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Abstract: Molecular fungal genotyping techniques developed and employed for epidemiological
studies have understandably concentrated on establishing the genetic diversity of Aspergillus fu-
migatus in invasive aspergillosis due to its severity, the urgency for treatment, and the need to
demonstrate possible sources. Some early studies suggested that these strains were phenotypically,
if not genotypically, different from others. However, with improved discrimination and evalua-
tions, incorporating environmental as well as clinical isolates from other Aspergillus conditions (e.g.,
chronic pulmonary aspergillosis and cystic fibrosis), this premise is no longer upheld. Moreover,
with the onset of increased global triazole resistance, there has been a concerted effort to incorporate
resistance profiling into genotyping studies and the realisation that the wider population of non-
immunocompromised aspergillosis patients are at risk. This review summarises the developments
in molecular genotyping studies that incorporate resistance profiling with attention to chronic pul-
monary aspergillosis and an example of our UK experience.

Keywords: Aspergillus fumigatus; molecular epidemiology; chronic pulmonary aspergillosis; geno-
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1. Introduction

Chronic pulmonary aspergillosis (CPA) is a widely diverse disease, spanning from
relatively non-progressive conditions, such as aspergilloma, to severe and ultimately fatal
conditions, such as chronic necrotising pulmonary aspergillosis (CNPA), now called sub-
acute invasive pulmonary aspergillosis (SAPA) [1]. CPA can occur in patients with un-
derlying pulmonary disease [2] and presents with persistent cough, haemoptysis, weight
loss, breathlessness, and fatigue, amongst other symptoms, and may lead to respiratory
failure through progressive fibrosis and lung destruction [1]. Furthermore, growing evi-
dence suggests that the global increase in resistance to antifungal triazole drugs, the main-
stay of treatment for chronic conditions [3], is likely to imperil therapeutic options [4].
However, few true epidemiological studies have been conducted that could help our un-
derstanding of the course and evolution of this chronic disease in terms of pathogen-host
relationships. Understandably, the current knowledge base is mainly from genotyping
studies of invasive pulmonary aspergillosis (IPA) cases, although there are encouraging
signs that the chronic conditions are being addressed with the onset of improved typing
technologies.
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Molecular epidemiology is a branch of epidemiology that focuses on the genetic
background of the pathogens and their relationship among hosts [5]. The main goal of
molecular epidemiology is to understand pathogen-host relationships and identify the
risk factors of the disease (transmission, disease manifestation and disease progression),
which can help in the development of more effective prevention and control strategies at
individual and population levels. As such, a taxonomic study of the infectious organism
on its own is not epidemiology, although the same methods can be used [5]. Questions
that can be asked are as follows: Are certain fungal genotypes more likely to occur in spe-
cific patient groups or to develop into specific forms of aspergillosis? Are there different
genotypes (and how many?), and if so, are they randomly distributed or do they cluster
geographically? Is there a common source in an outbreak?

Fungal genotyping is a tool used in epidemiological studies and is defined as genetic
analysis of clinical and/or environmental isolates that is performed to assign strain-spe-
cific (i.e., below species level) fingerprints. Genotyping should generate molecular mark-
ers of sufficient discriminative power to enable comparisons among strains and study
their genetic relatedness. Previously, genotyping techniques have been employed to study
the population dynamics and transmissibility of Aspergillus species in several clinical and
environmental settings, usually with a focus on IPA and nosocomial outbreaks (for exam-
ples, see [6-13]). Using these data, environmental source(s) of infection can be determined.
In contrast, multiple isolations of an organism may occur in a single patient over a partic-
ular time frame; if sufficiently discriminative, genotyping may enable further understand-
ing of how a fungal pathogen behaves in a particular host. Furthermore, a particular gen-
otype may be associated with antifungal resistance, for example, in patients with CPA and
other chronic Aspergillus conditions. One reason for the paucity of genotyping studies of
CPA patients is that until the onset of global patterns of pan-triazole resistance, the origin
of resistant strain development was thought to be mainly due to persistence of A. fumiga-
tus within the patient lung [14]. Although this may still be the case for most patients, the
possibility of infection by environmental strains must now be tracked through epidemio-
logical studies to deliver improved outcomes for CPA patients.

In this review, we provide an update on the latest A. fumigatus genotyping studies
with a focus on research performed in CPA patient groups and environmental isolates.
We also summarise the evidence from a small study that represents a snapshot of the re-
sistance genotypes and geographic distribution among CPA patients in the UK served by
the National Aspergillosis Centre (NAC) in Manchester.

2. Epidemiology of Aspergillus fumigatus

The main fungal pathogen associated with CPA is Aspergillus fumigatus. It is a fast-
growing saprobe, commonly found on decaying vegetation, but it has also adapted the
enzymatic machinery to become a facultative human pathogen [15,16]. This species is
found ubiquitously in the environment in soil, water, and air, which also includes pa-
tients” homes and hospital facilities [6,17,18]. Worryingly, triazole-resistant strains are also
found in the environment, domiciles, and hospitals worldwide [7-9]. For example, at the
University Hospital of Besancon (UHB), flower beds harbouring triazole-resistant Asper-
gillus fumigatus (ARAf) next to the hospital site were thought to be the source of ARAf
isolated from hospital corridors and clinical patient samples; however, comparative gen-
otype analysis of these species is needed to confirm this hypothesis [10].

In considering the epidemiology of CPA, it is useful to first look into the global bur-
den of this disease. Approximately three million people worldwide suffer from CPA and
the global burden is thought to be significantly higher in Asia compared to other conti-
nents [19]. Itis estimated that in 2019, 1.2 million patients developed CPA after pulmonary
tuberculosis (PTB), over 410,000 patients progressed to CPA as a complication of allergic
bronchopulmonary aspergillosis (ABPA), and almost 72,000 patients progressed to CPA
as a complication of pulmonary sarcoidosis [20-22]. Moreover, global triazole resistance
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rates are variable, from 3.2 to 26.1% among the 21 centres involved in a recent global sur-
veillance study [23].

Given the widespread existence of A. fumigatus, its association with human diseases,
and the compounding factor of emergence of drug-resistant strains, it is important to in-
vestigate the transmission and virulence of A. fumigatus by means of molecular epidemi-
ological studies. Genotyping the causative agent can provide useful information about the
disease including its evolution, geographical distribution, route of transmission, source,
host risk factors, and strain-specific virulence. In one of the earliest typing studies (with
samples from IPA patients), Tang and colleagues hypothesised that certain isolates were
more pathogenic than others [11]. In their study, diverse environmental isolates were
found in the hospital during building works but none of those genotypes were detected
in patient samples, which were unique. This premise seemed to be supported by a later
study, which found that virulence was strain-dependent and correlated with the nature
of infection (IPA vs. non-IPA) and the host’s immune status [24], although the genotypic
distinction between invasive and non-invasive settings was not complete. In a later study,
the same group showed that isolates from lung transplant patients consisted of numerous
genotypes but that the isolates from three IPA patients demonstrated a unique genotype
[25], thus supporting the Tang study. However, after further work by other groups, two
early reviews determined that these genetic analyses did not have the resolving power to
discriminate between clinical and environmental isolates, concluding that any environmen-
tal strain was a potential pathogen if it encountered an appropriate host [26,27]. In the last
30 years, the development and implementation of new typing methods with higher discrim-
inatory indices have provided considerable clarity to the research in this field.

3. Aspergillus fumigatus Genotyping Methods

Molecular typing, consisting of methods for the direct examination of DNA se-
quences, was developed to supersede phenotypic methods, considered to be less reliable
and discriminative [28]. In addition to their primary use for discriminating members of
the species A. fumigatus, genotyping studies have led to the discovery of new pathogenic
species, e.g., A. lentulus [29], and to the discovery of several cryptic Aspergillus species not
known previously to be pathogenic (reviewed in [26]). Two early reviews discussed thor-
oughly the benefits and disadvantages of the early techniques, including multilocus se-
quence typing (MLST) and a method to detect microsatellite length polymorphisms
(MLPs) [26,27]. The latter technique consists of a panel of nine markers, each comprising
numerous short tandem repeats (STR) (or variable number of tandem repeats, VNTR, in
some papers) for fingerprinting A. fumigatus isolates (or STRAf) [30]. The STRAf technique
achieves a high discriminatory power and remains the current gold standard [31]. As STR
polymorphisms are based on varying numbers of repeated short DNA fragments in non-
coding regions, they are expected to be more polymorphic and rapidly evolving than, for
example, MLST markers, which are based on discriminating single-nucleotide polymor-
phisms (SNPs) in housekeeping genes [32]. This was confirmed in an early comparison of
the clinical isolates from twelve patients with IPA [33]. However, both methods are useful
depending on the purpose of the investigation. Varga’s review [26] also summarised the
outcomes of performing these typing assays, thus providing a comprehensive analysis of
the epidemiology (environmental sources, population structure, and role of MAT loci on
strain evolution) of A. fumigatus infections at that time. During this period of intense gen-
otyping method improvements, a simpler technique, based on the variable repeats within
a cell surface protein [34], was also developed that had an intermediate discriminatory
power compared to MLST and STRAf [32]. Klaassen and Osheriv [31] reviewed two fur-
ther technologies, coding tandem repeats [35] and retrotransposon insertion-site context
(RISC) typing [36], adding to the diversifying list of genotyping technologies. The differ-
ent molecular typing techniques were evaluated in terms of applicability, discriminatory
power, and technical and interpretative capabilities [37], including in the most recent re-
view [32]. These comprehensive reviews recommended genotyping techniques based on
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the epidemiological question, demonstrating that discriminatory power was key due to
the high genetic variability of A. fumigatus. Despite the diverse typing technologies, the
development of a gold standard approach, and burgeoning interest for epidemiological
studies, the paucity of investigations of A. fumigatus isolates from CPA patients was clear
in the reviews of the time [26,27,31,37].

Subsequent developments of the gold standard microsatellite-based typing assays
concentrated on improving their interlaboratory reproducibility and interpretation by in-
troducing ladders [38,39]. A further improvement was to multiplex the PCR component
of the STRAf technique while reducing the number of short tandem repeat polymorphism
microsatellite markers from nine to eight by using a revised primer set (selecting prefer-
entially trinucleotide, tetranucleotide, and pentanucleotide repeats), thus refining the dis-
criminatory power to 0.9997 [40]. Although the technical difficulties of the original STRAf
PCRs were discussed comprehensively [32] and seemed to be alleviated [40], this latter
eight-marker methodology, designated nSTRAf, does not seem to have been readily
adopted. The stability of the original STRAf markers was also investigated recently: the
trinucleotide repeats 3A and 3C were found to alter by one tandem repeat unit in three of
five A. fumigatus strains when clonally expanded more than 5-36 generations, suggesting
there was a very low level of instability that needed to be accounted for in genotyping
investigations using this method [41]. Notwithstanding these considerations, microsatel-
lite profiling has been taken up broadly despite its requirement for specialised equipment
and technical expertise. Recent typing studies have not only revealed the existence of two
genetically isolated groups within global A. fumigatus populations but also provided evi-
dence of recombination [42]. Moreover, a recent web-based programme, called AfumID,
provides an effective tool for assessing the placement of strains within a global population
of resistant strains typed with the STRAf method [43].

To provide a genotyping method that could be integrated into any clinical laboratory
undertaking routine Sanger sequencing, a new method was devised, based on hypervar-
iable tandem repeats within the exons of three surface protein-coding genes (TRESP) con-
served among filamentous fungi [44]. This method was developed by enhancing the orig-
inal, rapid single-locus sequence typing method based on coding tandem repeats in the
putative hypervariable cell surface protein A (cspA) (CSP typing) [45] that was used pre-
viously to discriminate clinical outbreak isolates from across North America [35]. The two
additional genes included an MP-2 antigenic galactomannan protein (MP2) and a hypo-
thetical protein with a CFEM domain (CFEM) [44]. Later, to improve the discriminative
index to D = 0.9972, a fourth gene, erg4B, was added and the method was renamed
TRESPERG [46]. Subsequent analyses have used either of the microsatellite typing STRAf,
hypervariable CSP typing, or MLST typing methods in combination with resistance pro-
filing to improve our understanding of the population genetics of A. fumigatus [43,46-61],
although not all these reports include isolates derived from CPA patients.

