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Chapter 1
General introduction

Cystic fibrosis
More than 80 years ago cystic fibrosis (CF) was identified as a disease by Dorothy
Andersen. (1) In 1938 she described CF of the pancreas in 49 patients and the
disorder was subsequently associated with lung infection and salt loss during a heat
wave in New York. (1, 2) The disease is caused by mutation of a gene that encodes
a chloride-conducting transmembrane channel called the CF transmembrane
conductance regulator (CFTR), a complex chloride channel and regulatory protein
found in all exocrine tissues. (1, 3-6) Deranged transport of chloride and/or other
CFTR-affected ions, such as sodium and bicarbonate, leads to thick, viscous secretions
in the lungs, pancreas, liver, intestine, and reproductive tract, and to increased salt
content in sweat gland secretions. (5, 7, 8) Morbidity and mortality is mostly caused
by respiratory impairment. Important comorbidities are malabsorption, biliary
cirrhosis, heat shock and infertility. (1) CF is a autosomal recessive disorder, which is
most common in populations with northern European ancestry where the
predominant mutation is Phe508del. (1, 9, 10) Over 2,000 gene variations have
been identified and people with CF from other geographic regions have a wider
range of mutations with the Phe508del mutation being much less prevalent. (10-12)
Mutations have different effects on the manufacture of CFTR protein, its processing
function, and its stability at the cell membrane. (1, 13, 14)
In the 1950s median life expectancy for patients with CF was a few months;
the main causes of death being meconium ileus and malnutrition due to pancreatic
malabsorption. (1, 2) In the course of time progress has been achieved by improving
airway mucus clearance, nutrition status and controlling lung infection and CF
has changed from being predominantly a disease of children to now being
predominantly an adult disorder and the median age of survival is more than 40
years in developed countries. (1, 15, 16) Respiratory failure secondary to progressive
lung disease is now the most common cause of death. The dominant pathology in
the lung is inflammation caused by failure to clear microorganisms and the
generation of a toxic pro-inflammatory local microenvironment. (1, 17) In the
course of time this causes progressive, irreversible damage to the lungs which
ultimately can lead to death of the patient. This progressive lung damage is
accompanied by a shift of causal pathogens of infection. At younger age destructive
infections are primarily caused by bacteria, in particular Staphylococcus aureus and
Haemophilus influenzae. (1) As CF disease progresses, bronchiectasis develops and
CF patients become more susceptible to a range of Gram-negative bacteria
including Pseudomonas aeruginosa, Stenotrophomonas maltophilia and bacteria
from the Burkholderia cepacia complex. (1, 18-20) In addition to Gram-negative
bacteria, environmental nontuberculous mycobacteria, particularly Mycobacterium
abcessus and Mycobacterium avium complex are increasing in prevalence. (1, 21,
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22) In the last three decades an increase of fungi isolated from CF respiratory
secretions has been observed. (23) At present there is no clear understanding of the
clinical significance of fungal colonization and whether treatment should be
advised (24), but a wellbalanced decision is crucial as unnecessary treatment can
be harmful for the patient.

Cystic fibrosis and fungi
The respiratory tract communicates directly with the atmosphere and is constantly
exposed to airborne environmental sources of fungi. Due to their altered mucociliary
clearance, CF patients often ineffectively clear such inhaled particles and this may
result in persistence, colonization and potential infection with fungi. (25) The
proportion of patients with growth of filamentous fungi in their respiratory samples
seems to be increasing. (23) Where this increase is partly explained by better lifeexpectancy of CF patients and a larger number of patients with advanced disease it
also results from the improvement of the procedures used for examination of
respiratory samples in clinical microbiology laboratories. (23, 26)
Several epidemiological studies have been performed, though most were
limited by small sample sizes and/or heterogeneous culture protocols. (27-30)
These studies all point towards Aspergillus fumigatus as the most prevalent mold in
the CF patient population. Other important filamentous fungi include Scedosporium
spp., Exophiala spp. and non-fumigatus Aspergillus spp. such as A. terreus and A.
flavus. (27-30) However, considerable geographical differences are observed and
there is need for locally conducted studies. (31) This variation may stem from actual
geographical differences in the prevalence of certain individual fungal species and/
or temporal changes in the relative prevalence of certain species driven by climatic
or social factors. (23) However, regional variation can also be explained by
dissimilarity of culture protocols between different health care facilities. (32)

Fungal culture protocols in cystic fibrosis
Multiple factors influence the fungal detection rate of culture protocols. Central
aspects include culture media, pre-treatment procedures of respiratory material,
quantity of inoculated sputum and incubation period.
Hong et al. reported that only one-quarter of clinically significant fungal
organisms were successfully detected with standard bacterial culture medium,
while selective fungal culture media provided significantly better detection rates.
(33) Sabouraud agar represents the most used mycological culture medium and
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facilitates growth of the majority of filamentous fungi. However, there is great
variability in fungal culture media and their performance. Nagano et al showed that
adding antibiotics to fungal culture media increases the yield of fungi. They
hypothesize this is the result of less bacterial overgrowth and less bacterial toxins
like pyocyanine from P. aeruginosa influencing the growth of fungi. (34) Overgrowth
of slow growing fungi by faster growing fungi like Aspergillus and Penicillium spp.
can also influence detection rate and semi-selective media to inhibit these faster
growing fungi have been developed. This mainly benefits detection of slower
growing fungi like Scedosporium spp. and Exophiala spp. Furthermore media can
be enriched with certain nutrients to increase the yield of specific fungi. (29, 34-40)
Masoud et al. (41) showed that their culture method with homogenization of CF
sputum with dithiothreitol (DTT) increased the sensitivity for fungal detection
significantly. Conventional laboratory analysis without homogenization of sputum
samples failed to detect fungi in 24% of the included patients. Furthermore there
was an increased colony forming unit (CFU) count in 69% of the pre-treated
samples. (41) The authors hypothesized that chemical homogenization with DTT
facilitates liquefaction of highly viscous CF sputa and leads to homogenous
distribution of fungi. The importance of the quantity of the inoculum in sputum
samples of COPD patients was reported by Pashley et al. In their experiment with
55 sputum samples 44% of A. fumigatus positive samples was detected while using
100µl of homogenized sputum opposed to 19% when using standard 10µl. (42)
Lastly a sufficient incubation period is of importance. Whereas faster growing fungi
like Aspergillus and Penicillium spp. grow within one week, slow-growing species
as Scedosporium and Exophiala spp. may require a longer incubation time. (35, 38)
In the experiment of Morris et al. 81% of molds were recovered by day 7 and more
than 96% by day 14. (43)
As mentioned there is great heterogeneity of culture protocols between different
health care facilities. Whereas some centers still only use a bacterial culture protocol
with direct inoculation and short incubation, other centers inoculate homogenized
sputum on multiple fungal culture media with prolonged incubation. (32) These
differences need to be taken into account when interpreting epidemiology data
and may partly explain regional differences in prevalence of fungal colonization.
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Clinical significance of filamentous fungi in cystic fibrosis
The major clinical manifestation of A. fumigatus in the context of CF is allergic
broncho-pulmonary aspergillosis (ABPA). (25) ABPA develops from sensitization to
allergens from A. fumigatus present in the environment and an immune system
mediated response leads to production of immunoglobulin-G and -E (IgG and IgE).
(25, 44, 45) Precise pathophysiology is complex and not fully understood, however
inability to clear conidia and genetic variability may alter susceptibility to ABPA. (25,
46) Recurrent episodes of ABPA result in bronchiectasis, fibrosis and airway
remodeling. (25) Rates for ABPA are 1–10% and vary between centers. (23, 25)
Despite the presence of diagnostic criteria (44, 47) difficulties in the diagnosis of
ABPA occurs in CF because of overlapping clinical, radiological, microbiological
and immunological features indistinguishable in most cases from exacerbations.
It is common upon failure of antibiotic therapy that ABPA is considered. (25) NonABPA Aspergillus colonization remains an area of debate. Most studies conclude
that Aspergillus colonization is associated with increasing age, co-infection with P.
aeruginosa and prolonged use of antibiotics. However, all these factors are also
confounders that trouble interpretation of the results. (24) Some authors evidenced
an association between persistent A. fumigatus colonization and lower predicted
FEV1% or severe pulmonary exacerbation requiring hospitalization (30, 48, 49),
while others did not. (50)
An important question is whether all cultured fungi represent colonization of
the respiratory tract. Inhaled fungal spores can lead, when trapped in mucus, to
positive cultures in the laboratory without actual (sustained) hyphal growth in the
airways. (51) Criteria to distinguish mere presence of fungal spores from colonization
and infection have been proposed. The proposed microbiological criterium
involves positive cultures with the same fungus in >50% (24) or 2 or more respiratory
samples in the last 6-12 months. (52) In our center, patients with pulmonary
deterioration colonized with fungi who do not improve under broad-spectrum
antibiotics are suspected for fungal infection and evaluated for antifungal treatment.
Although ABPA is the major clinical manifestation, aspergillomas or invasive fungal
disease may occur. Aspergillomas, aggregations of consolidated hyphae within a
pre-existing lung cavity, are rarely observed in CF. (53) While aspergillomas are
generally asymptomatic, hemoptysis can occur where the fungus damages
bronchial arteries. (25)
Invasive disease occurs in two major forms: local spread into bronchial epithelium
termed invasive pulmonary aspergillosis (IPA) or extension systemically called
invasive aspergillosis (IA).The former is seen with higher frequency in CF although
both forms are generally rare. (25)
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Besides A. fumigatus other Aspergillus spp. may be encountered in the context of
CF. For instance, A. flavus, A. niger and A. nidulans are commonly reported, but are
usually found transiently. (23) A. terreus has been described as a chronic colonizer
of the airways of CF patients. (54)
Scedosporium spp. are detected in CF with a prevalence ranging from 0.112.1% in a recent European overview. (31) Chronic colonization of the airways with
S. apiospermum has been demonstrated but has not been found to be associated
with any clinical parameters including FEV1, steroid or antifungal therapy. (25, 55)
Nonetheless, sensitization and allergic bronchopulmonary (ABPA-like) manifestations
have been described and may contribute to the progression of lung disease in CF
patients. (23, 56-58) Moreover, S. apiospermum has been responsible for cerebral
and disseminated mycoses in severely immunocompromised patients, such as
lung transplant recipients. (23, 58) It has been suggested that Scedosporium spp.
are more virulent than Aspergillus species in CF, as Aspergillus spp. are detected
more often in respiratory samples but comparatively cause less infections. (59)
Exophiala dermatitidis is a black yeast and is often isolated among older patients
presenting with exocrine pancreatic insufficiency. (25, 38, 40) Persistent colonization
has been described (60) but its clinical relevance is not well established yet,
although pulmonary infections and sensitization show a significant association
with lung function impairment. (61-63)
Other fungi detected in CF specimens include Alternaria, Cladosporium and Penicillium
spp., as well as Paecilomyces variotii. Rasamsonia argillacea (ex Geosmithia argillacea)
and Acrophialophora fusispora are isolated almost exclusively in the CF context.
None are usually associated with clinical consequences in CF. (25)

Lack of guidelines in treatment of fungal infections
in cystic fibrosis
There are 3 main classes of commercially available antifungal drugs that can be
used for the treatment of invasive fungal disease; azoles, echinocandins and
polyenes. Azoles are considered the backbone of treatment of Aspergillus disease,
including itraconazole, voriconazole, posaconazole and isavuconazole. Triazoles
bind with their nitrogen group to the heme group located in the center of the
Cyp51A-protein and thereby block sterol 14-alfa-demethylase, which is an enzyme
in the ergosterol pathway of the fungus. Besides this, the accumulation of sterol
intermediates cause toxic stress. (64) Echinocandins inhibit (1,3)-β-d-glucan
synthesis and thereby limit hyphal growth. It causes aberrant growth of hyphae at
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the apical tips, but lacks fungicidal activity. They are very well tolerated and have
few drug-drug interactions. However, the echinocandins are considered to have a
lower efficacy than azoles for the treatment of invasive aspergillosis when compared
to azole drugs. (65, 66) Caspofungin, micafungin and anidulafungin are currently
available echinocandins. Polyene agents bind to ergosterol of the fungal cell wall,
alter its permeability and cause oxidative stress and thereby cause rapid cell death.
Historically amphotericin-B has been the major antifungal drug used, but currently
has been replaced for most indications by other antifungals due to the frequent
encounter of toxicity. (67, 68)
Unfortunately there are no guidelines for the treatment of non-ABPA colonized
CF patients. Therapeutic strategies depend on the detected fungus and the
underlying clinical status of the patient. The antifungal therapy can range from a
simple monotherapy up to a combination of multiple drugs. Treatment course may
be short in some patients and in others for up to six months, and in rare cases even
longer. (52) When confronted with invasive infections in CF, most clinicians will refer
to non CF-specific guidelines, as no consensus recommendation has been reached
for treatment in the CF context. (52, 69-71)
The mainstay of treatment of acute exacerbations of ABPA is corticosteroids,
which may be augmented chronically with antifungal agents. (52, 72) However, also
with ABPA there is a lack of prospective intervention studies. In a recently published
Cochrane review, no randomized controlled trials that evaluate the use of antifungal
therapies for the treatment of ABPA in CF patients were found. (73)

Chronic colonization and adaptation potential
of Aspergillus fumigatus
A. fumigatus has the potential to chronically colonize the airways of CF patients.
Although airway colonization may be transient, genotype studies show that 36% of
patients harbor one predominant genotype of A. fumigatus, which may persist up
to 9.5 years. (74) The question arises how this fungus can persist in the lung
environment being exposed to hostile factors, such as other microorganisms,
antifungal drugs and host immune effectors. Although biofilm formation may help
to shield the fungus from these stressors, recent research implies that A. fumigatus
may adapt to the human lung through physiological and genomic changes.
Evidence for adaptation was shown in sequential isolates of a patient with chronic
granulomatous disease (CGD) and in relation to azole resistance development. (75)
To enable adaptation, A. fumigatus needs the capacity to generate genetic diversity,
which may involve asexual, sexual and parasexual reproduction. (75)
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Asexual sporulation is the route with the highest and fastest potential for
genetic diversity. (76) In this process hyphae that are exposed to air can form
conidiophores that may produce up to 109 conidia. (77) Although the progeny is
clonal, during each mitotic phase there is a small probability of spontaneous
mutations occurring. Conidia with beneficial mutations may be selected for in
specific environments and become dominant in the fungal population. Asexual
sporulation of A. fumigatus has been described in patients, but requires exposure
to air and is thought to only occur in patients with pulmonary cavities which is a
rare entity in CF patients. (75)
In sexual reproduction the genes of two parental isolates (MAT1-1 and MAT1-2)
are reshuffled by recombination during meiosis when sexual ascospores are
formed. (78) Recombination is the formation of new combinations of alleles by
crossing over and/or independent assortment of chromosomes. Although this
reproduction mode is very efficient to create genetic variation, thus far sexual
reproduction has only been demonstrated under strict laboratory conditions, and
is thought not to occur in human airways. (79)
A third route of creating genetic diversity, parasexual reproduction, has been
described in 1953 by Pontecorvo and coworkers. (80) However, since the discovery
of the parasexual cycle in filamentous fungi over 65 years ago, its occurrence and
significance in nature has remained unclear. (81). The parasexual cycle starts with
the formation of a heterokaryon, that may arise through the fusion of two genetically
different but compatible hyphae. In the heterokaryon, fusion of the two different
but compatible haploid nuclei can occur which results in a diploid heterozygous
nucleus. Through the process of mitotic crossing-over between homologous
chromosomes genetic reassortment and recombination occurs. (80, 82) During
the diploid stage potential beneficial mutations can accumulate, leading to an
increased survival and reproduction after haploidisation. (83) However, the
frequency in which nuclear fusion (1 in 107 mitoses), mitotic crossing over (1 in 500
mitoses) and haploidisation (1 in 103 mitoses) occur is low, which necessitates long
exposure of compatible hyphae. (80) The chronically colonized CF lung might
therefore represent a niche environment in which genetic variation is created
through parasexual recombination.
There are clues of in-host adaptation of A. fumigatus in the CF lung. Mortensen
et al. showed evidence for microevolution in isolates obtained from a CF patient
that was followed for 2.5 years and being treated with azoles. Twelve isogenic A.
fumigatus isolates were isolated during this time span and two years after the first
isolation triazole resistance was documented due to a point- mutation (M220IV101F). (28)
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Although above mentioned research focusses on azole resistance as a marker of
in-host adaptation, azole stress is only one of many stressors for A. fumigatus in the
CF lung environment. There is currently little knowledge how A. fumigatus can
adapt to the lung environment especially when confined to a biofilm, which
precludes the fungus to benefit from asexual reproduction to generate genetic
variation. However, if A. fumigatus undergoes an evolutionary trajectory in
chronically colonized CF patients, this process might result in strains that are better
adapted to the lung environment or have a greater propensity to successfully
colonize and persist in the airways of CF patients when compared to environmental
isolates.
With such an evolutionary trajectory in mind the question becomes relevant
whether Aspergillus transmission can take place from human to human, as these
well adapted variants may have a fitness advantage compared to wild type
A. fumigatus to colonize CF patients. Generally it is thought that Aspergillus
colonization in CF is caused by inhalation of airborne conidia from the environment.
As such, infection control measures are not required for CF patients colonized with
A. fumigatus, unlike Pseudomonas aeruginosa in order to prevent patient-to-patient
transmission. Although, environment-to-patient transmission is regarded the dominant
route for A. fumigatus, there are unexplained observations which may indicate
transmission between patients. One of these observations is the recovery of identical
A. fumigatus genotypes from different CF patients. These genotypes could not be
linked to a common environmental source and thus remained unexplained, but
identical genotypes in different patients may point towards patient-to-patient
transmission. (74)

Outline of this thesis
In this thesis we investigate various aspects related to fungal colonization in CF
patients. In chapter 2 the results of a Dutch nationwide multi-centre surveillance
study with prospective analysis of CF patients respiratory samples during a 3 year
period are presented. In chapter 3 we evaluated if our current culture protocol for
filamentous fungi in CF sputa facilitates optimal detection or if modifications can
increase fungal detection rate. To understand the persistence of A. fumigatus in CF
we investigate if the fungus undergoes parasexual recombination in the CF lung in
chapter 4. Furthermore, we investigate if mitotic recombination may result in
progeny that harbors azole- resistant phenotypes. Chapter 5 explores if cough
secretion of A. fumigatus occurs in CF patients, and thus opens the possibilities of
patient-to-patient transmission. In chapter 6 all the results are discussed in the view
of our current knowledge and future prospects.
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Abstract
Background: Progressive lung injury in Cystic Fibrosis (CF) patients can lead to
chronic colonization with bacteria and fungi. Fungal colonization is obtained from
the environment which necessitates locally performed epidemi- ology studies. We
prospectively analyzed respiratory samples of CF patients during a 3-year period,
using a uniform fungal culture protocol, focusing on filamentous fungi and azole
resistance in Aspergillus fumigatus.
Methods: Over a 3-year period, all respiratory specimens collected from CF patients
in 5 Dutch CF centers, were analyzed. Samples were inoculated onto the fungal
culture media Sabouraud dextrose agar (SDA) and Medium B+. All fungal isolates
were collected and identified in one centre, using Amplified Fragment Length
Polymorphism (AFLP) fingerprinting, rDNA PCR and ITS, calmodulin and β-tubulin
sequencing. Azole resistance was assessed for all A. fumigatus using a qPCR assay
followed by phenotypic confirmation.
Results: Filamentous fungi were recovered from 699 patients from at least one
respiratory sample, corresponding with 3787 cultured fungal species. A. fumigatus
was cultured most often with a mean prevalence of 31.7%, followed by Penicillium
species (12.6%), non-fumigatus Aspergillus species (5.6%), Scedosporium species
(4.5%) and Exophiala dermatitidis and Cladosporium species (1.1% each). In total 107
different fungal species were identified, with 39 Penicillium species and 15
Aspergillus species. Azole resistance frequency in A. fumigatus was 7.1%, with TR34/
L98H being the dominant resistance mechanism.
Conclusion: A vast diversity of filamentous fungi was demonstrated, dominated by
Aspergillus and Penicillium species. We observed a mean azole resistance
prevalence of 7.1% of A. fumigatus culture positive patients.
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1. Introduction
Cystic fibrosis (CF), a life-limiting, hereditary disease is most prevalent in Australia,
Europe and North America [1]. CF is caused by a mutation in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene which encodes a chlorideconducting transmembrane channel regulating anion transport and mucociliary
clearance in the airways [1]. Dysfunctional CFTR leads to mucus retention, resulting
in chronic infection and local inflammation of the airways. In the course of time this
causes progressive, irreversible damage to the lungs which ultimately leads to death
of the patient [1]. The progressive lung damage is accompanied by a shift of causal
pathogens of infection. At younger age destructive infections are primarily caused by
bacteria, in particular Staphylococcus aureus and Haemophilus influenzae [1]. As the
disease progresses, bronchiectasis develops and CF patients become more susceptible
to a range of Gram-negative bacteria including Pseudomonas aeruginosa [1]. As a
result of improved health-care systems and a consequent increase in life expectancy,
this paradoxically results in a larger number of patients with advanced disease [2].
This alteration of the patient population offers new challenges and clinical dilemmas,
among them the increasing proportion of patients with growth of filamentous fungi
in their respiratory samples [3]. At present there is no clear understanding of the
clinical significance of fungal colonization and whether treatment should be advised
[4], but a well-balanced decision is crucial as unnecessary treatment can be harmful
for the patient.
Several epidemiological studies have been performed, though most were
limited by small sample sizes and/or heterogeneous culture protocols [5–8]. These
studies all point towards Aspergillus fumigatus as the most prevalent mold in the CF
patient population and additionally show a considerable diversity of other fungi.
However, analyzing the full extent of diversity is challenging, often due to the
limitations of (phenotypic) identification methods. A. fumigatus is a medically important
fungus recognized to cause a range of diseases in humans [9,10] including multiple
cases of significant infections in CF [11,12]. Azoles are the first-choice drug for
treating Aspergillus disease [13]. However, therapy is increasingly compromised due
to rising rates of azole resistance, with levels exceeding 10% in the Netherlands and
an overall resistance frequency of 3.2% in 19 European countries in 2009–2011 [14].
Although some fungal resistance surveillance studies in CF patients have been
performed [15,16], these cannot be extrapolated directly to other regions as fungal
colonization is related to the environment. Here we report a nationwide multicentre surveillance study with prospective analysis of CF patients respiratory
samples during a 3 year period, using a uniform fungal culture protocol focusing on
all filamentous fungi. The aim of the study was to characterize the diversity of
colonizing fungi and to determine the frequency of azole resistance in A. fumigatus.
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2. Material and methods
2.1. Collection of isolates
Between March 2010 and March 2013 respiratory samples were collected from five
CF centers during routine quarterly patient visits, representing 82% of all Dutch CF
patients. (Table 1) Additional samples were collected in case of clinical deterioration
and hospitalization. The participating centers were Radboud University Medical
Center, Nijmegen; Haga Hospital, the Hague; University Medical Center Groningen,
Groningen; Erasmus University Medical Center, Rotterdam; University Medical
Center Utrecht, Utrecht. Agar plates were provided to the participating laboratories
from a central location. Every week batches of filamentous fungi, recovered at the
participating laboratories, were transported to the central microbiology laboratory
of Canisius Wilhelmina Hospital Nijmegen on the original plate(s). Isolates were
recultured at 30 °C and 35 °C, morphologically examined and DNA was extracted
for molecular identification and supplementary experiments. Isolates were stored
in Mueller-Hinton broth with 10% glycerol as cryoprotectant at −70 °C in a dedicated
freezer at the reference laboratory. The diagnosis of CF disease was based on
typical clinical characteristics alongside a positive sweat test (chloride N60 mmol/l)
and/or the presence of two known pathogenic CFTR mutations. Data were anonymized
prior to analysis. Formal approval from the institutional ethical committee was waived.

