against ITR is higher than the resistance against TEB. No clear increase of ITR-resistance can
be observed at exposure to higher TEB concentrations in the evolution-in-compost experiment.

What is the genetic basis of triazole resistance evolving in flower bulb pre-compost?
No colonies have been retrieved from the evolution-in-compost experiment that can grow on 4*MIC
value of TEB for A. fumigatus, thus no known cyp51A mutation combination has been found.

Effect of UV-radiation on triazole resistance development
Experimental approach
To test the effect of solar radiation on the triazole resistance development in A. fumigatus, two
experiments have been performed in the following order:
1. Killing effect of solar radiation. The killing effect of sunlight is tested by exposing a set number of
spores on MEA medium to solar irradiance on the roof of the Radix building (WUR-building 107)
for 0, 0.5, 1, 2 or 3 hours. The killing effect is compared to the killing effect of the UV-C lamp in
the Laboratory of Genetics.
2. To rule out physiological effects that can cause death of spores, the mutagenic effect of solar
irradiance is tested. An experiment is performed where WT A. fumigatus spores are inoculated
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on chlorate containing agar plates. Chlorate is toxic for A. fumigatus, although a mutation in one
of seven nitrate reductase genes can result in resistance to chlorate. Growing spores exposed to
solar irradiance on chlorate containing plates can thus indicate whether solar irradiance causes
mutagenesis in A. fumigatus spores.
Much effort has been put into finding and installing a UV-B lamp to test mutagenesis in A. fumigatus in
the lab. Unfortunately, as UV-B radiation has carcinogenic effects in humans, such lamps are extremely
difficult to buy. As a result, indoors experiments are performed with a UV-C lamp even though it does not
truly resemble solar radiation that reaches the earth's surface.

Results
Solar radiation analysis
As explained in the experimental approach, UV-B is thought to be the main actor in DNA mutating by solar
radiation. To link solar radiation to mutation rates in A. fumigatus, data is needed on the radiation
intensities in The Netherlands. Historical data from a weather station run by Wageningen UR (weather
station Veenkampen, Wageningen) was used to identify peak radiation intensities in the summer of 2019
(Figure 22).
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Figure 22: Global irradiance (erg/mm2/sec) weather station Veenkampen summer 2019. The graph shows the highest 10 minute
mean global radiance per day, which includes both the direct radiation from the sun and the diffuse radiation (radiation scattered
by the atmosphere). The highest global radiation occurred on June 11th with 1070 erg/mm2/sec.

Figure 22 indicates that the maximum global irradiance reached in the summer of 2019 in Wageningen is
1070 erg/mm2/sec. Considering that 0.5 % of global irradiance consists of UV-B (Caldwell & Flint, 1994),
maximum UV-B irradiance reached in the summer of 2019 is 5.35 erg/mm2/sec.

Can solar radiation affect the triazole resistance acquisition of A. fumigatus in pre-compost heaps?
The killing effect of solar irradiance was initially tested by exposing wild-type spores in 0.05% Tween to
solar irradiance (Figure 23). Figure 24 shows a clear upward trend in the number of colony-forming units
with increased solar irradiance while irradiating spores with a UV- lamp causes a descend of colonyforming units. The amount of liquid left after irradiation reduced with increasing exposure times. Due to
the absence of a working UV-B meter, it was not possible to link the killing effect of irradiation to
empirically obtained data on the UV-B intensity that the spores have been exposed to.
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Figure 23: Experimental setup to test killing effect of A. fumigatus spores in suspension. Next to the spore suspension, a (broken)
UV-meter and an information form for passers-by are depicted.
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Figure 24: Average amount of colony-forming units after irradiance. 50 µl of 5 ml spore suspension was plated on MEA agar. Left:
the average global irradiance was 3.6 erg/mm2/sec UV-B. Right figure: 100 spores were plated on MEA agar and irradiated under
a UV-C lamp. The error bars indicate the standard error of the mean of two replicates.

