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Molecular typing of aspergilli: Recent developments and
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Aspergillus spp. have been the subject of numerous epidemiological studies. The
most useful typing techniques are DNA based methods including the random
amplified polymorphic DNA technique, microsatellite length polymorphisms,
restriction fragment length polymorphism (RFLP) analysis using retrotrans-
poson-like sequences as probes, and multilocus sequence typing. The results of
typing clinical isolates indicate that most of the invasive aspergillosis (IA) patients
were infected by a single strain. Genetic analysis could not discriminate between
clinical and environmental isolates of Aspergillus fumigatus, indicating that every
strain present in the environment is a potential pathogen if it encounters the
appropriate host. The source of infection can also be monitored by typing. Typing
studies led to the discovery of a new pathogenic species, A. lentulus, and to the
identification of several species not known previously to be pathogenic. Typing
studies revealed the existence of two genetically isolated groups within a global
A. fumigatus population. Aspergillus fumigatus was found to be the first example of
a true cosmopolitan fungus. Additionally, the results obtained in several studies
support the premise that recombination played an important role in A. fumigatus
populations. The discovery of functional mating type genes in A. fumigatus
indicates that past or recent sexual processes could be responsible for the observed
recombining population structure.

Keywords Aspergillus, epidemiology, evolution, mating type, population
structure

Introduction

disease particularly in immunocompromised patients
[2]. Invasive aspergillosis is a major cause of death at

Aspergillus spp. are common soil saprophytes which
play an essential role in recycling carbon and nitrogen
from organic debris [1]. On the other hand, several
Aspergillus spp. are considered as opportunistic human
and animal pathogens. Diseases caused by Aspergillus
spp. are increasing in importance, especially among
immunocompromised hosts. Clinical manifestations are
variable, ranging from allergic to invasive disease,
largely depending on the status of the host’s immune
system. Aspergillus spp. and may cause several diseases,
such as allergic bronchopulmonary aspergillosis, asper-
gilloma, and invasive aspergillosis (IA), usually a fatal
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leukemia treatment centers and transplantation units.
Today, A. fumigatus is responsible for more than 90%
of TA cases in humans [3,4]. Aspergillus fumigatus is
among the most ubiquitous fungi present worldwide on
most surfaces and aerial environments. Aspergillus
Sfumigatus has no known sexual cycle, although it is
closely related to the homothallic Neosartorya fischeri
[5,6]. The A. fumigatus life cycle is characterized by the
abundant production of small (2—4 um) asexual, hap-
loid conidia. Given the ubiquitous presence of these
conidia in ambient air, every human being is perma-
nently exposed to them and hundreds of conidia
are inhaled daily by every individual [7,8]. Besides
A. fumigatus, other aspergilli like 4. niger, A. terreus,
A. ustus and A. flavus can also be the causative agents
of various forms of infections including IA, sinusitis,
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osteomyelitis, keratitis, bronchiectasis, otomycosis and
ophthalmitis [4].

Molecular strain typing of aspergilli can be used to
reveal the genetic diversity of environmental and
clinical isolates, to reveal the source of infection, and
to clarify some aspects of the population genetics of
aspergilli. In this review, we attempt to give an overview
of the techniques used for typing aspergilli, and the
results achieved by using these typing methods, with
special emphasize on the A. fumigatus sp.

Molecular techniques used for typing
aspergilli

Aspergillus fumigatus is generally regarded as a single
homogeneous species, but strains may vary both
in their phenotypic and genotypic characteristics.
Aspergillus fumigatus has been the subject of num-
erous epidemiological studies due to the danger of
nosocomial infection of immunocompromised patients.
Among other approaches, secondary metabolite pro-
files and micromorphology of the strains were exam-
ined [9—-11], DNA reassociation kinetics of some of the
species were recorded [12], and isoenzyme and ampli-
fied DNA patterns of some species were compared [13].
However, only a limited number of these approaches
were found to be useful for the intraspecific clustering
or typing of A. fumigatus isolates (Table 1). The
followings give a brief summary of these techniques.
The techniques are dealt with in the order of their
discriminatory power.

Multilocus enzyme electrophoresis (MLEE)

Before the advent of DNA-based techniques, electro-
phoretic analysis of isoenzymes has been the most
widely used method for characterizing both prokar-
yotic and eukaryotic populations. The technique in-
volves the separation of proteins by gel electrophoresis
and the subsequent visualization of specific enzymes
using appropriate staining reactions [14]. Any soluble
protein that can be stained selectively can be extracted

from a sample of the population and electrophoresed.
If the protein bands are variable, they are considered
to be alleles on the basis of mobility. Isolates with
identical banding patterns are usually referred to as
electrophoretic types. A drawback of MLEE is that it
assays the genotype indirectly [15]. Several investigators
attempted to use the analysis of isoenzyme patterns to
reveal the intraspecific variability of A. fumigatus
populations [13,16,17]. Although MLEE is not power-
ful enough to be used as a single tool for typing A.
fumigatus populations, it is still widely used in combi-
nation with other methods for epidemiological pur-
poses [16—22].

Electrophoretic karyotype (EK) analysis

Chromosomal size variation (chromosome length poly-
morphisms, CLPs) is assayed via an electrophoretic
technique, EK analysis, which uses electric fields of
alternating orientation to move intact chromosomes
through the agarose gel matrix. Since its discovery in
1984 [23], several variations of the theme have been
developed including CHEF (contour clamped homo-
geneous electric field), FIGE (field-inversion gel elec-
trophoresis), OFAGE (orthogonal field alternation gel
electrophoresis), RFGE (rotating field gel electrophor-
esis), TAFE (transverse alternating field electro-
phoresis), and others. Besides separation of intact
chromosomes, this technique has also been used to
separate large restriction fragments cut with rare-
cutting restriction endonucleases like Sfil or Notl
[24]. This technique has mostly been used for typing
yeasts and other human pathogenic fungi including
Coccidioides immitis and Histoplasma capsulatum [24—
26]. The EK of a clinical A. fumigatus isolate has also
been determined [27]. However, EK analysis has not
been used for typing purposes in A. fumigatus. Besides,
the technique is very labor-intensive and expensive, and
the reproducibility of the results is low due to the fact
that pulsed field gels are sensitive to electrophoretic
parameters including the quality and concentration of
agarose, temperature, buffer strength and other factors.

Table 1 Comparison of the performance of different techniques used for typing aspergilli (modified after [7,134,135])

Methodology Ease of use Ease of interpretation  Discriminatory power  Reproducibility =~ Cost Availability
MLEE Easy Easy Low/moderate Moderate Low Moderate
PFGE Difficult Easy Moderate Good High Low

DNA fingerprinting Difficult Moderate High Good High Low
RAPD Easy Easy High Moderate Low High
SSDP Easy Easy Low Good Low High

MLP Moderate Moderate High Good Moderate Moderate
AFLP Difficult Moderate High Good High Low
Sequencing Moderate Easy High Good High Low

© 2006 ISHAM, Medical Mycology, 44, S149-S16



Molecular typing of aspersgilli m

Additionally, the efficient removal of the cell wall
and the number of protoplasts obtained also poses a
bottleneck [28].