2.2. Culture conditions
Samples were inoculated onto Sabouraud dextrose agar (SDA, Oxoid, Basingstoke,
UK) and Medium B+ agar plates [17]. Medium B+ consists of glucose (16.7 g/l),
yeast extract (30 g/l), peptone (6.8 g/l) and agar (20 g/l) and is supplemented
with ceftazidime (32 mg/l), chloramphenicol (50 mg/l), colistin (24 mg/l) and
cotrimoxazole (128 mg/l) to suppress the growth of bacterial co-habitants in CF
sputa, most notably the Gram-negative organisms. All inoculated plates were
incubated aerobically at 30 °C for three weeks and checked the first week daily and
the second and third week twice weekly for growth.

2.3. Identiﬁcation
Fungal spores and/or hyphae were harvested and suspended into 400 µl Bacterial
Lysis Buffer (Roche Diagnostics, Almere The Netherlands) that was present in Green
Beads Tubes (Roche Diagnostics). Tubes were processed in a MagNA Lyzer (Roche
Diagnostics), centrifuged for 2 min at 13.362 g, and heat-inactivated at 100 °C for
15 min. After cooling down to room temperature a 200 µl suspension was used for
genomic DNA extraction by using the MagNA Pure 96 automatic platform (Roche
Diagnostics).
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Table 1 Count of cultured fungi and characteristics of CF patients.
Year

Year 1

Year 2

Year 3

Overall*

Samples analyzed

702

1192

1184

3114

Number of patients in
participating centers

730

1159

1199

NA

Number of patients with
at least one fungus in their
respiratory samples

309

472

475

699

Cultured fungi

842

1443

1412

3787

2

Follow up in (Cultured fungi/ positive patients)
Nijmegen

131/38

154/44

133/36

435/59

The Hague

197/91

246/109

258/113

706/169

Groningen

109/49

273/77

235/68

632/100

Rotterdam

405/131

311/110

353/114

1075/179

Utrecht

0

459/132

433/144

939/192

154 (49.8%)

228 (48.3%) 231 (48.6%)

358 (51.2%)

Two mutations belonging
to class 1–3

238 (77.0%)

386 (81.8%) 374 (78.7%)

554 (79.3%)

At least one mutation
belonging to class 4–6

42 (13.6%)

55 (11.7%)

87 (12.4%)

Other

13 (4.2%)

10 (2.1%)

18 (3.8%)

25 (3.6%)

CFTR mutation not tested

16 (5.2%)

21 (4.4%)

22 (4.6%)

33 (4.7%)

Adults (≥18 years)

214 (69.3%)

294 (62.3%) 287 (60.4%) 424 (60.7%)

Children (<18 years)

95 (30.7%)

178 (37.7%)

Gender: male, count (%)
CFTR genotype, count (%)

61 (12.8%)

Age distribution, count (%)
188 (39.6%)

275 (39.3%)

CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; Year 1, 09/03/2010–
31/03/2011; Year 2, 01/04/2011–31/03/2012; Year 3, 01/04/2012–27/03/2013; * Because the sampling date
was not always provided the overall number of cultures differs from the sum of the individual years.

All identifications were performed using Amplified Fragment Length Polymorphism
(AFLP) fingerprinting according to previously described methods [18]. With each
AFLP run a set of reference strains of frequently encountered fungal pathogens was
included to facilitate the identification. If no species could be identified by AFLP,
sequence analysis of the fungal ITS region of the ribosomal DNA, beta-tubulin or
calmodulin region was performed [19,20]. Sequence similarities were assessed by
search for homology with GenBank sequences by using the BLAST search program
(NCBI; Bethesda, MD, USA). Only sequences submitted to GenBank, the in-house
sequence database of the Westerdijk Fungal Biodiversity Institute and/or sequences
published in peer reviewed journals were accepted to prove the accuracy of the results.
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2.4. Azole resistance in Aspergillus fumigatus
A. fumigatus was screened for azole resistance using a mixed format real time PCR
assay that detects TR34, TR46, L98H, Y121F, T289A, M220, G54 and G138C according
to earlier described methods [21]. Strains with a resistant genotype were confirmed
with CLSI M38A broth microdilution.

2.5. Prevalence and proportions
When prevalence and proportions were calculated, only one strain per fungal
species was counted per patient per year. In this way a selection bias, due to repeated
cultivation during periods of clinical deterioration, was prevented. Seasonal and
monthly variation in fungal frequency were analyzed by counting species once per
month and per patient. The total number of CF patients per centre was derived
from the Dutch National Registry of CF patients, which includes 99% of the Dutch
population with CF. When fungal groups are reported Aspergillus species also
include Neosartorya pseudofischeri; Penicillium species also include Talaromyces
species; Scedosporium species also include Lomentospora prolificans.

2.6. Data analysis
The Chi-squared test was used to compare prevalence between groups using GraphPad
Prism version 5.03 for Windows, GraphPad Software, La Jolla California USA.

3. Results
Overall, from 699 patients fungi were recovered from at least one of their respiratory
samples, leading to a total of 3787 cultured fungal species in 3115 cultures. Fifty-one
percent of patients was male, 61% was ≥18 years. Most patients had two mutations
belonging to class 1 to 3 of the CFTR mutations (79.3%). Samples of university
medical center Utrecht, including Wilhelmina’s children hospital, were included 1 year
after initiating the study, which resulted in an increase of samples from children.
A detailed overview of above mentioned and other patient characteristics is given
in Table 1.

3.1. Fungal prevalence
On average, 40.7% of patients had one or more fungi in their respiratory samples
each year. In 31.7% of patients A. fumigatus was cultured, making it the most
prevalent fungus. Other (relatively) common fungi were Penicillium species (12.6%),
non-fumigatus Aspergillus species (5.6%), Scedosporium species (4.5%) and
Exophiala dermatitidis and Cladosporium species (1.1% each). Annual prevalence’s
of these fungi are listed in table 2. A. flavus (1.7%) and A. terreus (1.5%) were the
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most frequent Aspergillus species besides A. fumigatus. Penicillium spinulosum
(1.5%) was the most cultured Penicillium species Rasamsonia species (n = 8) were
isolated only rarely during the 3-year study period. In a small subset of patients the
molecular methods did not yield a species identification. These cases are reported
at the genus level if possible (see supplementary table) and as “no identification”
otherwise (n = 11). A yearly overview of all cultured fungal species is given in the
supplementary table. Of the fungal groups in table 2 only Scedosporium species
showed a significant increase in year 3 (p b .0001). We observed no significant
prevalence differences between years, months or seasons in the other fungal
groups.

Table 2 Prevalence of filamentous fungi cultured in respiratory samples of
Dutch CF patients.
Prevalence
Year

Year 1

Year 2

Year 3

Mean

Aspergillus fumigatus

30.0%

31.6%

32.8%

31.7%

Aspergillus species

7.0%

3.7%

6.6%

5.6%

Penicillium species

16.6%

11.6%

11.2%

12.6%
4.5%

Scedosporium species

2.1%

2.8%

7.8%

Cladosporium species

1.5%

1.1%

0.8%

1.1%

Exophiala dermatitidis

1.0%

1.1%

1.3%

1.1%

Any filamentous fungi*

42.3%

40.7%

39.6%

40.7%

Year 1, 09/03/2010–31/03/2011; Year 2, 01/04/2011–31/03/2012; Year 3, 01/04/2012–27/03/2013
*Percentage of patients positive in their respiratory sample with any of the 107 cultured filamentous fungi.

3.2. Fungal diversity
In total 107 fungal species were identified, with 39 different Penicillium species and
15 Aspergillus species Fig. 1 shows the diversity and proportions of the various
fungal species, with special emphasis on Aspergillus species, Penicillium species
and Scedosporium species. An overview of all fungal species is given in the
supplementary table.

3.3. Mixed fungal populations
In total, 9.0% (n = 280) of positive cultures showed a mixed fungal population.
The mixed population consisted of 2 (n = 261), 3 (n = 13), 4 (n = 5) or 5 (n = 1)
different fungal species. Sub analysis of Scedosporium species revealed that 30%
(n = 68) of cultures containing a Scedosporium species also contained another
fungal species. Seventyeight percent of these other fungi (n = 53) were A.fumigatus.
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3.4. Yearly variance in less frequently cultured fungi
In comparison to the fungal groups, some individual fungal species showed marked
year by year variations with a relatively high culture rate in one year, but absence in
the other years. This was found most pronounced in Penicillium species. For instance,
P. crustosum that was isolated in 21 patients in the first year, but was absent in
subsequent years. Remarkably this annual variance was similar all over the Netherlands.
Multiple examples of the annual variance are shown in Fig. 2. The annual variance
of each fungal species can be found in the supplementary table.

3.5. Azole resistance
In total 558 patients had at least one respiratory sample with A. fumigatus corresponding
with a total of 2652 isolates. Overall, 126 azole-resistant isolates were found in
51 patients. The mean azole resistance frequency was 7.1%, with TR34/L98H (80%)
being the dominating resistance mechanism followed by TR46/T289A/Y121F
(16.4%). Other resistance related mutations included M220 (1.8%) and G54 W (1.8%).
An overview of azole resistance prevalence is given in Table 3.
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A

All observations

61.2%
20.7%
7.5%
1.8%
1.9%
6.4%
0.6%

Aspergillus spp.
Penicillium spp.
Scedosporium spp.
Cladosporium spp.
Exophiala dermatitidis
Other
No identification

2

Total=1880

B

C

Aspergillus spp.

Penicillium spp.

Total=1151
85.0%
4.7%
3.9%
1.3%
1.0%
1.7%
2.4%

Total=389

Aspergillus fumigatus
Aspergillus flavus
Aspergillus terreus
Aspergillus tubingensis
Aspergillus versicolor
Aspergillus spp. - no species identification
Aspergillus spp. - other (10 species)

D

11.8%
7.2%
5.7%
5.4%
4.1%
35.0%
27.0%

Penicillium spinulosum
Penicillium brevicompactum
Penicillium glabrum
Penicillium crustosum
Penicillium chrysogenum
Penicillium spp. - no species identification
Penicillium spp. - other (34 species)

Scedosporium spp.

28.6%
19.3%
10.0%
9.3%
3.6%
0.7%
28.6%

Scedosporium apiospermum
Scedosporium boydii
Scedosporium aurantiacum
Pseudallescheria ellipsoidea
Lomentospora prolificans
Scedosporium minutisporum
Scedosporium spp. - no species identification

Total=140

Figure 1 Proportions and diversity of fungi cultured in respiratory samples of CF patients.
A. The proportions of different fungal species in all observations. B. The proportions of
individual Aspergillus species in all Aspergillus species. We identified 15 unique Aspergillus
species in total. C. The proportions of individual Penicillium species in all Penicillium species.
We identified 39 unique Penicillium species in total. D. The proportions of individual
Scedosporium species in all Scedosporium species. We identified 6 unique Scedosporium
species in total * In the interest of readability we did not display all Aspergillus and Penicillium
species. For a full list of fungal species we refer to the supplementary data.
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Penicillium crustosum

8.0%

Haga
Radboudumc
Erasmus MC

7.0%

Prevalence

6.0%
5.0%
4.0%
3.0%
2.0%
1.0%
0.0%

1

2

3

Year
Penicillium dipodomyicola
3.0%
Haga
Radboudumc
UMCG
Erasmus MC
UMCU

Prevalence

2.5%
2.0%
1.5%
1.0%
0.5%
0.0%
1

2

3

Year
Penicillium glabrum
6.0%
Haga
Radboudumc
UMCG
Erasmus MC

Prevalence

5.0%
4.0%
3.0%
2.0%
1.0%
0.0%
1

2

3

Year
Figure 2 Variation of Penicillium species per year. A. Variation of Penicillium crustosum
B. Variation of Penicillium dipodomyicola C. Variation of Penicillium glabrum. If a center is
not depicted in the figure, the prevalence was 0% all years, Year 1, 09/03/2010 - 31/03/ 2011;
Year 2, 01/04/2011 - 31/3/2012; Year 3, 01/04/2012 - 27/03/2013.
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Table 3 Azole resistance of Aspergillus fumigatus in Dutch CF patients.
Resistance genotype

Year 1

Year 2

Year 3

Mean

TR34/L98H

9 (4.1%)

26 (7.1%)

16 (4.1%)

5.2%

TR46/T289A/Y121F

4 (1.8%)

6 (1.6%)

4 (1.0%)

1.4%

M220

0.0%

1 (0.3%)

1 (0.3%)

0.2%

G54 W

0.0%

1 (0.3%)

1 (0.3%)

0.2%

Total resistance

5.9%

9.3%

5.6%

7.1%

2

Patients per year (prevalence); CF, cystic fibrosis; TR, Tandem Repeat; Year 1, 09/03/2010–31/3/2011; Year 2,
01/04/2011–31/3/2012; Year 3, 01/04/2012–27/3/2013.

4. Discussion
In this study we demonstrated a vast diversity of fungal species in the respiratory
samples of CF patients, with 107 unique fungal species. Aspergillus species, in particular
A. fumigatus, showed the highest prevalence, followed by Penicillium species and
Scedosporium species. Azole resistance was observed in 7.1% of A. fumigatus
culture positive patients. Penicillium species showed the most striking diversity with
39 different identified species. This diversity might even be underestimated because
35% of Penicillium species could not be identified to species level despite extensive
molecular testing. These strains are either not present in the general databases
and/or were not earlier described Penicillium species. In total there were 11 isolates
in which we were not even able to identify the fungus to the genus level.
An important question is whether all cultured fungi represent colonization of
the respiratory tract. Inhaled fungal spores can lead, when secreted in mucus,
to positive cultures in the laboratory without actual (sustained) hyphal growth in
the airway. It is quite possible that the observed fungal diversity in the respiratory
samples is, at least in some instances, a representation of fungal spores in ambient
air that are trapped in mucus of CF patients. This concept is substantiated by our
finding of strong yearly variation of specific fungi in respiratory samples of CF
patients, with multiple isolates in one year but non to very few isolates in other
years (see Fig. 2 and supplementary data). This suggests a change in the presence
of the fungi in the environment without sustained growth in patients.
Recently Schwarz et al. reviewed fungal epidemiology of CF in multiple
European countries [22] and they observed considerable geographical differences
and stressed the need for locally conducted studies. In Dutch CF patients Aspergillus
species is the most abundant fungal genus in respiratory samples. The overwhelming
majority consists of A. fumigatus (85%), followed by A. flavus (4.7%) and A. terreus
(3.9%).

33

Chapter 2 | Prevalence and diversity of fungi in Dutch CF patients

Penicillium is the second most cultured fungal genus with 20.7% of all fungal
isolates. The prevalence of individual species however is low, due to the heterogeneousness of this group. The general opinion is that Penicillium species are not
associated with clinical deterioration and arise from environmental sources. This
view is strengthened by ours and others [5] observation that each Penicillium
species is hardly found more than once in a patient. In our study, out of 289 patients
with a Penicillium species positive respiratory sample, only 9 patients (3.1%) were
positive with an identical species more than once and only 1 (0.3%) more than
twice. This is much lower when compared to A. fumigatus (67.4% and 52.6%),
A. flavus (29.2% and 12.5%) and Scedosporium species (23.4% and 19.5%) (For a
complete overview of all fungi see supplementary data). In contrast, there are reports
of Penicillium species causing post-transplant [23] and other invasive infections [24]
in addition to allergic bronchopulmonary mycosis [25].
We found a mean Scedosporium species prevalence of 4.5% in the 3-yearstudy period making it the third most prevalent fungus. However, the prevalence of
Scedosporium species and other slow growing fungi might have been even higher
if a fungal selective medium like Scesel + medium had been used. This medium
developed in 2007 [26] inhibits fast growing fungi like Aspergillus species and
Penicillium species and has shown to increase the yield of Scedosporium species
in clinical specimens [27,28]. Simultaneous growth of Scedosporium species and
Aspergillus species is possible, as 53 out of 227 (23.4%) cultures containing
Scedosporium species were co-colonized with A. fumigatus. Nevertheless, the lack
of a selective culture medium for Scedosporium species in our culture protocol
might have lead to underreporting of this fungus. It has been suggested that
Scedosporium species are more virulent than Aspergillus species in CF, as
Aspergillus species are detected more often in respiratory samples but comparatively
cause less infections [11]. In the last year of the study we observed a significant rise
in occurrence of Scedosporium species in all centers, despite identical culture
methods and inclusion rates. Unfortunately we have no follow-up data to assess
whether this rise is ongoing.
The Dutch National Registry of CF patients was used to calculate the total
amount of CF patients per centre. Consequently, the reported prevalences
theoretically might be a underestimation in case of nonappearance of registered
patients throughout a whole year.
Our study confirms and extents a recent study from Germany which reported
an azole resistance prevalence of 5.3% (n = 101/2888 A. fumigatus isolates from
961 CF patients) [16]. Azole resistance in A. fumigatus in Dutch CF patients was 7.1%,
with 2652 evaluated isolates from 558 patients. Overall 126 azole-resistant isolates
were recovered. In both the Dutch and German studies 51 patients with azole
resistant Aspergillus were found. The mean resistance of 7.1%, is higher than the
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majority of resistance rates reported in Europe (range 0%–8%) [15], but comparable
to the national resistance rate of all clinical A. fumigatus isolates in 2013 and 2014,
the first years of the Dutch national surveillance program [29]. As expected and in
accordance with numbers from a recent review and the Dutch national surveillance
program [15,29]. TR34/L98H was the dominant genotype (80%). However, where
other studies of azole resistance in CF patients showed almost no resistance due to
TR46/T289A/Y121F [15], this mutation was responsible for a significant number in
Dutch CF patients (16.4%). Most likely this is explained by the date and geographical
location of our study as TR46/T289A/Y121F emerged in 2009 in the Netherlands
after which it gradually was reported from other areas [30]. The present study, with
a mean resistance level of 7.1%, strengthens the general recommendation to
routinely perform antifungal susceptibility testing in all (CF) patients requiring
antifungal treatment. The overall resistance level might even be higher as we only
screened molecularly for common genotypes in Cyp51a and extraordinary or
unidentified resistance mechanisms were not assessed.
To conclude, in this Dutch multicentre study we found a vast diversity of 107
fungal species in CF airways. A. fumigatus was the most prevalent fungus, followed
by Penicillium species and Scedosporium species. We observed a mean azole
resistance prevalence of 7.1% of A. fumigatus culture positive patients.
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Abstract
Cystic fibrosis (CF) can be complicated by fungal infection of the respiratory tract.
Fungal detection rates in CF sputa are highly dependent on the culture protocol
and incubation conditions and thus may lead to an underestimation of the true
prevalence of fungal colonization. We conducted a prospective study to evaluate
the additional value of mucolytic pre-treatment, increased inoculum (100 µL),
additional fungal culture media (Sabouraud agar; SAB, Medium B+, Scedosporium
selective agar; SceSel+ and Dichloran-Glycerol agar; DG18) and longer incubation
time (3 weeks) compared with our current protocol. Using the new protocol, we
prospectively analyzed 216 expectorated sputum samples from adult and pediatric
CF patients (n = 77) and compared the culture yield to a three year retrospective
cohort that used direct 10 µL loop inoculation on SAB with 5 days incubation (867
sputum samples/103 patients). Detection rates for molds increased from 42% to
76% (p < 0.0001). Twenty-six percent of cultures were polymicrobial in the
prospective cohort as opposed to 4.7% in the retrospective cohort (p < 0.0001).
Colonization rate with A. fumigatus increased from 36% to 57%. SAB and DG18
showed the highest detection rates for all molds (SAB 58.6%; DG18 56.9%) and
DG18 had the best performance for molds other than A. fumigatus. The larger
sample volume and longer incubation also contributed to the increased recovery
of molds. The introduction of a modified fungal culture protocol leads to a major
increase in detection rate and the diversity of molds, which influences fungal
epidemiology and may have implications for treatment decisions.
Keywords: cystic fibrosis; fungi; aspergillus; culture protocol; DG18; epidemiology
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1. Introduction
Cystic fibrosis (CF) is a life-limiting, hereditary, multi-organ disease and is most
prevalent in Australia, Europe and North America [1]. CF is caused by a mutation in
the cystic fibrosis transmembrane conductance regulator (CFTR) gene leading to
mucus retention in the lungs, which, through repeated infection, causes progressive
and irreversible damage to the lungs [1]. Whereas most infections are caused by
bacteria like Staphylococcus aureus and Pseudomonas aeruginosa, studies show
an increase of fungi isolated from CF respiratory secretions [1,2]. An interaction
between bacterial pathogens and filamentous fungi is likely, but whether this
is antagonistic of symbiotic remains unclear. Pyocyanin, a toxine produced by
P. aeruginosa, inhibits the growth of A. fumigatus in vitro [3]. Conflictingly, proteases
produced by P. aeruginosa have been suggested to promote A. fumigatus sensitization
[4]. At present, there is no clear understanding of the clinical significance of fungal
colonization and whether treatment should be advised but high-quality fungal
diagnostics are important as it influences both patient care and epidemiology [5,6].
There is great variation in the reported prevalence of fungal colonization, which is
partly explained by the dissimilarity of culture protocols between different health care
facilities [7]. Central factors influencing the detection rate of fungi are used culture
media, pre-treatment procedures, quantity of inoculated sputum and incubation time.
Hong et al. reported that only one-quarter of clinically significant fungal
organisms were successfully detected with standard bacterial culture medium and
selective fungal culture media provided significantly better rates of detection [8].
However, there is great variability in fungal culture media and their performance.
Sabouraud (SAB) agar represents the most used mycological culture medium and
facilitates the growth of the majority of filamentous fungi. Specific media have
been developed with the goal to further increase fungal detection rates. These
media often prevent bacterial and/or fungal overgrowth or are enriched with
certain nutrients to increase the yield of specific fungi [9–16].
Masoud et al. [17] showed that their culture method with the homogenization
of CF sputum with dithiothreitol (DTT) increased the sensitivity for fungal detection
significantly. Conventional laboratory analysis without the homogenization of
sputum samples failed to detect fungi in 24% of the included patients. Furthermore,
there was an increased colony forming unit (CFU) count in 69% of the pre-treated
samples [17]. It was hypothesized that chemical homogenization with DTT facilitates
liquefaction of highly viscous CF sputa and leads to homogenous distribution of
fungi [17].
The importance of the quantity of the inoculum in sputum samples of COPD
patients was presented by Pashley et al. [18] In their experiment with 55 sputum
samples 44% of A. fumigatus positive samples was detected while using 100 µL of
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homogenized sputum opposed to 19% when using 10 µL [18]. Additionally, highvolume culture also showed a significantly enhanced culture rate in non-CF patients
[19,20].
Lastly, a sufficient incubation period is of importance. Whereas faster growing
fungi species, such as Aspergillus and Penicillium, grow within one week, slowgrowing species, such as Scedosporium and Exophiala, may require a longer
incubation time [10,14]. In the experiment of Morris et al., 81% of molds were
recovered by day 7 and more than 96% by day 14 [21].
The objective of our current study was to evaluate the performance of a new
culture protocol, incorporating mucolytic pre-treatment, a larger inoculum, the
addition of culture media and longer incubation time, and to compare its
performance to our current culture protocol for sputum samples from CF patients.
Furthermore, we aimed to identify the additional value of each intervention and
individual culture medium.