Genome sequencing methods, particularly those that combine sequence differentia-
tion with triazole susceptibility information, will provide the ultimate magnifying glass
for genotypic evaluation, although few to date relate information in the context of CPA.
A recent study using next-generation sequencing (NGS) to identify sequential mutations
in A. fumigatus arising during infections in two patients, one with IPA and the other with
an aspergilloma, demonstrated unique genotypes between the patients but identical mi-
crosatellite types among the sequential isolates from each patient. However, NGS allowed
distinction among all the strains from each patient and showed numerous nonsynony-
mous mutations in successive isolates from both patients and clearly different phenotypes
and resistance patterns, confirming the superiority of discrimination with this technique.
The most interesting observation in the isolates from the chronic aspergillosis patient was
that large genomic deletions were apparent, not present in the IPA patient, suggesting
these deletions may provide an evolutionary advantage to isolates in chronic conditions
[62]. Abdolrasouli et al. [63] used whole-genome sequencing (WGS), but not other geno-



J. Fungi 2021, 7, 152

5 of 20

typing methods for comparison, to carry out high-resolution SNP analysis of 24 A. fumiga-
tus isolates, collected worldwide from clinical and environmental sources, including tria-
zole-resistant and susceptible strains. They found that, apart from a single clade in Indian
isolates, clinical and environmental isolates were genetically indistinguishable. Moreover,
their analysis showed that triazole susceptibility/resistance, including environmental pan-
triazole resistance, occurred in diverse genetic backgrounds [63]. Interestingly, this work
also confirmed the previous observation that large deletions were apparent in some ge-
nomes, although whether these were present in clinical isolates from CPA patients could
not be determined.

The most recent study using microsatellite and WGS typing of isolates from a patient
suffering with X-linked chronic granulomatous disease, severe chronic obstructive pul-
monary disease (COPD), and ABPA, who over the course of their treatment developed an
aspergilloma, revealed 248 nonsynonymous SNPs [64,65]. Microsatellite typing deter-
mined that all isolates were isogenic, although independent analysis of the subset of
STRAf markers using AfumlID [43] elucidated different genotypes in the early strains,
even when the instability of markers 3A and 3C was considered. Clearly, NGS/WGS se-
quencing techniques are superior to other genotyping methods, although combining
markers, such as STRAf and TRESPERG, may approach the discriminatory power when
the latter approach is not possible, particularly if STRAf and/or TRESPERG results suggest
strain differences. Previous reviews have summarised eloquently the principles and char-
acteristics of early typing techniques, such as random amplified polymorphic DNA
(RAPD), multilocus enzyme electrophoresis (MLEE), and methods based on restriction
endonuclease-generated DNA fragment patterns [26,27,32,33,37]. When combined to im-
prove discrimination sufficiently, these typing methods sustain an important role in re-
search but may not be practicable in a clinical setting. The advantages and disadvantages
of the more recent A. fumigatus genotyping approaches discussed here are summarised in

Table 1.

Table 1. Overview of A. fumigatus genotyping approaches and their features.

Tvoi Discriminat
yPmg Principle iseriminatory Advantage(s) Disadvantage(s) Reference(s)
Technique Power!
hypervariable TRs 2 in 3 genes >0.997
TRESP including cyp51A resistance 0.890 specialist equipment not re- [44]
markers . quired lower resolution
hypervariable TRs in 4 genes >0.997 ease of interpretation, repro-
TRESPERG  including cyp51A resistance 0,993 ducibility [46]
markers '
TRESPERG + hypervariable TRs H; 4 genes high-resolution technical expertise
STRAf plus 9 STRs >0.999 fingerprintin: specialist equipment [46]
and cyp51A resistance markers 8P & P P
technical expertise
high-resolution specialist equipment
STRAf 9 STRs >0.999 . o o [30]
fingerprinting reproducibility
interlaboratory variation
high-resolution fingerprinting . .
nSTRAf 8 STRs 0.9997 single multiplex reaction technical expertise [40]
specialist equipment
longer, more accurate STRs
STRAf+ 9 STRs and cyp51A resistance na 4 hlgh-re.solutlon fingerprinting tec}?m.cal expertlse [43]
markers public database (AfumlID) specialist equipment
technical expertise
NGS/WGS® genome >0.999 maximum resolution specialist equipment [65,66]

bioinformatics capabilities

! Based on Simpson’s diversity index. 2 TR, tandem repeat. 3 STR, short tandem repeat polymorphism microsatellite mark-
ers; also referred to as microsatellite length polymorphisms (MLP) or variable number of tandem repeats (VNTR). “ na,
not available. > NGS, next-generation sequencing; WGS, whole-genome sequencing.
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4. Aspergillus fumigatus Genotyping Study results

Genotyping studies contribute to our knowledge of the genetic background of A. fu-
migatus and its population dynamics in various clinical as well as environmental settings
and may help to improve clinical outcomes. Previous genotyping studies of A. fumigatus
from IPA patients have been reviewed extensively [26,27,32]. In this review, we provide
an update on the latest genotyping studies with a focus on research performed in CPA
patient groups, where possible, and on environmental isolates.

4.1. Distinguishing the Nature of Infection

Part of molecular epidemiology concerns using genotyping techniques to ascertain
the pathogen-related factors that influence disease manifestation [5]. Past studies investi-
gated whether A. fumigatus isolated from IPA patients was distinct from other strains (re-
viewed in [26,27]). A significant difficulty in drawing conclusions from these early studies
is that many predate the classifications that would now be used to stratify IPA patients
according to the revised criteria of the European Organisation for Research and Treatment
of Cancer (EORTC) [67]. A study of the local epidemiology of A. fumigatus analysed from
52 airway specimens from 12 IPA patients in three centres revealed that only one patient
in each centre demonstrated a single genotype, and that the rest of the patients had mixed
genotypes that were unique to them and unique among the three centres [33]. This study
attested to the diversity of isolates found using the STRAf method and confirmed previous
findings [11,25]. In a later study, using the precursor method to STRAf[68], isolates from
IPA patients were found to be less variable than and different to those from patients col-
onised with A. fumigatus, although there was some crossover in patients with mixed gen-
otypes [69]. In contrast, a more recent study of 1373 isolates from 95 patients that used the
2008 EORTC criteria to stratify IPA patients from those colonised with A. fumigatus re-
vealed that although STRAf detected 395 genotypes, it could not discriminate between
isolates from IPA patients and those who were colonised [70]. Moreover, in the previously
reviewed study that suggested RAPD typing could differentiate among A. fumigatus iso-
lates derived from patients with IPA and lung transplant patients with a variety of other
aspergillosis conditions [25], the stratification of the patients included in the study was
uncertain and the discriminatory power was not ideal [26].

One of the few genotyping studies performed on A. fumigatus strains from IPA and
CPA patients revealed the existence of 99,088 SNPs using NGS [66] and illustrates the
importance of diagnostic classification [3]. The genotypes from 17 Japanese strains were
analysed from patients with either chronic necrotising pulmonary aspergillosis (now
called subacute invasive pulmonary aspergillosis, or SAPA), defined by the authors as
IPA in their previous study [62], or pulmonary aspergillomas, the most benign form of
CPA [1]. The STRAf genotypes of the set of isolates from both patients were unique but
isogenic. However, the three clades that resulted from NGS analysis did not correlate
solely with either pathological condition nor were any SNPs found to be associated with
the medication history profile [66]. Interestingly, if the isolates from the SAPA patient had
instead been classified as the extreme end of the chronic aspergillosis spectrum [1,62], the
fact that isolates from either patient did not segregate into different clades would not have
been so surprising. This study did illustrate that NGS had far superior discrimination as
the novel SNPs offer prospects for further investigation of the nature of infection caused
by A. fumigatus and the mechanisms used to adapt to the host, although there is little sup-
port for differentiation among isolates causing invasive and chronic diseases.

Until further studies include the use of higher-resolution genotyping in conjunction
with investigations that elucidate the adaptability of A. fumigatus to generate genetic di-
versity [14], the genetic differences that predispose some strains of A. fumigatus to cause
IPA, simply colonise, or eventually cause chronic infections remain unknown. However,
A. fumigatus is only one factor in this pathogen-host relationship. The breadth of the host
spectrum between allergic and invasive aspergillosis, the former characterised by immune
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hyperactivity and the latter by immune dysfunction, with the chronic conditions some-
where within this spectrum [2], suggests the infective organisms should differ. Recent
studies have shown that A. fumigatus virulence is dependent on the ability to adapt to
stresses in the lung, such as hypoxia, nutrient availability, and engulfment by host phag-
ocytes [71], which suggests that although any strain may be able to colonise, it is those
strains that adapt to the lung environment that cause infection, presumably quickly in the
case of IPA and over time in the case of CPA. Until further comparisons dissect the path-
ogen and host at the genomic level and are complemented by phenotypic/metabolomic
analyses, this will remain an intriguing question.

4.2. Genomic Dynamics during Infection

Genotypic analyses of multiple isolates obtained from single patients over time
demonstrate the adaptability of A. fumigatus to the host environment during infection,
which is especially pertinent in chronic, but also allergic diseases [47-49,62,64]. Infection
in the IPA patient could be a consequence of a single or limited exposure/inoculation event
but the same cannot be said in CPA patients and other chronic diseases, e.g., cystic fibrosis
(CF). How do we tell the difference between microevolution and succession, where dif-
ferent strains coexist with presumably equal potential for exacerbations? Microsatellite
typing has shown microevolution of A. fumigatus in CPA patients with aspergillomas [48].
In this study, eight isogenic isolates displaying three different triazole resistance mecha-
nisms were found within the same patient over the course of 1.5 years, suggesting the
adaptability of A. fumigatus to drug therapy in the CPA setting [48]. Another single patient
study analysed 92 A. fumigatus isolates obtained from aspergillomas of three CPA patients
[49]. Although a level of microevolution was shown in two patients, the diversity in the
third patient was clearly due to colonisation by multiple A. fumigatus genotypes. Argua-
bly, microsatellite typing may not have had the resolution to determine whether the
strains in these studies were identical, particularly as they showed major phenotypic and
growth differences [48,49]. These two studies highlight the complexity of genotyping in
CPA patients where the potential for colonisation by multiple stains complicates analyses
due to the difficulty in assessing whether genotypes are genuinely isogenic unless
NGS/WGS data are available. Similar findings in a study of CF patients suggest that nu-
merous mechanisms explain the genetic landscape of A. fumigatus in chronically colonised
patients [72]. This is further illustrated in a study of WGS data used to assess the genetic
adaptability of thirteen A. fumigatus isolates obtained over a period of two years from a
single patient with recurrent aspergillosis [64]. Microsatellite typing did not provide suf-
ficient resolution in this study, but WGS demonstrated the existence of in-host microevo-
lution by identifying a total of 248 SNPs, including a wide range of resistant SNPs, which
were thought to have developed during the course of infection and as a result of antifun-
gal therapy.

Clearly, assessing genotypes to determine the microevolution and/or succession of A.
fumigatus in CPA patients is complicated by the reality of coinfection with multiple strains,
as has also been shown in the CF lung [73] and reviewed in Vanhee et al. [27]. These studies
showed the full spectrum of epidemiology, from unique genotypes in a significant propor-
tion of CF patients to those with a predominant genotype or genotypes that succeeded each
other, and patients with mixed coexisting genotypes. To dissect these relationships fully re-
quires the discriminatory power of WGS/NGS performed over a significant period and
abundance of contiguous sampling, requirements that are not easy to achieve.