Random amplified polymorphic DNA (RAPD)

During RAPD analysis, a single 10-base oligonucleo-
tide primer is used to amplify DNA fragments at low
annealing temperatures [29,30]. A DNA amplification
product is generated for each genomic region that is
flanked by a pair of priming sites (in the appro-
priate orientation), which are within less than about
4-5000 bps from each other. Amplification products
are usually analyzed by agarose gel electrophoresis. A
particular DNA fragment generated for one individual
but not for another represents a DNA polymorphism
and can be used as a genetic marker. Random amplified
polymorphic DNA analysis is technically simple and
often detects variation among isolates that are shown
to be invariant by MLEE or restriction fragment length
polymorphism (RFLP) analysis. Although RAPD
analysis was suggested to be prone to errors due to
the low annealing temperatures [31], it is widely used
for typing A. fumigatus populations [32-35]. Inter-
laboratory reproducibility of this technique is rather
low, so external laboratories cannot always reproduce
the conclusions obtained with this technique. The main
advantage of RAPD is that no previous sequence
information is needed in contrast with other techniques
like RFLP or microsatellite typing. Another technique
similar to RAPD uses primers specific to repetitive
sequences within the genome. This technique, called
rep-PCR (repetitive extragenic palindromic PCR) or
interrepeat PCR [36] is mainly used for typing bacterial
pathogens, but recently it has also been adopted to
identify and type pathogenic aspergilli [37]. The dis-
criminatory power of the technique is still quite low for
intraspecific typing, although targeting more variable
repetitive sequences could lead to the development of a
useful typing technique.

Sequence specific DNA primer (SSDP) analysis is an
extension of the RAPD technique. The method is based
on the use of sequence specific primers (20-mers),
designed on the basis of discriminating RAPD bands,
in high stringency PCR reactions. The presence or
absence of usually five SSDP fragments is scored. This
method was first used for typing A. fumigatus isolates
by Mondon et al. [38]. Although the SSDP technique
overcomes the drawback of RAPD in terms of repro-
ducibility, the method lacks discriminatory power, since
the number of distinguishable genotypes for five
biallelic loci is only 32 [16].
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RFLP analysis

Restriction endonucleases recognize specific DNA
sequences, usually four to six nucleotides in length,
and cut the DNA in or near the recognition site. The
alteration of the recognition sequence by nucleotide
substitution, insertion or deletion or for some restric-
tion enzymes by methylation of nucleotides can prevent
the restriction endonuclease from acting, and can
change the fragment pattern. Insertions and deletions
in the region between restriction sites can also change
the pattern. Any region of the DNA (locus) can be used
for RFLP analysis, if the variation (alleles) can be
visualized, either directly, due to multiple copies
(mitochondrial DNA, ribosomal RNA repeat unit;
also called REA, restriction enzyme analysis), or
indirectly, usually by hybridization to probe DNA.
One of the main drawbacks of RFLP analysis is the use
of radioactively labeled probes, but this limitation can
be overcome by using non-radioactive labels. Restric-
tion fragment length polymorphism analysis of the
mitochondrial DNA of 4. fumigatus isolates could not
be used for strain typing, as most isolates exhibited the
same mitochondrial DNA pattern using several differ-
ent restriction enzymes [13]. Restriction analysis of
total genomic DNA using the restriction enzymes
Xbal, Sall, or Xhol, exhibited a limited degree of
discrimination among strains [39,40]. Southern blot
patterns obtained with non-species specific probe
sequences such as intergenic spacer of ribosomal
RNA (rRNA) of A. nidulans [41], telomeric sequences
of Fusarium oxysporum [42] or the whole M13 genome
[32] did not reveal enough variability between strains.

The application of repeated sequences as probes,
however, provides an excellent tool for strain typing.
For RFLP fingerprinting, the probe is a moderately
repeated DNA sequence that hybridizes to restriction
fragments containing the repeated DNA. Owing to
the large number of fragments and the mutability of
repeated DNA sequences, RFLP fingerprints are quite
variable and provide superior discrimination among
individual fungal isolates. This method was used
successfully for typing A. fumigatus populations
[8,43]. The repeat sequence Afutl, used in most studies
as probe, was found to represent a defective retro-
transposon element with a sequence and organization
characteristic of the gypsy family of retrotransposons
[3,44]. At least 10 copies of Afutl were found in the
genome of A. fumigatus. The multiple stop codons
found in the putative coding domains indicate that
Afutl (and Afut?) are defective retroelements [45]. The
stability of the Afut/ banding patterns within a single
strain over many generations suggests that the Afutl
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sequence is not evolving as rapidly as, for example, the
ca3 repeated sequence of Candida albicans [15]. South-
ern blots patterns obtained with Afutl are amenable to
computer-assisted analysis of the band position and
intensity in Southern blot hybridization patterns,
enabling highly reproducible and reliable comparison
among large number of strains [8,43].

Other defective retrotransposons, including Afut2
[45], Af4, Af4A4 [46], and Tafl [47] could also be used
successfully for strain typing in A4. fumigatus. In the
recent paper on sequencing of the A. fumigatus
genome, several retrotransposons have been identified,
about half of them belonging to the gypsy family of
retrotransposons with long terminal repeats [48]. The
application of these transposon-like sequences as
probes could lead to an even higher discriminatory
power of this technique.

Amplified fragment length polymorphisms (AFLPs)

Amplified fragment length polymorphism fingerprint-
ing is a generic fingerprinting method with intrinsic
superior reproducibility and a high degree of dis-
criminatory power compared to other random ampli-
fication methods like RAPD [49]. This genetic marker
system basically uses restriction fragment analysis, but
a polymerase chain reaction (PCR) approach is used to
visualize fragments instead of hybridization with a
probe. Initially, DNA is cut with two different restric-
tion enzymes to produce well defined restriction frag-
ments with sticky ends. Synthetic double stranded
linkers with matching sticky ends are ligated on all
the restriction fragments, and the ligated fragments are
subsequently amplified in PCR in a two-step amplifica-
tion procedure. First, part of the total number of
restriction fragments are amplified during ‘preamplifi-
cation’ with primers containing one extra ‘selective’
nucleotide at their 3" end. This selective nucleotide will
allow amplification of those restriction fragments
which have a matching nucleotide next to the linker.
With one selective nucleotide on both primers only
1/16th of all restriction fragments in the mixture will
amplify during preamplification. During the sub-
sequent ‘selective’ amplification, one or two additional
selective nucleotides on each primer will further reduce
the number of fragments amplified. Amplified frag-
ment length polymorphism fingerprinting was applied
for determining the epidemiological relatedness be-
tween A. fumigatus isolates [50].