2. Materials and Methods
2.1. Study Design
This was a 12-month prospective study involving the collection and analysis of
expectorated sputa from adult and pediatric CF patients at the Radboud University
Medical Center in Nijmegen, the Netherlands. Consecutive expectorated sputum
samples were collected during routine quarterly outpatient visits and in case of
clinical deterioration and/or hospitalization between October 2018 and October
2019. The results of the altered culture protocol of the prospective cohort were
compared to a retrospective cohort of the preceding 3 years (October 2015 until
October 2018). No additional samples were taken for the benefit of this study and
sputum collection was identical for the prospective and retrospective cohort.
Before initiation, the study protocol was discussed with the pulmonology and
pediatrics department. It was agreed that only fungal growth on the traditional
culture media (SAB and/or bacterial media) would be communicated. Upon
request, the fungal growth on the additional fungal media was shared. The diagnosis
of CF disease was based on typical clinical characteristics alongside a positive
sweat test (chloride > 60 mmol/L) and/or the presence of two known pathogenic
CFTR mutations.

2.2. Mycological analysis
2.2.1. The Following Standardized Protocols Were Used
Retrospective cohort (mycological analysis): Direct loop inoculation of an unstandardized
amount (10uL) of sputum on SAB agar with chloramphenicol and gentamicin
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28 °C (Becton Dickinson, Franklin Lakes, NJ, USA). All plates were incubated for
5 days and were evaluated daily for the presence of fungal growth.
Prospective cohort (mycological analysis): Before the inoculation of fungal
culture media, sputa were homogenized for 30 min at 37 °C with DTT (Sigma, Saint
Louis, MO, USA) in a 1:2 (v:v) ratio. After incubation, 100 uL of digested sputum was
inoculated onto each of the 4 semi- selective culture media, SAB 28 °C and Medium
B+ 28 °C, Scedosporium selective agar (SceSel+) 37 °C, Dichloran-Glycerol
Agar with chloramphenicol and gentamicin (DG18) 28 °C (all 3 homemade), and
subsequently incubated aerobically for 3 weeks with daily evaluation for growth
of molds in week 1 and biweekly evaluation in week 2 and 3. Volume- limited
samples were cultured in a fixed order; 1. SAB 2. SceSel+ 3. Medium B+ 4. DG18.
The remaining sputa were stored at 80 °C. All components of the homemade
fungal media and the performed quality control measurements can be found in
the Supplementary Materials.
Both cohorts: Direct loop inoculation of an unstandardized amount (10uL) of
sputum on bacterial culture media (Columbia III Agar with 5% Sheep Blood 36 °C
CO2, Chocolate Agar with IsoVitaleXtm and Bacitracine 36 °C anaerobe, MacConkey
agar 36 °C O2 (Becton Dickinson, Franklin Lakes, NJ, USA), Burkholderia cepacia
selective Agar 36 °C O2 and Chapman agar 36 °C O2 (Oxoid, Basingstoke, UK).
All plates were incubated for 5 days and were evaluated daily for the presence of
fungal (and bacterial) growth. The excessive growth of yeasts was reported in both
cohorts but not evaluated in this study. Molds were identified by their macroscopic
and microscopic morphology. A visual overview of the study protocol can be found
in Figure 1.

2.2.2. Rationale of the Selected Fungal Culture Media
SAB medium was maintained as it represents the usual mycological culture medium
and facilitates growth of most filamentous fungi. Medium B+ also enables growth
of the majority of fungi but contains a larger number of antibiotics (ceftazidime,
chloramphenicol, colistin and cotrimoxazole). Nagano et al. showed that adding
these antibiotics to fungal culture media increased the yield of fungi in their
experiments and hypothesize this was the result of less bacterial overgrowth and
bacterial toxins like pyocyanine [9]. We included Medium B+ to potentially replace
SAB. Scedosporium selective agar was added for itsproperty to inhibit the growth
of fast-growing fungi, such as Aspergillus and Penicillium spp., and therefore
prevent the overgrowth of slower growing fungi, such as Scedosporium spp., that
are benomyl resistant [12]. Multiple studies show an increased isolation rate of
Scedosporium spp. in clinical samples with the use of SceSel+ [10,11,13]. DichloranGlycerol Agar is a semi-selective medium used mainly in environmental research
and no previous application in clinical samples [22]. Due to the properties of this
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dichloran-containing medium, fungal colonies remain small. We hypothesized that
the isolation rate of slower growing and/or less abundant fungi would increase due
to prevention of fungal overgrowth. To lessen bacterial overgrowth we added
chloramphenicol and gentamicin to this media.
Unfortunately no commercial preparations are available for Medium B+ and
SceSel+, and they were prepared in our center according to the method of Nagano
et al. [9] and Rainer et al. [12], respectively. The preparation of DG18 was the least
laborious, as DG18 agar base is commercially available and can easily be produced
in-house.

2.3. Primary and Secondary Outcomes
The primary outcome of this study was the difference in the detection rate of molds
between the retrospective and prospective cohort. The detection rate was defined
as the percentage of cultures with growth of a (specific) mold.
Diversity was assessed in both cohorts and defined as both the total amount
of unique molds isolated in one year as the amount of polymicrobial cultures
(≥2 molds per sputum culture).
Furthermore, colonization with A. fumigatus was determined. Colonization
was defined as the recovery of A. fumigatus from ≥50% of sputum samples in
patients with a minimum of 3 or more sputum samples per year.
This study was not intended as an epidemiology study; however, prevalence
could be calculated. Culture was considered positive for a given species and a
given sputum sample when the species growth was evidenced on at least one of
the fungal or bacterial culture media.
In the prospective cohort, sub-analyzes were performed. The time until
detection was reported for each fungal culture medium and fungus as the first
week of positive culture. Furthermore, the additional value of each intervention (1:
sample pre-treatment and larger inoculum, 2: prolonged incubation, 3: additional
fungal culture media) on the detection rate of molds was assessed.
The detection rate, positive percent agreement and A. fumigatus colonization
rate of each semi-selective fungal medium was determined. From this analysis,
we excluded samples who only had growth on bacterial culture media, in which
not all four fungal media were inoculated (e.g., volume-limited sample) or in which
growth of molds could not be traced back to a specific medium (e.g., technician
failed to register properly). The positive percent agreement was defined as the
proportion of positive cultures for (specific) molds for the respective culture
medium over the total number of positive cultures using all 4 media.
In all analysis where fungal groups are reported Scedosporium species also
include Lomentospora prolificans.
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2.4. Statistical Analysis
The detection rate, proportion of polymicrobial cultures, A. fumigatus colonization,
time until detection and the positive percent agreement were compared between
the different cohorts, years of the study, and culture media using Fishers exact test.
We used t-tests and one-way ANOVA to assess potential differences in demographic
variables and/or the amount of sputum cultures per patient in the several years of
the study.

3

3. Results
3.1. Study Population
In the prospective cohort, 261 samples from 77 patients were collected. In the
retrospective cohort, 867 samples (year 1, 310 samples; year 2, 303; year 3, 254)
were collected from 103 unique patients (year 1 75 patients; year 2 81 patients; year
3 84 patients). Seventy-five of the prospectively included patients had previously
been sampled in the retrospective cohort (year 1, 60 patients; year 2, 67 patients;
year 3, 70 patients). The mean age of the entire population was 29.3 years and
49.5% was female. A median of three sputum cultures per patient were taken.
Age, sex and the number of sputum cultures did not differ significantly between the
different years of the study or between the retrospective and prospective cohort.

3.2. Retrospective Cohort vs. Prospective Cohort
Using the new culture protocol, seventy-six percent of all sputum cultures were
positive with a mold in the prospective cohort, presenting a significant increase
(p < 0.0001 for all years) when compared to the rate of detection in the retrospective
cohort (42%). The increase in the rate of detection between the prospective and
retrospective cohort reached significance for A. fumigatus (p < 0.0001), Aspergillus
species (p < 0.0001), Penicillium species (p < 0.0001) and Exophiala species
(p = 0.011). Significance was also reached for “Other fungi” (all fungi except
Aspergillus, Penicillium, Scedosporium/Lomentospora and Exophiala) (p < 0.0001)
and “Any mold excluding A. fumigatus” (p < 0.0001). The detection rates of the
most prevalent molds are summarized in Table 1. An overview of all cultured fungi
and prevalence data can be found in the Supplementary Materials (Table S1). Table
S1 also shows that the variation in detection rate for the most prevalent molds was
low in the three years of the retrospective cohort. Similar detection rates were
observed when only patients included in both the retrospective and prospective
cohort were analyzed (Table S2).
Diversity was higher in the prospective cohort compared to the retrospective
cohort, with both an increase in the total amount of unique molds recovered and
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Table 1. Detection rate of molds in the sputum samples of cystic fibrosis (CF) patients.
Rate of Detection
Type of Mold
Any mold

Retrospective Cohort

Prospective Cohort

(n = 867)

(n = 261)

42%

75.9% *

A. fumigatus

33.8%

55.9% *

Aspergillus species

4.3%

12.6% *

Penicillium species

5.1%

23% *

Exophiala species

0.1%

1.5% *

Scedosporium species a

0.9%

1.1%

Other molds b

2.5%

14.9% *

Any mold excluding A. fumigatus
A. fumigatus colonization (prevalence) c

12%

41.8% *

35.8%

56.9% *

a

Includes both Scedosporium apiospermum and Lomentospora prolificans. b All molds that do not group
in any of the above. c Defined as recovery of A. fumigatus from >50% of sputum samples in patients with
a minimum of 3 or more sputum samples per year. * Significant increase (p < 0.05) between the prospective
cohort and the retrospective cohort.

the number of polymicrobial cultures (≥2 molds per sputum culture). In the
prospective cohort, 24 different fungal species (excluding unidentified fungi) were
cultured versus, respectively, 10 (year 1 and 2) and 11 (year 3) unique species in the
retrospective cohort. Twenty-six percent of cultures were polymicrobial in the
prospective cohort compared with 4.7% in the retrospective cohort (p<0.0001),
with two cultures showing up to five unique species. The most frequent associations
were A. fumigatus with, respectively, Penicillium spp.(n = 25), A. flavus (n = 6) and
A. niger (n = 4).
A total of 51 patients in the prospective cohort had three or more sputum
samples taken. Of these patients, more than half (56.9%) were considered to be
colonized with A. fumigatus (>50% of samples positive with A. fumigatus). This was
a significant increase when compared to the retrospective cohort (35.8%; p = 0.009)
(Table 1).

3.3. Effect of Each Protocol Modification on Fungal Detection Rates
The detection rate of molds in the retrospective cohort was 42% compared to
55.6% in the prospective cohort when analyzed using comparable culture conditions
(SAB after one week of incubation; p = 0.0001). Therefore, as variation in detection
rate was low in the three years of the retrospective cohort, this difference in
recovery rate can most likely be attributed to the mucolytic pre-treatment and
greater inoculation volume of the samples. After three weeks of incubation of SAB
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plates, the detection rate increased only to 62% (p= 0.1547). With the addition of
DG18, the detection rate further increased to 72.8% (p = 0.0116). The additional
value of SceSel+ and Medium B + was minor (75.8%; p=0.4831) (Figure 2)
Effect of each protocol modification
on detection rate

Percentage

80

60

*
*

40

Retrospective cohort
+ Pretreatment/100ul
+ Prolonged incubation
+ DG18
+ SceSel+ and Medium B+

3

20

0

Figure 2. Effect of each protocol modification on fungal detection rates. Retrospective cohort;
the detection rate of any mold of the retrospective cohort + Pretreatment/100 µL; the detection
rate of prospective cohort after 1 week of incubation on Sabouraud (SAB) with mucolytic
pretreatment and inoculation of 100 ul sputa + Prolonged incubation; the detection rate after
3 weeks of incubation on SAB with mucolytic pretreatment and the inoculation of 100ul sputa
+ DG18; the detection rate after 3 weeks of incubation on SAB and Dichloran- Glycerol AGAR
(DG18) with mucolytic pretreatment and inoculation of 100 ul sputa + SceSel+ and Medium B+;
the detection rate after 3 weeks of incubation on SAB, DG18, Scedosporium selective agar
(SceSel+) and medium B+ with mucolytic pretreatment and inoculation of 100 ul sputa. *
Significant increase compared to the previous column.

3.4. Time until Detection
The majority of molds (74.3%) grew within the first week of incubation, while 19.6%
were found in the second week and 6.2% in the third week. Growth on Medium B+
was significantly slower (45.2% after the first week of incubation) when compared
to SAB (14.6% p < 0.0001) and DG18 (22.4% p < 0.0001). Even on the medium that
facilitates the fastest growth (SAB), 8.4% of A. fumigatus were missed with only 1
week of incubation. This increased to 27.4% when “any mold excluding A. fumigatus”
were evaluated. This was mainly because of positive cultures in the second week.
On SAB and DG18, respectively, 98.5% and 93.2% of A. fumigatus and 96.8% and
91.5% of “any mold excluding A. fumigatus” grew in the first 2 weeks. The time until
detection was also dependent on the fungal genus/species. For instance, 39.5% of
the “other fungi” and 100% of the Basidiomycetes grew only after week 1. A more
detailed overview of time to detection for different fungi and culture media can be
found in the Supplementary Materials (Table S3).
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3.5. Individual Performances of Fungal Culture Media
SAB and DG18 showed the highest detection rate for molds (SAB 58.6%; DG18
56.9%), which was more when compared to Medium B+ (47.8%; SAB p = 0.026;
DG18 p = 0.063). The detection rate for “any mold excluding A. fumigatus” was
higher for DG18 (29.3%) when compared to SAB (22.4%; p = 0.1115) and Medium B+
(16.4%; p = 0.0013). The difference in the total number of “non A. fumigatus” isolates
was notable (DG18 n = 80; SAB n = 55; Medium B+ n = 43), with up to four “non
A. fumigatus isolates” per DG18 culture. SceSel+ had only six positive cultures in the
whole cohort (A. fumigatus n = 2; L. prolificans n = 2; Rhizomucor spp. n = 2). One
L. prolificans was only cultured on the SceSel+, but a S. apiospermum was missed
and grew only on Medium B+. The detection rate of the individual culture media
for the most prevalent molds are summarized in Table 2. The positive percent
agreement of the individual culture media with all media can be found in Table 3.

Table 2. Detection rate of individual culture media for molds.
Rate of Detection
SAB a Medium B+ DG18 a SceSel+ a
Type of Mold
Any mold

All
SAB/DG18 a
Media

58.6%

47.8%

56.9%

2.6%

73.7%

A. fumigatus

44%

35.8%

37.5%

0.9%

53.9%

69.8%
50%

Aspergillus species

4.3%

4.3%

6.9%

0%

11.6%

9.5%
22.8%

Penicillium species

12.5%

8.2%

19.4%

0%

24.6%

Exophiala species

0.9%

0.4%

0.4%

0%

1.3%

1.3%

Scedosporium species b

0.4%

0.4%

0.4%

0.9%

1.3%

0.4%

Other molds c

5.6%

4.7%

6.0%

0.9%

14.2%

10.8%

Any mold excluding
A.fumigatus

22.4%

16.4%

29.3%

1.7%

42.2%

37.1%

50%

41.3%

41.3%

0%

56.5%

52.2%

Aspergillus fumigatus
colonization (prevalence) d

a SAB, Sabouraud; DG18,Dichloran-Glycerol Agar; SceSel+, Scedosporium selective agar. b Includes both
Scedosporium apiospermum and Lomentospora prolificans. c All molds that do not group in any of the
above. d Defined as recovery of A. fumigatus from >50% of sputum samples in patients with a minimum of
3 or more sputum samples per year.
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Table 3. Positive percent agreement of individual culture media with all media.
Positive Percent Agreement
SAB a

Type of Mold
Any mold
A. fumigatus

Medium B+

DG18 a

SAB/DG18 a

79.5%
64.9%
77.2%
94.7%
(CI95% 72.7–85.3) (CI95% 57.3–72.0) (CI95% 70.1–83.3) (CI95% 90.2–97.6)
81.6%
(CI95% 73.7–88)

66.4%
69.6%
92.8%
(CI95% 57.4–74.6) (CI95% 60.7–77.5) (CI95% 86.8–96.7)

Any mold excluding
53.1%
38.8%
69.4%
87.8%
A. fumigatus
(CI95% 42.7–63.2) (CI95% 29.1–49.2) (CI95% 59.3–78.3) (CI95% 79.6–93.5)
a

SAB, Sabouraud; DG18, Dichloran-Glycerol Agar.

4. Discussion
This study shows that a modified fungal culture protocol can significantly increase
the detection rate for molds in sputum samples of CF patients. This effect was
observed for the total spectrum of molds and led to both an increase of patients
colonized with the frequently cultured A. fumigatus but also to an increase in the
detection rate of other fungi.
Analyses of individual components of the new protocol showed that mucolytic
pre-treatment combined with a higher inoculum resulted in a 14% increase in
detection rate when compared to the retrospective protocol. Although we did not
directly compare both protocols prospectively, it is most likely that the observed
increase was indeed due to these modifications and not caused by changes within
subjects or exposure. This is supported by the low variation in detection rate in the
three years prior to the prospective cohort (retrospective cohort). Furthermore, a
subanalysis of patients that were included in both the retrospective and prospective
cohort showed a similar increase in detection rate (Tables S1 and S2).
When fungal growth in week 2 and 3 was included in the analysis, the detection
rate of the prospective cohort using SAB increased an additional 6%, which was not
significant. However, many SAB-plates were overgrown with A. fumigatus during
prolonged incubation, which hampers the detection of slower growing fungi. The
prolongation of incubation did result in a significant increase in detection rate when
the combination of SAB and DG18 was evaluated after week 1 and week 3 (increase
of 10%, p = 0.0242).
The fungal detection rate was significantly higher when DG18-plate was added
(73% SAB + DG18 in week 3 compared with 63% with SAB alone, p = 0.0116), which
underscores the benefit of adding DG18. The further addition of SceSel+ and
Medium B+ only marginally improved detection rate. Although SAB and DG18 had
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the best individual performance, their combination was not significantly better than
a combination of either medium with Medium B+.
This is the first study that used DG18 on human diagnostic samples. Through its
potential to allow for the growth of most fungi but simultaneously restrict the colony
diameters of fast-growing fungi, it prevented overgrowth and proved to be the
medium with the highest performance for molds other than A. fumigatus. Based on
our findings, we recommend adding DG18 to the fungal culture protocol to culture
these more rare and slow-growing fungi. Another advantage of DG18 opposed to
SceSel+ and Medium B+ is that DG18 agar base is commercially available.
SceSel+ adequately suppressed the growth of the faster growing molds, but
the detection rates of Scedosporium spp. did not increase. Low recovery rates of
Scedosporium spp. may be due to the low prevalence of patients colonized with
Scedosporium spp. in our center. Over the whole study period, only three out of
105 patients had a Scedosporium spp. positive culture with only one patient with
consecutive positive cultures. SceSel+ might still be of additional value in a setting
with more Scedosporium spp. as is suggested by previous publications [10,11,13].
Modifications of SceSel+ have been proposed, but have not yet been evaluated on
clinical samples [23].
In contrast to the findings of Nagano et al. the performance of Medium B+ was
inferior when compared to SAB in this study. A possible explanation is that we used
SAB supplemented with other antibiotics than in their experiment (chloramphenicol
and gentamicin vs. chloramphenicol, cotrimethoxazole, ceftazidime and colistin)
and a different incubation temperature (28 vs. 22 °C) [9]. Our improved diagnostic
protocol did not include a specific culture medium for the isolation of Exophiala
spp. The additional value of such media is unclear. Some authors noted that it is
beneficial for E. dermatitidis detection [15], but its advantage when directly compared
to SAB with gentamycin and chloramphenicol has not yet been established [16].
A recent French study indicated that the sensitivity of erythritol enriched medium
dropped threefold when the media were incubated at 37 °C compared to 20–27 °C.
Unfortunately, the low numbers of cultured Exophiala isolates did not allow them
to draw any conclusions about the medium’s performance [14].
The clinical significance of fungi cultured from respiratory secretions of CF
patients is still under debate [5,6]. A. fumigatus and S. apiospermum have been
proposed as “Category 1 fungi” as they have been widely reported as etiological
agents of invasive disease or associated with Allergic Bronchopulmonary Mycoses
(ABPM) [24]. Additionally, lower respiratory infections with Aspergillus species are
associated with the progression of structural lung disease in young children with CF [25].
However, the pathogenicity of other fungi has also been reported [26–29].
Until it is clear which fungi are clinically relevant, clinicians and microbiologists
have to decide together to what extent and which fungi they wish to culture.
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Criteria to distinguish the mere presence of fungal spores from colonization
and infection have been proposed. The proposed microbiological criterium
involves positive cultures with the same fungus in >50% [5] or two or more
respiratory samples in the last 6–12 months [30]. In our center patients with
pulmonary deterioration colonized with fungi who do not improve under broadspectrum antibiotics are evaluated for antifungal treatment. As the colonization rate
of A. fumigatus increased from 36% to 57% with our altered culture protocol, this
might lead to an increase in the number of treated patients.
This study shows that the introduction of an altered fungal culture protocol,
including mucolytic pre-treatment, a higher inoculum, the addition of specific
culture media and prolonged incubation, can lead to a major increase in the
detection rate and diversity of molds. Improved culture protocols will help to better
understand the role of fungi in CF.
Supplementary Materials: The following are available online at http://www.mdpi.
com/2309-608X/6/2/82/s1, Table S1: Detection rate and prevalence of molds in
sputum samples of CF patients, Table S2: Detection rate of molds in sputum
samples of CF patients that were included in both the retrospective and prospective
cohort, Table S3: Time until detection.
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Supplementary Materials
Homemade fungal culture media
Medium B+
Amounts per 1000 ml medium
Weigh

Measure

D(+)Glucose-Monohydrate (Merck 1.08342.1000)

16,70 g

Yeast extract (Conda lab 1702.00)
Bacto peptone (BD 211677)
Bacto Agar (BD 214030)

30,00 g
6,80 g
20,00 g

Milli-Q water

973,5 ml

Dissolve pH Heat until completely resolved 6.6 (± 0.2)
Antibiotics

Ceftazidime; stock solution 12800 mg/L (final conc 32 mg/L)
Chloramphenicol; stock solution 40000 mg/L (final conc 50 mg/L)
Colistin; stock solution 8000 mg/L (final conc 24 mg/L)
Cotrimoxazole; stock solution 12800 mg/L (final conc 128 mg/L)

Filling out

21 ml per Petri dish

Shelf life

3 months at 2-8°C

Quality
control

*See quality control

2,5 ml
1,25 ml
3,00 ml
5,00 ml

Scedosporium selective agar (SceSel+)
Amounts per 1000 ml medium
Weigh

Malt extract (Duchefa M1327.0100)

6.25 g

Measure

Maltose (Sigma 101962921)
Mono-potassium-phosphate (Sigma 102146710)
Yeast extract (Conda lab 1702.00)
Magnesium sulfate 7 H2O (Sigma 1.05886)
Soy peptone (BD 211906)
Dichloran * One milliliter of a 0.2% solution in ethanol (Sigma 45435)
Benomyl * Dilute in 5 ml ethanol (Sigma 45339)
Bacto Agar (BD 214030)
Milli-Q water

6.25 g
1.25 g
1.0 g
0.625 g
0.625 g
2 mg
6 mg
20.0 g
986,5 ml

Dissolve

Heat until completely resolved

Antibiotics

Chloramphenicol; stock solution 40000 mg/L (final conc 100 mg/L)
Ciprofloxacin; stock solution 40000 mg/L (final conc 100 mg/L)
Streptomycin; stock solution 40000 mg/L (final conc 100 mg/L)

Filling out

21 ml per Petri dish

Shelf life

3 months at 2-8°C

Quality
control

*See quality control
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2,5 ml
2,5 ml
2,5 ml

Dichloran-Glycerol Agar (DG18)
Amounts per 1000 ml medium
Weigh

DG18 agar base (Oxoid CM0729)

31,5 g

Glycerol (Duchefa G1345.1000)

220 g

Measure

Milli-Q water

998 ml

Dissolve

Heat until completely resolved

pH

5,6 (± 0.2)

Antibiotics

Gentamicin; stock solution 40000 mg/L (final conc 40 mg/L)
Chloramphenicol; stock solution 40000 mg/L (final conc 50 mg/L)

Filling out

21 ml per Petri dish

Shelf life

2 months at 2-8°C

Quality
control

*See quality control

1 ml
1,25 ml

3

Stock solution antibiotics
Amount (puriﬁed)

Measure
(incl %loss)

Dissolve in

Final
concentration
(mg/L)

Ceftazidime

128 mg

128 mg

10 ml DMSO

12800

Ciprofloxacine

400 mg

408,2 mg

10 ml 1 M NaOH

40000

Chloramphenicol

400 mg

408,2 mg

10 ml Ethanol

40000

Trimethoprim

12,8 mg

13 mg

Sulfamethoxazol

243,2 mg 243,2 mg

Colistine

80 mg

Cotrimoxazol (1:19 ratio)

12800

81,2 mg

10 ml DMSO
10 ml milli-Q

640
121600
8000

Gentamicin sulfate

400 mg

428 mg

10 ml milli-Q

40000

Streptomycin sulfate

400 mg

422 mg

10 ml milli-Q

40000
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Quality control
Fungus

Origin

Candida krusei

ATCC 6258

Trichosporon spp.