Next, the killing effect of solar irradiance was tested by exposing WT-O spores to the sun in a more direct
way. Spores were plated on MEA before irradiation, instead of irradiation of spores in solution.
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Figure 25: Average amount of colony-forming units after exposure to solar irradiance on July 23th 2019 (average UV-B irradiance
of 3.2 erg/mm2/sec), compared to the average amount of colony-forming units under the UV-C lamp in the Laboratory of Genetics.
In both experiments, 250 spores were applied to the plates prior to irradiance. Experiments are carried out in duplicate. The error
bars indicate the standard error of the mean.

Figure 25 shows the comparison between the exposure of WT-O spores to the sun and to the UV-C lamp
in the Laboratory of Genetics. A downward trend in the average colony-forming units can be identified.
Figure 26 clearly illustrates the downward trend. The morphology of the colonies also changes with longer
solar exposure, with less bright orange colors in the colonies.

Figure 26: Orange sporulating colonies after exposure to solar radiation. Exposure times from left to right: 0 hours, 0.5 hours, 1
hour, 2 hours, 3 hours.

Mutagenic effect of solar irradiance
Next, the mutagenic effect of solar irradiance was tested by plating orange sporulating A. fumigatus on
Minimal Medium (recipe can be found in Appendix A), supplemented with chlorate. Growth of A.
fumigatus on these plates indicates the occurrence of at least one point mutation in one of seven nitrate
reductase genes, as wild-type A. fumigatus does not grow on chlorate.
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Figure 27: Chlorate containing Minimal Medium inoculated with 106 A fumigatus spores. A: 0 hours solar exposure, B: no
inoculation with spores, 1-hour solar exposure, C: no inoculation with spores, 3h solar exposure, D: 0.5 hours solar exposure, E: 1hour solar exposure, F: 2 hours solar exposure, G: 3 hours solar exposure. Plates were incubated for one week at room
temperature.

Figure 27 shows an increase in the number of colonies with increasing solar irradiance exposure. Looking
at the lack of difference in the number of colonies between plates C and G, the inoculation of spores does
not lead to a difference in the number of colonies that appear. The average UV-B radiation during the
experiment was 1.7 erg/mm2/sec.
Looking more closely at the plates in
Figures 27 and 28, one cannot identify
clear WT-O colonies. Colonies showing an
orange/white color have been taken and
grown on 47°C, an extreme temperature
in which A. fumigatus is able to grow,
unlike most other fungi and bacteria. No
growth could be distinguished. Thus, no
genotyping was needed as no resistant
colonies were found.

Figure 28: Close up of Figure 27, Chlorate containing Minimal Medium
inoculated with 106 spores. Exposure to solar irradiance for one hour.
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Discussion & Conclusions
In this thesis, the evolutionary development of triazole resistance in A. fumigatus was researched from
two different angles. A laboratory evolution experiment was performed in a compost model to test the
effect of varying TEB concentrations on the population sizes in the compost samples and the amount of
resistance that arises. Furthermore, the possible effect of UV-irradiance on triazole resistance
development has been looked upon.