4.3. Routes of Transmission

Patients can be colonised/infected with ubiquitous, airborne A. fumigatus spores an-
ywhere at any time [74,75], attesting to the vigour of this species. Genotyping can disclose
the source of infection, which facilitates the development of preventive measures, focus-
ing on the living environment of vulnerable patients such as domiciles and hospitals. It
can also reveal genotypic distinction between clinical isolates and environmental isolates
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and therefore exclude a common source during a suspected outbreak of nosocomial infec-
tion, usually associated with IPA, as reviewed recently [76,77]. Here, we present evidence
pertinent to the IPA setting that may be relevant to CPA patients in the context of the
increasing global risk of infection from environmental sources of A. fumigatus triazole-
resistant strains.

Hospital-acquired aspergillosis is associated with environmental contamination,
with genetic diversity reportedly high among indoor sampling sites, particularly during
renovations [10,35,78-86]. For example, Aspergillus spp. can be isolated not only from the
air and air conditioning but also from equipment and multiple hospital sites, such as car-
pets, walls, beds and blankets, sinks, trolleys, and medical devices [80]. Several patients
attending particular clinics, e.g., the intensive and emergency care units in a Portuguese
hospital, carried A. fumigatus strains with identical microsatellite genotypes associated
with the one found in that unit, suggesting that these patients were colonised during their
hospitalisation [40]. A nosocomial origin of A. fumigatus infections was also seen in lung
transplant recipients, underlining the need for careful environmental monitoring of units
in which high-risk patients are housed [87]. Genotyping studies have instructed preven-
tion strategies for healthcare-associated aspergillosis transmission during hospital reno-
vations [88]. Moreover, genotyping studies have informed recommendations for environ-
mental infection control in healthcare facilities [89], particularly with respect to ventilation
systems during renovations [90-92].

It has been shown that along with air as a major source for A. fumigatus contamina-
tion, water is also a source of strains causing infections [12,78]. In one hospital study in
Norway, A. fumigatus strains recovered from locations inside and outside the hospital
clustered in different genetic groups based on whether they were isolated from air or wa-
ter. Moreover, there was close genetic relatedness between strains recovered from some
IPA patients and air or water strains, attesting to the requirement for control measures to
limit environmental hospital transmission [12]. In a fatal case of IPA, the STRAf genotypes
of A. fumigatus strains isolated from a patient’s home (bedroom, bathroom, and basement)
were found to be identical to the clinical isolate [13]. This case highlights the importance
of environmental monitoring of the living environment of high-risk patients.

Case studies have suggested patient transmission is rare but possible [93,94], alt-
hough less likely, between CPA patients. An interesting study described a hospitalised
patient who was colonised by A. fumigatus during their hospital stay and became a source
of airborne A. fumigatus contamination. Careful STRAf genotypic analysis of air and pa-
tient respiratory samples revealed not only the time frame during which the patient ac-
quired their A. fumigatus strain but also that the patient was subsequently the source of A.
fumigatus contamination in other rooms during their stay [93]. More evidence for potential
patient-to-patient transmission was revealed by isogenic A. fumigatus STRAf genotypes
from two CF patient cough samples in a recent study [95]. Notwithstanding the few case
reports of patient transmission of A. fumigatus, environmental sources are most likely to
be the main route of transmission.

4.4. Geographical Distribution of the Genetic Diversity of Aspergillus fumigatus

International and multicentre genotyping studies facilitate our understanding of the
global genetic diversity and population structure of A. fumigatus. A recent review con-
cluded that these techniques, particularly if used in isolation, did not show clustering
among environmental and clinical isolates or any geographical clustering [32], which is
generally substantiated in this update. In an early study using multilocus enzyme electro-
phoresis (MLEE), Bertout et al. revealed extensive genetic variability in 50 A. fumigatus
isolates from 11 IPA patients obtained from three hospitals within a small geographic area,
with significant diversity among geographic sites but less diversity within sites [96]. They
recommended considering the local epidemiology of A. fumigatus for geographically dis-
tinct areas. In contrast, a later international study of environmental and clinical samples
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from Africa, Europe, North and South America, and Asia found no evidence to demon-
strate a clear correlation between genotype and geography using a more discriminative
microsatellite typing method [42]. Klaassen et al. used CSP typing to analyse their collec-
tion of 209 Dutch clinical isolates [34] and compared their results to North American gen-
otyping data [35]. Both studies assigned the same most common CSP genotypes in their
collections, suggesting a global distribution but a lack of clearly geographically separated
A. fumigatus populations. However, a later study by the same group, using a more exten-
sive set of genotyping markers including STRAf, CSP, and MLST typing, revealed evi-
dence that Dutch clinical and environmental isolates were genetically differentiated into
five distinct populations, suggesting a predominantly clonal mode of expansion but no
geographic relationship [97]. Further, in a multicentre study in India, the distribution pat-
terns of genotypes derived by combining PCR fingerprinting, MLST, STRAf microsatel-
lite, and mating types varied widely among clinical and environmental strains, with some
genotypes found in different locations while others found clustered together in the same
geographical region, also suggesting clonal expansion of the latter population [98]. In a
later study using CSP genotyping alone, clinical and environmental samples from differ-
ent geographic regions were analysed, adding to the representation of the global A. fu-
migatus population [99]. Prevalent CSP genotypes were reported to be present in multiple
countries; however, some types were found to be country-specific. Ultimately, this study
found no distinctive population structures, although the greatest genetic diversity was
found in Mexico and the least in French A. fumigatus populations. Finally, in an extensive
genotyping study that assessed the progress made in dissecting the geographical genetic
diversity of A. fumigatus, STRAf microsatellite markers were used to analyse 2026 A. fu-
migatus isolates from 13 countries in 4 continents [100]. Their evidence demonstrated a
low, but significant, contribution of geographical isolation and adaptation to ecological
niches to the diversity of A. fumigatus segregated among eight broad genetic clusters.
Moreover, the study demonstrated significant evidence of gene flow, both between envi-
ronmental and clinical isolates and between geographic populations, giving rise to a lim-
ited, but significant, genetic differentiation among geographic populations [100].
Notwithstanding the difficulties of establishing the relationship between genetic di-
versity and geographic distribution using different genotyping methods, the consensus is
that the high genetic variability in the population structure and the broad distribution of
A. fumigatus genotypes worldwide is not solely based on asexual reproduction as alluded
to in previous studies [97,100-102]. Several genotyping studies incorporating mating type
loci in their analyses demonstrated their resolving power within otherwise isogenic
groups [12,69,98,103], although mating markers do not play a role in virulence per se [104].
The existence of a sexual cycle in A. fumigatus was only discovered recently and seems to
occur more frequently than previously thought [101,102], as evidenced by the high genetic
diversity of environmental isolates obtained from a compost heap, suggesting sexual or
parasexual recombination events, rather than clonal reproduction [105]. Confirmation of
this theory was provided in a laboratory study in which the sexual cross between two TRus
isolates from the same triazole-containing compost resulted in the recovery of a novel pan-
triazole-resistant mutation (TR4s (3)/Y121F/M1721/T289A/G448S) [106]. However, differ-
ent geographic substructures were found among triazole-resistant and susceptible popu-
lations, with resistance to multiple antifungal triazole drugs being driven by clonal ex-
pansion rather than sexual recombination [100]. Clearly, the incorporation of resistance
markers in genotyping investigations provides further epidemiological resolution.

5. Genetic Diversity and Geographical Distribution of Triazole-Resistant
A. fumigatus Strains

Triazole resistance complicates the diagnosis and treatment of aspergillosis and the
resulting therapeutic failures significantly increase mortality rates [4,107]. The global
prevalence of triazole-resistant A. fumigatus is a major clinical concern and therefore
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guidelines on the management and diagnosis of Aspergillus diseases, including CPA, rec-
ommend resistance testing in combination with local resistance surveillance [3,108].

Two routes of antifungal resistance acquisition are identified, both due to selective
pressures from the extensive use of antifungals [109,110]. Long-term triazole antifungal
drug treatment can facilitate selection of A. fumigatus resistance by causing in-host micro-
evolution [111,112]; these mechanisms are mainly due to nonsynonymous mutations in
the lanosterol 14a-demethylase drug target, cyp51A, and have been reviewed elsewhere
[4,113,114]. Unusually, in a recent case study of fatal aspergillosis, STRAf typing and WGS
revealed the acquisition of a new triazole resistance mechanism (TRi20) in vivo due to long-
term triazole therapy [115]. The second identified route is through the dissemination of
triazole-resistant isolates in the environment due to extensive use of agricultural azole
fungicides (Cl4-demethylase inhibitors (DMlIs)) related to those used clinically [116].
These mutations are characterised by specific cyp51A SNPs coincident with tandem repeat
sequence insertions upstream of the gene, abbreviated as TR34/L98H, known to confer
pan-azole resistance, and TR46/Y121F/T289A, which confers voriconazole resistance [109].
Evidence for environmental transmission is shown by the fact that patients with no known
history of clinical triazole exposure harbour triazole-resistant strains [117-119], increas-
ingly supported by microsatellite and CSP genotypic data [120,121] and reviewed recently
[122,123]. An interesting study supporting the development of A. fumigatus environmental
TR46/Y121F/T289A resistance due to fungicide exposure in compost heaps found that the
prevalence of triazole-resistant isolates from the compost with triazole exposure was 91%,
and only 2% in the compost without triazole exposure [106]. Another Dutch study deter-
mined environmental plant waste hot spots and reservoirs for the development of both
TR34/L98H and TR46/Y121F/T289A resistance along with guidance on preventative
measures [124]. The scientific literature has seen an explosion of accounts of A. fumigatus
triazole resistance of putative environmental origin in clinical isolates in the last decade
[4,113,125-127]. However, the debates about whether the origin of some resistance mech-
anisms is purely environmental in origin [126] or due to agricultural fungicide application
[128] or not [129] continue and could be clarified if genotyping of all strains was routinely
included in such studies. Since patient-to-patient transmission is possible but rare, it is
unlikely that long-term triazole therapy in patients has a wider effect on the community.
Therefore, environmental sources are likely to represent a greater and more continuous
burden of triazole-resistant A. fumigatus strains.

Genotyping data from the Netherlands and various other European countries
demonstrated reduced genetic diversity of TR34/L98H isolates compared to those with
other resistance mechanisms or wild-type control strains, suggesting a common ancestor
for and recent emergence of this resistance mutation [50]. It is suggested that the
TR34/L98H resistance mutation would have emerged around 1997 in the Netherlands and
migrated across Europe where, since then, genetically related TR34/L98H isolates have
been found in France, Germany, Italy, Spain, and the United Kingdom [46,51,63,118].
However, the migration of TR34/L98H strains is not limited to Europe, as genotypic anal-
yses of Japanese strains revealed clustering with Dutch and French strains [52]. Environ-
mental A. fumigatus isolates in Iran have also been found to display a single TR34/L98H
genotype closely related to Dutch and Indian isolates [53].