UKNeq 9480

Exophiala dermatitidis

CBS 150.90

Aspergillus fumigatus

ATCC 204305

Aspergillus flavus

ATCC 204304

Aspergillus niger

ATCC 10535

Aspergillus terreus

UKNeq 3748/2812

Penicillium spp.

Personal collection*

Rasamsonia argillacea

Personal collection*

Paecilomyces variotti

ATCC 22319

Scedosporium apiospermum

UKNeq 4104/3841

Lomentospora prolificans

CBS 467.74

Lichtheimia ramosa

B64137

Mucor circinelloides

Personal collection*

Cladosporium spp.

UKNeq 9836

* Identification confirmed by sequencing.
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0

0

0

0

Lomentospora prolificans

Mucor spp.

Paecilomyces spp.

Paecilomyces variotii

8

0

Penicillium spp.

0

Exophiala spp.

0

Aspergillus versicolor

Colletotrichum spp.

1

Aspergillus spp.

0

0

Aspergillus ochraceus

Cladosporium spp.

1

Aspergillus niger

1

1

Aspergillus nidulans

4

2

Basidiomycete

31.6%

98

Aspergillus fumigatus

Aspergillus glaucus group

Aureobasidium pullulans

1.6%

5

Aspergillus flavus

2.6%

0%

0%

0%

0%

0%

0%

0%

1.3%

0.3%

0%

0.3%

0%

0.3%

0.3%

0.6%

0%

0

Alternaria spp.

0%

0

Acremonium spp.

7

0

0

0

0

0

0

0

4

1

0

1

0

1

1

2

37

3

0

0

9.3%

0%

0%

0%

0%

0%

0%

0%

5.3%

1.3%

0%

1.3%

0%

1.3%

1.3%

2.7%

49.3%

4.0%

0%

0%

%

n

n

%

Prevalence

Detection
rate

Year 1

18

0

1

0

0

0

0

0

1

0

0

3

0

2

0

1

105

8

0

0

n

5.9%

0%

0.3%

0%

0%

0%

0%

0%

0.3%

0%

0%

1.0%

0%

0.7%

0%

0.3%

34.7%

2.6%

0%

0%

%

Detection
rate

14

0

1

0

0

0

0

0

1

0

0

3

0

2

0

1

42

4

0

0

n

17.3%

0%

1.2%

0%

0%

0%

0%

0%

1.2%

0%

0%

3.7%

0%

2.5%

0%

1.2%

51.9%

4.9%

0%

0%

%

Prevalence

Year 2

18

0

0

0

0

1

0

0

2

0

1

1

1

2

0

1

90

7

0

0

n

7.1%

0%

0%

0%

0%

0.4%

0%

0%

0.8%

0%

0.4%

0.4%

0.4%

0.8%

0%

0.4%

35.4%

2.8%

0%

0%

%

15

0

0

0

0

1

0

0

1

0

1

1

1

2

0

1

39

5

0

0

n

17.9%

0%

0%

0%

0%

1.2%

0%

0%

1.2%

0%

1.2%

1.2%

1.2%

2.4%

0%

1.2%

46.4%

6.0%

0%

0%

%

Prevalence

Year 3
Detection
rate

Table S1. Detection rate and prevalence of molds in sputum samples of CF patients.

3

3.1%

8

4
1

2.3%
0.4%
1.5%
0.8%
0.4%
0.4%
0.4%
23.0%

6
1
4
2
1
1
1
60

36

1

1

1

1

2

5

0

0%
2.7%

7

1

5

4

3

54

6

5

0

0.4%

1.5%

4

1

1

1.1%

3

0.4%

55.9%

146

2.3%

3.8%

10

1

1.9%

5

6

8

0.8%

2

2

n

46.8%

1.3%

1.3%

1.3%

1.3%

2.6%

1.3%

5.2%

6.5%

0%

1.3%

6.5%

1.3%

10.4%

5.2%

3.9%

70.1%

7.8%

6.5%

2.6%

%

Prevalence

%

n

Year 4
Detection
rate

66

0

0

0

1

0

0

0

0

0

114

Rhizomucor pusillus

Rhizomucor spp.

Rhizopus arrhizus

Scedosporium apiospermum

Scopulariopsis brevicaulis

Scopulariopsis spp.

Unidentified fungus

Zygomycete

Any mold

36.8%

0%

0%

0%

0%

0%

0.3%

0%

0%

0%

47

0

0

0

0

0

1

0

0

0

62.7%

0%

0%

0%

0%

0%

1.3%

0%

0%

0%

%

n

n

%

Prevalence

Year 1

Detection
rate

Purpureocillium lilacinum

Table S1. Continued.

135

0

4

3

1

5

0

0

0

0

n

44.6%

0%

1.3%

1.0%

0.3%

1.7%

0%

0%

0%

0%

%

54

0

3

1

1

1

0

0

0

0

n

66.7%

0%

3.7%

1.2%

1.2%

1.2%

0%

0%

0%

0%

%

Prevalence

Year 2
Detection
rate

115

0

5

0

0

3

0

0

0

0

n

45.3%

0%

2.0%

0%

0%

1.2%

0%

0%

0%

0%

%
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0

5

0

0

1

0

0

0

0

n

57.1%

0%

6.0%

0%

0%

1.2%

0%

0%

0%

0%

%

Prevalence

Year 3
Detection
rate

198

1

16

0

0

1

0

1

2

1

n

75.9%

0.4%

6.1%

0%

0%

0.4%

0%

0.4%

0.8%

0.4%

%

68

1

14

0

0

1

0

1

2

1

n

88.3%

1.3%

18.2%

0%

0%

1.3%

0%

1.3%

2.6%

1.3%

%

Prevalence

Year 4
Detection
rate
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Table S2. Detection rate of molds in sputum samples of CF patients that were
included in both the retrospective and prospective cohort.
Rate of detection
Retrospective
cohort

Prospective
cohort

(n=753)

(n=257)

Any mold

42.4%

75.5%*

A. fumigatus

35.6%

55.3%*

Aspergillus species

4.1%

12.8%*

Penicillium species

4.8%

23%*

Exophiala species

0.1%

1.6%*

speciesa

3

0%

1.2%*

Other fungib

2.4%

15.2%*

Any mold excluding A. fumigatus

11%

42.0%*

Scedosporium

a

Includes both Scedosporium apiospermum and Lomentospora prolificans. b All fungi that do not group
in any of the above. * Significant increase (p<0.05) between the prospective cohort and the retrospective
cohort.

Table S3. Time until detection.
Week 1

Week 2

Week 3

no. of Percentage no. of Percentage no. of Percentage
strains
strains
strains
Time until detection all media
Any mold

398

74.3%

105

19.6%

33

6.2%

A. fumigatus

259

79.7%

52

16%

14

4.3%

Aspergillus species

28

70%

12

30%

0

0%

Penicillium species

81

73.6%

22

20%

7

6.4%

Exophiala species

2

40%

3

60%

0

0%

Scedosporium speciesa

2

40%

2

40%

1

20%

Basdiomycetes

3

37.5%

5

62.5%

0

0%

fungib

26

60.5%

11

25.6%

6

14%

Any mold excluding
A. fumigatus

139

65.9%

53

25.1%

19

9%

Other
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Table S3. Continued.
Week 1

Week 2

Week 3

no. of Percentage no. of Percentage no. of Percentage
strains
strains
strains
Time until detection Sabouraud
Any mold

164

85.4%

24

12.5%

4

2.1%

A. fumigatus

119

91.5%

9

6.9%

2

1.5%

Aspergillus species

11

84.6%

2

15.4%

0

0%

Penicillium species

25

75.8%

7

21.2%

1

3%

Exophiala species

2

100%

0

0%

0

0%

Scedosporium speciesa

1

100%

0

0%

0

0%

Basdiomycetes

0

0%

2

100%

0

0%

Other fungib

6

54.5%

4

36.4%

1

9.1%

Any mold excluding
A. fumigatus

45

72.6%

15

24.2%

2

3.2%

Any mold

80

54.8%

50

34.2%

16

11%

A. fumigatus

57

60%

31

32.6%

7

7.4%

Aspergillus species

5

45.5%

6

54.5%

0

0%

Penicillium species

13

52%

9

36%

3

12%

Exophiala species

0

0%

2

100%

0

0%

Scedosporium speciesa

0

0%

0

0%

1

100%

Basdiomycetes

0

0%

0

0%

2

100%

Other fungib

5

50%

2

20%

3

30%

Any mold excluding
A. fumigatus

23

45.1%

19

37.3%

9

17.6%

Any mold

149

77.6%

30

15.6%

13

6.8%

A. fumigatus

81

82.7%

12

12.2%

5

5.1%

Time until detection Medium B+

Time until detection Dichloran-Glycerol Agar

Aspergillus species

12

75%

4

25%

0

0%

Penicillium species

43

82.7%

6

11.5%

3

5.8%

Exophiala species

0

0%

1

100%

0

0%

0

0%

1

100%

0

0%

0

0%

1

25%

3

75%

Scedosporium

speciesa

Basdiomycetes
Other fungib

13

65%

5

25%

2

10%

Any mold excluding
A. fumigatus

68

72.3%

18

19.1%

8

8.5%

a

Includes both Scedosporium apiospermum and Lomentospora prolificans. b All fungi that do not group
in any of the above.
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Abstract
Aspergillus fumigatus is a saprobic fungus that causes a range of pulmonary
diseases, some of which are characterised by fungal persistence such as is observed
in cystic fibrosis (CF) patients. Creation of genetic variation is critical for A. fumigatus
to adapt to the lung environment, but biofilm formation, especially in CF patients,
may preclude mutational supply in A. fumigatus due to its confinement to the
hyphal morphotype. We tested our hypothesis that genetic variation is created
through parasexual recombination in chronic biofilms by phenotypic and genetic
analysis of A. fumigatus isolates cultured from different origins.
As diploids are the hallmark of parasex, we screened 799 A. fumigatus isolates
obtained from patients with CF, chronic pulmonary lung disease and acute invasive
aspergillosis, and from the environment for spore size. Benomyl sensitivity, nuclear
content measurements through fluorescence-activated cell sorting and scanning
electron microscopy were used to confirm the diploid state of large size spores.
Whole genome sequencing was used to characterise diploid-associated genetic
variation.
We identified 11 diploids in isolates recovered from six of 11 (55%) CF patients
and from one of 24 (4%) chronic aspergillosis patients, but not in 368 isolates from
patients with acute Aspergillus infection and the environment. Diploid formation
was associated with accumulation of mutations and variable haploid offspring
including a voriconazole-resistant isolate.
Parasexual recombination allows A. fumigatus to adapt and persist in CF
patients, and plays a role in azole resistance development. Our findings are highly
significant for understanding the genetics and biology of A. fumigatus in the human
lung.
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Introduction
Aspergillus fumigatus is a ubiquitous saprobic fungus that causes a broad range of
diseases in humans [1]. Aspergillus disease manifestations depend on host immunity
and the presence of pre-existing lung diseases. The establishment of Aspergillus in
the lung environment may lead to chronic and allergic fungal disease or invasive
disease, including chronic pulmonary aspergillosis (CPA) [2, 3], subacute invasive
aspergillosis (SAIA), allergic bronchopulmonary aspergillosis (ABPA), severe asthma
with fungal sensitisation and Aspergillus bronchitis [3]. Treatment is aimed at
reduction of symptoms and prevention of progression but may be challenging with
a limited number of antifungal drug classes and the risk of accelerated disease
progression with the use of immunocompromising agents [4].
For many of these Aspergillus diseases lung colonisation is a critical initial step.
Chronic colonisation has been well documented in patients with cystic fibrosis
(CF), where isogenic A. fumigatus isolates may be found in sputum from individual
CF patients for many years [5]. However, the pathophysiology of fungal persistence
in the lung environment is currently poorly understood. We recently postulated that
Aspergillus may undergo an evolutionary trajectory during long-term colonisation
that results in progeny that is better adapted to the lung environment and thus
facilitates fungal persistence [6]. Understanding in-host fungal adaptation may help
to design intervention strategies or identify new intervention targets in colonised
patients aimed at preventing the development of Aspergillus disease and associated
lung damage.
Evidence of fungal in-host adaptation can be observed by macroscopic
abnormalities such as white colour (lack of sporulation) and small colony size (slow
growth rate) in cultures of respiratory secretions, grown under laboratory conditions,
taken from chronically colonised patients. Atypical colony morphology indicates
that fungal adaptations to the lung environment come at the cost of growth and
sporulation under laboratory conditions [6, 7]. Another marker of in-host adaptation
is the development of antifungal drug resistance. Azole resistance develops in 5% to
13% of azole-treated CPA-patients [8] and complicates patient management as the
azoles represent the only drug class that is active against Aspergillus species and
can be administered orally. Azole resistance development is often associated with
the presence of a pulmonary cavity [9]. The cavity allows A. fumigatus to undergo
asexual sporulation, which is known to increase mutation supply [10] and the clonal
progeny may thus harbour spontaneous mutations, some of which confer azole
resistance which can be selected for through azole therapy [6].
In contrast, the epithelial mucus of CF patients is frequently colonised with
A. fumigatus where the fungus is believed to produce mycelia and extracellular
matrices [11]. Although this biofilm provides shielding from stressors like other

73

4

Chapter 4 | Parasexual recombination enables Aspergillus fumigatus to persist

microorganisms, antifungal drugs and host immune effectors [12], as a consequence
the fungus cannot benefit from asexual sporulation to adapt to the lung environment.
Nevertheless, antifungal drug resistance reported in azole-treated and azole-naïve
CF patients indicates that
A. fumigatus may employ other strategies that enable adaptation [13]. We
hypothesise that during long-term hyphal colonisation A. fumigatus adapts through
parasexual recombination, a process that involves fusion of compatible hyphae and
nuclei leading to mitotic recombination [14, 15]. This process involves a temporary
ploidy change from haploid to diploid, and diploidy is considered the hallmark of
parasexual recombination [16].
To test our hypothesis, we screened a large collection of A. fumigatus isolates
obtained from various patient groups for the presence of diploids as a marker of
parasex and subsequently determined if new mutations had been generated in the
progeny.

Methods
Strain selection and conidial size measurements
The laboratory information system, and subsequently the department’s fungal
culture collection, was searched for A. fumigatus isolates from three groups of
patients and one environmental group as detailed in the supplementary material.
No additional samples were taken for this study, and only stored A. fumigatus
isolates from our fungal culture collection were used. All patients could object to
the use of residual materials, and those were excluded from our study. Our
institutional guidelines did not prescribe formal ethical approval for research with
stored isolates. Initial screening of the A. fumigatus isolates was based on the size
of the conidia as an indication for the presence of diploidy. The conidial size was
measured with a Casy® TT cell counter (OLS OMNI Life Science, Bremen,
Germany); for validation of this method see supplementary figure E1.

Confirmation of diploidy
Scanning electron microscopy (SEM) was performed for one selected haploid
(V157-27) and one selected diploid (V133-16) isolate for confirmation of the size
differences detected in the Casy® TT measurements. To exclude rare artefacts of
large conidia such as bi-nucleation, a DAPI (4’,6-diamidino-2-phenylindole) staining
was performed. The same haploid (V157-27) and diploid (V133-16) isolates from the
SEM analysis were used for this. Benomyl susceptibility testing and fluorescenceactivated cell sorting were used to confirm ploidy. Benomyl is a systemic
benzimidazole fungicide, and the cytological effects in fungi are caused by binding
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to the tubulins, a major component of the microtubules, which are involved in
segregating chromosomes during mitosis and meiosis [17]. Haploid colonies are
generally more tolerant to benomyl in the medium than diploid colonies, and this
difference in morphology can be used to distinguish the ploidy level in A. fumigatus
isolates. As the nuclear content is doubled in diploid isolates compared to haploid
isolates, staining the nuclear content of spores with propidium iodide and
measurement by using fluorescence-activated cell sorting (FACS) technology can
differentiate the ploidy level as already shown by DE LUCAS et al. in 1998 [18]. The
same selection of isolates for benomyl susceptibility testing were also subjected to
FACS analysis as previously described by VESELSKÁ et al. [19] with minor adaptations.
Finally, as a proof of principle, a diploid isolate was haploidised resulting in reduced
spore size, while this is not possible for a haploid isolate.

Genetic characterisation of patient isolates
To determine if subsequent A. fumigatus isolates recovered from individual patients
represented single or variable genotypes, microsatellite genotyping was performed
by using a panel of nine short tandem repeats as described previously [20]. To
understand the genetic adaptation of the isolates that changed in ploidy over time
whole genome sequencing analysis was performed. Genomic DNA was extracted
from four A. fumigatus isolates from one CF patient, representing two haploid and
two diploid isolates. Sequencing was performed on the BGISEQ-500 platform, with
a minimum of 1.5 Gb clean data per sample, by the Beijng Genome Institute (BGI,
Shenzhen, China). For mapping and variant calling see the supplementary material.

Results
Selection of A. fumigatus isolates
We selected 799 A. fumigatus isolates from four different groups: a) 290 isolates of
11 chronically colonised CF patients; b) 141 isolates of 24 chronically colonised
patients with other respiratory diseases, including 15 CPA, 4 ABPA and 5 bronchiectasis;
c) 128 isolates of 59 patients with acute invasive aspergillosis, including 23 with
proven infection, 23 with probable and 15 with putative invasive aspergillosis [21];
and d) 240 environmental A. fumigatus isolates (figure 1). Inclusion criteria are
described in more detail in the supplementary material.

Spore size analysis
Initial conidial size screening resulted in measurements of 799 unique A. fumigatus
isolates with conidial sizes ranging from 2.20 µm to 3.49 µm (figure 2). The mean
conidial size of isolates recovered from chronically colonised CF patients was
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c)

a)

EORTC/MSG criteria
64 patients
151 isolates

Origin isolates
Sputum: n=284
BAL: n=6

Analysed
11 patients
290 isolates

Not registered in culture
collection: n=12

d)

Outdoor environment
123 isolates

Origin isolates
Sputum: n=107
BAL: n=8
Tissue: n=4
Wound: n=2
Bronchial fluid: n=1
Pus: n=1
Unknown: n=3

Analysed
16 patients
126 isolates

Not in freezer: n=1
No sporulation: n=11
Non-A. fumigatus: n=1

Not in freezer: n=2
Nonviable isolate: n=1
No sporulation: n=1
Unknown: n=1

≥8 A. fumigatus isolates
16 patients
181 isolates

Not registered in
culture collection: n=42

b)

Not registered in
culture collection: n=60

≥20 A. fumigatus isolates
11 patients
355 isolates

Hospital environment
127 isolates

Origin isolates
Tissue: n=9
Sputum: n=5
Pus: n=1

Analysed
8 patients
15 isolates

Aspergilloma
8 patients
17 isolates

No sporulation: n=1
Nonviable isolate: n=2

No sporulation: n=2
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Origin isolates
Earth: n=64
Air: n=36
Biodegradable waste: n=9
Water: n=6
Air/water samples: n=5
Leaves: n=2
Seed: n=1

Origin isolates
Sputum: n=37
BAL: n=34
Tissue: n=27
Bronchial fluid: n=24
Pleural fluid: n=3
Pus: n=3

Outdoor environment
123 isolates

Analysed
123 isolates

Not in freezer: n=1
No sporulation: n=6
Non-A. fumigatus: n=4

Not registered in culture
collection: n=12

d)

Analysed
61 patients
128 isolates

EORTC/MSG criteria
64 patients
151 isolates

Analysed
117 isolates

Hospital environment
127 isolates

No sporulation: n=1
Nonviable isolate: n=2
Non-A. fumigatus: n=7

Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious Diseases Mycoses Study Group.

aspergillosis; and d) environmental. BAL: bronchoalveolar lavage; EORTC/MSG: European Organization for Research and Treatment of Cancer/

measurement is indicated per group as well as the origin of sample type. a) Cystic fibrosis (CF) patients; b) chronic lung disease; c) acute invasive

excluded from the final selection, the reason for exclusion is indicated in the figure. The total number of isolates per group used for conidial size

Figure 1 Aspergillus fumigatus isolates selection diagram. Isolates meeting the inclusion criteria are shown for all four groups. If isolates were

c)

Pus: n=1
Unknown: n=3

4
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Isolate group

n Median Mean SD

IQR

Cystic fibrosis

290

2.49

2.52 0.176 0.178

Chronic lung
disease

141

2.45

2.50 0.168 0.180

Acute invasive
aspergillosis

128

2.45

2.45 0.114 0.135

Environment

240

2.42

2.44 0.100 0.120

2.5

3.0

3.5

Conidian size µm

Figure 2 Boxplot analysis of 799 Aspergillus fumigatus isolates screened for conidial size.
On the left boxplots are shown for each isolate group. On the right summary statistics from the boxplot
analysis are depicted for each group (group size n, median, mean, standard deviation and interquartile
range (IQR)). Due to the presence of diploids in the chronically colonised cystic fibrosis patients group and
chronically colonised chronic lung disease patients group, the mean conidial size and the standard
deviation is largest for these two groups.

significantly larger than conidia of isolates from patients with invasive aspergillosis
or from the environment ( p<0.001), but not different from conidia of isolates of
chronically colonised respiratory disease patients ( p=0.13). To confirm the conidial
size difference, scanning electron microscopy was performed on a haploid and its
laboratory-derived diploid isolate (Laboratory of Genetics, Wageningen University
& Research, the Netherlands, unpublished data). The conidial size of the haploid
isolate was 2.41 µm measured by Casy® TT cell counter (triplicate) and 2.38 µm
calculated by SEM (quintuplicate), while that of the diploid spores was 3.07 µm and
3.02 µm, respectively. SEM analysis of the haploid and diploid conidia thus
confirmed the conidial size differences as measured by the Casy® TT cell counter
(figure 3a and b).
To further confirm the ploidy level of haploid versus diploid spores DAPI
staining was performed, which specifically stains nuclear material. Both haploid
and diploid conidia were uninucleate and haploid nuclei were smaller than diploid
nuclei (figure 3c and d).