Evolutionary development of triazole resistance in the compost model
In the evolution-in-compost experiment, A. fumigatus populations were exposed to different amounts of
TEB in a semi-natural habitat to research the effect of different TEB concentrations on resistance
development.
Figures 11, 12 and 13 show the population sizes of the three different strains after two weeks, two months
and three months. In general, the error variance between identically treated samples is large. Despite the
high error variance, the TEB concentration has a significant effect on the population size of the WT-O
strain. The relatively large variance in population size can have multiple reasons. At first, there is variance
in compost content and constitution per sample. The weight of the sample is equal, but the ratio of
sand/plant waste can differ. When relatively more sand is present, smaller population sizes can be
expected. The distribution of TEB can also differ, hypothetically creating spots in the compost sample that
are free of compost. Probably, the variance is caused by a combination of the above-mentioned reasons,
because the populations that have not been treated with TEB, show similar variance compared to samples
that have been treated with TEB. Samples treated with high concentrations of TEB still have a population
size of >100 million spores, which would be very high if the high concentration of TEB would be present
in the whole sample. Still, it is important to note that using high concentrations of TEB (ten times higher
than found in flower bulb pre-compost heaps, S.E. Schoustra et al., 2019), does not lead to the eradication
of the population in the sample. Based on the successful statistical test performed on population sizes of
the WT-O samples, we can conclude that TEB has an effect on population size. The robustness of the
model is however questionable, considering the large error variance between replicates.
The maximum population size reached by a WT population in a 2 gr compost sample is striking. A
population of almost one billion spores in the evolution-in-compost experiment will have endured almost
5 million de novo mutations per transfer. Extrapolating these population sizes to agricultural pre-compost
heaps, being much larger, makes it very probable that A. fumigatus populations can gain the required
point mutations in cyp51A for triazole resistance in compost heaps.
The relative fitness of populations, presented in Figures 14, 15 and 16, show interesting and unexpected
trends. For the two WT strains (Figures 14 and 15), the relative fitness after two weeks is lower than one.
Considering that a population needs time to adapt to a new selection pressure, this reduced fitness can
be expected. The increased relative fitness after two months seen for most samples in WT-O strain
suggests adaptation to TEB. This higher relative fitness after two months is however not seen for the green
sporulating strain exposed to 1 – 10 µg TEB/ gr of compost. The discrepancy between the WT-O and WTG strains is difficult to explain. It may suggest that either the WT-O strain adapts better to TEB or that the
experiment is not robust.
The drop in relative fitness after three months for all three strains is remarkable. Assuming that the R
strain does not experience selection pressure from TEB, it is not likely that the reduced fitness is solely
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due to the presence of TEB. If TEB would be the only actor in the reduction of population sizes, this effect
would already have been visible after two months. Most likely, accumulation of non-beneficial mutations
reduce the population fitness. Figure 19 shows the big morphological differences that have arisen during
the evolution-in-compost, which is indicative of large genetic variety that has arisen in this experiment.
Low oxygen levels present in the compost samples, too high or too low humidity, the absence of yet
unknown environment conditions that promote A. fumigatus growth; all of these factors could have also
influenced the drop in population sizes. The samples that had not been under pressure of TEB seem to
cope slightly better with these unfavorable conditions. The large error variances between the replicates
and the lack of consistent differences in population sizes make it difficult to conclude that the WT-O and
WT-G strains behave differently.
Resistance inducing effects of TEB have been tested in two ways; testing the mycelial growth rate on
medium supplemented with TEB and establishing the fraction of TEB resistant spores in the sample
populations.
Figures 17 and 18 show the absolute and relative MGR’s, respectively. As expected, the absolute growth
rates of the R strains are relatively stable. It must be noted that these mutant colonies almost touched
the sides of the petri dish, which could have hindered their growth. The relative MGR’s of WT-G and WTO strain show different trends. Either the WT-G and WT-O strains behave differently, or the laboratory
evolution experiment and the MGR experiment are not robust. Especially the growth rates for the WT-O
strain is interesting, as samples that have been exposed to 0.5, 5 and 10 µg TEB/ gr of compost grow
slower on TEB supplemented medium than samples that have not had any exposure to TEB. This
experiment tests only one factor of fitness in certain conditions, being the growth speed of the mycelium.
Perhaps the exposure to TEB leads to a shift in the use of resources between growing mycelium or