Interestingly, microsatellite genotypic analysis has revealed local clusters in India not
closely related to triazole-resistant TR34/L98H isolates from the Netherlands and other
European countries, first reported in 2012 [54]. Microsatellite genotypic analysis revealed
a unique genotype across all Indian triazole-resistant clinical and environmental isolates
tested, distinct from Chinese, Middle Eastern, and European TR34/L98H strains [55,56]. It
has been suggested that this distinctive genotype was derived from a cross between a
triazole-resistant strain migrated from outside of India and a native triazole-susceptible
strain from within India followed by recombination [55]. Recent reports showing genetic
relatedness among isolates from India, Kuwait, and Iran suggest that Indian triazole-re-
sistant isolates have migrated outside Asia [57,58].
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The phenomenon of localised genetic TR34/L98H clusters has been recorded in other
countries. It is thought that Chinese TR34/L98H/S297T/F4951 strains developed under the
selection pressure of imidazole fungicides [59]. In another study in China, both unique
and clonal genotypes were found among clinical isolates harbouring TR34/L98H re-
sistance profiles [130]. In Germany, local factors were suggested to cause the increased
prevalence of specific genotypes not found elsewhere, although there was evidence of
dispersion of known genotypes from the Netherlands [51]. Cameroonian strains demon-
strated significantly novel allelic and genotypic diversity compared to A. fumigatus popu-
lations reported in Europe, Asia, and North America [60]. In Taiwan, both the global
spread of TR34/L98H isolates and local genetic clustering of clinical and environmental
TR34/L98H has been observed [61], although local clustering of microsatellite genotypes
was not limited to TR-related resistance strains. In Romania, as well as in India, unique
microsatellite profiles were also found among the environmental triazole-resistant isolates
harbouring the G45E mutation [131].

Several broad analyses incorporating genotyping of global A. fumigatus strains have
revealed insights into the mechanisms of acquisition of environmental triazole resistance,
confirming the role of sexual recombination events as a basis for diversification and local-
ised clonal expansion once triazole-resistant strains have adapted and become established
[14,100,123]. Review of this evidence in a timely manner reveals progressive develop-
ments in our understanding of these mechanisms and relies on the more discriminative
genotyping methods. The earliest WGS study showed that the genetic diversity of twenty-
four triazole-resistant A. fumigatus strains was equivalent within countries and between
continents, except for India, where the recent clonal expansion was explained by a highly
adapted genotype [63]. This study demonstrated that there was no phylogenetic differ-
ence between clinical and environmental strains and that azole resistance due to
TR34/L98H could occur in diverse genetic backgrounds, in both clinical and environmen-
tal isolates [63]. A later study of a considerably larger strain set reported low but statisti-
cally significant genetic diversity among geographic and ecological populations of A. fu-
migatus using STRAf genotyping [100]. Further, this study did demonstrate differences
among triazole-resistant and susceptible strains, commensurate with adaptation to local-
ised drug pressures. Finally, an extensive STRAf study using 4049 A. fumigatus worldwide
strains revealed that A. fumigatus was subdivided into two broad clades [43], with the
environmental mutations TR34/L98H and TR46/Y121F/T289A unevenly distributed
across them. Identical STRAf genotypes were isolated from both clinical strains and envi-
ronmental locations and found globally distributed, confirming triazole resistance as an
international public health concern. However, the genetic differences demonstrated in the
previous large dataset study [100] were confirmed, demonstrating that resistant strains
were significantly less diverse than triazole-susceptible ones [43].

Clearly, there are concerns about the geographical distribution of A. fumigatus re-
sistant genotypes. Natural forces such as wind may contribute to the migration of the air-
borne A. fumigatus conidia as well as the impact of human travel and trade. Identical gen-
otypes have been found across multiple centres and countries, sometimes separated by
thousands of kilometres [55]. This theory was recently confirmed in New Zealand, one of
the most isolated countries, which should have genetically unique populations if migra-
tion were non-existent. STRAf analysis of 104 Auckland soil samples showed mixed ori-
gins, including both indigenous as well as recently introduced genetic elements from
other geographic areas [132], reinforcing the role for microsatellite genotypic analysis and
continual local surveillance.

6. Genotyping of Aspergillus fumigatus Isolates from the UK National
Aspergillosis Centre

The importance of local resistance surveillance, along with a paucity of CPA geno-
typing studies, suggested closer monitoring of the patients attending the UK National As-
pergillosis Centre (NAC) clinic. We performed a small study using our database of clinical
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A. fumigatus isolates derived from CPA patients located in different geographical regions
of the UK, who had visited the clinic for more than 2 years [133]. A total of 31 A. fumigatus
isolates collected from 14 CPA patients, along with two reference strains, were analysed
by both nSTRAf and TRESPERG genotyping methods [40,46].

A total of 23, 20, and 24 genotypes were identified by nSTRAf, TRESPERG, and the
two methods combined, respectively, indicating significant diversity (Figure 1). All iden-
tical genotypes were found in strains collected from the same patients. In contrast, several
different genotypes were found in some patients (A, D, ], K), suggesting multi-colonisa-
tion by A. fumigatus. Identical genotypes with different triazole resistance patterns were
also observed (patients B and D), which suggested resistance occurred due to long-term
treatment with antifungal drugs. On the other hand, strains with identical susceptibilities
that differed in the repeat numbers in several markers were also found, possibly explained
by microevolution.

2 Key Resistance type MC3 MC1 MC8 MC5 MC2 MCea MC7 MCeb ERG_1 CFEM_1 CSP_1 MP2_1

28-M TR 7 6 10 29 10 El & 2 el7 c22 101 mi.1
29-M TR 7 6 10 29 10 9 & 5 e07 €22 101 mil
30-M TR 7 6 10 27 10 9 & 5 el7 €22 101 mi.1
25K S 26 123 5 20 7 9 & 10 e07 cO5A 01 m3.8
16-E 8 29 183 20 18 7 1 3 22 el7 cOBA 101 mi.1
01-A S 19 133 5 18 10 10 & 9 e07 cO8A 104A mi3
10-0 8 19 1583 & 26 13 10 & 10 el7 cOBA 103 mb5.5
02-A S 21 13 5 26 8 10 9 9 e07 cO8A 103 mil
14-D S 10 1.3 21 26 12 10 El 9 e07 cOBA 102 mi3
03-B  non-TR 23 133 10 21 8 10 & 9 e07 cl0 103 mi1
04-B  non-TR 23 133 10 21 3 10 & 9 el7 cl10 103 mi.1
05-B  non-TR 23 133 10 21 8 10 & 9 e07 cl0 103 mi1
06-B  non-TR 23 13.3 10 21 8 10 & 9 el7 cl0 103 mi.1
07-B S 23 133 10 21 8 10 & 9 el7 cl0 103 mi1
23-J S 19 123 5 27 8 13 & 9 e07 c10 103 mi.1
22-J S 18 13 5 21 8 1 7 8 e09 cO5A 103 mi1
31-N 8 16 113 5 20 8 10 7 8 e06 co7 103 m1.10
26-L non-TR 13 6 5 30 8 10 & 8 e07 cO8A 103 mi.6
27-L non-TR 13 6 5 30 8 10 & 8 e07 cOBA 103 mi.6
08-C  non-TR 1 3 5 18 8 9 7 8 e07 cO8A 103 mi1
09-C  non-TR 1 6 5 18 8 9 7 8 e07 cOBA 103 mi.1
15D S 18 133 7 18 8 9 & 8 e09 cO8A 103 mi1
1Mo 8§ 6 2 20 15 8 El El 8 €16 c09 104A mi.1
13-D  non-TR 6 5 20 15 8 9 9 8 el c09 102 mi1
18-G = non-TR 7 3 20 15 8 ] El 8 €16 c09 102 mil
12D S 7 5 8 15 8 9 El 8 els c09 102 mi1
21-J S 10 6 21 15 3 El El 8 e0s c09 102 mi.2
24K 8 9 3 19 15 8 1 10 8 eld cO8A i1 miz2
17-F S 17 183 5 27 15 11 26 16 €16 cO3A 101 ms5.5
19-H  non-TR 17 13 8 15 17 12 15 16 ell clé 01 m3.4
20-1 S 17 15.3 10 12 14 13 T 9 €16 cl6 104A m3.4

Figure 1. Dendrogram of 29 clinical chronic pulmonary aspergillosis (CPA) and 2 reference isolates. MC3-MC6b were the
8 markers of the nSTRAf method [40]. ERG_1-MP2_1 were the 4 markers of the TRESPERG method [55]. TR represents
tandem repeat in the cyp51A gene and non-TR represents resistance types other than tandem repeat, while S represents
triazole-sensitive (itraconazole, voriconazole, posaconazole, and isavuconazole were tested using the EUCAST method
[134]). More than three isolates per patient were analysed in four of fourteen patients, designated by unique capital letters.

As expected, isolates harbouring a tandem repeat (TR) resistance mechanism
grouped together in one cluster as they originated from one patient, while strains with
triazole susceptibility (S) or triazole resistance due to nonsynonymous cyp51A mutations
(non-TR) were distributed in several clusters (Figure 2). Although limited, these data sug-
gest that non-TR strains are as genetically diverse as susceptible isolates in this snapshot
population and more diverse than TR triazole-resistant isolates.
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Figure 2. Minimum spanning tree of 29 clinical and 2 reference A. fumigatus isolates generated by
considering the combined nSTRAf and TRESPERG data. Each circle shows a unique genotype. The
different colours of the circles indicate the cyp51A modifications, grouped as triazole-susceptible
(S), triazole-resistant with tandem repeats (TR), and triazole-resistant with nonsynonymous
cyp51A mutations (non-TR).

The combined nSTRAf and TRESPERG method seemed to have sufficient discrimi-
natory power for epidemiology investigation, only limited due to the small number of
patients and lack of environmental isolates. However, what is demonstrated by these data
is the importance of considering non-TR resistance alongside genotyping data to reveal
not only the genetic diversity of A. fumigatus over time, but also the origin and evolution
of resistance over extended periods of antifungal treatment. This may inform the
timeframe for the development of resistance in the CPA setting and could eventually lead
to better treatment outcomes for CPA patients.

7. Conclusions

Alongside the usual consequences of molecular epidemiological studies informing
environmental monitoring and clinical surveillance, genotyping data combined with re-
sistance and mating type markers have allowed for the elucidation of the mechanisms for
the global diversity of A. fumigatus. This has been accomplished by the significant im-
provements to genotyping techniques over the last 20 years and the realisation of the min-
imal criteria by which diversity can be detected and monitored. The dawn of more widely
available NGS/WGS techniques for elucidating the genetic diversity of A. fumigatus should
address the paucity of epidemiological studies of chronic aspergillosis conditions and de-
cipher the mechanisms of resistance development in this more complicated setting. How-
ever, a significant limitation of genotyping studies to date is their reliance on culture. Hav-
ing introduced the use of NGS5/WGS methods, the next major advance is to engage this
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technology and shed light on the actual diversity in the lungs using patient respiratory
samples directly. The current knowledge about diversity and resistance profiling may be
turned on its head once mycobiomes from different patient groups are revealed and rep-
resentatives of different sources are compared globally using more diverse loci than are
currently considered.

Author Contributions: M.H.v.d.T. performed the literature review; M.H.v.d.T. and L.N.-F. co-wrote
the review; H.S. performed the experiments and analysis; all authors participated in the critical re-
view and editing. All authors have read and agreed to the published version of the manuscript.

Funding: H.S. was funded by the China Scholarship Council (201608440319) and the Baoan District
Medical and Healthcare Research Foundation (2020JD437). M.H.v.d.T. was supported by the North
West Lung Centre Charity (LT052) during the writing of this review. L.N.-F., M.D.R., and R.R.-R.
received salary support from the NIHR Manchester Biomedical Research Centre.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Page: 14
Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the work being part of a University
of Manchester Master in Science dissertation.

Acknowledgments: The authors would like to thank all members of the Mycology Reference Centre
Manchester (MRCM) and the National Aspergillosis Centre (NAC) teams for their support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Kosmidis, C.; Denning, D.W. The clinical spectrum of pulmonary aspergillosis. Thorax 2015, 70, 270-277, doi:10.1136/thoraxjnl-
2014-206291.

Maghrabi, F.; Denning, D.W. The Management of Chronic Pulmonary Aspergillosis: The UK National Aspergillosis Centre
Approach. Curr. Fungal Infect. Rep. 2017, 11, 242-251, d0i:10.1007/s12281-017-0304-7.