78

Haploid

Diploid

a)

b)

c)

d)

4

e)

f)

Figure 3 Conidial size confirmation by a and b) scanning electron microscopy (SEM), c and d)
nuclear staining and e and f ) benomyl susceptibility testing. The conidial size was assessed
by using SEM and fluorescence microscopy, and both confirm a conidial size difference
between the haploid and diploid isolate, while excluding the presence of bi-nucleated cells in
the diploid isolate (d). The diploid isolate shows a reduced growth on benomyl and the socalled sectoring of the colony (f) (which are the haploidising conidia from an original diploid)
that are both absent in the haploid isolate (e).
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Confirmation of diploidy
Benomyl was used to distinguish between haploid and diploid Aspergillus strains
[17, 22] and was performed on a selection of 107 of the 799 A. fumigatus isolates.
Whereas the majority of samples could be clearly judged, in some isolates the
ability to determine the ploidy level was compromised due to a natural variation in
benomyl susceptibility. Therefore, nuclear content measurement through fluorescenceactivated cell sorting (FACS) was used as an additional method to determine the
ploidy level. To set the reference gating in the FACS analysis software, the haploid
and diploid isolates used for SEM were used for comparison of the samples
subjected to analysis during each sample run. If benomyl and FACS analyses were
in agreement, ploidy level was considered conclusive, while if both analyses were
not in agreement, the isolates were considered to be of inconclusive ploidy. The
isolates were ranked according to conidial sizes; all 57 isolates with a conidial size
of ≥2.70 µm were analysed and from other conidial size ranges (2.20 µm – 2.69 µm)
10 isolates per decimal group were analysed (n=50). The 10 isolates with the largest
conidial sizes were confirmed to be diploid, of which nine were recovered from CF
patients and one from a patient with chronic lung disease (table 1 and supplementary
figure E2). These isolates were generally more sensitive to benomyl compared to
haploid colonies (figure 3e) and grew irregularly with the typical sectoring of the
colony (figure 3f). These sectors were haploid segregants from the original diploid
colony. Haploid isolates are less sensitive to benomyl and do not show irregular
growth and sectoring. The next group of 10 isolates was recovered from patients
with chronic lung colonisation (five CF and five chronic lung disease): one diploid
was identified, three were of inconclusive ploidy and six were haploids (table 1
and supplementary figure E2). From the 50 selected A. fumigatus isolates in the
size ranges 2.20–2.69 µm only haploids were observed and never a diploid or
inconclusive ploidy isolate.
To further confirm their diploid state, two diploid isolates (isolate V183-71: 3.02
µm and V209-70: 3.08 µm) were haploidised using a benomyl-containing agar
plate and sector growth was analysed for conidial size. Nine subcultured sectors
showed six (V183-71) and three (V209-70) sectors with haploid fungus and three
(V183-71) and six (V209-70) sectors that remained diploid. The conidial size was
2.30 µm for haploid segregants and 3.02 µm (V183-71) or 3.08 µm (V209-70) for
diploid sectors (data not shown). The haploid and diploid conidial sizes did not
show variable measurements ( p<0.001) confirming the ability of a diploid isolate to
haploidise to one specific haploid size.
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Table 1 Ploidy analysis of Aspergillus fumigatus isolates with a conidial size
of ≥2.90 µm
Isolate number

Group

Conidial size µm

Ploidy

V132-02
V124-78
V104-11
V208-76
V108-12
V130-40
V194-19
V109-60
V209-70
V133-16
V138-11
V183-71
V113-61
V214-14
V158-23
V214-17
V172-54
V224-65
V211-47
V130-14

CF
CF
CF
CF
CF
CPA
CF
CF
CF
CF
CF
CF
CF
CPA
CF
CPA
CF
CPA
CPA
CPA

3.49
3.17
3.15
3.14
3.14
3.10
3.09
3.09
3.08
3.07
3.03
3.02
3.02
3.00
2.98
2.95
2.93
2.91
2.91
2.90

Diploid
Diploid
Diploid
Diploid
Diploid
Diploid
Diploid
Diploid
Diploid
Diploid
Haploid
Diploid
Inconclusive ploidy
Inconclusive ploidy
Inconclusive ploidy
Haploid
Haploid
Haploid
Haploid
Haploid

4

After conidial size measurements, ploidy level was confirmed by benomyl susceptibility and fluorescenceactivated cell sorting (FACS) analysis. Ploidy levels were based on benomyl susceptibility and FACS ratio results. If the
two markers were not in agreement, inconclusive ploidy was concluded. Diploid isolates were only detected in the
cystic fibrosis (CF) and chronic pulmonary aspergillosis (CPA) groups. No isolates with a conidial size ≥2.90 µm
were detected in the acute invasive aspergillosis or environmental group.

Characteristics of patients with diploid isolates
Overall, 11 confirmed diploid isolates were identified in six of 11 CF patients (55%)
and in one of 24 chronic lung disease patients (4%), while diploids were not found
in any of the 368 isolates obtained from patients with acute invasive aspergillosis or
from the environment.
To understand the implications of diploid formation we analysed the medical
and microbiological records of the seven patients who harboured a diploid isolate.
The time between the first cultured A. fumigatus isolate and diploid detection
varied per patient (respectively 26, 464, 672, 928, 1241, 1299 and 1785 days). Diploid
isolates were detected both in absence and presence of Pseudomonas isolates
cultured in respiratory samples (data not shown). In two patients, diploid formation
preceded the culture of an azole-resistant isolate; in a CF patient one isolate was
highly resistant to voriconazole and isavuconazole (minimum inhibitory concentration
(MIC) >16 mg·L−1), and in a patient with chronic lung disease one isolate was resistant
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to itraconazole (MIC >16 mg·L−1), posaconazole (MIC=1 mg·L−1) and isavuconazole
(MIC=16 mg·L−1). The CF patient was homozygous for the Δf508 mutation and
despite long-term A. fumigatus colonisation, Aspergillus diseases such as ABPA had
not been diagnosed and the patient had no record of previous azole therapy.
The second patient was known to have bronchiectasis and recurrent Pseudomonas
aeruginosa pneumonia. Despite chronic A. fumigatus lung colonisation, repeated
chest radiographs showed no evidence for CPA, in particular absence of nodular
lesions and pulmonary cavities. The patient had not received antifungal therapy.
Sequencing of the cyp51A gene showed a wild-type sequence in both resistant
isolates, indicating an unknown azole resistance mechanism. The medical records
of the two patients indicated that neither had received any prior azole therapy.
A. fumigatus isolates of the two patients were genotyped using microsatellite analysis
to investigate the genetic relationships between the isolates within a patient. The five
isolates of the chronic lung disease patient were isolated over a period of 7.5 years
and were non-isogenic.
Since it is assumed that only isogenic isolates can undergo a parasexual cycle,
the isolates of this patient were not further investigated. Genotyping of 44
A. fumigatus isolates of the CF patient, cultured between 2010 and 2018, showed
15 different genotypes, including one genotype that had persisted over a period of
7.5 years. The persistent genotype was present in 23 isolates of which two were
diploid, and one haploid isolate showed the azole-resistant phenotype (figure 4a).
This haploid genotype differed at one of the nine loci used for microsatellite
genotyping (supplementary table E1). But since microsatellites have a relatively high
spontaneous mutation rate [23], it is likely that this new genotype originated from
the persistent genotype, before, during or after the process of haploidisation. One
of the six isogenic isolates of this variant genotype showed azole resistance
(supplementary table E1) that could have originated through recombination from
the preceding diploid isolate.

Relating diploidy to genetic variation and azole resistance
To investigate genetic changes in the successive isogenic isolates, whole genome
sequencing (WGS) was performed on four isolates cultured from the CF patient,
including the first haploid A. fumigatus isolate with the dominant genotype (strain
ID V109-58), the two diploid isolates (V183-71 and V209-70) and the voriconazoleresistant haploid isolate (V230-14); for MIC values and microsatellite typing see
supplementary table E1. General statistics on the WGS data of the four isolates can be
found in the supplementary table E2. Isolates were sequenced with mean coverages
ranging between 64.68× and 76.91× coverage. Although microsatellite typing showed
one locus difference in the voriconazole-resistant isolate (V230-14) compared with
previous isolates, WGS showed that they belonged to the same lineage.
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T
C
C
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T
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V209-70

2016
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C
G
T
C
C
G
T
G
G
T
A
A
A
A
G
C
A
C
T
A
A
T

V230-14

2017

V230-14

2017

2018

2018

Azole
resistant

Diploid

Haploid

accumulating SNPs in the second diploid isolate V209-70 segregating in the voriconazole-resistant isolate V230-14.

polymorphisms (SNPs) per year difference between the sequential isolates. c) The unique SNPs are indicated for each isolate with heterozygous

genotype that were analysed by using whole genome sequencing are shown. b) The arrows indicate the average number of single-nucleotide

the red with black stripes genotype developed voriconazole resistance due to an unknown mechanism. The four selected isolates of the red

with a unique colour. The genotype marked in red with black stripes differs in one of the nine genetic markers from the red only. One isolate of

Figure 4 Genotyping results of sequential Aspergillus fumigatus isolates of a cystic fibrosis patient. a) Microsatellite genotypes are each represented

c)

b)

a)
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We compared sequences between a first haploid (V109-58), two diploids
(V183-71 and V209-70) and a second haploid strain (V230-14) (figure 4b and c). The
two first isolates, haploid V109-58 and diploid V183-71, were cultured 5 years apart.
We discovered 10 single-nucleotide polymorphisms (SNPs) and one indel that
differed between these two samples, averaging 2.0 new SNPs per year. Four of
these SNPs were found to be variable in either V109-58 or V183-71. Between the
two diploid strains V183-71 and V209-70, 10 new SNPs were identified, while they
have been cultured only 15 months apart, leading to an average of eight new SNPs
per year. Interestingly, while all but two previously found variants were fixed in the
haploid V230-14, only one new SNP was detected (figure 4b and c). This indicates
that during the diploid phase, many more SNPs accumulated by mutation than
during the haploid phase. Evolution therefore took place during the diploid phase
by the generation of heterozygotes, while these variable sites were fixed in the
haploid and resistant strain V230-14.

Discussion
Using phenotypic and genetic analyses we performed a comprehensive analysis to
find evidence for parasexual recombination in A. fumigatus in patients with persistent
pulmonary colonisation. The vast majority of filamentous fungi, including A. fumigatus
[24, 25], possess a working machinery for parasexual recombination that has been
shown many times in vitro [26–28]. Experimental evolution in A. nidulans showed
that genetic variation generated by parasex accelerates adaptive evolution in isogenic
diploid strains [29]. However, since the discovery of the parasexual cycle in
filamentous fungi over 65 years ago, its occurrence and significance in nature has
remained unclear, with heterokaryon incompatibility presenting a major barrier for
parasex between non-isogenic clones [30]. Furthermore, the presumed unlikelihood
of relevant isogenic variation and the low frequency of diploids would limit the
relevance of parasex for isogenic clones [31]. In this study we demonstrate that the
CF lung represents a niche environment in which A. fumigatus diploid frequency is
high, and genetic variation is created through parasexual recombination. Given the
potential of a broad range of filamentous fungi to undergo parasexual recombination,
it is likely that specific environments exist in nature where fungi rely on parasexual
recombination as an adaptive strategy. The characteristics of the environment that
enable parasexual recombination in A. fumigatus may help to identify these in
other filamentous fungi [32].
The observed high frequency of diploids in CF patients may be due to local
stress factors that induce and/ or select for diploidy in A. fumigatus crucial for parasexual recombination (figure 5). Indeed, nitrogen starvation, sublethal concentrations

84

Heterokaryon
incompatibility prevents
heterokaryon formation
between nonisogenic
strains

Somatic mutation
may yield
a heterokaryon

De novo mutation
Random nuclear
fusion results in a
heterozygous diploid

Fusion between
isogenic nuclei can
yield homozygous
diploid nuclei

Somatic mutation in
homozygous diploid nuclei
can result in heterozygous
diploid nuclei

4

Multiple mitotic
divisions during which
independently,
recombination and
haploidisation occur
Segregation of
recombinant
haploid genotypes

Figure 5 The parasexual cycle in Aspergillus fumigatus. Parasexual recombination can be
achieved for most fungi in laboratory experiments and is characterised by heterokaryon
formation, heterozygous diploid formation, recombination and haploidisation. Heterokaryon
incompatibility normally prevents parasexual recombination between non-isogenic strains in
A. fumigatus (dashed black line), but in this study we show that during long-lasting fungal
colonisation of the human lung, sufficient isogenic genetic variation is generated to make
parasexual recombination of A. fumigatus effective. Somatic mutation may yield a
heterokaryon or fusion of isogenic nuclei may yield a homozygous diploid which can both
subsequently evolve into a heterozygous diploid by de novo mutations. A heterozygous
diploid can continue to accumulate mutations or finally after haploidisation segregate into
new recombinant genotypes.

of the antifungal compound itraconazole or the inhibitory drug cerulenin were
found to induce cell fusion and heterokaryon formation in isogenic A. fumigatus
isolates in vitro [33]. In the absence of asexual and sexual sporulation as modes of
generating genetic variation, the parasexual processes in long-lasting pulmonary
mycelial biofilms can be highly relevant for gradual adaptation of A. fumigatus to
the human host [34].

85

Chapter 4 | Parasexual recombination enables Aspergillus fumigatus to persist

Furthermore, we found evidence for a role of parasexual recombination in the
development of azole resistance in A. fumigatus. Several studies have reported A.
fumigatus azole resistance in CF patients, both in azole-naïve patients as well as
those that have received antifungal therapy [13, 34, 35]. Previous azole therapy was
shown to be associated with increased probability of recovery of azole-resistant
isolates, and resistance rates of 20% have been reported in CF patients treated with
itraconazole [35]. Analysis of resistance genotypes in CF patients indicated the
presence of mutations that are associated with resistance selection in the
environment, i.e. TR34/L98H and TR46/Y121F/T289A, as well as single resistance
mutations such as M220 and G54, which are considered to be patient-derived,
reflecting both environmental and in-host resistance selection. In-host resistance
selection is furthermore supported by the recovery of isogenic A. fumigatus
colonies with azole-resistant and azole-susceptible phenotypes from individual CF
patients [34].
Although typing studies in CF patients indicate that a single Aspergillus genotype
may colonise the lung for many years, our study indicates that isogenic isolates are
able to create genetic variation through parasexual recombination. The in-host
evolution from a population of genetically identical fungal cells (clone) to a
population of genetically diverse cells has important implications. Among the
progeny, cells may emerge that are better adapted to the lung environment. Having
a survival advantage, these cells will eventually become dominant in the fungal
population in the lung environment. It is likely that the obtained trait overcomes
specific stress factors and that the cells will be better equipped to persist. Over time
the continued selection of beneficial traits will decrease the ability of the host to
eradicate the fungus. A genetically diverse Aspergillus population also increases the
probability of antifungal drug-resistant cells developing. When a chronically
colonised patient requires azole therapy, cells that harbour an azole resistance
mutation will thrive through the selection pressure, potentially leading to lung
colonisation with the resistant clone and treatment failure.
Chronic lung colonisation may thus serve as an environment that allows
Aspergillus to obtain specific traits, which may subsequently be transmitted to the
environment or to other patients. Recently aerosol transmission of A. fumigatus
was documented in CF patients, which opens the possibility of patient-to-patient
transmission, and identical A. fumigatus genotypes have been found in unrelated
CF patients [36]. Although environmental exposure is considered the main origin
for Aspergillus colonisation, patient-to-patient transmission might also take place
and be facilitated by the adaptation traits that have been gained during lung
colonisation. As biofilms may also be present in other clinical manifestations of
Aspergillus disease including CPA, aspergilloma and sinus disease, further studies
into the role of parasex in Aspergillus persistence are required [37].
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The ability of A. fumigatus to engage in parasexual reproduction is highly significant
for understanding the genetics and biology of A. fumigatus for adaptation and
persistence in the human host, as well as for antifungal drug resistance development
and management.
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Extended methods
Selection of A. fumigatus isolates
The Radboud University Medical Center is a tertiary care hospital with beds for 950
patients. The medical microbiology laboratory receives specimens from patients
admitted to the hospital as well as those seen as outpatients. All samples are
registered in the laboratory information system (GLIMS 8 by MIPS, Ghent, Belgium).
Routine identification of A. fumigatus isolates included typical macroscopic and
microscopic characteristics as well as the ability to grow at 48°C. The mycology
unit of the laboratory has the policy to routinely store fungal isolates of A. fumigatus
in the department’s fungal culture collection. From the isolates a conidia suspension
was made in glycerol 10% and stored at -80°C. The laboratory information system,
and subsequently the department’s fungal culture collection, was searched for
A. fumigatus isolates from three groups of patients and one environmental group
as detailed below.
(i) Chronically colonized CF-patients. CF-patients with ≥20 A. fumigatus isolates
cultured from respiratory samples were included. The medical records were
assessed to verify the diagnosis of CF disease, which was based on typical
clinical characteristics alongside a positive sweat test (chloride >60 mmol/l)
and/or the presence of two known pathogenic cystic fibrosis transmembrane
conductance regulator (CFTR) mutations. CF-patients follow a protocol of four
systematically planned hospital visits per year while this is not the case for the
other patients groups.
(ii) Chronically colonized chronic lung disease patients. The culture collection
was searched for A. fumigatus isolates from patients with ≥ 8 isolates cultured
from respiratory samples. The hospital patient information system was used to
identify the patients underlying disease. These included chronic pulmonary
aspergillosis (CPA), allergic bronchopulmonary aspergillosis (ABPA), COPD and
asthma patients with bronchiectasis who did not meet criteria for CPA or ABPA.
A minimum of 30 days between the first and the last positive A. fumigatus
culture was required to be allocated to this group. Furthermore, isolates from
patients with proven aspergilloma were included. Patients with CF were
excluded.
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(iii) Patients with acute invasive aspergillosis. The culture collection was searched
for A. fumigatus isolates of hematology patients and those cultured from tissue
samples. The hospital records were used to identify those culture-positive
patients that were diagnosed with invasive aspergillosis and the EORTC/MSG
criteria were used to classify the Aspergillus disease (1).
(iv) Environmental isolates. The culture collection was searched for non-clinical A.
fumigatus isolates from environmental origin. These included isolates
recovered from the hospital indoor environment, through air sampling, as well
as the outdoor environment (including cultures of soil, compost, seeds, leaves,
air and water).

Conidial size measurement
Initial screening of the selected isolates was based on the size of the conidia as an
indication for the presence of diploidy. The conidial size was measured with a
Casy® TT cell counter (OLS OMNI Life Science, Germany), for validation of this
method see Figure E1. For the conidial size measurement, the peak diameter was
used for average cell size and for comparison between isolates. A. fumigatus
conidia were recovered from the stored spore suspension, through inoculation of
a loop of frozen spores on a Sabouraud dextrose agar slant with 0.2 mg/ml
chloramphenicol (SAB) (Balis Laboratorium, Beneden Leeuwen, the Netherlands)
and incubated at 37°C for 48 hours after which the conidia were harvested and
suspended in NaCl tween 80 solution. In case of no sporulation of the isolate after
48 hours of incubation spores were inoculated again on Takashio medium (Balis
Laboratorium, the Netherlands). To validate the cell counter protocol multiple
variables with a possible influence on the measured conidial size were investigated
including incubation temperature, length of incubation and post-incubation
storage at room temperature, prolonged storage of conidia suspensions at 4°C,
passage of fungal cultures and type of culture medium.
For statistical analysis the R package 3.5.0 (Boston, MA, USA, http://www.
rstudio.com/) was used to perform calculations. First, the Shapiro test was
performed to test for normal distribution, and then the Kruskal-Wallis chi-squared
test was performed to test whether the groups are similar or different populations.
Finally, to test the significance of the pairwise comparisons of the groups the
Pairwise Wilcoxon test was performed.

Scanning Electron Microscopy
The samples were mounted on a SEM stubs by carbon adhesive glue (EMS
Washington USA) and subsequently coated with 12nm Tungsten (Leica MED 020).
Samples were analyzed at 2 KV, 6 pA, in a field emission scanning electron
microscope (Magellan 400, FEI, Eindhoven, the Netherlands).
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Nuclear staining
Conidia were harvested using wet cotton swabs and placed in Milli-Q containing
0.01% Tween 20 at a final concentration of 4 × 105 conidia/mL. Conidia were fixed
in 4% formaldehyde, 0.2% Triton X-100 in PBS from 30 minutes and incubated for 10
min with 1.5 µg/mL DAPI Vectashield® antifade mounting medium (Vector
Laboratories, Maraval Life Sciences) for one hour, and mounted on a microscope
slide for viewing by using the AxioPhot 1 fluorescence microscope (Zeiss).

Benomyl susceptibility testing
All isolates with a conidial size ≥ 2.90 µm, and from all other size ranges (2.20 µm
– 2.89 µm) ten isolates per decimal group were selected and analyzed for ploidy
level by benomyl testing. Standard Minimal medium (MM) was used and
supplemented with three different concentrations of benomyl (0.66 p.p.m, 0.76
p.p.m and 1 p.p.m) to prepare the agar plates for benomyl susceptibility testing.
Besides higher benomyl susceptibility, diploid colonies also show sectoring on
benomyl medium. Sectoring is due to the haploidization of a diploid, leading to a
sector with lower susceptibility to benomyl, and can be seen as one or more
vigorous separate sectors originating from the primary growth. To see proper
sectoring of the diploids on the benomyl medium, the conidia suspension was
serially diluted three times in tenfold till 10 -2 and spotted on the benomyl plates in
triplicate and incubated for 48 hours at 37°C.