Microsatellite length polymorphisms (MLPs)

Microsatellites (also called short tandem repeats, STRs,
or simple sequence repeats, SSRs) are short repetitive

sequences distributed across eukaryotic genomes. Re-
peat units vary from one to five nucleotides in length at
different loci [51]. Because of the great variability of the
repeat number at most loci, microsatellites are widely
used for genetic mapping and strain typing purposes.
Microsatellites are short enough to be analyzed by
PCR, combined with gel electrophoresis, avoiding the
need for hybridization. The use of labeled primers can
improve reproducibility, allow the analysis of several
microsatellite loci in one PCR reaction, and provide
computerizable data. The method is rapid, highly
reproducible and, in contrast to RAPD, uses unique
primers and specific sequences flanking microsatellite
loci. This technique was used successfully for strain
typing in A. fumigatus [52—-54]. Comparing three
typing techniques — RAPD, RFLP fingerprinting and
MLP - Bart-Delabesse et al [54] found that RFLP
fingerprinting is the most powerful technique giving
mostly concordant results with MLP data, while
RAPD was found to be inferior to the other two
techniques in view of its discriminatory power. Taking
into consideration the advantages and drawbacks of
the different typing techniques, microsatellite-based
approaches are the most promising tools for typing
A. fumigatus isolates, since these techniques are rela-
tively simple, inexpensive, has high disriminatory power
compared to for example multilocus sequence typing
(MLST), and the drawback of potentially ambiguous
interpretation (stutter peaks) can be overcome by
appropriate data analysis. Recently, de Valk et al. [55]
developed a panel of nine short tandem repeats for
fingerprinting A. fumigatus isolates. The discriminatory
power of this technique was found to be extremely high:
96 of the 99 examined isolates could be distinguished.

Single nucleotide polymorphisms (SNPs)

Single-nucleotide polymorphisms are single-base varia-
tions at unique loci. A variety of techniques is available
for SNP identification [56]. For examining single-strand
conformation polymorphisms (SSCPs), DNA regions
with potential polymorphisms are amplified by PCR,
and the products are denatured by formamide and
heat, generating single-stranded DNAs which adopt
a tertiary structure that depends on the sequence. A
difference in one base generally forms a different
conformer and migrates differently on a non-denaturing
polyacrylamide gel [57]. Single-strand conformation
polymorphisms analysis of parts of the rRNA gene
cluster has been used to identify a wide variety of
fungi, but has not been assessed on more polymorphic
genes to fingerprint fungal strains of the same species
[58,59]. Another technique used to detect SNPs is
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heteroduplex mobility assay. After PCR amplification
of DNA regions of interest, the DNA is denatured
by heat and allowed to anneal, forming homoduplexes
when the sequences are identical, and heterodu-
plexes when there is a difference in one or more bases.
A single-base mismatch can produce conformational
changes in the double helix that cause the differ-
ential migration of homoduplexes and heteroduplexes
during gel electrophoresis [57]. A heteroduplex mobility
assay with a panel of reference fragments has been
used to assess intraspecific variation in a group of
aflatoxin-producing Aspergillus isolates [60].

Single nucleotide pollymorphism can also be as-
sessed by MLST analysis. This technique was originally
developed for characterizing isolates of bacterial spe-
cies using the sequences of internal fragments of six to
ten house-keeping genes. Approximately 450—500 bp
internal fragments of each gene are used [50]. For each
house-keeping gene, the different sequences present
within a bacterial species are assigned as distinct alleles
and, for each isolate, the alleles at each locus define the
allelic profile or sequence type. Each isolate of a species
is therefore unambiguously characterized by a series of
six to ten integers which correspond to the alleles at the
six to ten house-keeping loci. The great advantage of
MLST is that sequence data are unambiguous and the
allelic profiles of isolates can easily be compared to
those in a central database (www.mlst.net).

However, the MLST technique revealed insufficient
genetic variation among isolates of some pathogenic
fungi including Coccidioides sp. and A. fumigatus [61—
63]. In a preliminary study, Platt et al. [63] screened 28
loci of different A. fumigatus isolates for polymorphic
sites. Nucleotide sequence variation was observed in
eight loci, from which only the sequences of a catalase
(catB) and a polyketide synthase (pksP) gene fragment
showed some nucleotide variation in all isolates. This
phenomenon could possibly be caused either by recent
speciation or selective pressure. In these cases, sequen-
cing of numerous, more variable microsatellite loci (the
so-called multilocus microsatellite typing, MLMT sys-
tem) was found to provide sufficient variability for
population genetic studies. This typing system provides
data similar to those obtained by MLST, although in
the MLMT system length polymorphisms are searched
for. The technique was successfully used to examine the
population structure of Coccidioides sp. and A. fumi-
gatus [64,65].

In conclusion, microsatellite based and MLST ana-
lyses are the most powerful tools for strain typing of
Aspergillus isolates (Table 1). The strain-typing data
obtained by the methods detailed above can be used
not only for analyzing genotypic diversity among
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fungal isolates, but also for revealing genetic differ-
entiation or isolation and the mode of reproduction of
Aspergillus populations.

Outcomes of molecular typing studies in
aspergilli

Clinical aspects

Aspergillus conidia are permanently present in the air.
Chalazet ef al. [8] detected that the concentration of A.
fumigatus conidia in the air of a hospital varied
between 0—3 m~°, while Hospenthal et al. [66] could
detect 11.6 conidiam > in an oncology unit of a
hospital (1.83 conidia m ~* on average). The extent of
genetic diversity of environmental and clinical isolates
has been demonstrated in an Afutl -RFLP-based study
including 879 clinical and environmental isolates from
different geographical locations [43]. Upon analysis of
the 424 distinct unique genotypes obtained, only 14
identities between strains of different geographical
origins could be found. Correlation was not observed
between the genotypes and geographical origin of the
isolates [43]. In another study, 700 isolates came from
the hospital environment and patients were examined
[8]. The authors detected 85% of the genotypes only
once, while 15% of the genotypes were detected several
times and were found to persist in the hospital
environment for months. Patients hospitalized in dif-
ferent parts of the same hospital can be infected with
the same strain since every patient might inhale the
same spore population. Isolates came from the envir-
onment or from patients could not be distinguished
based on their RFLP profiles [7]. Other genetic
methods were also unable to discriminate between
clinical and environmental isolates of A. fumigatus,
indicating that every strain present in the environment
is a potential pathogen if it encounters the appropriate
host. The ability of any strain of A. fumigatus to
become pathogenic also provides evidence for the
absence of host specificity [7].