producing spores. This would falsely reflect in the MGR experiment as reduced fitness.
The fraction of TEB-resistant spores in the compost samples has been depicted in Figure 20. This graph
clearly indicates that increasing TEB concentration leads to a higher fraction of TEB resistance. Important
is the fact that populations that have grown on compost that was not supplemented with TEB, have no
TEB resistant spores in their population. This confirms that the compost material and the experimental
setup have no TEB resistance-inducing effect. Furthermore, the concentration of TEB seems to have an
effect on the fraction of resistant spores in the compost model. This would be an important finding for
reducing the chance of creating triazole-resistant A. fumigatus in agriculture. Considering that high
concentrations of TEB do not lead to the eradication of an A. fumigatus population, predictions can be
made on the use of higher concentrations of TEB in the flower bulb sector. The high variance between
triplicates of samples exposed to 5 or 10 µg TEB/ gr of compost in Figure 20 can be explained by the
different moments in time where beneficial mutations arise within a population. When a beneficial
mutation (non-cyp51A) arises early in the three-month experiment, it has time to spread through the
population. If this mutation event takes place later, for example after the last transfer to new compost,
the fraction of resistance after three months would be significantly lower. Hence, the randomness of the
emergence of a beneficial mutation can explain the high error variance. From the data depicted in Figure
20, one might conclude that a higher TEB concentration does lead to a higher fraction of TEB resistant
colonies. No statistically significant differences can however be found.
The fraction of resistant spores found in the compost model experiment can be compared to resistance
fraction found in actual flower bulb pre-compost heaps. S.E. Schoustra et al. (2019) have sampled three
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of these heaps for sixteen months, averaging a resistance fraction of 0.5 for TEB with TEB concentrations
not exceeding 0.3 mg/kg of compost. This is notably higher than the fractions found in Figure 20.
Moreover, all genotyped resistant colonies had acquired a known mutation combination in cyp51A. This
might suggest that time is of the essence in increasing the resistance fraction in pre-compost heaps. More
time and constant adding of new compost may lead to more mitotic divisions, increasing the chance of
acquiring beneficial mutations in cyp51A. The fact that in natural compost heaps, all resistant spores
exhibit a cyp51A mutation combination and that in the compost model experiment none of these
mutation combinations have been found, can be due to several reasons. At first, in the laboratory
experiment, we start with a wild-type A. fumigatus strain. An already TEB resistant strain could have
traveled by wind to a pre-compost heap and spread quickly due to its competitive advantage over nonresistant A. fumigatus colonies. Secondly, resistance against high concentrations of TEB requires point
mutations in cyp51A, but also a tandem repeat in the promoter region of cyp51A. The acquisition of this
tandem repeat is very unlikely to happen in a mitotic division. Reproduction via the sexual reproductive
cycle, including the inherent meiotic division, has a higher chance of causing a tandem repeat upstream
of cyp51A. Theoretically, different A. fumigatus mating types can be present in a single pre-compost heap,
making sexual crossing possible. Dr. J. Zhang has already observed a duplication in the upstream region of
cyp51A, increasing the copy number of TR46 to three (Zhang et al., 2017). The lack of different mating
types in the evolution-in-compost experiment and the relatively short incubation time thus hypothetically
obstructs the evolution of TEB-resistant colonies with a known mutation combination in cyp51A in the
compost model. In the spore suspensions harvested after three months, no colonies were found that
thrive on a TEB concentration of 16 mg/L. TEB-resistant strains with known mutation combinations should
be able to grow in these conditions. Consequently, no evidence has been provided for the evolution of a
cyp51A triazole mutant in the compost model.
The TR34/L98H (R) mutant was initially used in the evolution-in-compost experiment to test whether the
tandem repeat elongation upstream of cyp51A can also happen through the asexual life cycle. During the
planning of the experiment, too little attention was paid to how this hypothesis would be tested. At first,
the existence of a TR343/L98H-mutant has never been described, just like its MIC values for any triazole.
This makes it difficult to filter the possible TR343/L98H-mutant from the TR34/L98H mutants. Next to that,
Zhang et al. (2017) found tandem repeat elongation using two TR46/Y121F/M172I/T289A/G448S-mutants.
It would have made sense to use these mutants in the evolution-in-compost experiment, as it is known
that a viable TR463/Y121F/M172I/T289A/G448S-mutant exists. The difference in MGR between the
TR46/Y121F/M172I/T289A/G448S- and TR463/Y121F/M172I/T289A/G448S-mutant is also known, making
it possible to find strains with the TR463/Y121F/M172I/T289A/G448S mutation combination. Imperfections
in the setup of the experiment thus prevent us from gaining knowledge on the potential tandem repeat
elongation in the promoter region of cyp51A.