Fluorescence-activated cell sorting
The nuclear content is doubled in diploid isolates compared to haploid isolates,
which can be determined by staining the nuclear content with propidium iodide
(PI) and measured by using Fluorescence-Activated Cell Sorting (FACS) technology.
The same selection of isolates for benomyl susceptibility testing were also subjected
to FACS analysis as previously described by Veselská et al. (2) with minor adaptations.
A volume of conidia suspension corresponding to approximately 107 cells/mL was
collected. The suspension was transferred over a 40 µm cell strainer to eliminate
hyphal fragments. One mL of the cell suspension was centrifuged for 10 minutes at
14,000 rpm. After discarding the supernatant, 500 µl of methanol: glacial acetic
acid (MA+) buffer was added and the cells were resuspended by pipetting. The samples
were incubated during 15 min with constant stirring (300 rpm) at 4°C. After centrifugation
for 5 min at 14,000 rpm the samples were washed with the detergent Triton X-100
(0.1%). Again after centrifugation for 5 min at 14,000 rpm the supernatant was
discarded and 950 µl of Tris-MgCl2 buffer with 0.1 mg/mL RNAse A was added, and
incubated with constant stirring at 300 rpm at 37°C for 15 min. Samples were
centrifuged for 5 min at 14,000 rpm and after discarding the supernatant, 500 µl of
propidium iodide (PI) (50 µg/mL) was added to stain nuclei at room temperature for
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30 minutes in the dark. All samples were analyzed by the Macs Quant® Analyzer
(Miltenyi Biotec) fluorescence activated cell sorting (FACS) flow cytometer using a
reference haploid A. fumigatus isolate and a previously constructed diploid
A. fumigatus isolate (Laboratory of Genetics, Wageningen University & Research,
the Netherlands, not published) as references to set two independent gates for
comparison of the samples subjected to analysis. The same haploid and diploid
reference isolate were included in each independent sample run.

Haploidization of diploids
As a proof of principle, a diploid isolate should be able to haploidize and reduce in
cell size while this is not possible for a haploid isolate. Using the sectors presenting
on benomyl agar plate two diploid isolates were haploidized. For each isolate ten
sectors were selected that were derived from diploid colonies on the benomyl agar
plate and subcultured on a MM agar plate. From the subcultured sectors the conidial
size was measured by using the Casy® TT cell counter and compared to their
conidial size measured on a SAB agar slant without any prior benomyl sector
selection.

Whole genome sequencing
To understand the genetic adaptation of the isolates that changed in ploidy over
time whole genome sequencing analysis was performed. Genomic DNA was
extracted of four A. fumigatus isolates from one CF-patient, representing two
haploid and two diploid isolates. Isolates were grown on SAB agar slants and the
conidia were harvested with wet cotton swabs and placed in extraction buffer (200
mM Tris-CI pH 8.0. 0.5 M NaCI, 0.01 M EDTA, 1% SDS) (3) in a 1.5 mL tube containing
400–600 µm acid-washed glass beads (4 mm diameter). Conidial cells were
disrupted by three rounds of snap-freezing in liquid nitrogen and homogenization
with a MagnaLyser (Roche) for 30 sec at 7,000 rpm. DNA was extracted using
phenol/chloroform extraction and additionally purified using the QIAamp DNA
Blood Mini kit (Qiagen, Germany). Sequencing was performed on the BGISEQ-500
platform, with a minimum of 1,5 Gb clean data per sample, by the Beijng Genome
Insititute (BGI, Shenzhen, China).

Mapping and variant calling
Raw FASTQ files were trimmed and filtered by TRIMMOMATIC (v 0.27, LEADING:3,
TRAILING:3, SLIDINGWINDOW:4:15, MINLENGTH:70 (4). The resulting trimmed
reads were aligned using bwa mem (v 0-7-15, default parameters, (5) using the
Aspergillus fumigatus Af293 (assembly ASM265v1, https://www.ncbi.nlm.nih.gov /
genome/18/genome_assembly_ id=22576). Reads with mapping quality lower
than 20 were filtered using samtools (v 0.1.19,) (6). We then removed duplicates
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using picard tools (v.1.109, http://picard.sourceforge.net) and performed realignment
around indels with GATK (v .3.7-0,) (7).
The resulting BAM files were combined in mpileup format (samtools, mpileup,
default parameters, v 0.1.19, (6) after which SNPs and indels were separately called
using varscan (v 2.3.9, using mpileup2snps and mpileup2indel resp., --output-vcf 1,
--min-var-freq 0.05 (8)). The resulting vcf files were inspected for genetic differences
between any pairwise comparison, using vcfR (v 1.8.0,) (9), for which we used a
minimum allele frequency difference of 0.6 and a minimum coverage of 10 to filter
SNPs and indels. Every resulting variant was then visually inspected in all samples
using IGV (v 2.4.14,) (10). For larger structural variation (including large indels) we
used unfiltered BAM files and filtered out all reads with soft and hard clipped reads,
as well as indel and deletion calls. Furthermore we filtered on flags 67, 131, 115, 179,
81, 161, 97, 145, 65, 129, 113 and 177 which potentially indicate large indels or
deletions or chromosomal rearrangements. We then quantified coverage of all
these reads in 100 bp windows using TIDDIT (v 2.2.6) (11). The resulting coverage
distribution was divided to the total coverage of the initial BAM files which therefore
yielded the frequencies of ‘alternate call’ mapped reads to those with ‘normal’
mapping. These frequencies were then compared between all pairwise samples,
ordered upon frequency and visually inspected using IGV without any a priori
cutoffs.

Casy TT® Cell counter validation
The following variables with a possible influence on the measured conidial size
were assessed; I incubation temperature, II length of incubation and post-incubation
storage at room temperature, III prolonged storage of conidia suspensions at 4°C,
IV passage of fungal isolates and V type of culture medium. All evaluations were
performed on seven A. fumigatus isolates in biological triplicates.

Incubation temperature
A. fumigatus isolates were incubated for 48 hours at 28°C, 37°C and 48°C on SAB.
After incubation conidial size was evaluated conform standard protocol.
Length of incubation
A. fumigatus isolates were incubated for 48, 96 and 192 hours at 37°C on SAB. After
incubation conidial size was evaluated conform standard protocol. To measure the
influence of storage of the cultures at room temperature before preparing a conidia
suspension A. fumigatus isolates were incubated for 48 hours at 37°C on SAB. After
incubation SAB tubes were stored at room temperature for 48 and 144 hours and
after storage period conidial size was evaluated conform standard protocol.

94

Storage of conidia suspensions at 4°C
A. fumigatus isolates were incubated for 48 hours at 37°C on SAB. After incubation
conidia suspension in NaCl tween 80 solution were made and stored at 4°C for 24
and 48 hours, 1 week, 1, 2 and 3 months. After storage conidial size was evaluated
conform standard protocol.
Passage of fungal isolates
A. fumigatus isolates were incubated for 48 hours at 37°C on SAB. After incubation
the samples were subcultured on SAB and incubated again for 48 hours at 37°C.
After incubation conidial size was evaluated conform standard protocol.
Culture medium
A. fumigatus isolates were incubated for 48 hours at 37°C on SAB, Takashio and
malt extract medium (Merck, Germany). After incubation conidial size was evaluated
conform standard protocol. Seven A. fumigatus isolates were randomly selected
based on representing different sizes in the whole size spectrum (2.34, 2.38, 2.46,
2.73, 2.81, 3.17 and 3.49 µm) for validation of the CasyTT cell counter on incubation
temperature, length of incubation, post-incubation storage at room temperature,
storage of conidia suspensions at 4°C and type of culture medium. All isolates
showed sporulation for all growth conditions except isolate V132-02 that did grew
but did not sporulate at 28°C and was therefore excluded from the analysis.
Incubation temperature changed mean conidial size considerably, up to 0,57 µm
difference for isolate V102-22 (37°C versus 48°C) and significantly for all isolates
tested (Figure E1a). The influence on mean conidial size of length of incubation
(Figure E1b), post-incubation storage (Figure E1b) and culture medium (Figure E1e)
was smaller, but still significant. The temperature, length of incubation, storage
time and medium that rendered the largest or smallest conidia was not consistent
and differed per isolate. The storage of conidia suspension at 4°C and passage of
fungal isolates (Figure E1d) did however not change conidial size significantly, even
after two months of storage at 4°C (Figure E1c). By using a standard protocol of SAB
medium and preparing the conidia suspension after 48 hours of incubation at
37°C, directly followed by a CasyTT measurement on the same day, biological
errors in the size measurement are expected to be reduced to a minimum and
proved to be a robust protocol for high throughput conidial size screening. It should
be noted though that in the screening of the large cohort a total of 69 isolates did
not sporulate on SAB medium, from those 49 isolates did sporulate on a Takashio
culture medium and therefore will slightly diverge with their conidial size measurement.
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A Effect of different incubation temperatures on conidial size.

Figure. E1 Casy TT® cell counter validation with measurement of seven A. fumigatus strains of
different conidial sizes. Different incubation temperatures (A), different lengths of incubation
at 37°C or different lengths of storage of cultures at room temperature (B), prolonged storage
at 4°C (C), subculture (D) and different types of culture medium (E) were assessed. Storage of
conidia suspensions at 4°C or subculturing isolates does not significantly influence the conidial
size measurement. The other tested parameters can influence conidial size measurement,
therefore screening of all isolates in this study was performed by using one standard protocol.
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B Effect of different lengths of incubation at 37°C or different lengths of subsequent storage
of cultures at room temperature on conidial size.
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D Effect of subculture on conidial size.
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Figure. E2 Confirmation of ploidy by benomyl susceptibility and FACS analysis. A. fumigatus
isolates are grown on benomyl agar plates to depict the morphological differences. The twenty
A. fumigatus isolates with the largest conidial size and five control isolates are shown. In the
accompanying table below the photos conidial size measurement is indicated, FACS ratio,
presence of sectoring, the final grouping of ploidy level and the group of origin of the
A. fumigatus isolate (CF= Cystic Fibrosis, CPA = Chronic Pulmonary Aspergillosis, Red color:
diploid, Orange color: inconclusive ploidy, Green color: Haploid)
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Table E1. Minimal inhibitory concentration values of antifungal compounds and
microsatellite analysis of four A. fumigatus isolates from a CF patient selected for
whole genome sequencing analysis. Although the final isolate, V230-14, had one
locus difference in the microsatellite analysis (44), the sequencing data showed that
this isolate was highly similar to the three preceding isolates (V109-58, V183-71 and
V209-70) and considered to belong to the same lineage. This final isolate also
showed a voriconazole and isavuconazole specific antifungal resistance.
ID

Collection
date

Conidial Ploidy
size (µm)

Azole susceptibility (mg/l)
Itra

Vori

Posa

Isav

Anid

Casp

Mica Amph

V109-58

22/12/2010

2.4

haploid

0.125

0.5

0.031

1

0.016

0.25

0.002

0.25

V183-71

23/07/2015

3.0

diploid

0.25

1

0.031

1

0.016

0.25

0.004

0.25

V209-70

18/10/2016

3.1

diploid

0.25

0.5

0.031

1

0.016

0.25

0.004

0.25

V230-14

05/09/2017

2.4

haploid

1

>16

0.125

>16

0.016

0.25

0.004

0.25

Collection date = Day/Month/Year
Itra = Itraconazole, Vori = Voriconazole, Posa = Posaconazole, Isav = Isavuconazole, Anid = Anidulafungin,
Casp = Caspofungin, Mica = Micafungin, Amph = AmphotericinB

Table E2. Alignment statistics per whole genome sequence sample. Samtools flagstat
and Qualimap bamqc were used to analyze the four selected A. fumigatus isolates.
V109-58
haploid

V183-71
diploid

V209-70
diploid

V230-14
haploid

Raw reads

25,918,416

26,161,730

22,037,390

22,104,630

Trimmed reads

24,967,898

25,328,354

21,108,154

21,210,884

Raw Mapped reads

24,437,690

24,775,298

20,660,101

20,740,023

Clean filtered reads

22,267,341

22,701,089

19,200,624

19,091,619

Properly paired

21,875,141

22,378,701

18,835,288

18,804,201

188,720

194,526

189,389

Flagstat

Mate on different chromosome 217,197
Qualimap
Mean Cov (+/- sd)

75.44 (45.39)

76.91 (45.03)

65.05 (37.26)

64.68 (39.67)

Mapping quality

58.57

58.57

58.58

58.56

Insert size (P25/median/P75)

201 / 228 / 257 187 / 212 / 238 210 / 238 / 268 214 / 242 / 274

Mismatches

9,273,907

Insertions

189,230

193,761

160,086

161,356

Deletions

201,019

205,539

170,275

172,024

Clipped reads

313,394

330,650

262,189

269,582

Percentage reference
covered (>0)

93.89%

93.85%

93.87%

93.89%

102

9,533,647

7,941,556

8,053,536

Microsatellite analysis
2A

2B

2C

3A

3B

3C

4A

4B

4C

20

19

16

51

13

8

8

26

12

20

19

16

52

13

8

8

26

12

20

19

16

52

13

8

8

26

12

20

19

16

44

13

8

8

26

12

4
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Chapter 5
Aerosol transmission of Aspergillus
fumigatus in cystic fibrosis patients
Tobias GP Engel, Ellen Erren, Koen SJ Vanden Driessche, Willem JG Melchers,
Monique H Reijers, Peter Merkus, Paul E Verweij
Emerging Infectious Diseases, 2019;25(4):797-799. doi: 10.3201/eid2504.181110.

Progressive lung injury in cystic fibrosis (CF) patients can lead to chronic colonization
with bacteria and fungi (1,2). Different routes of patient-to-patient transmission
have been identified for various microorganisms (3). For saprophytic molds, such
as Aspergillus fumigatus, exposure to aerosolized conidia in the environment is
believed to be the primary route leading to colonization of the airways (3). Secretion
of these fungi from the human lung into the environment is thought not to occur,
and the general view is that humans are dead-end hosts of filamentous fungi.
However, some reports have provided information suggesting that this belief
might need to be revised (4). We set out to examine whether aerosol formation of
A. fumigatus occurs in CF patients during coughing.

The Study
During 2017–2018, we invited 15 adult CF patients in the Netherlands who were
colonized with A. fumigatus to participate in a cough plate experiment. We defined
A. fumigatus colonization as the recovery of A. fumigatus from >50% of sputum
samples collected over the course of the 2 previous years. To enable genetic
comparisons among study samples, we stored cultured fungal isolates from
included patients in the Radboud University Medical Center Medical Microbiology
Department (Nijmegen, the Netherlands) fungal species bank. We performed
sample collection during 2 routine quarterly visits before or after routinely
performed spirometry. We instructed participants to take a maximal inspiration and
cough twice on each of 2 different agar plates, Sabouraud dextrose agar and
Columbia blood agar, held at a 5-cm distance from the participant’s mouth. In
addition, we collected a sputum sample on the same day or alternatively within a
month if the participant was unable to produce sputum during the visit. We
incubated Sabouraud dextrose agar cough plates at 28°C and Columbia blood agar
cough plates at 36°C for 3 weeks and inspected daily for bacterial and fungal
growth. We processed sputum samples according to CF guidelines (3). We collected
individual CFUs (up to a maximum of 20 CFUs per sample) from cough plates and
sputum cultures and genotyped A. fumigatus CFUs using microsatellite genotyping
(5). We considered the detection of identical A. fumigatus genotypes from cough
plates and sputum samples as proof of aerosolization of A. fumigatus from humans.
We genotyped up to 6 sputum cultures of stored A. fumigatus isolates from each
participant.
This study was reviewed by the institutional review board, which considered
the study exempt from further institutional review board oversight in accordance
with the law in the Netherlands on research with humans. All participants provided
informed consent.
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We cultured A. fumigatus from 18 (60%) sputum samples collected from 11 different
participants (Table).
A. fumigatus was also recovered from 3 (17%) of the 18 corresponding cough
plate samples; these 3 samples were from 2 different participants. In both cases,
cough plates had been acquired after the participant had undergone spirometry.
Genotyping of the A. fumigatus isolates from sputum samples and cough plates
from both participants showed identical genotypes. One participant was colonized with
at least 10 different A. fumigatus genotypes (Figure). In this participant, the genotype
recovered from the cough plate was not found in the sputum sample collected
at the same visit but in the sputum sample recovered at the next visit. The second
participant was colonized with a single genotype, which was recovered from
multiple cough plates and sputum samples.
We also assessed for bacterial species present on cough plates and in sputum
samples to enable comparison of transmission frequencies among pathogens.
The coughsecretion frequency for Pseudomonas aeruginosa was 67% (10/15) and
for Staphylococcus aureus was 19% (3/16) (Table). No growth of Stenotrophomonas
maltophilia on cough plates was observed.
Our study demonstrates that A. fumigatus can be recovered from cough aerosols
from colonized CF patients with a similar frequency as S. aureus. This aerosolization
is strikingly occurring in CF outpatients without any cavitary lesions or other serious
complications. Cavitary lesions can facilitate sporulation of A. fumigatus inside
patient lungs and thereby aids in fungal secretion.
By continuously monitoring indoor airborne fungal contamination with electrostatic
dustfall collectors, Lemaire et al. identified patient airways as the source of A. fumigatus
contamination in an intensive care unit (4). Microsatellite genotyping showed that
the airborne A. fumigatus and isolates from the patient’s respiratory samples were
identical. That observation and our study results indicate that the current consensus
that transmission of A. fumigatus from colonized or infected patients does not
occur should be reconsidered.
Although CF patients are typically colonized with unique A. fumigatus genotypes,
several studies report the recovery of identical A. fumigatus genotypes from different
CF patients (6). These genotypes could not be linked to a common environmental
source and thus remained unexplained, but identical genotypes in different patients
might point toward patient-to-patient transmission (6). Patient-derived azole resistance
mutations have been reported in CF patient (7) and environmental (8) isolates.
The mechanism for acquisition of azole resistance is unknown for environmental
isolates, but resistance might have developed in isolates during human infection or
colonization and then subsequently spread into the environment. Our observation
of A. fumigatus in cough aerosols suggests droplet or airborne transmission as
potential routes of patient to patient transmission. Traits such as azole resistance
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Table Characteristics of and growth of Aspergillus fumigatus, Pseudomonas aeruginosa, Staphylococcus aureus,
and Stenotrophomonas maltophilia in sputum samples and on cough plates from 15 cystic fibrosis patients,
the Netherlands, 2017–2018*
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A

B

Figure. Genotyping results of Aspergillus fumigatus isolates in sputum cultures and on cough
plates obtained from 2 participants with cystic fibrosis demonstrating aerosol formation of
A. fumigatus, the Netherlands, 2015–2018. For samples collected after August 2017, a maximum
of 20 isolates per sputum culture were saved. For samples collected earlier, only 1 sputum
sample isolate was saved. Genotypes of the isolates collected from patient 4 (A) and 15 (B) are
indicated. The superscript number indicates the number of isolates of that same genotype
cultured from the collected sample.

might spread through cough aerosols from patient to patient or from patient to
environment. Both participants with positive cough plates had undergone spirometry
before coughing, indicating that maximal inspiration and expiration might facilitate
the release of A. fumigatus.
Aerosolized A. fumigatus conidia from environmental sources could represent
a greater and more continuous burden for CF patients than potentially aerosolized
conidia from patients. However, some studies suggest that A. fumigatus in chronically
infected patients undergoes an evolutionary trajectory resulting in strains with specific
traits that are better adapted to the lung environment (9,10). Endogenous and
exogenous stress factors, such as host immunity or exposure to antifungal azoles,
might result in the selection of traits that are better able to resist these stress factors
(11). Isolates that are better adapted to the lung environment might have a greater

112

propensity than environmental isolates to successfully colonize and persist in the
airways of CF patients. In CF, 42% of azole resistance is derived through in-host
selection and is thought to be associated with prolonged (prophylactic) use of antiAspergillus azoles (12,13). Passaging through the lungs of CF patients conceivably
could provide A. fumigatus isolates the opportunity to acquire specific traits that
increase their ability to survive in different environments. Evolution experiments have
confirmed the potential of A. fumigatus to rapidly adapt to various environments (9).

Conclusions
In summary, our results show that A. fumigatus can be recovered from cough aerosols
of colonized CF patients. These findings underscore the need for additional studies to
further elaborate transmission dynamics of A. fumigatus, evaluate if patient-to-patient
transmission occurs, and determine if additional infection prevention measures are
required.
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General discussion
The studies presented in this thesis indicate that fungal colonization in cystic fibrosis
(CF) patients is frequent and diverse. Interpretation of this observation is challenging
as the clinical relevance remains unclear. However, our studies have provided new
insights for two observations described repeatedly in literature. First, the finding of
isogenic A. fumigatus strains in the respiratory material of different CF patients.
Second, the presence of azole-resistant A. fumigatus in respiratory material of azole
naïve CF patients.