Denning, D.W.; Cadranel, ].; Beigelman-Aubry, C.; Ader, F.; Chakrabarti, A.; Blot, S.; Ullmann, A.].; Dimopoulos, G.; Lange, C.
Chronic pulmonary aspergillosis: rationale and clinical guidelines for diagnosis and management. Eur. Respir. |. 2016, 47, 45—
68, doi:10.1183/13993003.00583-2015.

Lestrade, P.P.A.; Meis, ].F.; Melchers, W.].G.; Verweij, P.E. Triazole resistance in Aspergillus fumigatus: recent insights and
challenges for patient management. Clin. Microbiol. Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 2019, 25, 799-806,
doi:10.1016/j.cmi.2018.11.027.

Riley, L.W.; Blanton, R.E. Advances in Molecular Epidemiology of Infectious Diseases: Definitions, Approaches, and Scope of
the Field. Microbiol. Spectr. 2018, 6, doi:10.1128/microbiolspec. AME-0001-2018.

King, P.; Pham, L.K,; Waltz, S.; Sphar, D.; Yamamoto, R.T.; Conrad, D.; Taplitz, R.; Torriani, F.; Forsyth, R.A. Longitudinal
Metagenomic Analysis of Hospital Air Identifies Clinically Relevant Microbes. PLoS ONE 2016, 11, e0160124,
doi:10.1371/journal.pone.0160124.

van der Linden, ].W.; Camps, S.M.; Kampinga, G.A.; Arends, ].P.; Debets-Ossenkopp, Y.J.; Haas, P.J.; Rijnders, B.J.; Kuijper, E.J.;
van Tiel, F.H.; Varga, J.; et al. Aspergillosis due to voriconazole highly resistant Aspergillus fumigatus and recovery of
genetically related resistant isolates from domiciles. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2013, 57, 513-520,
d0i:10.1093/cid/cit320.

Chen, Y.C; Kuo, S.F.; Wang, H.C.; Wu, CJ; Lin, Y.S.; Li, W.S.; Lee, C.H. Azole resistance in Aspergillus species in Southern
Taiwan: An epidemiological surveillance study. Mycoses 2019, 62, 1174-1181, doi:10.1111/my<c.13008.

Dauchy, C.; Bautin, N.; Nseir, S.; Reboux, G.; Wintjens, R.; Le Rouzic, O.; Sendid, B.; Viscogliosi, E.; Le Pape, P.; Arendrup, M.C.;
et al. Emergence of Aspergillus fumigatus azole resistance in azole-naive patients with chronic obstructive pulmonary disease
and their homes. Indoor Air 2018, 28, 298-306, doi:10.1111/ina.12436.

Godeau, C.; Reboux, G.; Scherer, E.; Laboissiere, A.; Lechenault-Bergerot, C.; Millon, L.; Rocchi, S. Azole-resistant Aspergillus
fumigatus in the hospital: Surveillance from flower beds to corridors. Am. ]. Infect. Control 2020, 48, 702-704,
doi:10.1016/j.ajic.2019.10.003.

Tang, C.M.; Cohen, |.; Rees, A.].; Holden, D.W. Molecular epidemiological study of invasive pulmonary aspergillosis in a renal
transplantation unit. Eur. ]. Clin. Microbiol. Infect. Dis. Off. Publ. Eur. Soc. Clin. Microbiol. 1994, 13, 318-321,
doi:10.1007/bf01974610.



J. Fungi 2021, 7, 152 15 of 20

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Warris, A.; Klaassen, C.H.; Meis, J.F.; De Ruiter, M.T.; De Valk, H.A.; Abrahamsen, T.G.; Gaustad, P.; Verweij, P.E. Molecular
epidemiology of Aspergillus fumigatus isolates recovered from water, air, and patients shows two clusters of genetically
distinct strains. J. Clin. Microbiol. 2003, 41, 4101-4106, d0i:10.1128/jcm.41.9.4101-4106.2003.

Lavergne, R.A.; Chouaki, T.; Hagen, F.; Toublanc, B.; Dupont, H.; Jounieaux, V.; Meis, J.F.; Morio, F.; Le Pape, P. Home
Environment as a Source of Life-Threatening Azole-Resistant Aspergillus fumigatus in Immunocompromised Patients. Clin.
Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2017, 64, 76-78, d0i:10.1093/cid/ciw664.

Verweij, P.E.; Zhang, ].; Debets, A.].M.; Meis, ].F.; van de Veerdonk, F.L.; Schoustra, S.E.; Zwaan, B.].; Melchers, W.].G. In-host
adaptation and acquired triazole resistance in Aspergillus fumigatus: a dilemma for clinical management. Lancet. Infect. Dis.
2016, 16, €251-e260, d0i:10.1016/s1473-3099(16)30138-4.

Tekaia, F.; Latgé, ].P. Aspergillus fumigatus: saprophyte or pathogen? Curr. Opin. Microbiol. 2005, 8, 385-392,
doi:10.1016/j.mib.2005.06.017.

Hohl, T.M.; Feldmesser, M. Aspergillus fumigatus: principles of pathogenesis and host defense. Eukaryot. Cell 2007, 6, 1953—
1963, doi:10.1128/ec.00274-07.

Sharpe, R.A.; Cocq, K.L.; Nikolaou, V.; Osborne, N.J.; Thornton, C.R. Identifying risk factors for exposure to culturable allergenic
moulds in energy efficient homes by using highly specific monoclonal antibodies. Environ. Res. 2016, 144, 32-42,
doi:10.1016/j.envres.2015.10.029.

Richardson, M.; Rautemaa-Richardson, R. Exposure to Aspergillus in Home and Healthcare Facilities” Water Environments:
Focus on Biofilms. Microorganisms 2019, 7, 7, d0i:10.3390/microorganisms7010007.

Bongomin, F.; Gago, S.; Oladele, R.O.; Denning, D.W. Global and Multi-National Prevalence of Fungal Diseases-Estimate
Precision. J. Fungi 2017, 3, 57, d0i:10.3390/jof3040057.

Denning, D.W.; Pleuvry, A.; Cole, D.C. Global burden of chronic pulmonary aspergillosis as a sequel to pulmonary tuberculosis.
Bull. World Health Organ. 2011, 89, 864-872, d0i:10.2471/blt.11.089441.

Denning, D.W.; Pleuvry, A.; Cole, D.C. Global burden of chronic pulmonary aspergillosis complicating sarcoidosis. Eur. Respir.
J. 2013, 41, 621-626, doi:10.1183/09031936.00226911.

Barac, A.; Kosmidis, C.; Alastruey-Izquierdo, A.; Salzer, H.].F. Chronic pulmonary aspergillosis update: A year in review. Med.
Mycol. 2019, 57, S104-s109, d0i:10.1093/mmy/myy070.

van der Linden, J.W.; Arendrup, M.C.; Warris, A.; Lagrou, K.; Pelloux, H.; Hauser, P.M.; Chryssanthou, E.; Mellado, E.; Kidd,
S.E.; Tortorano, A.M.; et al. Prospective multicenter international surveillance of azole resistance in Aspergillus fumigatus.
Emerg. Infect. Dis. 2015, 21, 1041-1044, d0i:10.3201/eid2106.140717.

Mondon, P.; Thély, J.; Lebeau, B.; Ambroise-Thomas, P.; Grillot, R. Virulence of Aspergillus fumigatus strains investigated by
random amplified polymorphic DNA analysis. J. Med. Microbiol. 1995, 42, 299-303, doi:10.1099/00222615-42-4-299.

Mondon, P.; Brenier, M.P.; Symoens, F.; Rodriguez, E.; Coursange, E.; Chaib, F.; Lebeau, B.; Piens, M.A; Tortorano, A.M.; Mallié,
M.; et al. Molecular typing of Aspergillus fumigatus strains by sequence-specific DNA primer (SSDP) analysis. FEMS Immunol.
Med. Microbiol. 1997, 17, 95-102, doi:10.1111/j.1574-695X.1997.tb01001 .x.

Varga, J. Molecular typing of aspergillii Recent developments and outcomes. Med. Mycol. 2006, 44, S149-s169,
doi:10.1080/13693780600823266.

Vanhee, L.M.; Nelis, H.J.; Coenye, T. What can be learned from genotyping of fungi? Med. Mycol. 2010, 48, S60-69,
doi:10.3109/13693786.2010.484816.

Taylor, ].W.; Geiser, D.M.; Burt, A.; Koufopanou, V. The evolutionary biology and population genetics underlying fungal strain
typing. Clin. Microbiol. Rev. 1999, 12, 126-146.

Balajee, S.A.; Gribskov, J.L.; Hanley, E.; Nickle, D.; Marr, K.A. Aspergillus lentulus sp. nov., a new sibling species of A.
fumigatus. Eukaryot. Cell 2005, 4, 625-632, doi:10.1128/ec.4.3.625-632.2005.

de Valk, H.A ; Meis, ].F.; Curfs, LM.; Muehlethaler, K.; Mouton, ].W.; Klaassen, C.H. Use of a novel panel of nine short tandem
repeats for exact and high-resolution fingerprinting of Aspergillus fumigatus isolates. J. Clin. Microbiol. 2005, 43, 4112-4120,
doi:10.1128/jcm.43.8.4112-4120.2005.

Klaassen, C.H.; Osherov, N. Aspergillus strain typing in the genomics era. Stud. Mycol. 2007, 59, 47-51,
doi:10.3114/sim.2007.59.06.

Alanio, A.; Desnos-Ollivier, M.; Garcia-Hermoso, D.; Bretagne, S. Investigating Clinical Issues by Genotyping of Medically
Important Fungi: Why and How? Clin. Microbiol. Rev. 2017, 30, 671-707, doi:10.1128/cmr.00043-16.

Vanhee, L.M.; Symoens, F.; Jacobsen, M.D.; Nelis, H.].; Coenye, T. Comparison of multiple typing methods for Aspergillus
fumigatus. Clin. Microbiol. Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 2009, 15, 643-650, doi:10.1111/j.1469-
0691.2009.02844 .x.

Klaassen, C.H.; de Valk, H.A.; Balajee, S.A.; Meis, J.F. Utility of CSP typing to sub-type clinical Aspergillus fumigatus isolates
and proposal for a new CSP type nomenclature. ]. Microbiol. Methods 2009, 77, 292-296, d0i:10.1016/j.mimet.2009.03.004.
Balajee, S.A.; Tay, S.T.; Lasker, B.A.; Hurst, S.F.; Rooney, A.P. Characterization of a novel gene for strain typing reveals
substructuring of Aspergillus fumigatus across North America. Eukaryot. Cell 2007, 6, 13921399, doi:10.1128/ec.00164-07.

de Ruiter, M.T.; de Valk, H.A.; Meis, ].F.; Klaassen, C.H. Retrotransposon insertion-site context (RISC) typing: a novel typing
method for Aspergillus fumigatus and a convenient PCR alternative to restriction fragment length polymorphism analysis. J.
Microbiol. Methods 2007, 70, 528-534, doi:10.1016/j.mimet.2007.06.009.



J. Fungi 2021, 7, 152 16 of 20

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

de Valk, H.A ; Klaassen, C.H.; Meis, ].E. Molecular typing of Aspergillus species. Mycoses 2008, 51, 463-476, doi:10.1111/j.1439-
0507.2008.01538.x.

de Valk, H.A; Meis, ].F.; Klaassen, C.H. Microsatellite based typing of Aspergillus fumigatus: strengths, pitfalls and solutions.
J. Microbiol. Methods 2007, 69, 268-272, d0i:10.1016/j.mimet.2007.01.009.

de Valk, H.A.; Meis, ].F.; Bretagne, S.; Costa, ].M.; Lasker, B.A.; Balajee, S.A.; Pasqualotto, A.C.; Anderson, M.].; Alcazar-Fuoli,
L.; Mellado, E.; et al. Interlaboratory reproducibility of a microsatellite-based typing assay for Aspergillus fumigatus through
the use of allelic ladders: proof of concept. Clin. Microbiol. Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 2009, 15, 180-187,
doi:10.1111/j.1469-0691.2008.02656.x.