Effect of UV-radiation on triazole resistance development
The effect of UV-radiation in A. fumigatus was researched by performing a set amount of experiments,
where initially the killing effect of solar radiation was tested, followed by the mutagenizing effect of solar
radiation.
The killing effect of UV-radiation was tested by performing two different experiments. As no earlier
experiments in the lab had been done with exposing A. fumigatus spores to solar radiation, a proper
protocol had to be developed first. Initially, spores were suspended in 0.005% Tween-80 prior to radiation
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by the sun. This would have a clear advantage over irradiance of spores that are on MEA-plates; less
pollution with environmental micro-organisms would be expected, as a smaller surface of liquid is exposed
to the environment and only a fraction of this liquid would be transferred to a MEA-plate. The number of
spores after radiation can be compared to spores irradiated under a UV-C lamp. A downward trend in the
number of colony-forming units can be expected with increasing irradiation times, as more radiation
increases the chance of gaining lethal mutations. Figure 24 shows the opposite trend, with more colonies
forming as the exposure time increased. This trend can be explained by several flaws in the set-up of this
experiment. Firstly, liquid scatters and absorbs radiation. Spores that reside in suspension will thus be
exposed to less radiation than the actual radiation that touched the surface of the suspension.
Furthermore, the spore suspension contains Tween-80, which consists of polysorbate molecules that can
absorb UV-radiation (Peter Wuelfing et al., 2006). This can reduce radiation intensities spores are
subjected to as well. At last, evaporation has led to an increased spore concentration in samples that have
longer exposure to the sun, which can lead to an underestimation of spore killing for samples that have
been exposed to solar radiation longest.
Nevertheless, the above imperfections do not explain a factor ten increase in colonies found on plates
with spores that have been exposed to solar irradiance for three hours, compared to half an hour. They
would only explain a less steep upward trend in spore killing with increasing radiation. The steep increase
in colony-forming units with longer radiation can be caused by a wide variety of environmental factors.
Figure 24 also depicts colony counts after UV-C radiation under a lamp, which does show a downward
trend with increasing radiation. This suggests that UV has a killing effect on spores. Probably, the
difference in spore killing trends between the indoors and outdoors radiation experiments is caused by
environmental factors or flaws in the protocol, rather than the opposite effect of solar radiation and UVradiation from a UV-lamp. Thus, a more direct way of radiating spores was tested.
The direct radiation of spores on MEA plates produced results that are in line with the hypothesis. Figure
25 shows that this change in protocol leads to fewer colony-forming units after longer exposure to the
sun. Interestingly, looking at Figure 26, the morphology of colonies changes with different exposures to
solar radiation. Less color can be seen in the colonies with longer exposure, suggesting less spore
production in these colonies. This can be due to DNA-damage repair, which requires energy and might
cause reduced spore production. Alternatively, the changed morphology and reduced number of colonies
can be caused by negative physiological factors that come with exposure to the sun. Damage to RNA and
proteins or the production of toxic photoproducts can all lead to reduced growth. Additionally, drying of
the MEA-plate might lead to a shortage of water or to yet unknown adaptations of the fungus to the
changed environment. From Figure 26 one cannot deduce if, after more than two hours of solar irradiance,
all spores are killed or that they have a big delay in growth.
To check if spore killing by solar irradiance was solely due to physiological factors or also due to lethal
DNA mutations, WT-O spores were irradiated on chlorate containing medium. Figure 27 shows the
different plates after incubation of one week at room temperature. Many different organisms can be
distinguished. The difference in the appearance of plate C and G is remarkable, as plate G has been
inoculated with A. fumigatus spores and plate C has not. The lack of difference in the number and
appearance of visible colonies suggests that visible colonies have come from the environment. Figures 27
and 28 do not show any clear WT-O colonies. This could indicate that none of the inoculated spores gained
a point mutation in genes acting in the nitrate reductase pathway or that next to the beneficial mutation,
the morphology of the colony has changed. After incubating the colonies that resemble A. fumigatus on
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47°C, no WT-O colonies with chlorate resistance emerged. Possibly, the intensity of the solar radiation
was not sufficient. This could cause the number of mutations to be too low to have a chance of mutations
in nitrate reductase genes or give the DNA-repair system of A. fumigatus enough time to repair all DNA
damage. The large number of environmental colonies picked up during the experiment might also have