Isogenic genotypes in different CF patients: possible patient-to-patient
transmission?
Multiple genotype studies evaluating the colonization patterns of A. fumigatus in
CF patients have been performed. (1-5) Coincidentally, they found isogenic A.
fumigatus isolates in different patients and although reported, these findings were
never studied in detail. Vanhee et al. describe 8 CF patients attending two different
university hospitals whose A. fumigatus isolates were genotyped using microsatellite
typing. (2) A. fumigatus isolates cultured from one patient in 1995 and 1997 were
identical to isolates cultured in two other patients in 2000. (2) Two other patients,
visiting the same center, were simultaneously colonized with isogenic isolates. (2)
Additionaly, Seufert et al. reported isogenic isolates in patients with different
geographical location (Hannover and Essen). (5) Possible explanations include
limited resolution of the typing method, mislabeling of respiratory samples and
exposure to the same environmental source. (1, 4)
Our studies provide a new possible explanation: patient-to-patient transmission.
In chapter 5 we demonstrated that A. fumigatus can be recovered from cough
aerosols of colonized CF patients and thus creates the possibility of transmission.
Conclusive evidence however is lacking and characteristics of cough secretion of
molds needs to be studied in more detail. An important distinction is the difference
between droplet and airborne transmission as potential routes of patient-to patient
transmission. Droplets refer to larger sized particles that precipitate quickly, implying
a need for close physical contact or spread via fomites onto peripheral respiratory
epithelium for efficient transmission. (6) Airborne transmission refers to minute
particles that are more likely to remain suspended in the air for long periods of time
and are inhaled into the distal airways. (6) The World Health Organization (WHO)
employs a 5 µm cut-off to distinguish between airborne and droplet transmission.
(7) Future research could be performed using a so-called “cough cabinet”, this is a
cylindrical acrylic glass container large enough for the subject to insert his/her
head and to allow unobstructed aerosol production during cough sessions. (6) The
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air from the container can be sampled by extraction through an exhaust hole into
an Andersen 6-stage cascade impactor containing six culture dishes both during
and after coughing. (8) Particles of >7 µm diameter will impact in the top dish, while
smaller (lighter) particles, able to avoid impaction, will be carried by the airstream to
the stage below. Particles with an aerodynamic diameter of between 4.7 and 7 µm
will impact on the second dish, those 3.3–4.7 µm on the third dish, those 2.1–3.3
µm on the fourth dish, 1.1–2.1 µm on the fifth dish and 0.65–1.1 µm on the last dish.
(6, 8) Information on droplet transmission can be obtained by looking at stage 1
and 2 of the impactor and by placing culture dishes on the cylinder floor around
the subjects head. (6) Stages 3-6 should represent airborne transmission, especially
with delayed sampling. (6) The cough cabinet might also provide a way to visualize
what fungal particle is actually excreted in cough aerosols. Are this A. fumigatus
spores, hyphal segments or biofilm fragments? For instance, if a SKC Biosampler is
connected to the system instead of an Andersen’s impactor the extracted air can
be dispersed into a liquid medium of choice, followed by microscopic evaluation.
This technique has previously been used to visualize and evaluate viability of
microorganisms, including bacteria, respiratory viruses and the fungus Penicillium
oxalicum, in both human and environmental research. (9-11)
Whole genome sequencing, with superior discriminatory power compared to
STR genotyping, could be used to confirm the observation of isogenic A. fumigatus
isolates in different patients. This would also add the opportunity to further evaluate
A. fumigatus strains of chronically colonized patients and study if they possess
specific characteristics leading to a higher colonization potential, when compared
to environmental isolates.
To further study the implications for daily practice, one could assess the
potential of colonized patients to contaminate their direct environment. Indeed,
Lemaire et al. recently identified the airway of a patient as the source of A. fumigatus
contamination on an intensive care unit. (12) This did however concern a critically
ill, ventilated patient with a cavitary lung lesion, making environmental contamination
more likely. Can such contamination also occur in CF patients receiving outpatient
care without any cavitary lesions? Possible research strategies consist of sampling
the home environment of CF patients using electrostatic dustfall collectors,
potentially followed by genotype studies. Or to rule out the possibility of home
acquisition of the fungus and crosscontamination, the same study could be
repeated elsewhere in a beforehand sanitized room. Such studies would provide
insight in the potency of CF outpatients to contaminate their environment and
potentially other patients.
Our findings challenge the current understanding that in CF patients A. fumigatus
can only be acquired from environmental sources and that specific infection
control measures, similar to those implemented for P. aeruginosa, are not required
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in CF patients colonized with A. fumigatus. A possible patient-to-patient transmission
route needs further studies to determine if our current practice can be continued
or that there is a risk of transmission of A. fumigatus between CF patients.

Azole-resistant A. fumigatus in CF patients naïve to azole therapy
Azole resistance is frequently encountered in A. fumigatus. There are two probable
ways of resistance acquisition: the environmental and the patient route. The
environmental-route is characterized by mutations in the Cyp51A gene in
combination with a transcriptional enhancer in the promoter region (e.g. TR34/
L98H, TR46/Y121F/T289A). (13) The resistance is thought to develop mainly in
agriculture due to the application of azole fungicides. After inhalation of resistant
conidia, infection and/or colonization can occur independent of pre-existing azole
therapy. As a consequence environmental resistance is seen in all Aspergillus
diseases and isogenic wild-type and resistant isolates are not found in consecutive
samples from the same patient. (13) In contrast, the patientroute resistance is
characterized by single point mutations. Mainly in the Cyp51A gene (e.g. M220, G54
and G138), although non-Cyp51A-mediated resistance mechanisms also occur.
These mutations are almost exclusively found in patients with previous or ongoing
azole therapy and isogenic wildtype and resistant isolates may be found in
consecutive samples. (13) Remarkedly, a frequent characteristic in these patients is
the presence of pulmonary cavities, enabling possible asexual sporulation. (14)
Recently the concept of environmental route and in-host resistance selection was
challenged as azole-resistant A. fumigatus isolates harboring point mutations have
been recovered from azole naïve patients and from the environment and a TR120
resistance mutation was shown to have developed through in-host selection. (14,
15) Furthermore, an isolate harboring TR343/L98H was recovered from a CF patient
that was shown to be closely related to a previously cultured TR34/L98H isolate.
The patient had been treated with voriconazole and posaconazole, which supports
the inhost selection of an extra TR. (16) Zhang et al. endorse this observation in in
vitro experimental evolution studies in which an isolate harboring TR343 /L98H
evolved from a clinical TR34/L98H ancestor isolate under voriconazole exposure
while allowing asexual sporulation (Zhang et al. – submitted at Journal of Fungi).
These findings indicate that although the conditions present in the human host
may facilitate the selection of single point mutations and exposure of A. fumigatus
to azole fungicides the development of mechanisms with TRs, the distinction
between a patient route and environmental route is artificial. Rather than the
location where resistance is selected, characteristics of the fungus and its
environment will determine the supply of mutation and subsequent selection. (14)
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Multiple studies report azole-resistant isolates in azole naïve CF patients. (17-19)
Although “typical” environmental resistance mutations might be present, such as
TR34/L98H, the origin of the isolate may become more difficult to retract as
“typical” patient derived single resistance mutations could also have been be
selected for in the environment. True patient-derived azole resistance can however
be detected if clinical isogenic isolates can be monitored over time, and a azole
phenotype switch is observed. In chapter 4 we describe such an azole susceptible
A. fumigatus strain that becomes azole-resistant during chronic colonization of a
CF patient in the absence of azole pressure and access to asexual sporulation for
mutation supply. This resistance was non-cyp51A-mediated and we found evidence
for a role of parasexual recombination. Mutations arise spontaneously and at
random, which means that azole resistance can also arise by chance. The ability of
an azole-resistant isolate becoming dominant depends on any fitness cost
associated with the resistance mutation, A. fumigatus population size, and selection
pressures, which might give the mutant an advantage. Due to the lack of azole
pressure there was no selection of this particular isolate in vivo and together with a
possible fitness cost this might explain why this strain was not consistently cultured.
However, despite being confined to a biofilm matrix, the fungus remained capable
of generating genetic variation which might lead to selection of azole-resistant
strains under the right circumstances.

Adaptation potential of A. fumigatus
“It is not the strongest of the species that survives, nor the most intelligent that
survives. It is the one that is most adaptable to change.” (A famous “misquotation”
of Charles Darwin; the true source is professor of management and marketing
Leon C. Megginson commenting on Darwin’s Origin of Species in 1963.)
As mentioned before, A. fumigatus has three known ways of creating genetic
diversity. Briefly , asexual sporulation leads to clonal reproduction, producing up to
109 spores per colony per week. During each mitotic phase there is a very small
probability of spontaneous mutations arising, making it the reproduction mode
with the fastest potential for creating genetic diversity, even though the individual
progenies have low genetic variation. Asexual sporulation requires exposure to air.
(20, 21) Sexual reproduction requires two parental strains of opposing mating type
(MAT1-1 and MAT1-2) and leads to reshuffling of genes by recombination during
meiosis and consequently great genetic diversity. However, sexual reproduction
requires very specific conditions and up to date has only been demonstrated under
laboratory conditions. (20) Parasexual reproduction requires genetically different,
but compatible hyphae and also involves reshuffling of genes. In contrast to sexual
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reproduction this does not occur during meiosis, but throughout mitotic crossingover between homologous chromosomes in the diploid phase. However, the low
frequency in which the different processes involved in the parasexual cycle occur
necessitates long exposure time between the different compatible hyphae. (20, 22)
The different reproduction processes and their characteristics are summarized in
Table 1.
Table 1 Reproduction processes in Aspergillus fumigatus and their characteristic
and probability of occurring in the human host
Fungus
characteristics

Environmental
conditions

Genetic diversity
of progeny

Likelihood in
human host

Asexual

Mycelium and
asexual spores

Abundantly
present in nature;
presence of air
and oxygen

Low; Clonal

Might occur in
a lung cavity;
chronic cavitary
pulmonary
aspergillosis,
aspergilloma or
sinus
disease

Sexual

Requires opposite
mating types
(MAT1-1 and
MAT1-2)

Only reported
under laboratory
conditions;
oatmeal agar;
30°C; darkness;
occurs after 4
weeks or longer

Very high;
Reshuffling
during meiosis

Unlikely due
to required
conditions

Parasexual

Mycelium
containing
different
compatible
genotypes

Unknown;
expected
to occur in
longlasting
mycelium

High; Reshuffling
via mitotic
recombination

Might occur
in conditions
with longlasting
biofilms harboring
various A.
fumigatus
genotypes:
aspergilloma
and chronic
colonization
(cystic fibrosis)

Adapted from Verweij et al.; Lancet Infect Dis 2016; 16: e251–60
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Considering the different modes of A. fumigatus to create genetic diversity one
would expect the greatest potential of in-host adaptation in diseases where there is
asexual reproduction and/or a chronic duration of colonization or infection. As a
read-out of this adaptation potential azole resistance could be used, in which
mutations associated with patient-derived resistance are an indication of in-host
adaptation. We evaluated this hypothesis for different disease entities involving
A. fumigatus and show adaptation potential and proposed mechanism of genetic
diversity in table 2.
Table 2 Adaptation probability of different Aspergillus diseases
Aspergillus
disease

Morphotype

Duration
of disease

Adaptation
potential

Route
of resistance

Mechanism

Invasive
aspergillosis

Hyphae

Short

Low

Environmental
> Patient (23, 24)

NA

Aspergilloma

Hyphae and
sporulation

Chronic

High

Patient
> Environmental

Asexual
Parasexual

(13, 24-26)

Chronic
pulmonary
aspergillosis

Hyphae and
sporulation

Cystic fibrosis
colonization

Hyphae

Chronic

High

Patient
> Environmental

Asexual
Parasexual

(20, 24)

Chronic

Intermediate

Patient and
Environmental

Parasexual

(27)

Although acquiring azole resistance is a very measurable consequence of adaptation,
A. fumigatus will have to overcome more pronounced and continuous stressors
to persist in the human lung. Future research will have to focus on identifying
and characterizing these specific stressors for A. fumigatus in the human lung.
When identified, A. fumigatus isolates of chronically colonized patients could be
challenged in vitro to evaluate if persistent strains are in fact more resilient and if
the parasexual cycle and creating genetic diversity truly contribute to A. fumigatus
persistence in the human lung.
Furthermore, population dynamics of A. fumigatus in the actual CF lung should
be studied. In chapter 4, A. fumigatus strains from our culture collection were used,
which limits interpretation because only one colony per respiratory sample was
stored. Colonization studies learn us that multiple strains can coexist in the lung.
Future studies could evaluate removed CF lungs of chronically colonized patients
after lung transplantation, through intensive tissue sampling of various lung fields.
This would give valuable insights in the frequency, prerequisites (compatible
genotypes?) and location (biofilms) of diploid formation and the parasexual cycle.
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Prospective studies could provide insight in how often and how quick after
colonization the parasexual cycle and potential adaptation can occur. Respiratory
samples of colonized CF patients, and other chronically colonized patients (e.g.
CPA patients), can be routinely screened for spore size, possibly followed by diploid
confirmation and whole genome sequencing. Currently, chronic colonization is often
accepted in some patient groups, especially if clinical implications of colonization
are unclear (CF) or colonization is asymptomatic (aspergilloma). The question is
whether adaptation opportunity will decrease the likelihood of fungal eradication
when antifungal treatment is indicated. One could hypothesize that the longer
the fungus is tolerated in the human lung environment and has the opportunity to
adapt, the more difficult it will become to achieve eradication. Above mentioned
prospective studies have the potential to provide us valuable knowledge on the
dynamics of the parasexual cycle and information about a window-of-opportunity
in which fungal persistence and the development of azole resistance can be
prevented.
Furthermore, when antifungal therapy is indicated, azole monotherapy could
cause selection of azole resistance clones if rapid eradication is not achieved.
Indeed previous or ongoing azole use is an independent risk factor for requiring
azole-resistant A. fumigatus strains in CF. (27) This risk may be lowered by combining
antifungal drugs from different classes (e.g. addition of an echinocandin) or finding
fungal markers that are associated with increased risk for resistance development,
such as diploid formation.
Another diagnostic challenge is the detection of resistance mutations through
molecular methods. Although PCR-based methods are available for detection of
resistance markers, such as TR34/L98H and TR46/Y121F/T289A, their use is limited
by the narrow spectrum of mutations that can be detected. Especially in patients
with chronic Aspergillus diseases and colonization, the diversity of resistance
mechanisms is high and is likely to be increasing. Furthermore, in addition to
unknown resistance mutations, the number of variants of known resistance
mutations is increasing with possible effects on the resistance phenotypes. (28) As
a consequence the detection of known resistance markers may not be associated
with a single phenotype, as other (undetected) mutations may be present, which
decreases the clinical use of detection of resistance mutations to guide antifungal
therapy. Clearly, new approaches are needed that allow detection of a wide range
of resistance mutations in order to use the most appropriate drug in patients with
acute and chronic Aspergillus diseases.
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Chapter 7
Summary