The potential sources of air-borne A. fumigatus
conidia are potted plants, construction work, aerosols
(e.g. showers), personal and medical materials (e.g.
pillows), etc. [67—69]. The importance of alternative
sources of infection, with special emphasize on water is
increasing [67,70]. Recently, environmental isolates
recovered from either air or water could have been
distinguished by AFLP analysis [50]. The source of
infection (community acquired vs. nosocomial) can
also be monitored by typing. The isolation of identical
strains from a patient and from the hospital environ-
ment of that patient indicates that the infection was
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nosocomially acquired, although the huge genetic
diversity of A. fumigatus isolates makes it difficult to
ascertain a hospital source of the infection [71].
Chalazet et al [8] detected isolates with identical
genotypes from two patients or from a patient and
the patient’s environment in the same hospital for 30 of
73 patients (41%). These genotypes accounted for 17 of
the 80 clinical genotypes (21%) studied, whereas only
21 (4.8%) common genotypes were identified among
433 unique environmental genotypes encountered in
the hospitals. Comparison of these data suggested that
infection was nosocomial for these 30 patients [8]. Bart-
Delabesse et al. [51] observed that among 12 patients
with TA in a hematological unit, five (42%) had
hospital-acquired IA based on MLP genotyping of 27
and 62 A. fumigatus isolates came from the patients
and the environment, respectively. The nosocomial
origin of A. fumigatus infections has also been sus-
pected based on typing of environmental and clinical
isolates in other studies. The techniques used include
random microsatellite typing [72], RAPD [73,74],
RAPD combined with SSDP analysis [75], or with
SSDP and MLEE [19]. Lair-Fullinger et al [76]
examined the epidemiology of avian aspergillosis in
breeding turkeys by MLP. The authors detected 10
genotypes occurring both in animals and in air samples.
Whereas older animals harbored several combinations
of genotypes, one-day-old chicks carried a unique
genotype, which was frequently recovered in air sam-
ples [76].

Aspergilloses caused by other aspergilli could also be
identified as nosocomial infections. In these cases, the
genetic variability is less pronounced, so identification
of the source is an easier task. For 4. flavus infections,
the most frequently used technique is RAPD analysis
[34,77-79]. James et al. [80] used hybridization with
a repetitive DNA sequence, pAF28 to identify the
source of A. flavus infections in a neonatal unit. The
cutaneous infection of the infants was possibly caused
by an adhesive tape contaminated by an A. flavus
isolate exhibiting the same genotype as the clinical
isolates [80]. For A. terreus, RAPD analysis was used to
identify the source of infection (in-hospital plants) in a
hematological unit [81].

The results of typing clinical isolates indicate that
most of the IA patients were infected by a one to two
strains, although mixed infections with more strains of
A. fumigatus can also occur [7,19]. In contrast, several
genotypes were isolated from airways of patients
suffering from cystic fibrosis. For example, five to ten
different types were found in six cystic fibrosis patients
with bronchial colonization by using Afutl-RFLP
analysis [82,83]. The same genotypes were found

repeatedly over time, demonstrating that cystic fibrosis
patients are colonized permanently by the same strains
of A. fumigatus without causing pathological changes.
Cimon et al. [75] observed that most recently colonized
patients carry numerous genotypes, while chronically
colonized patients usually harbor a limited number of
genotypes with the occurrence of a dominant one. The
authors suggested that selection for some strains of
A. fumigatus during the prolonged colonization of the
airways could cause this phenomenon. On the other
hand, isolates collected from a cystic fibrosis patient
with aspergilloma displayed the same genotype, sug-
gesting that the infection was due to a single strain [75].

Besides A4. fumigatus, other aspergilli including
A. terreus, A. niger, A. flavus and several Neosartorya
spp. have also been implicated in human diseases. In a
recent publication, Lionakis er al [84] observed
Aspergillus isolates other than A. fumigatus ( A. terreus,
A. niger, A. flavus) at an increased frequency in cancer
patients predisposed to antifungal drugs. Aspergillus
ustus infections have also been found in stem cell
transplant patients treated either with votriconazole or
caspofungin [85]. Among Neosartorya spp., N. pseudo-
fischeri, N. fischeri and N. spinosa have long been
known to be able to cause different forms of asper-
gillosis [§6—92]. Typing studies led to the identification
of species not known previously to be pathogenic,
including Neosartorya hiratsukae [93], N. udagawae
[S.A. Balajee, personal communication] and several
unnamed aspergilli related to A. fumigatus, A. viri-
dinutans and N. spinosa [94]. Other isolates have also
been described as distinct from most A. fumigatus
strains on the basis of molecular data [95,96]. More
recently, the anamorph of Neosartorya pseudofischeri,
A. thermomutatus could not be distinguished from A.
fumigatus isolates without using molecular analysis
[97].

Typing studies also contributed to the identification
of previously undescribed clades in pathogenic asper-
gilli, especially within the A. fumigatus ‘species’. An
‘A. fumigatus’ isolate (FRR 1266) found to be distinct
from typical A. fumigatus isolates using isoenzyme
and RAPD analyses [13] was later assigned to the
A. viridinutans sp. on the basis of the sequence analysis
of the B-tubulin gene [6,98]. Two other isolates, which
were morphologically similar to A. fumigatus, but
could be distinguished from it by molecular techniques
(sequence analysis, mitochondrial DNA RFLPs) have
also been suggested to represent a new species [6,98].
Later, sequence typing of clinical isolates led to the
description of a new pathogenic species, 4. lentulus
[99]. This newly described species also includes the two
isolates mentioned above [6,98], and several Korean
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isolates [100]. A. lentulus isolates have so far been
found in several parts of the United States (California,
Florida, New York, Seattle, Texas), in Korea, Australia,
Africa and in The Netherlands [98—-101].

Population structure of A. fumigatus

Pringle et al. [65] carried out multilocus microsatellite
sequence typing of five microsatellite loci of 63 A.
fumigatus isolates collected from five continents. The
data obtained revealed the existence of two genetically
isolated groups or phylogenetic species, the ‘fumigatus’
and the ‘occultum’ clade within the global 4. fumigatus
population [65]. The authors could not find any
correlation between genotypes and geographical origin
of the isolates, and concluded that A. fumigatus is the
first fungal species which was shown by population
genetic evidence to have a global population structure.
All other fungi postulated to be cosmopolitan pre-
viously were found to be more narrowly distributed
based on population genetic analyses [65].

Aspergillus fumigatus isolates produce conidia (mi-
tospores) abundantly, so asexual or clonal reproduction
is a given capability of this species. The question is
whether the fungus can also undergo recombination,
either through a sexual or a parasexual cycle. Although
numerous papers were published on the application of
several typing techniques to A. fumigatus isolates, only
some authors attempted to examine the reproductive
mode of A. fumigatus populations. The extremely high
degree of polymorphism within A4. fumigatus popula-
tions observed by Chalazet et al. [8] and Depeaupuis
et al. [43] can be due to past or recent actions of
retroelements, or can also be viewed as an indicator
of recombination. There are some other data support-
ing the view that recombination plays (or played) a role
in A. fumigatus populations. Most investigations using
isoenzyme data found some overrepresented genotypes,
this was indicative of clonal reproduction [102]. For
example, Rinyu et al. [13] observed that from 60 tested
isolates 19 exhibited the same p-arylesterase and
acid phosphatase profiles. Similarly, Cimon et al. [75]
observed identical SSDP profiles in 63 of 109 examined
isolates. On the other hand, the presence of all six
possible two-locus genotypes of the three B-arylesterase
and two phosphatase alleles among the strains tested
by Rinyu et al. [13] was an indicator of recombination.
The observation that 28 of the 32 possible combina-
tions of the five biallelic SSDP loci were recovered in
the studies carried out in the late 90s also indicated that
some recombination took place in the examined A.
fumigatus populations [18-20,38,75,103]. Parsimony
analysis of both the isoenzyme and RAPD datasets
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of Rinyu et al [13] resulted in trees with lack of
substructuring and low bootstrap values [104]. The lack
of clearly identifiable ‘discrete typing units’ was treated
as an indicator of a recombining or ‘nonstructured’
population by Tibayrenc [105]. The absence of a strict
correlation between trees based on different datasets,
e.g. on the isoenzyme and RAPD data [13], or on the
SSDP, RAPD and microsatellite data [18,19] also
indicated that recombination took place in the exam-
ined populations [105]. Further support for ongoing or
recent sexual reproduction in 4. fumigatus comes from
the presence of a defective transposable element, Afutl,
within the genome. The propagation of this element
must once have relied on sexual reproduction, and it
appears to bear traces of repeat induced point muta-
tion, which is specifically induced at meiosis in other
fungal taxa [65,106]. The genome of A. fumigatus also
contains other presumably active transposable elements
[42], suggested to be another characteristic of sexual
species by several authors [107—-109].