influenced the development of chlorate resistant WT-O colonies. Environmental organisms that were
picked up seem to grow well on chlorate and might have less DNA damage than the spores that were
applied on the plate in the lab, thus having a competitive advantage over the incubated spores. This might
impede the development of A. fumigatus spores that have gained the needed mutation for chlorate
resistance.
All in all, access to a UV-B lamp and UV-B meter is necessary to prove the effect of solar radiation on
resistance development in A. fumigatus. Outdoor conditions vary greatly between experiments and the
high solar radiations that hypothetically promote resistance development are only found in summer. From
the above-discussed experiments, we cannot deduce if solar radiation causes DNA mutations in A.
fumigatus spores and if these mutations increase the chance of triazole resistance development.
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Recommendations
Further research can be done on the emergence of the cyp51A mutation combination leading to azoleresistance. One can, for example, look into the sequence of events leading to this mutation combination.
Hypothetically, the point mutations in cyp51A can happen through the asexual reproductive of A.
fumigatus, but the insertion of a tandem repeat in the promoter of cyp51A cannot. This hypothesis can
be tested by genetically modifying a TR34/L98H-mutant, where the mutation in the 98th codon is changed
to the wild-type codon. The resulting strain with just a TR34 tandem repeat present in the cyp51A promoter
can then be tested in the compost model for the emergence of TR34/L98H mutants.
Furthermore, as described in the discussion, the chance of gaining beneficial point mutations leading to
triazole resistance is not expected to grow with exposure to higher triazole concentrations. The spread of
beneficial mutations in a population can, however, be faster with exposure to higher triazole
concentrations. This idea could be tested in the compost model, where many replicates are incubated on
0, 1 or 10 µg TEB/g of compost. Between the replicates of samples exposed to 1 and 10 µg TEB/g of
compost, two classes of outcomes can be expected, one class with samples with zero or very few resistant
spores and one class with a significant fraction of resistant spores. The sizes of these classes are expected
to be similar between the two concentrations, while the fraction of resistant spores are expected to be
bigger for the samples exposed to 10 µg TEB/g of compost.
The results of this thesis have failed to provide evidence on the emergence of cyp51A mutation
combinations in compost heaps. To properly mimic natural conditions one could think of starting several
pre-compost heaps of several kilos in a controlled environment. If you maintain such heaps for one year,
supplementing fresh compost every two weeks, there is a bigger chance of finding triazole resistant A.
fumigatus. Several different heaps could be started: a) one heap with wild-type A. fumigatus to test for
the evolution of triazole resistance in the asexual cycle b) one heap with two opposite mating type strains
(MAT1-1 & MAT1-2, Sugui et al., 2011), to investigate triazole resistance evolution aided by the sexual
reproductive cycle c) one heap inoculated with wild-type A. fumigatus can be maintained anaerobically
to test the effect of oxygen shortage on the population size and triazole-resistance emergence.
Considering the drop in population sizes after three months in the compost model experiment (Figures
11, 12 and 13), it might be relevant to carry out further research on the effect of oxygen shortage on A.
fumigatus population sizes in compost. Reducing the fungal population sizes in compost results in less
(mitotic) divisions, thus less chance of triazole resistance evolution.
Unfortunately, experiments in this thesis have not led to proof of the mutagenizing effect of UV in A.
fumigatus. Essential for drawing scientifically sound conclusions on the effect of UV on A. fumigatus is the
setup of an in vitro experiment with a well-adjusted UV-source. Buying an adjustable light source and a
UV-B meter would thus be a prerequisite. Next, experiments can be executed testing the mutagenizing
effect of UV-B. In short, further investigation of the effect of UV-radiation on triazole resistance acquisition
is needed, as the experiments in this thesis give unreliable results.
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Additional educational activities
A thesis at the Laboratory of Genetics comes with several educational activities next to the core
assignment of writing a thesis. Each Tuesday, a one-hour Genetics Seminar Series is organized, where not
only people from the laboratory but also guest researchers present their work. It has been interesting and
useful to familiarize myself with all the work that is being done in the Laboratory of Genetics. Next to this
general meeting, a subgroup of the Laboratory with students and researchers that work on evolution meet
every two weeks. My proposal presentation in this meeting led to an interesting discussion which helped
me during the rest of my thesis. At last, working in a lab with an easily airborne fungus requires thorough
and precise lab work, which is something I learned during the course of this thesis.
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Appendix
Appendix A: Media, solutions and buffers
Media, solutions and buffers