Summary
In this thesis studies on fungi in cystic fibrosis (CF) patients are presented. Special
emphasis is given to Aspergillus fumigatus.
In chapter 1 a general introduction on CF and the occurrence of fungi in the
respiratory tract of CF patients is given. CF is an autosomal recessive disorder
caused by mutation of a gene that encodes for a complex chloride channel found
in all exocrine tissues. This leads to thick, viscous secretions in multiple organs
including the lungs and morbidity and mortality is mostly caused by respiratory
impairment. The dominant pathology in the lung is inflammation caused by failure
to clear microorganisms and the generation of a toxic pro-inflammatory local
microenvironment. In the last three decades an increase of fungi isolated from CF
respiratory secretions has been observed. At present there is no clear understanding
of the clinical significance of fungal colonization and whether treatment should be
advised, but a well-balanced decision is crucial as unnecessary treatment can be
harmful for the patient.
In chapter 2 the focus is on the epidemiology of fungal isolates cultured from
respiratory samples of Dutch CF patients. The results of a nationwide multi-center
surveillance study are presented. Samples were collected in 5 Dutch CF centers for
3 consecutive years. Filamentous fungi were recovered from at least one respiratory
sample in 699 patients corresponding with 3,787 cultured fungal species. A. fumigatus
was cultured most often with a mean prevalence of 31.7%, followed by Penicillium
species (12.6%), non-fumigatus Aspergillus species (5.6%), Scedosporium species
(4.5%) and Exophiala dermatitidis and Cladosporium species (1.1% each). In total 107
different fungal species were identified. Azole resistance frequency in A. fumigatus
was 7.1%, with TR34/L98H being the dominant resistance mechanism.
Fungal detection rates in CF sputa are highly dependent on used culture protocols
and incubation conditions and thus may lead to an underestimation of the true
prevalence of fungal colonization. In chapter 3 a new fungal culture protocol for
respiratory samples of CF patients is evaluated. The new protocol used mucolytic
pre-treatment of CF sputa, an increased inoculum (100 µL), additional fungal
culture media (Sabouraud agar; SAB, Medium B+, Scedosporium selective agar;
SceSel+ and Dichloran-Glycerol agar; DG18) and increased incubation time
(3 weeks). We prospectively analyzed 216 expectorated sputum samples from
77 adult and pediatric CF patients and compared the culture yield to a three year
retrospective cohort, consisting of 867 sputum samples from 103 patients. The old
protocol used direct 10 µL loop inoculation of CF sputa on SAB with 5 days
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incubation. Detection rates for molds increased from 42% to 76% (p < 0.0001) with
the new protocol. Colonization rate with A. fumigatus increased from 36% to 57%.
Although A. fumigatus was still the most prevalent fungus, a major increase in the
diversity of cultured molds was observed. Twenty-six percent of cultures were
polymicrobial in the prospective cohort as opposed to 4.7% in the retrospective
cohort (p < 0.0001). Altering the culture protocol therefore influences fungal
epidemiology and may have implications for treatment decisions.
Creation of genetic variation is critical for A. fumigatus to adapt to the lung environment,
but biofilm formation, especially in CF patients, may preclude mutational supply
in A. fumigatus due to its confinement to the hyphal morphotype. In chapter 4
we tested our hypothesis that genetic variation is created through parasexual
recombination in the lungs of colonized CF patients. As diploids are the hallmark
of parasex, we screened 799 A. fumigatus isolates obtained from patients with CF,
chronic pulmonary lung disease, acute invasive aspergillosis and from the
environment for spore size. Benomyl sensitivity, nuclear content measurements
through fluorescence activated cell sorting and scanning electron microscopy
were used to confirm the diploid state of large size spores. Whole genome sequencing
was used to characterize diploid associated genetic variation. We identified 11 diploids
in isolates recovered from six of 11 (55%) CF patients and from one of 24 (4%)
chronic aspergillosis patients, but not in 368 isolates from acute infection and the
environment. Diploid formation was associated with accumulation of mutations
and variable haploid offspring including a voriconazole-resistant isolate. The findings
presented in this study show that A. fumigatus can acquire genetic diversity through
the parasexual cycle which may allow A. fumigatus to adapt and persist in the
human lung environment.
In chapter 5 we evaluated if secretion of A. fumigatus occurs during coughing in CF
patients. During two visits, 15 adult CF patients colonized with A. fumigatus were
asked to cough on two different agar plates. Simultaneously sputum samples were
collected and used as measure of concomitant colonization. Bacterial and fungal
growth were evaluated. If A. fumigatus was cultured in both cough plate and sputum
sample, genotyping was performed. Identical STR genotypes on cough plate and
sputum samples were deemed as proof of cough secretion. Cough secretion of
A. fumigatus was shown in two out of 15 patients and with a similar frequency as
S. aureus. Our findings challenge the current consensus that transmission of
A. fumigatus from colonized or infected patients is extremely rare and underscore
the need for additional studies to further elaborate transmission dynamics of
A. fumigatus and if additional infection prevention measures are needed.
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In chapter 6 our studies are discussed in a broader scientific context. It is stated that
this thesis provides insight in two observations described repeatedly in literature:
1. Isogenic A. fumigatus strains in the respiratory material of different CF patients;
2. Azole resistant A. fumigatus in respiratory material of CF patients naïve to azole
therapy. Additionally the adaptation potential and mechanisms of A. fumigatus in
different Aspergillus diseases are discussed together with our perception on potential
clinical consequences.
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Samenvatting
In dit proefschrift worden studies gepresenteerd over schimmels bij patiënten met
cystische fibrose (CF). We leggen extra nadruk op de schimmel Aspergillus
fumigatus.
In hoofdstuk 1 wordt een algemene introductie gegeven over CF en het voorkomen
van schimmels in de luchtwegen van CF-patiënten. CF is een autosomaal recessieve
aandoening die wordt veroorzaakt door mutatie van een gen dat codeert voor een
chloridekanaal dat in alle exocriene weefsels wordt aangetroffen. Dit leidt tot taaie,
stroperige afscheidingen in meerdere organen, waaronder de longen, en de
meeste morbiditeit en mortaliteit wordt veroorzaakt door schade aan de longen.
Deze schade in de longen wordt met name veroorzaakt door ontstekingen als
gevolg van het niet kunnen opruimen van micro-organismen en door het ontstaan
van een toxische pro-inflammatoire longomgeving. In de afgelopen drie decennia
worden er vaker schimmels uit luchtwegmateriaal van CF-patiënten gekweekt.
Momenteel is onduidelijk wat de klinische betekenis van schimmelkolonisatie
precies is en of behandeling moet worden geadviseerd. Een weloverwogen
beslissing is cruciaal omdat onnodige behandeling schadelijk kan zijn voor de
patiënt.
In hoofdstuk 2 ligt de focus op de epidemiologie van schimmels die gekweekt zijn
in respiratoir materiaal van Nederlandse CF-patiënten. De resultaten van een
landelijke surveillancestudie worden gepresenteerd. Gedurende 3 opeenvolgende
jaren werden monsters verzameld in 5 Nederlandse CF- centra. Filamenteuze
schimmels werden teruggevonden in ten minste één respiratoir materiaal bij 699
patiënten. In totaal werden er 3787 schimmels gekweekt. A. fumigatus werd het
vaakst gekweekt met een gemiddelde prevalentie van 31,7%, gevolgd door
Penicillium species (12,6%), Aspergillus species anders dan A. fumigatus (5,6%),
Scedosporium species (4,5%) en Exophiala dermatitidis en Cladosporium species
(elk 1,1%). In totaal werden 107 verschillende schimmelsoorten geïdentificeerd. De
frequentie van azoolresistentie in A. fumigatus was 7,1%, waarbij TR34/L98H het
dominante resistentiemechanisme was.
De detectiepercentages van schimmels in CF-sputa zijn sterk afhankelijk van de
gebruikte kweekprotocollen en incubatieomstandigheden en kunnen daarom
leiden tot een onderschatting van de werkelijke schimmelkolonisatie. In hoofdstuk 3
wordt een nieuw kweekprotocol voor respiratoire monsters van CF-patiënten
geëvalueerd met als doel de schimmelopbrengst te verhogen. Het nieuwe protocol
gebruikte mucolytische voorbehandeling van CF-sputa, een verhoogd inoculum
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(100 µl), extra kweekmedia (Sabouraud-agar; SAB, Medium B +, Scedosporiumselectieve agar; SceSel + en Dichloran-Glycerol-agar; DG18) en langere incubatietijd
(3 weken). We analyseerden prospectief 216 sputummonsters van 77 volwassen en
pediatrische CF-patiënten en vergeleken de kweekopbrengst met een driejarig
retrospectief cohort, bestaande uit 867 sputummonsters van 103 patiënten. Het
oude protocol gebruikte directe inoculatie van 10 µL CF- sputa op SAB met 5 dagen
incubatie. De detectiepercentages voor schimmels zijn met het nieuwe protocol
gestegen van 42% naar 76% (p <0,0001). Het aantal gekoloniseerde CF-patiënten
met A. fumigatus nam toe van 36% naar 57%. Hoewel A. fumigatus nog steeds de
meest voorkomende schimmel was, werd een sterke toename van de diversiteit aan
gekweekte schimmels waargenomen. Zesentwintig procent van de kweken was
polymicrobieel in het prospectieve cohort, in tegenstelling tot 4,7% in het retrospectieve
cohort (p <0,0001). Het wijzigen van het kweekprotocol heeft daarom invloed op de
epidemiologie van schimmels en dit heeft potentieel behandelconsequenties.
Het creëren van genetische variatie is cruciaal voor A. fumigatus om zich aan te kunnen
passen aan de menselijke long, maar biofilmvorming, vooral bij CF-patiënten,
beperkt dit vermogen. In hoofdstuk 4 testen we onze hypothese dat genetische
variatie alsnog wordt gecreëerd in de longen van gekoloniseerde CF-patiënten
door parasexuele recombinatie. Omdat diploïden het kenmerk zijn van paraseks,
en diploïde sporen groter zijn dan haploïde sporen, hebben we 799 A. fumigatusisolaten gescreend op sporengrootte. De isolaten waren afkomstig van patiënten
met CF, overige chronische longziektes of acute invasieve aspergillose en uit de
omgeving. We gebruikten benomylgevoeligheid, elektronenmicroscopie en metingen
van de celkerninhoud om te bevestigen dat grote sporen daadwerkelijk diploïd
waren. Vervolgens gebruikten we whole genome sequencing (WGS) om de
genetische variatie in kaart te brengen. In totaal vonden we 11 diploïden in zes van
de 11 (55%) CF-patiënten en in één van de 24 (4%) patiënten met chronische
aspergillose, maar geen één diploïd werd gevonden in isolaten uit de omgeving of
van patiënten met acute invasieve aspergillose. Het vormen van diploïden ging
gepaard met accumulatie van mutaties en verscheidende haploïde nakomelingen,
waaronder een voriconazol-resistent isolaat. Concluderend tonen we in deze
studie aan, dat A. fumigatus genetische diversiteit kan verwerven middels de
parasexuele cyclus, wat A. fumigatus het potentieel geeft om zich aan te kunnen
passen aan de menselijke long.
In hoofdstuk 5 hebben we onderzocht of uitscheiding van A. fumigatus optreedt
tijdens het hoesten bij CF-patiënten. Tijdens twee polikliniekbezoeken werden 15
volwassen CF-patiënten, gekoloniseerd met A. fumigatus, gevraagd om te hoesten
op twee verschillende agarplaten. Tegelijkertijd werden sputummonsters verzameld.
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De groei van zowel bacteriën als schimmels werd beoordeeld. Als A. fumigatus
zowel op de hoestplaat en in het sputummonster werd gekweekt, werden beide
stammen gegenotypeerd. Identieke STR-genotypen op hoestplaat en sputummonsters werden beschouwd als bewijs van uitscheiding. Uitscheiding van
A. fumigatus werd aangetoond bij twee van de 15 patiënten. Dit was een vergelijkbare
frequentie als de bacterie S. aureus. Onze bevindingen maken overdracht van
A. fumigatus tussen patiënten theoretisch mogelijk en verder onderzoek om de
transmissiedynamiek in kaart te brengen is noodzakelijk. Mogelijk zal dit tot nieuwe
infectiepreventiemaatregelen leiden.
In hoofdstuk 6 worden onze studies besproken in een bredere wetenschappelijke
context. Er wordt gesteld dat dit proefschrift aanvullend inzicht geeft in twee
observaties die herhaaldelijk in de literatuur zijn beschreven: 1. Isogene A. fumigatusstammen in respiratoir materiaal van verschillende CF-patiënten; 2. Azoolresistente
A. fumigatus in respiratoir materiaal van CF-patiënten die nog nooit azolen hebben
gehad. Daarnaast bespreken we het adaptatiepotentieel van A. fumigatus, en de
hiervoor gebruikte mechanismen, bij verschillende door A. fumigatus veroorzaakte
ziektes. Vervolgens laten we ons licht schijnen op de mogelijke klinische gevolgen
hiervan.
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voor je geduldige uitleg. Ik had graag nog veel meer van je geleerd. Het door jouw
samengestelde boekje met mycologische kennis en afbeeldingen heeft een
prominente plek op mijn bureau.
Jordy, Margriet en Tim a.k.a. de morele winnaars van de Aesculaaf-muziekquiz
(de huidige top-40 is nou eenmaal het onthouden niet waard). Een lach verschijnt
op mijn gezicht als ik terugdenk aan mijn research-buddy’s van de mycologie.
Eerst weggestopt op 4Q (ruziemaken met de secretaresse van de Genetica – wij
hadden zeker gelijk!) en later in de kamer met het mooiste uitzicht van de gehele
afdeling MMB. Onze onderlinge saamhorigheid, het elkaar helpen en kritisch
meedenken maakte het een heerlijke werkomgeving. Ook bedankt voor alle nieuwe
muziekkennis, de uitgebreide en serieuze wereld van speciaalbieren en de vrijmibo.
Margriet, als je een rematch “Mario Kart: Double Dash” wilt, weet je me te vinden
 ergens bovenaan bij je high-scores.
Jan, de enige man op de afdeling met een eigen pc i.p.v. een zeroclient. Bedankt
voor je input, je droge humor en het gebruiken van bovengenoemde computer.
Jochem, onze ironman, finalebidon, the next big thing in Mycology! Vlak na elkaar
begonnen aan de opleiding tot arts-microbioloog en deze tegelijkertijd afgerond.
Als kamergenoten hebben we veel met elkaar gedeeld en aan elkaar gehad zowel
tijdens de opleiding als bij het tot stand komen van dit proefschrift. Onze borrels,
uitstapjes en discussies met Ferry en Herjan waren gedenkwaardig. Mooi dat we
nog bij elkaar in de wielerpoule zitten en nog mooier dat mijn PR op de “Oude
Holleweg” (1m30sec) bij het naar de drukker gaan van dit proefschrift nog steeds
stand houdt.
Beste Monique en Ellen. Vele keren ben ik op mijn fietsje gestapt van het lab naar
Dekkerswald om de samples te verzamelen voor de “hoestplaat” studie. Ellen, vanaf
het begin was je enthousiast betrokken, pragmatisch en ontzorgend. Monique
bedankt voor je hulp, het meedenken en je klinische input.
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Koen, toen ik jou voor het eerst in België contacteerde, waren we nog van plan om
een heel “hoest kabinet” te bouwen. Uiteindelijk zijn we hier nooit aan toegekomen,
maar jouw expertise op dit gebied heeft zeer bijgedragen aan het slagen van de
hoestplaatstudie!
Eveline, wat een avontuur; onze gezamenlijke studie naar diploïden. Wat mij betreft
een schoolvoorbeeld hoe onderzoek uit twee verschillende invalshoeken tot een
groter resultaat kan leiden. Ik zie ons nog in de kerstvakantie een logistiek optuigen
om honderden samples te kunnen testen. Dank voor de goede samenwerking, het
meerijden naar Wageningen en al je hulp bij de STR’s, PCR’s en overige moleculaire
technieken.
Fons, zoals hierboven genoemd, was het werken aan de diploïd studie misschien
wel het hoogtepunt van mijn onderzoeksperiode. Een verfrissende biologische
inkijk, naast de medische blik. Dank voor deze inzichten en alle leuke meetings
waarbij ik aanwezig kon zijn.
Uiteraard wil ik ook alle patiënten die direct en indirect hebben meegewerkt aan de
totstandkoming van dit proefschrift bedanken.
Twan, Paul R. en Ingrid, jullie rol moet ook zeker op deze plek benoemd worden!
De onderzoeksgroep beschikt over immense hoeveelheid stammen, data en overige
informatie. Maar hoe orden je deze op een effectieve, duidelijke, werkbare en
betrouwbare manier? Zo fijn dat ik altijd gewoon even bij jullie aan kon schuiven.
Ik zie Twan me nog steeds rustig aanhoren, wat aantekeningen maken, een
proefbestand toesturen en mij daarmee weken werk besparen
Veel dank aan alle analisten van de afdeling microbiologie binnen het Radboudumc
en het CWZ. Zowel voor jullie (in)directe bijdrage aan dit proefschrift, maar zeker
ook voor jullie onmisbare bijdrage aan mijn opleiding tot arts-microbioloog.
Ook veel dank aan onze lieve secretaresses, in het bijzonder Diana en Monica. Hoe
vaak ik thuis wel niet verzucht heb hoe chill de secretaresses op de afdeling
microbiologie zijn! Nooit gezeur, altijd meedenken. Toen ik op vakantie mailde naar
Paul, Wim was opgenomen geweest in een Frans ziekenhuis, met de vraag of ik
mijn vakantie kon verlengen had Monica het volgens mij al geregeld voordat Paul
de mail überhaupt gelezen had (“Oh wat erg Tobias! Natuurlijk regelen we dat, of
niet Paul? Ik heb het al aangepast in het rooster!”.
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Via deze weg wil ik ook Janneke de Vries bedanken. Als plaatsvervangend opleider
heb ik veel van je mogen leren. Met name ook op persoonlijk vlak. Het blijven
handelen naar je principes, ook tegen de stroom in, is iets waar ik veel respect voor
heb.
Al mijn collega AIOS die ik tijdens de opleiding mee heb mogen maken. Dank voor
alle gezelligheid en saamhorigheid. Dank voor het sparren en aanhoren. Bijzonder
hoe wij als groep voor elkaar stonden. Dit is geen vanzelfsprekendheid, koester dit!
Dit lijkt me ook een mooi moment om stil te staan bij de AIOS-LANparty, een droom
die in vervulling ging . Dat er nog veel sessies mogen volgen met Ali en swarm!
En Guido en Ali, oordopjes in!
Medische staf van het Radboudumc en CWZ, dank voor mijn wetenschappelijke
vorming en mijn vorming tot arts-microbioloog. Ik heb mijn opleiding op een
goede en kundige plek mogen volgen. Geleerd wat ik moest leren met de vrijheid
om mij persoonlijk te vormen. Ianthe, dank voor je coaching als collega-AIOS en
latere vriendschap. Andreas, bedankt voor onze wekelijkse leergesprekken tijdens
mijn stage in het CWZ. Onbetaalbaar. Marrigje, dank voor je rol als opleider. Maar
misschien nog wel meer voor het kletsen en de gezelligheid.
Lieve collega’s bij LabMicTA. Dank voor jullie steun, geduld en de mij geboden ruimte
bij het afronden van dit proefschrift. Niet vanzelfsprekend en erg gewaardeerd!
Ik kijk uit naar de mooie jaren waarin wij samen mogen werken.
En dan nu door de categorieën die inhoudelijk misschien minder hebben bijgedragen
aan het proefschrift, maar zeker hebben gezorgd voor de noodzakelijke ontspanning
en relativering.
Vrijmibo, No Gutter No Glory, De re coquinaria, de dames in de appgroep van Anne
waarvan ik de naam hier niet durf te noemen en alle overige lieve vrienden die zich
niet in één van deze appgroepen laten vangen. Bedankt voor jullie vriendschap. Het
zijn tumultueuze jaren met afstuderen, kinderen, nieuwe huizen en verhuizen. Dit
zorgt voor een andere dynamiek, maar godzijdank wel voor een dynamiek waarin
we elkaar blijven vinden. Ik zou niet zonder onze decadente diners, Go-Go-superfuntime, wit-en-gouden Celine-a-longs, het show-bowlen en het meedoen-isbelangrijker-dan-presteren-tennis kunnen. Op naar de volgende 15 jaar! (Dan worden
we al vergezeld door een paar pubers, stel je toch eens voor…)
Jefte, eigenlijk baal ik nog steeds dat je naar de VS geëmigreerd bent. Begrijp me
niet verkeerd, ik gun het je van harte. Mooie opleiding, mooie baan en natuurlijk de
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mooiste reden, Miranda. Maar toch. Eenmaal terug in NL is het als vanouds. Stomme
spelletjes spelen, tienen met de NSTV en helaas net niet toekomen aan De
Nijmeegse Riskclub RISICO. Van je ouders heb ik geleerd dat ik voordat ik start met
bridgen “een plannetje moet maken”. Deze zin heb ik vaak ten harte genomen bij
de totstandkoming van dit proefschrift. Niet paniekeren, eerst een plannetje maken.
Jefte, voor inspiratie en motivatie hoef ik maar even naar jouw arbeidsethos te
kijken en dan kan ik al snel weer relativeren. Ondanks de afstand blijf je één van mijn
beste vrienden en ik waardeer ontzettend de moeite die je doet om elkaar te
kunnen blijven zien.
Kars Jan, wat fijn dat jij mijn vriend bent. Wat ik zo leuk vind, is dat we beiden vrij snel
behoorlijk enthousiast te krijgen zijn en het leuk vinden om nieuwe dingen te
proberen. We hebben nog een mooi rijtje staan voor onze periodieke vette-dingendoen-dag. Wat ook goed uitkomt is dat, ondanks dat we beide natuurlijk supercool
zijn, we stiekem ook een beetje nerdy zijn. Dan is er tenminste íemand met wie ik
naar foute films toe kan en die enthousiast reageert als ik met een Warhammer
doos thuis kom (Anne zal het niet zijn ). Daarnaast ben jij één van de weinigen én
één van de eersten die ik bel als ik ergens mee zit of ergens niet uitkom. Ik voel altijd
de ruimte om dit te kunnen doen en het helpt me enorm. Bedankt hiervoor!
Lieve Bert en Thea, Lotte en Rune, ik ben heel blij met jullie als schoonfamilie. Het
uitwaaien aan zee is een jaarlijks oplaadmoment. Ik voel me volledig op het gemak
en thuis aan de Eibergsestraat. Lekker bijkomen. Bedankt voor alle steun en het vele
last-minute bijspringen en oppassen. Voor jullie misschien een vanzelfsprekendheid, maar niet voor mij.
Lieve Ruben en Laura, als jongste van een nest van drie hebben jullie je altijd om mij
bekommert. En alhoewel het leeftijdsverschil elk jaar relatiever wordt, blijft deze
onderlinge dynamiek hetzelfde. De fijne en de moeilijke momenten hebben we
met zijn drieën doorstaan en heeft onze band sterker gemaakt. Lausky, bedankt
dat ik altijd bij je terecht kan en voor je oprechte betrokkenheid. Ruby, thanks voor
de gezamenlijke ontspanning. Het fietsen, het golfen, het lullen over wielrennen.
Om als jongste broertje spelletjes te winnen, moet je eerst je oudere broer verslaan.
Een intense maar effectieve training . Bedankt dat Laura en ik getuigen mochten
zijn bij je huwelijk met Anniek, een grote eer.
Lieve pappa en mamma, Gerda en Hans, bedankt voor jullie liefde, geborgenheid
en jullie opvoeding. Nu ik zelf vader ben geworden, zie ik dat vanzelfsprekendheden stiekem toch een hoop inzet vragen, bij deze dan ook met retrospect nog
een heleboel extra respect jullie kant op. Lieve mamma, bedankt voor je (ont)
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zorgen, je interesse en oog voor detail. Bedankt ook dat ondanks dat je het moeilijk
vindt, ons de ruimte geeft. Lieve pappa, van jou heb ik geleerd niet te snel over
mensen te oordelen en de andere kant proberen te zien. Bedankt dat je altijd voor
Ruben, Laura en mijzelf bent blijven staan. Lieve Hans, opeens weer drie jonge
kinderen in huis, ik geef het je te doen . Bedankt voor de acceptatie, het aanvoelen
van situaties en de wiskundebijles (ik noem het liever masterclass ). Lieve Gerda,
bedankt dat je Ruben, Laura en mij zo accepteert en toelaat, je zakelijke inzicht en
advies en dat je zo goed voor pappa bent.
Lieve Wim, jouw bijdrage aan dit proefschrift is beperkt geweest, maar niet afwezig.
Je weet het misschien niet meer, maar je hebt nog samen met pappa data
geanalyseerd op de Populierstraat. Pappa in de stoel, Wim in de draagzak. Lieve
jongen, als ik je in één woord zou moeten omschrijven dan is het: enthousiast!!
En al ben je in je enthousiasme soms een hand vol, pappa heeft liever een portret
dan een stilleven.
Lieve Rein, jouw bijdrage aan dit proefschrift is in alle eerlijkheid toch echt nihil
geweest. Net op tijd geboren om het dankwoord te halen, zullen we maar zeggen.
Maar wat ben je een lieve lachebek (all day, all night). Pappa heeft heel veel zin om
je te leren kennen!
Lieve Anne, om jou eerst maar eens te quoten: “Schrijf dat boekje nou maar af,
je hoeft me echt niet ook nog te bedanken hoor!” Sorry, ik heb niet geluisterd.
Je zult onderstaande allemaal wel erg ongemakkelijk vinden, maar ik wil het je
toch zeggen.
Lieve Anne, bedankt dat je een betere en lievere versie van mij hebt gemaakt.
Bedankt voor je goede hart en je gevoel voor eerlijkheid en rechtvaardigheid.
Bedankt voor je onvoorwaardelijke liefde en dat we helemaal onszelf bij elkaar
kunnen zijn. Ongelooflijk hoe goed we elkaar kennen. Ik doe niets liever dan jou
trots maken. Namens Wim en Rein (en ook mezelf) bedankt dat je zo’n lieve en
goede moeder bent. En namens mij bedankt voor je continue steun, begrip en
vertrouwen. Dit maakt, mede, dat ik toekomstige uitdagingen met vertrouwen
tegemoet ga.
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Tobias Gerardus Paulus Engel werd geboren in Doesburg op 21 juli 1988. Hij is de
zoon van Helen Lut en Henk Engel en het jongste broertje van Ruben en Laura. Na
het cum laude behalen van zijn VWO diploma aan het St. Ludgercollege in
Doetinchem ging hij in 2006 geneeskunde studeren aan de Radboud Universiteit.
Deze opleiding combineerde hij met het interdisciplinaire honours programma van
deze universiteit.
Na zijn bachelor cum laude te hebben behaald ging hij 6 maanden naar Washington
D.C. in de Verenigde Staten voor zijn onderzoeksstage aan het National Institute of
Health (NIH). Hier verrichte hij onderzoek op het gebied van het feochromocytoom
en schreef een hoofdstuk over dit thema in het boek Conn’s Current Therapy 2011.
Tevens ontving hij de European Young Endocrine Scientist (EYES) award na
presentatie van zijn werk op het EYES congres in Rotterdam.
In de afrondende fase van zijn coschappen kwam hij middels een keuzestage in
aanraking met de medische microbiologie en was direct verkocht. In 2013, twee
maanden na het afronden van zijn opleiding tot basisarts, begon hij aan de opleiding
tot arts-microbioloog in het Canisius Wilhelmina Ziekenhuis om zijn opleiding in
2014 te vervolgen in het Radboudumc. In 2017 startte hij aan een promotietraject
op het gebied van schimmelinfecties bij patiënten met cystische fibrose (CF), onder
begeleiding van prof. dr. Paul Verweij, dr. Peter Merkus, dr. Willem Melchers en
dr. Jacques Meis, wat uiteindelijk geresulteerd heeft in dit proefschrift. Hij heeft zijn
resultaten mogen presenteren op internationale congressen op het gebied van
schimmels (ISHAM 2018) en infectieziekten (ECCMID 2019).
Tobias heeft zijn opleiding tot arts-microbioloog afgerond in maart 2020 en
is op dit moment werkzaam als arts-microbioloog bij het Laboratorium voor
Microbiologie Twente Achterhoek (LabMicTA). Hij woont in Twente met zijn vriendin
Anne Exterkate en hun zonen Wim en Rein.
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Research data management
The primary and secondary data obtained during my PhD at the Radboud University
Medical Center (Radboudumc) have been captured and stored on university servers
belonging to the department of Medical Microbiology. All data and protocols can
be obtained on request from the department of Medical Microbiology. Published
data generated or analyzed in this thesis are part of published articles and its
additional files are available from the associated corresponding authors on request.
To ensure interpretability and reuse of the data, all filenames, primary and secondary
data, metadata, descriptive files are documented along with the data.
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Courses and workshops
-

Introduction course for PhD-students
The art of presenting science
Analytical storytelling
Figure making
How to (seriously) read a scientific paper

Oral presentations at international conferences
2019
29th European Congress of Clinical Microbiology and Infectious Diseases (ECCMID),
Amsterdam, The Netherlands. Title: Parasexual recombination as an adaptation strategy
in Aspergillus persistence.
2018
20th Congress of the International Society for Human and Animal Mycology (ISHAM),
Amsterdam, The Netherlands. Title: Adaptation strategies of Aspergillus fumigatus
in cystic fibrosis patients.
2014
Invited speaker at 16th European Congress of Endocrinology (ECE), Wroclaw,
Poland. Title: Anti- cancer potential of MAPK pathway inhibition in paragangliomas
- effect of different statins on mouse pheochromocytoma cells.
NB: Prize for winning European Young Endocrine Scientist (EYES) award at EYES
congress, Rotterdam, The Netherlands.

Awards
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European Young Endocrine Scientist (EYES) award

153

A

List of publications
TGP Engel, PE Verweij, J van den Heuvel, D Wangmo, J Zhang, AJM Debets,
E Snelders. Parasexual recombination enables Aspergillus fumigatus to persist in
cystic ﬁbrosis. European Respiratory Journal Open Research, 2020 Dec; 6(4):
00020-2020. doi: 10.1183/23120541.00020-2020.
TGP Engel, M Tehupeiory-Kooreman, WJG Melchers, MH Reijers, P Merkus, PE
Verweij. Evaluation of a new culture protocol for enhancing fungal detection
rates in respiratory samples of cystic ﬁbrosis patients. J Fungi (Basel). 2020 Jun
9;6(2):82. doi: 10.3390/jof6020082.
CCM de Jong, L Slabbers*, TGP Engel*, JB Yntema, M van Westreenen, PD Croughs,
N Roeleveld, R Brimicombe, PE Verweij, JF Meis, P Merkus. Clinical relevance of
Scedosporium spp. and Exophiala dermatitidis in patients with cystic ﬁbrosis:
A nationwide study. Med Mycol. 2020 Feb 6:myaa003. doi: 10.1093/mmy/myaa003.
TGP Engel, E Erren, KSJ Vanden Driessche, WJG Melchers, MH Reijers, P Merkus,
PE Verweij. Aerosol transmission of Aspergillus fumigatus in cystic ﬁbrosis
patients. Emerg Infect Dis. 2019 Apr;25(4):797-799. doi: 10.3201/eid2504.181110.
NB: Elected as top 10 paper of 2019 at 9th Trends in Medical Mycology (TIMM),
Nice, France.
TGP Engel, L Slabbers*, CCM de Jong*, WJG Melchers, F Hagen, PE Verweij, P Merkus,
JF Meis on behalf of the Dutch Cystic Fibrosis Fungal Collection Consortium.
Prevalence and diversity of ﬁlamentous fungi in the airways of cystic ﬁbrosis
patients – A Dutch, multicentre study. J Cyst Fibros. 2019 Mar;18(2):221-226. doi:
10.1016/j.jcf.2018.11.012.
SCM Tops, M Bruens, S van Mook-Vermulst, D Lamers-Jansen, TGP Engel, G van
den Brink, R van Duuren, HFL Wertheim, E Kolwijck. Performance Validation of
Selective Screening Agars for Guiding Antimicrobial Prophylaxis in Patients
Undergoing Prostate Biopsy. J Clin Microbiol. 2018 Aug 27;56(9):e00253-18. doi:
10.1128/JCM.00253-18.
TGP Engel, BJ Slotboom, N van Maarseveen, AA van Zwet, MH Nabuurs-Franssen,
F Hagen. A multi- centre prospective evaluation of the Check-Direct ESBL Screen
for BD MAX as a rapid molecular screening method for extended-spectrum betalactamase-producing Enterobacteriaceae rectal carriage. J Hosp Infect. 2017
Nov;97(3):247-253. doi: 10.1016/j.jhin.2017.07.017.
NB: Elected as top 3 scientific output of Rijnstate Hospital in 2018, Arnhem, The
Netherlands.

155

A

Appendix | List of publications

SMJ Fliedner*, TGP Engel*, NK Lendvai, U Shankavaram, S Nölting, R Wesley, AG
Elkahloun, H Ungefroren, A Oldoerp, G Lampert, H Lehnert, H Timmers, K Pacak.
Anti-cancer potential of MAPK pathway inhibition in paragangliomas-effect of
different statins on mouse pheochromocytoma cells. PLoS One. 2014 May
20;9(5):e97712. doi: 10.1371/journal.pone.0097712.
TGP Engel, K Pacak. Conn’s Current Therapy 2011 Chapter 165: Pheochromocytoma.
* Contributed equally

156

A

157