Recently, several methods have been described for
distinguishing recombination from clonality in fungal
populations [15,110]. Most genetic methods used to
distinguish between these two modes of reproduction
are based on the assumption that under clonality
different regions of the genome are inherited as a
unit, while in the case of recombination they may have
different evolutionary histories. In bacteria, the mosaic
structure of certain genes was treated as evidence for
recombination [111]. Another possibility is the exam-
ination of multilocus genotypes. Two methods fre-
quently used for distinguishing between clonal and
recombining reproduction are the index of association
test, and the parsimony tree length permutation test
(PTLPT) [15].

Varga and Téth [103] examined the reproductive
mode of A. fumigatus populations on the basis of
isoenzyme and SSDP data using statistical tests. Both
the index of association tests and PTLPT tests sup-
ported the premise that recombination played an
important role in A4. fumigatus populations. The
analyses indicated the presence of an epidemic struc-
ture in most examined A. fumigatus populations. The
prevalence of a single or some related electrophoretic
types in local A. fumigatus populations could be due
to selection. Although any environmental strain of
A. fumigatus can become pathogenic, the severity of the
disease caused can be different for individual isolates
since the virulence of a given strain can be influenced
by several factors. In experimental models of IA, it was
demonstrated that A. fumigatus isolates differed in
virulence, with clinical isolates being more virulent than
environmental strains, suggesting that pathogenicity in
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this case depended not only on the immune status of
the host, but also on the fungal isolate involved [112].
Indeed, recently correlation was observed between
elastase activities and invasiveness of A. fumigatus
isolates [113]. Similarly, 4. fumigatus isolates varied
in their abilities to inhibit phagocytosis by macro-
phages [114]. In a recent publication, correlation has
also been detected between in vitro growth rate and
virulence of A. fumigatus isolates [115]. It has also been
suggested that gliotoxin producing abilities of the
isolates also influence the virulence of the isolates
[116]. Genetically distinct A. fumigatus isolates might
respond to environmental changes differently, resulting
in the outbursts of some electrophoretic types. Network
methods have also been used successfully to reveal the
recombining population structures of A. fumigatus
populations [103].

In a recent publication, Pringle et al [65] also
observed that A. fumigatus ‘fumigatus’ appears to
recombine in addition to clonal reproduction when
MLMT datasets were examined. Evidence of recombi-
nation was found only when clone-corrected datasets
were examined by the index of association test. How-
ever, clone correction was irrelevant when two other
tests, the PTLPT and the incongruence length differ-
ence/partition homogeneity test were applied; both
analyses rejected the null hypothesis of clonality for
the examined dataset.

Paoletti et al. [117] identified and sequenced three
intergenic regions from 106 A. fumigatus isolates, and
examined the dataset by the index of association test.
The association index of the observed dataset was
found to be 0.24, whereas the association index of 1000
artificially recombining datasets ranged from —20 to
0.29, with a mean value of zero. These results present
clear evidence that recombination had occurred within
the test samples.

Population structures of other Aspergillus spp. have
also been examined recently. In A. flavus, Geiser et al.
[118] compared genealogies of five partial gene se-
quences, and observed two cryptic species. In one of
these species, lack of concordance of gene genealogies
was treated as an evidence for recombination. Van
Diepeningen [119] examined the population structure
of black aspergilli using partial sequences of three
genes coding for non-essential extracellular enzymes.
Comparing the genealogies of these genes, she found
evidence for a very low level of nuclear recombination
in A. niger. Using a similar approach by comparing
phylogenies of five nuclear genes, Peterson et al. [120]
observed recombining population structure in an
A. nomius population, but could not find evidence for
recombination in 4. bombycis.

The applied techniques did not enable the researchers
to distinguish between the alternative hypotheses of
whether past meiotic exchanges, parasexuality or a
cryptic sexual stage were responsible for the recombin-
ing population structure of A. fumigatus. For past or
present sexual recombination, functional MAT genes
are necessary in fungi [121]. In the followings, the
results of hunting for genes needed for sexual recombi-
nation in aspergilli will be presented.

Genes necessary for sexual reproduction in aspergilli

Mating processes in fungi are governed by mating type
genes. Most (if not all) heterothallic filamentous
ascomycetes have a dimictic mating system with two
alleles (called idiomorphs as they do not share any
significant sequence similarity) located in a single locus
[121]. One idiomorph (M ATI-2) contains a single open
reading frame (ORF) encoding a regulatory protein
with a DNA-binding domain of the high mobility
group (HMG) type, while the other (M ATI-1) contains
an ORF encoding a protein with a motif called alpha
box also present in the MAT«l protein of Sacchar-
omyces cerevisiae [121]. The presence of a mating type
gene (MATI-2) in A. fumigatus was first reported by
Poggeler [122] and Varga [123]. Recently, Paoletti et al.
[117] reported the presence of both MAT idiomorphs in
a global A. fumigatus population. The proportion of
isolates carrying either the MATI-1 or MATI-2
homologs was about the same (43% and 57%, respec-
tively). Interestingly, the flanking region of the MATI-
1 idiomorph carries part of the MATI-2 idiomorph, a
feature not seen before among fungi. Regarding the
evolution of MAT loci among aspergilli, the presence
of a partial MATI-2 sequence within the idiomorph-
flanking region is consistent with the proposal that
species such as A. fumigatus arose from a homothallic
ancestor in which MATI-1 and MATI-2 genes origin-
ally were adjacent, but the genes then became separated
as a result of a translocating break or aberrant
segregation [117]. This hypothesis is also supported
by the extensive conserved synteny observed at the
MAT loci of A. nidulans, A. fumigatus and A. oryzae
[124]. However, it remains possible that homothallic
aspergilli arose from heterothallic ancestors as sug-
gested for Neurospora and Cochliobolus spp. [117]. This
alternative scenario is supported by the observation
that several relatives of A. fumigatus are heterothallic,
including Neosartorya fennelliae, N. spathulata, N. uda-
gawae, N. nishimurae and N. otanii [125]. However,
previous studies clarified that at least three of these
heterothallic species form separate clades not closely
related to each other [5,6].