Amount

Ingredients in the order given

MEA (Malt Extract Agar, 1 L)

1L

Demiwater

30 gr

Malt Extract

15 gr

Agar

1 mg

Copper sulphate (CuSO4)

6 gr

Sodium nitrate (NaNO3)

1.5 gr

Potassium dihydrogenphosphate (KH2PO4)

0.5 gr

Potassium chloride (KCl)

0.5 gr

Magnesium sulfate*7 H2O (MgSO4)

1 mg

Ferrous sulfate (FeSO4)

1 mg

Zinc sulfate (ZnSO4)

1 mg

Copper sulfate (CuSO4)

1 mg

Dichloride tetrahydrate (Cl2*4H2O)

24.5 gr

Potassium chlorate (KClO3)

Minimal Medium (1 L)*

Adjust pH to 5.8
5 ml

1 M urea (CH4N2O)

15 gr

agar
Autoclave for 20 min at 120 ºC

Saline (1 L)

0.05% Tween-80 (1 L)

10 ml

2 M sucrose

8 gr

Sodium chlorate (NaCl)

1L

Demiwater

10 mL

Tween-80

1L

Demiwater
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Breaking buffer (100 mL)

PCR mastermix (per sample)

2 mL

2% Triton X-100

10 mL

1% SDS

5 mL of 2 M

100 mM sodium chlorate (NaCl)

1 mL of 1 M

10 mM Tris HCl (pH 8)

0.2 of 0.5 M

1mM EDTA (pH 8)

81.8 mL

Demiwater

0.1 µL

GoTaq plymerase, 5 Units/µL

0.5 µL

10 mM dNTP

0.5 µL

Primers forwards

0.5 µL

Primers reverse

16.4 µL

MQ-water

5 µL

5* Green GoTaq buffer with Mg

1 µL

25 mM MgCl2

*: Minimal Medium supplemented with chlorate and ureua

Appendix B: Methods Compost model experiment
Method

Actions in the order given
Compost was taken from the cold room and homogenized by cutting the bigger
Filing of compost leaves and bulbs in pieces small enough to fit in a regular tube. Some bulbs were
tubes
infected with a fungus, these bulbs were taken out of the compost.
Homogenized compost is autoclaved at 120 ºC for 20 min.
Glass tubes are filled with 2 gr +/- 0.05 gr compost.
Tubes are autoclaved at 120 ºC for 20 min and placed in a cold room for storage
Application of
fungicide to
compost samples

Stocks for the different concentrations (0, 0.05, 0.1, 0.5, 1, 5, 10 µg TEB/g of
compost) were prepared as such that identical volumes of stock could be added
to all compost samples.
625 µL of TEB-stock is added to each tube.