Araujo, R.; Pina-Vaz, C.; Rodrigues, A.G.; Amorim, A.; Gusmao, L. Simple and highly discriminatory microsatellite-based
multiplex PCR for Aspergillus fumigatus strain typing. Clin. Microbiol. Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 2009,
15, 260-266, doi:10.1111/j.1469-0691.2008.02661.x.

de Groot, T.; Meis, J.F. Microsatellite Stability in STR Analysis Aspergillus fumigatus Depends on Number of Repeat Units.
Front. Cell. Infect. Microbiol. 2019, 9, 82, doi:10.3389/fcimb.2019.00082.

Pringle, A.; Baker, D.M,; Platt, ].L.; Wares, ].P.; Latgé, ].P.; Taylor, ].W. Cryptic speciation in the cosmopolitan and clonal human
pathogenic fungus Aspergillus fumigatus. Evol. Int. |. Org. Evol. 2005, 59, 1886—1899.

Sewell, T.R.; Zhu, J.; Rhodes, J.; Hagen, F.; Meis, ].F.; Fisher, M.C.; Jombart, T. Nonrandom Distribution of Azole Resistance
across the Global Population of Aspergillus fumigatus. MBio 2019, 10, doi:10.1128/mBio.00392-19.

Garcia-Rubio, R.; Gil, H.; Monteiro, M.C.; Pelaez, T.; Mellado, E. A New Aspergillus fumigatus Typing Method Based on
Hypervariable Tandem Repeats Located within Exons of Surface Protein Coding Genes (TRESP). PLoS ONE 2016, 11, e0163869,
doi:10.1371/journal.pone.0163869.

Levdansky, E.; Romano, J.; Shadkchan, Y.; Sharon, H.; Verstrepen, K.J.; Fink, G.R.; Osherov, N. Coding tandem repeats generate
diversity in Aspergillus fumigatus genes. Eukaryot. Cell 2007, 6, 13801391, doi:10.1128/ec.00229-06.

Garcia-Rubio, R.; Escribano, P.; Gomez, A.; Guinea, J.; Mellado, E. Comparison of Two Highly Discriminatory Typing Methods
to Analyze Aspergillus fumigatus Azole Resistance. Front. Microbiol. 2018, 9, 1626, d0i:10.3389/fmicb.2018.01626.

Mortensen, K.L.; Jensen, R.H.; Johansen, H.K; Skov, M.; Pressler, T.; Howard, S.J.; Leatherbarrow, H.; Mellado, E.; Arendrup,
M.C. Aspergillus species and other molds in respiratory samples from patients with cystic fibrosis: a laboratory-based study
with focus on Aspergillus fumigatus azole resistance. J. Clin. Microbiol. 2011, 49, 2243-2251, d0i:10.1128/jcm.00213-11.
Albarrag, A.M.; Anderson, M.].; Howard, S.J.; Robson, G.D.; Warn, P.A.; Sanglard, D.; Denning, D.W. Interrogation of related
clinical pan-azole-resistant Aspergillus fumigatus strains: G138C, Y431C, and G434C single nucleotide polymorphisms in
cyp51A, upregulation of cyp51A, and integration and activation of transposon Atfl in the cyp51A promoter. Antimicrob. Agents
Chemother. 2011, 55, 5113-5121, do0i:10.1128/aac.00517-11.

Howard, S.J.; Pasqualotto, A.C.; Anderson, M.].; Leatherbarrow, H.; Albarrag, A.M.; Harrison, E.; Gregson, L.; Bowyer, P.;
Denning, D.W. Major variations in Aspergillus fumigatus arising within aspergillomas in chronic pulmonary aspergillosis.
Mycoses 2013, 56, 434—441, doi:10.1111/myc.12047.

Camps, S.M.; Rijs, AJ.; Klaassen, C.H.; Meis, J.F.; O’'Gorman, C.M.; Dyer, P.S.; Melchers, W.].; Verweij, P.E. Molecular
epidemiology of Aspergillus fumigatus isolates harboring the TR34/L98H azole resistance mechanism. J. Clin. Microbiol. 2012,
50, 2674-2680, doi:10.1128/jcm.00335-12.

Bader, O.; Tiinnermann, J.; Dudakova, A.; Tangwattanachuleeporn, M.; Weig, M.; Grof}, U. Environmental isolates of azole-
resistant Aspergillus fumigatus in Germany. Antimicrob. Agents Chemother. 2015, 59, 4356—4359, d0i:10.1128/aac.00100-15.
Tsuchido, Y.; Tanaka, M.; Nakano, S.; Yamamoto, M.; Matsumura, Y.; Nagao, M. Prospective multicenter surveillance of
clinically isolated Aspergillus species revealed azole-resistant Aspergillus fumigatus isolates with TR34/L98H mutation in the
Kyoto and Shiga regions of Japan. Med. Mycol. 2019, 57, 997-1003, doi:10.1093/mmy/myz003.

Badali, H.; Vaezi, A.; Haghani, I.; Yazdanparast, S.A.; Hedayati, M.T.; Mousavi, B.; Ansari, S.; Hagen, F.; Meis, ].F.; Chowdhary,
A. Environmental study of azole-resistant Aspergillus fumigatus with TR34/L98H mutations in the cyp51A gene in Iran.
Mycoses 2013, 56, 659-663, d0i:10.1111/myc.12089.

Chowdhary, A.; Kathuria, S.; Randhawa, H.S.; Gaur, S.N.; Klaassen, C.H.; Meis, J.F. Isolation of multiple-triazole-resistant
Aspergillus fumigatus strains carrying the TR/L98H mutations in the cyp51A gene in India. J. Antimicrob. Chemother. 2012, 67,
362-366, doi:10.1093/jac/dkr443.

Chowdhary, A.; Kathuria, S.; Xu, J.; Sharma, C.; Sundar, G.; Singh, P.K.; Gaur, S.N.; Hagen, F.; Klaassen, C.H.; Meis, ].F. Clonal
expansion and emergence of environmental multiple-triazole-resistant Aspergillus fumigatus strains carrying the TRs,/L98H
mutations in the cyp51A gene in India. PLoS ONE 2012, 7, 52871, doi:10.1371/journal.pone.0052871.

Chowdhary, A.; Sharma, C.; Kathuria, S.; Hagen, F.; Meis, ].F. Prevalence and mechanism of triazole resistance in Aspergillus
fumigatus in a referral chest hospital in Delhi, India and an update of the situation in Asia. Front. Microbiol. 2015, 6, 428,
doi:10.3389/fmicb.2015.00428.

Ahmad, S.; Khan, Z.; Hagen, F.; Meis, J.F. Occurrence of triazole-resistant Aspergillus fumigatus with TR34/L98H mutations in
outdoor and hospital environment in Kuwait. Environ. Res. 2014, 133, 20-26, d0i:10.1016/j.envres.2014.05.009.

Ahangarkani, F.; Puts, Y.; Nabili, M.; Khodavaisy, S.; Moazeni, M.; Salehi, Z.; Laal Kargar, M.; Badali, H.; Meis, ].F. First azole-
resistant Aspergillus fumigatus isolates with the environmental TR(46) /Y121F/T289A mutation in Iran. Mycoses 2020, 63, 430—
436, doi:10.1111/myc.13064.



J. Fungi 2021, 7, 152 17 of 20

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Chen, Y,; Li, Z,; Han, X,; Tian, S.; Zhao, J.; Chen, F.; Su, X.; Zhao, J.; Zou, Z.; Gong, Y.; et al. Elevated MIC Values of Imidazole
Drugs against Aspergillus fumigatus Isolates with TR(34)/L98H/S297T/F4951 Mutation. Antimicrob. Agents Chemother. 2018, 62,
doi:10.1128/aac.01549-17.

Ashu, E.E,; Korfanty, G.A.; Xu, J. Evidence of unique genetic diversity in Aspergillus fumigatus isolates from Cameroon.
Mycoses 2017, 60, 739-748, d0i:10.1111/myc.12655.

Wang, H.C; Huang, J.C.; Lin, Y.H.; Chen, Y.H.; Hsieh, M.L,; Choi, P.C.; Lo, H].; Liu, W.L.; Hsu, C.S.; Shih, H.I; et al. Prevalence,
mechanisms and genetic relatedness of the human pathogenic fungus Aspergillus fumigatus exhibiting resistance to medical
azoles in the environment of Taiwan. Environ. Microbiol. 2018, 20, 270-280, doi:10.1111/1462-2920.13988.

Hagiwara, D.; Takahashi, H.; Watanabe, A.; Takahashi-Nakaguchi, A.; Kawamoto, S.; Kamei, K.; Gonoi, T. Whole-genome
comparison of Aspergillus fumigatus strains serially isolated from patients with aspergillosis. J. Clin. Microbiol. 2014, 52, 4202-
4209, doi:10.1128/jcm.01105-14.

Abdolrasouli, A.; Rhodes, J.; Beale, M.A.; Hagen, F.; Rogers, T.R.; Chowdhary, A.; Meis, ].F.; Armstrong-James, D.; Fisher, M.C.
Genomic Context of Azole Resistance Mutations in Aspergillus fumigatus Determined Using Whole-Genome Sequencing. MBio
2015, 6, €00536, d0i:10.1128/mBio.00536-15.

Ballard, E.; Melchers, W.J.G.; Zoll, J.; Brown, A.].P.; Verweij, P.E.; Warris, A. In-host microevolution of Aspergillus fumigatus:
A phenotypic and genotypic analysis. Fungal Genet. Biol. 2018, 113, 1-13, doi:10.1016/j.fgb.2018.02.003.

Ballard, E.; Zoll, J.; Melchers, W.].G.; Brown, A.J.P.; Warris, A.; Verweij, P.E. Raw genome sequence data for 13 isogenic
Aspergillus fumigatus strains isolated over a 2 year period from a patient with chronic granulomatous disease. Data Brief. 2019,
25,104021, doi:10.1016/j.dib.2019.104021.

Takahashi-Nakaguchi, A.; Muraosa, Y.; Hagiwara, D.; Sakai, K.; Toyotome, T.; Watanabe, A.; Kawamoto, S.; Kamei, K.; Gonoi,
T.; Takahashi, H. Genome sequence comparison of Aspergillus fumigatus strains isolated from patients with pulmonary
aspergilloma and chronic necrotizing pulmonary aspergillosis. Med. Mycol. 2015, 53, 353-360, doi:10.1093/mmy/myv003.

De Pauw, B.; Walsh, T.]J.; Donnelly, J.P.; Stevens, D.A.; Edwards, J.E.; Calandra, T.; Pappas, P.G.; Maertens, ].; Lortholary, O.;
Kauffman, C.A.; et al. Revised definitions of invasive fungal disease from the European Organization for Research and
Treatment of Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious
Diseases Mycoses Study Group (EORTC/MSG) Consensus Group. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2008, 46, 1813~
1821, doi:10.1086/588660.

Bart-Delabesse, E.; Humbert, ].F.; Delabesse, E.; Bretagne, S. Microsatellite markers for typing Aspergillus fumigatus isolates. J.
Clin. Microbiol. 1998, 36, 2413-2418.