© 2006 ISHAM, Medical Mycology, 44, S149-S16
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Homologs of other genes necessary for mating in
yeasts have also been identified in A. fumigatus and
other aspergilli [122,123]. In a recent publication on
sequencing the A. nidulans genome, homologs of more
than 200 genes taking part in sexual processes in other
fungi have been identified in the genomes of A.
nidulans, A. oryzae and A. fumigatus [124]. These
homologs include genes taking part in the mating
process, pheromone response, fruit body development,
karyogamy and meiosis. In all cases, if a gene was
present in the A. nidulans gemone, it was also present in
the genomes of A. oryzae and A. fumigatus [124].
Homologs of the a-factor like pheromone precursor
gene (ppgB) could not be identified unambiguously in
any aspergilli [124].

Paoletti et al [117] investigated whether putative
genes involved in mating processes were expressed at
the RNA level during mycelial growth of A4. fumigatus.
The authors observed that both MATI-1 and MATI-2
were expressed in a mating-type specific manner. The
pheromone-receptor genes preA and preB were also
expressed, with no clear differences evident between the
MAT-1 and MAT-2 isolates. In contrast, the expres-
sion level of the a-pheromone precursor gene was
higher in the MATI-1 than the MATI-2 isolate. A
similar expression pattern has been observed in Neu-
rospora crassa, a heterothallic ascomycete, in which
pheromone-receptor gene expression is constitutive,
whereas pheromone-precursor gene expression is mat-
ing-type dependent [126].

Mating type gene homologs have also been identified
recently in the homothallic A. nidulans [127], and in the
asexual A. flavus, A. sojae, A. parasiticus, A. oryzae
[121,128,129] and A. niger spp. [J. Varga, unpublished
results]. In asexual species, the mating type genes were
distributed in a ‘heterothallic’ manner, and the ratio of
isolates carrying either MATI-1 or MATI-2 was found
to be similar in most species [124]. On the contrary,
most (more than 80%) of the black Aspergillus isolates
tested were found to carry the MATI-1 idiomorph,
indicating that these species lost their ability to sexual
recombination long time ago, and reproduce clonally
[J. Varga, unpublished data]. Experiments are in
progress to cross A. fumigatus and A. oryzae isolates
in order to induce a sexual cycle in these species
[P. Dyer, personal communication]. The observation
of abortive cleistothecia in interspecific pairings be-
tween some A. fumigatus isolates and an ‘A’ mating-
type strain of N. femnelliae indicate that such crosses
might lead to the discovery of the sexual cycle in these
fungi [130].

© 2006 ISHAM, Medical Mycology, 44, S149-S16

Conclusions

Several molecular techniques have been developed
recently for typing Aspergillus spp. Among them,
RFLP fingerprinting, MLPs and MLST have the best
discriminatory power and reliability. Hopefully, the
completion of the genome sequencing of A. fumigatus
will speed up the identification of new markers,
including microsatellite loci as happened in other
aspergilli [131-133]. Molecular strain typing techni-
ques have been used to reveal the genetic diversity of
environmental and clinical isolates, to reveal the source
of infection, and to address several other questions
related to the epidemiology of aspergilloses. Data
obtained by molecular typing also help to address
questions related to the population genetics of asper-
gilli, including the presence of cryptic species, and the
role of recombination in Aspergillus populations. The
identification of mating type genes in A. fumigatus
populations indicates that either recent or ongoing
sexual processes could be responsible for the observed
recombining population structure of this human patho-
gen. Further studies should be pursued to reveal
differences between the two phylogenetic species of
A. fumigatus [65]. It would be interesting to see whether
the two clusters corresponding to air-derived and
water-borne A. fumigatus isolates observed by Warris
et al. [49] by AFLP analysis correspond to the two
phylogenetic species recognized in the global A. fumi-
gatus population by Pringle ez al. [65]. Additionally, a
thorough study of the genetic diversity of A. fumigatus
may provide some insight in the polygenic nature of
virulence and improve our understanding about the
variation of the pathogenicity of natural isolates.

Acknowledgements

I would like to thank S. A. Balajee (Fred Hutchinson
Cancer Research Center, Seattle, USA) and P. Dyer
(University of Nottingham, Nottingham, UK) for
sharing unpublished data with me.

References

1 Raper KB, Fennell DI. The Genus Aspergillus. Baltimore, MD:
Williams & Wilkins, 1965.

2 Brookman JL, Denning DW. Molecular genetics in Aspergillus
fumigatus. Curr Op Microbiol 2000; 3: 468—474.

3 Latgé JP. The pathobiology of Aspergillus fumigatus. Trends
Microbiol 2001; 9: 382—389.

4 Marr KA, Patterson T, Denning D. Aspergillosis. Pathogenesis,
clinical manifestations, and therapy. Inf Dis Clin North Am 2002;
16: 875-894.

5 Geiser DM, Frisvad JC, Taylor JW. Evolutionary relationships
in Aspergillus section Fumigati inferred from partial -tubulin



ol

11

12

13

14

15

16

17

18

19

20

21

22

and hydrophobin DNA sequences. Mycologia 1998; 90: 831—
845.

Varga J, Vida Z, Toth B, er al. Phylogenetic analysis of newly
described Neosartorya species. Antonie van Leeuwenhoek 2000;
77: 235-239.

Bart-Delabesse E, Latgé JP. Ecology and genetics diversity of
Aspergillus fumigatus. In: Domer JE, Kobayashi GS (eds). The
Mycota. XII. Human Fungal Pathogens. Heidelberg, Germany:
Springer-Verlag, 2003: 25-36.

Chazalet V, Debeaupuis JP, Sarfati J, e a/. Molecular typing of
environmental and patient isolates of Aspergillus fumigatus from
various hospital settings. J Clin Microbiol 1998; 36: 1494—
1500.

Samson RA, Nielsen PV, Frisvad JC. The genus Neosartorya:
differentiation by scanning electron microscopy and mycotoxin
profiles. In: Samson RA, Pitt JI (eds). Modern Concepts in
Penicillium and Aspergillus Classification. New York: Plenum
Press, 1990: 455-467.

Frisvad JC, Samson RA. Chemotaxonomy and morphology of
Aspergillus fumigatus and related taxa. In: Samson RA, Pitt JI
(eds). Modern Concepts in Penicillium and Aspergillus Classifica-
tion. New York: Plenum Press, 1990: 201-208.

Kozakiewicz Z. Aspergillus species on stored products. Mycol
Papers 1989; 161: 1-188.

Peterson SW. Neosartorya pseudofischeri sp. nov., and its re-
lationship to other species in Aspergillus section Fumigati. Mycol
Res 1992; 96: 547-554.

Rinyu E, Varga J, Ferenczy L. Phenotypic and genotypic analysis
of variability in Aspergillus fumigatus. J Clin Microbiol 1995; 33:
2567-2575.

Selander RK, Caugant DA, Ochman H, er al. Methods of
multilocus enzyme electrophoresis for bacterial population
genetics and systematics. App! Environ Microbiol 1986; 51:
873-884.

Taylor JW, Geiser DM, Burt A, et al. The evolutionary biology
and population genetics underlying fungal strain typing. Clin
Microbiol Rev 1999; 12: 126—146.