Harvesting spores
from MEA agar
Fill a 30 mL sterile glass bottle with +/- 10 mL of MEA agar
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Inoculate bottle by dipping a needle in a spore colony and then on the MEA agar
in the glass bottle
Grow spores in bottle for 4 days at 37 ºC
Add 5-7 sterile glass beads to bottle
Add 2.5 mL of 0.05% Tween-80 to bottle
Shake the bottle for 8 min at 100 rpm
Measure spore concentration in suspension with Casycounter
Spore harvest from
compost
Prepare glass tubes with 5 mL 0.05% Tween-80
Autoclave tubes at 120 ºC for 20 min
Prepare two 1 mL Eppendorf tubes per compost sample. Replicate one for -80 ºC
storage with 500 mL glycol peptone and replicate two for direct analysis
Add tube with 0.05% Tween-80 to compost sample and vortex
Add 500 µL spore suspension to replicate one and 1 mL to replicate two
Plating A.fumigatus
spores on MEA
plates
Pour 20 mL of liquid MEA in an empty Petri dish and let it dry for 24 hours
Add 5-10 glass beads to Petri dish
Add spore suspension to Petri dish
Shake Petri dish vigorously
Remove beads after drying of spore suspension
Transfer of spores
to a new cycle in
compost model
Apply fungicide to compost samples of the new cycle
Add 50 µL of undiluted spore suspension from cycle one to cycle two vertically
(so liquid drops in the compost and does not stick to the sides of the tubes)
DNA
extraction
from spores step
Pipette 200 µL breaking buffer in 1.5 Eppendorf and add 5-6 glass beads
Use a cotton bud (wet with breaking buffer to take spores from a colony and
transfer them to the Eppendorf tube. Repeat this until the Eppendorf is colored
with spores.
Vortex tube for 30 seconds
Shake tube for 30 minutes at 70ºC at max. rpm
Add 200 µl Phenol chloroform isoamyl alcohol
Shake 5 min at 22 ºC at max. rpm
Pipette 20-100 µL of the upper fraction of the sample to a new Eppendorf
The sample is ready for PCR
DNA
extraction
from hyphae
Fill safelock Eppendorf tube with 5-6 glass beads
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Collect pieces of hyphae and add it to safelock Eppendorf
Dip Eppendorf in liquid nitrogen and grind the hyphae with a bead-beater for 10
seconds
Add 200 µl breaking buffer to safelock Eppendorf
Vortex tube for 30 seconds
Shake tube for 30 minutes at 70ºC at max. rpm
Add 200 µl Phenol chloroform isoamyl alcohol
Shake 5 min at 22 ºC at max. rpm
Pipette 20-100 µL of the upper fraction of the sample to a new Eppendorf
Sample is ready for PCR

Appendix C: Methods UV-exposure experiment
Method
Actions in the order given
Solar exposure of A. A set amount of spores is pipetted on MEA-agar Petri dishes with 5-10 3 mm glass
fumigatus to sun
beads.
The Petri dishes are shaken to spread the spores evenly
Petri dishes are dried for 30 min after which the glass beads are discarded
Petri dishes are transported to the roof of the Radix building at Wageningen UR
in a closed box.
Petri dishes are opened on a plastic table in the sun.
Petri dishes are closed and incubated at 37 degrees
Exposure to UV A set amount of spores is pipetted on MEA-agar Petri dishes with 5-10 3 mm glass
under a UV-C lamp beads.
The Petri dishes are shaken to spread the spores evenly
Petri dishes are dried for 30 min after which the glass beads are discarded
Petri dishes are placed under the UV-C lamp at a set height
UV-C lamp is turned on for a specific time
Petri dishes are closed and incubated at 37 degrees
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Appendix D: Output table statistical tests

Figure 29: Output table of the ANCOVA test for testing the effect of TEB concentration on the A. fumigatus population size,
controlling for the three time points.
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