Alvarez-Perez, S.; Garcia, M.E.; Bouza, E.; Pelaez, T.; Blanco, ].L. Characterization of multiple isolates of Aspergillus fumigatus
from patients: genotype, mating type and invasiveness. Med. Mycol. 2009, 47, 601-608, doi:10.1080/13693780802380537.
Escribano, P.; Pelaez, T.; Bouza, E.; Guinea, ]J. Microsatellite (STRAf) genotyping cannot differentiate between invasive and
colonizing Aspergillus fumigatus isolates. J. Clin. Microbiol. 2015, 53, 667-670, doi:10.1128/jcm.02636-14.

Obar, ].J. Sensing the threat posed by Aspergillus infection. Curr. Opin. Microbiol. 2020, 58, 47-55, doi:10.1016/j.mib.2020.08.004.
de Valk, H.A; Klaassen, C.H.; Yntema, ].B.; Hebestreit, A.; Seidler, M.; Haase, G.; Miiller, F.M.; Meis, ].F. Molecular typing and
colonization patterns of Aspergillus fumigatus in patients with cystic fibrosis. . Cyst. Fibros. Off. |. Eur. Cyst. Fibros. Soc. 2009, 8,
110-114, doi:10.1016/}.jcf.2008.10.003.

Fraczek, M.G.; Chishimba, L.; Niven, R.M.; Bromley, M.; Simpson, A.; Smyth, L.; Denning, D.W.; Bowyer, P. Corticosteroid
treatment is associated with increased filamentous fungal burden in allergic fungal disease. J. Allergy Clin. Immunol. 2018, 142,
407-414, doi:10.1016/j.jaci.2017.09.039.

Latgg, J.P.; Chamilos, G. Aspergillus fumigatus and Aspergillosis in 2019. Clin. Microbiol. Rev. 2019, 33, doi:10.1128/cmr.00140-
18.

O’Gorman, C.M. Airborne Aspergillus fumigatus conidia: a risk factor for aspergillosis. Fungal Biol. Rev. 2011, 25, 151-157,
doi:doi.org/10.1016/j.fbr.2011.07.002.

Kanamori, H.; Rutala, W.A,; Sickbert-Bennett, E.E.; Weber, D.]. Review of fungal outbreaks and infection prevention in
healthcare settings during construction and renovation. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2015, 61, 433-444,
doi:10.1093/cid/civ297.

Vonberg, R.P.; Gastmeier, P. Nosocomial aspergillosis in outbreak settings. ]. Hosp. Infect. 2006, 63, 246-254,
doi:10.1016/j.jhin.2006.02.014.

Araujo, R.; Amorim, A.; Gusmao, L. Genetic diversity of Aspergillus fumigatus in indoor hospital environments. Med. Mycol.
2010, 48, 832-838, d0i:10.3109/13693780903575360.

Symoens, F.; Burnod, J.; Lebeau, B.; Viviani, M.A.; Piens, M.A.; Tortorano, A.M.; Nolard, N.; Chapuis, F.; Grillot, R. Hospital-
acquired Aspergillus fumigatus infection: can molecular typing methods identify an environmental source? J. Hosp. Infect. 2002,
52, 60-67, doi:10.1053/jhin.2002.1263.

Diba, K.; Jangi, F.; Makhdoomi, K.; Moshiri, N.; Mansouri, F. Aspergillus diversity in the environments of nosocomial infection
cases at a university hospital. . Med. Life 2019, 12, 128-132, d0i:10.25122/jm1-2018-0057.

Loeffert, S.T.; Melloul, E.; Gustin, M.P.; Hénaff, L.; Guillot, C.; Dupont, D.; Wallon, M.; Cassier, P.; Dananché, C.; Bénet, T.; et
al. Investigation of the Relationships Between Clinical and Environmental Isolates of Aspergillus fumigatus by Multiple-locus
Variable Number Tandem Repeat Analysis During Major Demolition Work in a French Hospital. Clin. Infect. Dis. Off. Publ.
Infect. Dis. Soc. Am. 2019, 68, 321-329, d0i:10.1093/cid/ciy498.



J. Fungi 2021, 7, 152 18 of 20

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Mellado, E.; Diaz-Guerra, T.M.; Cuenca-Estrella, M.; Buendia, V.; Aspa, J.; Prieto, E.; Villagrasa, ].R.; Rodriguez-Tudela, J.L.
Characterization of a possible nosocomial aspergillosis outbreak. Clin. Microbiol. Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect.
Dis. 2000, 6, 543-548, d0i:10.1046/j.1469-0691.2000.00154.x.

Etienne, K.A.; Subudhi, C.P.; Chadwick, P.R;; Settle, P.; Moise, J.; Magill, S.S.; Chiller, T.; Balajee, S.A. Investigation of a cluster
of cutaneous aspergillosis in a neonatal intensive care unit. J. Hosp. Infect. 2011, 79, 344-348, doi:10.1016/j.jhin.2011.06.012.
Lutz, B.D.; Jin, J.; Rinaldi, M.G.; Wickes, B.L.; Huycke, M.M. Outbreak of invasive Aspergillus infection in surgical patients,
associated with a contaminated air-handling system. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2003, 37, 786-793,
doi:10.1086/377537.

Pelaez, T.; Munoz, P.; Guinea, J.; Valerio, M.; Giannella, M.; Klaassen, C.H.; Bouza, E. Outbreak of invasive aspergillosis after
major heart surgery caused by spores in the air of the intensive care unit. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2012, 54,
e24-31, doi:10.1093/cid/cir771.

Wirmann, L.; Ross, B.; Reimann, O.; Steinmann, J.; Rath, P.M. Airborne Aspergillus fumigatus spore concentration during
demolition of a building on a hospital site, and patient risk determination for invasive aspergillosis including azole resistance.
J. Hosp. Infect. 2018, 100, €91-e97, doi:10.1016/j.jhin.2018.07.030.

Bonnal, C.; Leleu, C.; Brugiere, O.; Chochillon, C.; Porcher, R.; Boelle, P.Y.; Menotti, J.; Houze, S.; Lucet, ]J.C.; Derouin, F.
Relationship between Fungal Colonisation of the Respiratory Tract in Lung Transplant Recipients and Fungal Contamination
of the Hospital Environment. PLoS ONE 2015, 10, e0144044, doi:10.1371/journal.pone.0144044.

Talento, A.F.; Fitzgerald, M.; Redington, B.; O’Sullivan, N.; Fenelon, L.; Rogers, T.R. Prevention of healthcare-associated
invasive aspergillosis during hospital construction/renovation works. J. Hosp. Infect. 2019, 103, 1-12,
do0i:10.1016/j.jhin.2018.12.020.

Weber, D.J.; Peppercorn, A.; Miller, M.B.; Sickbert-Benett, E.; Rutala, W.A. Preventing healthcare-associated Aspergillus
infections: review of recent CDC/HICPAC recommendations. Med. Mycol. 2009, 47, 5199-209, doi:10.1080/13693780802709073.
Mousavi, E.; Bausman, D.; Fallah Yakhdani, H. Renovation in hospitals: An experimental study of negative pressure and
filtration. Sci. Technol. Built Environ. 2020, 26, 377-386, doi:10.1080/23744731.2019.1648978.

Mousavi, E.S.; Grosskopf, K.R. Renovation in hospitals: a case study of source control ventilation in work zones. Adv. Build.
Energy Res. 2020, 14, 115-128, doi:10.1080/17512549.2018.1502683.

Pouvaret, A.; Tavernier, E.; Cornillon, J.; Daguenet, E.; Raberin, H.; Grattard, F.; Berthelot, P.; Guyotat, D. Performance
evaluation of a new mobile air-treatment technology at-rest and under normal work conditions in a conventional hematology
room. Health Technol. 2020, 10, 1591-1602, doi:10.1007/s12553-020-00480-z.

Lemaire, B.; Normand, A.C.; Forel, ].M.; Cassir, N.; Piarroux, R.; Ranque, S. Hospitalized Patient as Source of Aspergillus
fumigatus, 2015. Emerg. Infect. Dis. 2018, 24, 15241527, d0i:10.3201/eid2408.171865.

Pegues, D.A ; Lasker, B.A.; McNeil, M.M.; Hamm, P.M.; Lundal, J.L.; Kubak, B.M. Cluster of cases of invasive aspergillosis in a
transplant intensive care unit: evidence of person-to-person airborne transmission. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am.
2002, 34, 412416, doi:10.1086/338025.

Engel, T.G.P.; Erren, E; Vanden Driessche, K.S.J.; Melchers, W.J.G.; Reijers, M.H.; Merkus, P.; Verweij, P.E. Aerosol
Transmission of Aspergillus fumigatus in Cystic Fibrosis Patients in the Netherlands. Emerg. Infect. Dis. 2019, 25, 797-799,
doi:10.3201/eid2504.181110.

Bertout, S.; Renaud, F.; T, D.E.M.; Piens, M.A.; Lebeau, B.; Viviani, M.A.; Mallié, M.; Bastide, ].M.; The Ebga, N. Multilocus
enzyme electrophoresis analysis of Aspergillus fumigatus strains isolated from the first clinical sample from patients with
invasive aspergillosis. EBGA Network. European Research Group on Biotype and Genotype of Aspergillus. J. Med. Microbiol.
2000, 49, 375-381, doi:10.1099/0022-1317-49-4-375.

Klaassen, C.H.; Gibbons, J.G.; Fedorova, N.D.; Meis, J.F.; Rokas, A. Evidence for genetic differentiation and variable
recombination rates among Dutch populations of the opportunistic human pathogen Aspergillus fumigatus. Mol. Ecol. 2012, 21,
57-70, doi:10.1111/j.1365-294X.2011.05364.x.

Chang, H.; Ashu, E.; Sharma, C.; Kathuria, S.; Chowdhary, A.; Xu, ]J. Diversity and origins of Indian multi-triazole resistant
strains of Aspergillus fumigatus. Mycoses 2016, 59, 450-466, doi:10.1111/myc.12494.

Duarte-Escalante, E.; Frias-De-Ledn, M.G.; Martinez-Herrera, E.; Acosta-Altamirano, G.; de Paz, E.R.; Reséndiz-Sanchez, J.;
Refojo, N.; Reyes-Montes, M.D.R. Identification of CSP Types and Genotypic Variability of Clinical and Environmental Isolates
of Aspergillus fumigatus from Different Geographic Origins. Microorganisms 2020, 8, 688, doi:10.3390/microorganisms8050688.
Ashu, E.E;; Hagen, F.; Chowdhary, A.; Meis, ].F.; Xu, ]. Global Population Genetic Analysis of Aspergillus fumigatus. mSphere
2017, 2, doi:10.1128/mSphere.00019-17.

O’Gorman, C.M.; Fuller, H.; Dyer, P.S. Discovery of a sexual cycle in the opportunistic fungal pathogen Aspergillus fumigatus.
Nature 2009, 457, 471-474, d0i:10.1038/nature07528.

Teixeira, J.; Amorim, A.; Araujo, R. Recombination detection in Aspergillus fumigatus through single nucleotide
polymorphisms typing. Environ. Microbiol. Rep. 2015, 7, 881-886, d0i:10.1111/1758-2229.12321.

Bain, ].M.; Tavanti, A.; Davidson, A.D.; Jacobsen, M.D.; Shaw, D.; Gow, N.A.; Odds, F.C. Multilocus sequence typing of the
pathogenic fungus Aspergillus fumigatus. J. Clin. Microbiol. 2007, 45, 1469-1477, d0i:10.1128/jcm.00064-07.

Losada, L.; Sugui, ]J.A.; Eckhaus, M.A.; Chang, Y.C.; Mounaud, S.; Figat, A.; Joardar, V.; Pakala, S.B.; Pakala, S.; Venepally, P.; et
al. Genetic Analysis Using an Isogenic Mating Pair of Aspergillus fumigatus Identifies Azole Resistance Genes and Lack of
MAT Locus’s Role in Virulence. PLoS Pathog. 2015, 11, 1004834, doi:10.1371/journal.ppat.1004834.