Bertout S, Renaud F, De Meeus T, et al. Multilocus enzyme
electrophoresis analysis of Aspergillus fumigatus strains isolated
from the first clinical sample from patients with invasive
aspergillosis. J Med Microbiol 2000; 49: 375-381.

Rodriguez E, De Meeus T, Mallie M, er al. Multicentric
epidemiological study of Aspergillus fumigatus isolates by multi-
locus enzyme electrophoresis. J Clin Microbiol 1996; 34: 2559—
2568.

Bertout S, Renaud F, Barton R, et a/. Genetic polymorphism of
Aspergillus fumigatus in clinical samples from patients with
invasive aspergillosis: investigation using multiple typing meth-
ods. J Clin Microbiol 2001; 39: 1731-1737.

Rodriguez E, Symoens F, Mondon P, et al. Combination of three
typing methods for the molecular epidemiology of Aspergillus
fumigatus infections. J Med Microbiol 1999; 48: 181—194.
Symoens F, Bertout S, Piens M, et al. A longitudinal study of
lung transplant recipients infected with Aspergillus: genetic
polymorphism of A. fumigatus. J Heart Lung Transplant 2001;
20: 970-978.

Van Belkum A. Molecular epidemiology of pathogenic fungi
involved in outbreaks. In: Domer JE, Kobayashi GS (eds). The
Mpycota. XII. Human Fungal Pathogens. Heidelberg, Germany:
Springer-Verlag, 2003: 3-24.

Soll DR. The ins and outs of DNA fingerprinting of infectious
fungi. Clin Microbiol Rev 2000; 13: 332-370.

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Schwartz DC, Cantor CR. Separation of yeast chromosome-
sized DNAs by pulsed field gradient electrophoresis. Cell 1984;
37: 67-75.

Chen KW, Lo HJ, Lin YH, et al. Comparison of four molecular
typing methods to assess genetic relatedness of Candida albicans
clinical isolates in Taiwan. J Med Microbiol 2005; 54: 249—-258.
Canteros CE, Zuiani MF, Ritacco V, et al. Electrophoresis
karyotype and chromosome-length polymorphism of Histo-
plasma capsulatum clinical isolates from Latin America. FEMS
Immunol Med Microbiol 2005; 45: 423-428.

Delgado AC, Taguchi H, Mikami Y, et a/. Human cryptococ-
cosis: relationship of environmental and clinical strains of
Cryptococcus neoformans var. neoformans from urban and rural
areas. Mycopathologia 2005; 159: 7—11.

Tobin MB, Peery RB, Skatrud PL. An electrophoretic molecular
karyotype of a clinical isolate of Aspergillus fumigatus and
localization of the MDR-like genes AfuMDRI and AfuMDR2.
Diagn Microbiol Infect Dis 1997; 29: 67-71.

Beadle J, Wright M, McNeely L, et al. Electrophoretic karyotype
analysis in fungi. Adv Appl Microbiol 2003; 53: 243-270.
Welsh J, McClelland M. Fingerprinting genomes using PCR with
arbitrary primers. Nucl Acids Res 1990; 18: 7213-7218.
Williams JGK, Kubelik AR, Livak KJ, et al. DNA polymorph-
isms amplified by arbitrary primers are useful as genetic markers.
Nucl Acids Res 1990; 18: 6531-6535.

Rieseberg LH. Homology among RAPD fragments in inter-
specific comparisons. Mol Ecol 1996; 5: 99—-105.

Anderson MJ, Gull K, Denning DW. Molecular typing by
random amplification of polymorphic DNA and M13 southern
hybridization of related paired isolates of Aspergillus fumigatus.
J Clin Microbiol 1996; 34: 87-93.

Khan ZK, Chowdhary L, Gyanchandani A, et al. Aspergillus
fumigatus strains recovered from immunocompromised patients
(ICP): subtyping of strains by RAPD analysis. Biochem Mol Biol
Int 1998; 46: 537-548.

Leenders A, van Belkum A, Janssen S, et al. Molecular
epidemiology of apparent outbreak of invasive aspergillosis in
a hematology ward. J Clin Microbiol 1996; 34: 345-351.

Rath PM, Ratjen F, Ansorg R. Genetic diversity among isolates
of Aspergillus fumigatus in patients with cystic fibrosis. Zentralbl
Bakteriol 1997; 285: 450-455.

van Belkum A, Quint WG, de Pauw BE, et al. Typing of
Aspergillus species and Aspergillus fumigatus isolates by inter-
repeat polymerase chain reaction. J Clin Microbiol 1993; 31:
2502-2505.

Healy M, Reece K, Walton D, et a/. Identification to the species
level and differentiation between strains of Aspergillus clinical
isolates by automated repetitive-sequence-based PCR. J Clin
Microbiol 2004; 42: 4016—4024.

Mondon P, Brenier MP, Coursange E, et al. Molecular typing of
Aspergillus fumigatus strains by sequence-specific DNA primer
(SSDP) analysis. FEMS Immunol Med Microbiol 1997; 17: 95—
102.

Denning DW, Clemons KV, Hanson LH, et al. Restriction
endonuclease analysis of total cellular DNA of Aspergillus
fumigatus isolates of geographically and epidemiologically
diverse origin. J Infect Dis 1990; 162: 1151—-1158.

Denning DW, Shankland GS, Stevens DA. DNA fingerprinting
of Aspergillus fumigatus isolates from patients with aspergilloma.
J Med Vet Mycol 1991; 29: 339-342.

Spreadbury CL, Bainbridge BW, Cohen J. Restriction fragment
length polymorphisms in isolates of Aspergillus fumigatus
probed with part of the intergenic spacer region from the

© 2006 ISHAM, Medical Mycology, 44, S149-S16



Molecular typing of aspersgilli W

42

43

44

45

46

47

48

49

50

5

—

52

53

54

55

56

57

58

59

ribosomal RNA gene complex of Aspergillus nidulans. J Gen
Microbiol 1996; 136: 1991-1994.

Tang CM, Cohen J, Rees AJ, et al. Molecular epidemiological
study of invasive pulmonary aspergillosis in a renal transplanta-
tion unit. Eur J Clin Microbiol Infect Dis 1994; 13: 318—-321.
Debeaupuis JP, Sarfati J, Chalazet V, et al. Genetic diversity
among clinical and environmental isolates of Aspergillus fumi-
gatus. Infect Immun 1997; 65: 3080—-3085.

Neuveglise C, Sarfati J, Latgé JP, et al. Afutl, a retrotransposon-
like element from Aspergillus fumigatus. Nucl Acids Res 1996; 24:
1428-1434.

Paris S, Latgé JP. Afut2, a new family of degenerate gypsy-like
retrotransposon from Aspergillus fumigatus. Med Mycol 2001;
39: 195-198.

Semighini PC, Delmas G, Park S, ez al. New restriction fragment
length polymorphism (RFLP) markers for Aspergillus fumigatus.
FEMS Immunol Med Microbiol 2001; 31: 15-19.