J. Fungi 2021, 7, 152 19 of 20

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

126.

127.

Pugliese, M.; Mati¢, S.; Prethi, S.; Gisi, U.; Gullino, M.L. Molecular characterization and sensitivity to demethylation inhibitor
fungicides of Aspergillus fumigatus from orange-based compost. PLoS ONE 2018, 13, e0200569,
doi:10.1371/journal.pone.0200569.

Zhang, J.; Snelders, E.; Zwaan, B.].; Schoustra, S.E.; Meis, ].E.; van Dijk, K.; Hagen, F.; van der Beek, M.T.; Kampinga, G.A.; Zoll,
J.; etal. A Novel Environmental Azole Resistance Mutation in Aspergillus fumigatus and a Possible Role of Sexual Reproduction
in Its Emergence. MBio 2017, 8, d0i:10.1128/mBio.00791-17.

Chowdhary, A.; Sharma, C.; Meis, J.F. Azole-Resistant Aspergillosis: Epidemiology, Molecular Mechanisms, and Treatment. J.
Infect. Dis. 2017, 216, S436—-s444, doi:10.1093/infdis/jix210.

Ullmann, A.].; Aguado, ].M.; Arikan-Akdagli, S.; Denning, D.W.; Groll, A.H.; Lagrou, K.; Lass-Florl, C.; Lewis, R.E.; Munoz, P.;
Verweij, P.E.; et al. Diagnosis and management of Aspergillus diseases: executive summary of the 2017 ESCMID-ECMM-ERS
guideline. Clin. Microbiol. Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 2018, 24, e1-e38, d0i:10.1016/j.cmi.2018.01.002.
Hagiwara, D.; Watanabe, A.; Kamei, K.; Goldman, G.H. Epidemiological and Genomic Landscape of Azole Resistance
Mechanisms in Aspergillus Fungi. Front. Microbiol. 2016, 7, 1382, d0i:10.3389/fmicb.2016.01382.

Verweij, P.E.; Ananda-Rajah, M.; Andes, D.; Arendrup, M.C.; Briiggemann, R.].; Chowdhary, A.; Cornely, O.A.; Denning, D.W.;
Groll, A.H.; Izumikawa, K,; et al. International expert opinion on the management of infection caused by azole-resistant
Aspergillus fumigatus. Drug Resist. Updates Rev. Comment. Antimicrob. Anticancer Chemother. 2015, 21-22, 30-40,
doi:10.1016/j.drup.2015.08.001.

Hokken, MW ].; Zoll, J.; Coolen, ]J.P.M.; Zwaan, B.]J.; Verweij, P.E.; Melchers, W.J.G. Phenotypic plasticity and the evolution of
azole resistance in Aspergillus fumigatus; an expression profile of clinical isolates upon exposure to itraconazole. BMC Genom.
2019, 20, 28, doi:10.1186/s12864-018-5255-z.

Howard, S.J.; Cerar, D.; Anderson, M.].; Albarrag, A.; Fisher, M.C.; Pasqualotto, A.C.; Laverdiere, M.; Arendrup, M.C.; Perlin,
D.S.; Denning, D.W. Frequency and Evolution of Azole Resistance in Aspergillus fumigatus Associated with Treatment Failure.
Emerg. Infect. Dis. ]. 2009, 15, 1068, d0i:10.3201/eid1507.090043.

Nywening, A.V.; Rybak, ].M.; Rogers, P.D.; Fortwendel, J.R. Mechanisms of triazole resistance in Aspergillus fumigatus.
Environ. Microbiol. 2020, 22, 4934-4952, doi:10.1111/1462-2920.15274.

Verweij, P.E.; Lucas, ].A.; Arendrup, M.C.; Bowyer, P.; Brinkmann, A.J.E.; Denning, D.W_; Dyer, P.S,; Fisher, M.C.; Geenen, P.L.;
Gisi, U,; et al. The one health problem of azole resistance in Aspergillus fumigatus: current insights and future research agenda.
Fungal Biol. Rev. 2020, 34, 202-214, doi:doi.org/10.1016/j.fbr.2020.10.003.

Hare, R.K.; Gertsen, ].B.; Astvad, KM.T.; Degn, K.B.; Lokke, A.; Stegger, M.; Andersen, P.S; Kristensen, L.; Arendrup, M.C. In
Vivo Selection of a Unique Tandem Repeat Mediated Azole Resistance Mechanism (TR(120)) in Aspergillus fumigatus cyp51A,
Denmark. Emerg. Infect. Dis. 2019, 25, 577-580, doi:10.3201/eid2503.180297.

Ziogas, B.N.; Malandrakis, A.A. Sterol Biosynthesis Inhibitors: C14 Demethylation (DMIs). In Fungicide Resistance in Plant
Pathogens: Principles and a Guide to Practical Management; Ishii, H., Hollomon, D.W., Eds.; Springer: Japan, Tokyo, 2015; pp. 199-
216, d0i:10.1007/978-4-431-55642-8_13.

Snelders, E.; Huis In’t Veld, R.A.; Rijs, A.].; Kema, G.H.; Melchers, W.].; Verweij, P.E. Possible environmental origin of resistance
of Aspergillus fumigatus to medical triazoles. Appl. Environ. Microbiol. 2009, 75, 40534057, doi:10.1128/aem.00231-09.
Snelders, E.; Camps, S.M.; Karawajczyk, A.; Schaftenaar, G.; Kema, G.H.; van der Lee, H.A.; Klaassen, C.H.; Melchers, W.].;
Verweij, P.E. Triazole fungicides can induce cross-resistance to medical triazoles in Aspergillus fumigatus. PLoS ONE 2012, 7,
€31801, doi:10.1371/journal.pone.0031801.

Beer, K.D.; Farnon, E.C,; Jain, S.; Jamerson, C.; Lineberger, S.; Miller, J.; Berkow, E.L.; Lockhart, S.R.; Chiller, T.; Jackson, B.R.
Multidrug-Resistant Aspergillus fumigatus Carrying Mutations Linked to Environmental Fungicide Exposure-Three States,
2010-2017. Mmwr. Morb. Mortal. Wkly. Rep. 2018, 67, 1064-1067, doi:10.15585/mmwr.mm6738ab.

Prigitano, A.; Esposto, M.C.; Biffi, A.; De Lorenzis, G.; Favuzzi, V.; Koncan, R.; Lo Cascio, G.; Barao Ocampo, M.; Colombo, C.;
Pizzamiglio, G.; et al. Triazole resistance in Aspergillus fumigatus isolates from patients with cystic fibrosis in Italy. J. Cyst.
Fibros. Off. ]. Eur. Cyst. Fibros. Soc. 2017, 16, 64-69, d0i:10.1016/j.jcf.2016.06.006.

Riat, A.; Plojoux, J.; Gindro, K.; Schrenzel, J.; Sanglard, D. Azole Resistance of Environmental and Clinical Aspergillus
fumigatus; Isolates from Switzerland. Antimicrob. Agents Chemother. 2018, 62, €02088-17, doi:10.1128/aac.02088-17.

Berger, S.; El Chazli, Y.; Babu, A.F.; Coste, A.T. Azole Resistance in Aspergillus fumigatus: A Consequence of Antifungal Use
in Agriculture? Front. Microbiol. 2017, 8, 1024, d0i:10.3389/fmicb.2017.01024.

Chowdhary, A.; Kathuria, S.; Xu, J.; Meis, ].F. Emergence of Azole-Resistant Aspergillus fumigatus Strains due to Agricultural
Azole Use Creates an Increasing Threat to Human Health. PLoS Pathog. 2013, 9, €1003633, doi:10.1371/journal.ppat.1003633.
Unfect. Dis. 2019, 25, 1347-1353, doi:10.3201/eid2507.181625.

Resendiz Sharpe, A.; Lagrou, K.; Meis, ].F.; Chowdhary, A.; Lockhart, S.R.; Verweij, P.E.; on behalf of the, .LE.A.R.S.w.g. Triazole
resistance surveillance in Aspergillus fumigatus. Med. Mycol. 2018, 56, S83-592, doi:10.1093/mmy/myx144.

Buil, J.B.; Hare, R K.; Zwaan, B.].; Arendrup, M.C.; Melchers, W.].G.; Verweij, P.E. The fading boundaries between patient and
environmental routes of triazole resistance selection in Aspergillus fumigatus. PLoS Pathog. 2019, 15, el007858,
doi:10.1371/journal.ppat.1007858.

Berkow, E.L.; Nunnally, N.S.; Bandea, A.; Kuykendall, R.; Beer, K.; Lockhart, S.R. Detection of TR(34)/L98H CYP51A Mutation
through Passive Surveillance for Azole-Resistant Aspergillus fumigatus in the United States from 2015 to 2017. Antimicrob.
Agents Chemother. 2018, 62, doi:10.1128/aac.02240-17.



J. Fungi 2021, 7, 152 20 of 20

128.

129.

130.

131.

132.

133.

134.

Ren, J; Jin, X;; Zhang, Q.; Zheng, Y.; Lin, D.; Yu, Y. Fungicides induced triazole-resistance in Aspergillus fumigatus associated
with mutations of TR46/Y121F/T289A and its appearance in agricultural fields. ]. Hazard. Mater. 2017, 326, 54-60,
doi:10.1016/j.jhazmat.2016.12.013.

Barber, A.E.; Riedel, J.; Sae-Ong, T.; Kang, K.; Brabetz, W.; Panagiotou, G.; Deising, H.B.; Kurzai, O. Effects of Agricultural
Fungicide Use on Aspergillus fumigatus Abundance, Antifungal Susceptibility, and Population Structure. MBio 2020, 11,
€02213-02220, doi:10.1128/mBio0.02213-20.

Deng, S.; Zhang, L.; Ji, Y.; Verweij, P.E.; Tsui, KM.; Hagen, F.; Houbraken, J.; Meis, J.F.; Abliz, P.; Wang, X,; et al. Triazole
phenotypes and genotypic characterization of clinical Aspergillus fumigatus isolates in China. Emerg. Microbes. Infect. 2017, 6,
€109, doi:10.1038/emi.2017.97.

Sharma, C.; Hagen, F.; Moroti, R.; Meis, ].F.; Chowdhary, A. Triazole-resistant Aspergillus fumigatus harbouring G54 mutation:
Is it de novo or environmentally acquired? |. Glob. Antimicrob. Resist. 2015, 3, 69-74, doi:10.1016/j.jgar.2015.01.005.

Korfanty, G.A.; Teng, L.; Pum, N.; Xu, J. Contemporary Gene Flow is a Major Force Shaping the Aspergillus fumigatus
Population in Auckland, New Zealand. Mycopathologia 2019, 184, 479-492, doi:10.1007/s11046-019-00361-8.

Novak-Frazer, L.; Shen, H.; Masania, R.; Bowyer, P.; Rautemaa-Richardson, R.; Richardson, M.D. Comparison of two
genotyping methods reveals clusters of resistant Aspergillus fumigatus from chronic pulmonary aspergillosis patients in the
UK. In Proceedings of the Congress of the International Society for Human and Animal Mycology, Amsterdam, The
Netherlands, June 30-July 4 2018; p. 250.

Rodriquez-Tudela, J.L.; Donnelly, ].P.; Arendrup, M.C.; Arikan, S.; Barchiesi, F.; Bille, J.; Chryssanthou, E.; Cuenca-Estrella, M.;
Dannaoui, E.; Denning, D.; et al. EUCAST Technical Note on the method for the determination of broth dilution minimum
inhibitory concentrations of antifungal agents for conidia-forming moulds. Clin. Microbiol. Infect. Off. Publ. Eur. Soc. Clin.
Microbiol. Infect. Dis. 2008, 14, 982-984, doi:10.1111/j.1469-0691.2008.02086.x.