Monroy F, Sheppard DC. Tafl: a class II transposon of
Aspergillus fumigatus. Fungal Genet Biol 2005; 42: 638—645.
Nierman W, Pain A, Anderson MJ, et a/. Genomic sequence of
the pathogenic and allergenic filamentous fungus Aspergillus
fumigatus. Nature 2005; 438: 1151-1156.

Savelkoul PH, Aarts HJ, de Haas J, et al. Amplified-fragment
length polymorphism analysis: the state of an art. J Clin
Microbiol 1999; 37: 3083-3091.

Warris A, Klaassen CH, Meis JF, et al. 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.

van Belkum A. The role of short sequence repeats in epidemio-
logic typing. Curr Opin Microbiol 1999; 2: 306—311.
Bart-Delabesse E, Humbert JF, Delabesse E, et al. Microsatellite
markers for typing Aspergillus fumigatus isolates. J Clin Micro-
biol 1998; 36: 2413-2418.

Bart-Delabesse E, Cordonnier C, Bretagne S. Usefulness of
genotyping with microsatellite markers to investigate hospital-
acquired invasive aspergillosis. J Hosp Infect 1999; 42: 321-327.
Bart-Delabesse E, Sarfati J, Debeaupuis JP, ez a/. Comparison of
restriction fragment length polymorphism, microsatellite length
polymorphism, and random amplification of polymorphic DNA
analyses for fingerprinting Aspergillus fumigatus isolates. J Clin
Microbiol 2001; 39: 2683—-2686.

de Valk HA, Meis JF, Curfs IM, ez al. Use of a novel panel of
nine short tandem repeats for exact and high-resolution finger-
printing of Aspergillus fumigatus isolates. J Clin Microbiol 2005;
43: 4112-4120.

Gil-Lamaignere C, Roilides E, Hacker J, ef al. Molecular typing
for fungi — a critical review of the possibilities and limitations of
currently and future methods. Clin Microbiol Infect Dis 2003; 9:
172-185.

Shi MM. Enabling large-scale pharmacogenetic studies by high-
throughput mutation detection and genotyping technologies.
Clin Chem 2001; 47: 164—-172.

Rath PM, Ansorg R. Identification of medically important
Aspergillus species by single strand conformational polymorph-
ism (SSCP) of the PCR-amplified intergenic spacer region.
Mpycoses 2000; 43: 381-386.

Kumeda Y, Asao T. Single-strand conformation polymorphism
analysis of PCR-amplified ribosomal DNA internal transcribed
spacers to differentiate species of Aspergillus section Flavi. Appl
Environ Microbiol 1996; 62: 2947-2952.

© 2006 ISHAM, Medical Mycology, 44, S149-S16

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

Kumeda Y, Asao T. Heteroduplex panel analysis, a novel method
for genetic identification of Aspergillus Section Flavi strains.
Appl Environ Microbiol 2001; 67: 4084—4090.

Taylor JW, Fisher MC. Fungal multilocus sequence typing — it’s
not just for bacteria. Curr Opin Microbiol 2003; 6: 351-356.
Rydholm C, Mitchell TG, Vilgalys R. Is local adaptation present
in the pan-global pathogenic mold Aspergillus fumigatus?
Inoculum 2003; 54: 43,

Platt JL, Geiser DM, Taylor JW. The quest for nucleotide
polymorphism in Aspergillus fumigatus: implications for a
phylogenetic definition of the species. 21st Fungal Genetics
Conference, Asilomar, 2001: 118 [cited 2006 Jul 7]. Avail-
able from <http://www/fgsc.net/fungalgenetics2001/popbioabs.
htm>.

Fisher MC, Koenig G, White TJ, et al. Biogeographic range
expansion into South America by Coccidioides posadasii mirrors
New World patterns of human migration. Proc Natl Acad Sci
USA 2001; 98: 4558—-4562.

Pringle A, Baker DM, Platt JL, et al. Cryptic speciation in the
cosmopolitan and clonal human pathogenic fungus Aspergillus
Sfumigatus. Evolution 2005; 59: 1886—1899.

Hospenthal D, Kwon-Chung K, Bennett J. Concentrations of
airborne Aspergillus compared to the incidence of invasive
aspergillosis: lack of correlation. Med Mycol 1998; 36: 165—168.
Warris A, Voss A, Verweij PE. Hospital sources of Aspergillus:
New routes of transmission? Rev Iberoam Micol 2001; 18: 156—
162.

Awad AHA. Vegetation: a source of air fungal bio-contaminant.
Aerobiologia 2005; 21: 53-61.

Woodcock AA, Steel N, Moore CB, et al. Fungal contamination
of bedding. Allergy 2006; 61: 140—142.

Warris A, Voss A, Abrahamsen TG, ef al. Contamination of
hospital water with Aspergillus fumigatus and other molds. Clin
Infect Dis 2002; 34: 1159-1160.

Symoens F, Burnod J, Lebeau B, et al. Hospital-acquired
Aspergillus fumigatus infection: can molecular typing methods
identify an environmental source? J Hosp Infect 2002; 52: 60—67.
Guarro J, Sole M, Castany R, et al. Use of random amplified
microsatellites to type isolates from an outbreak of nosocomial
aspergillosis in a general medical ward. Med Mycol 2005; 43:
365-371.

Menotti J, Waller J, Meunier O, et al. RAPD epidemiological
study of invasive pulmonary aspergillosis in a haematology unit
by molecular typing of environmental and patient isolates of
Aspergillus fumigatus. J Hosp Infect 2005; 60: 61 —68.
SoriaRoyer C, Bougnoux ME, Sulahian A, et al. RAPD typing
of Aspergillus fumigatus strains. Epidemiological applications on
a hospital site. J Mycol Med 1996; 6: 49-55.

Cimon B, Symoens F, Zouhair R, ez a/. Molecular epidemiology
of airway colonisation by Aspergillus fumigatus in cystic fibrosis
patients. J Med Microbiol 2001; 50: 367—-374.

Lair-Fulleringer S, Guillot J, Desterke C, et al. Differentiation
between isolates of Aspergillus fumigatus from breeding turkeys
and their environment by genotyping with microsatellite mar-
kers. J Clin Microbiol 2003; 41: 1798—1800.

Heinemann S, Symoens F, Gordts B, et al. Environmental
investigations and molecular typing of Aspergillus flavus during
an outbreak of postoperative infections. J Hosp Infect 2004; 57:
149-155.

Myoken Y, Sugata T, Fujita Y, et al. Molecular epidemiology of
invasive stomatitis due to Aspergillus flavus in patients with acute
leukemia. J Oral Pathol Med 2003; 32: 215-218.



g -

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

Diaz-Guerra TM, Mellado E, Cuenca-Estrella M, et al. Genetic
similarity among one Aspergillus flavus strain isolated from a
patient who underwent heart surgery and two environmental
strains obtained from the operating room. J Clin Microbiol 2000;
38: 2419-2422.

James MJ, Lasker BA, McNeil MM, et al. Use of a repetitive
DNA probe to type clinical and environmental isolates of
Aspergillus flavus from a cluster of cutaneous infections in a
neonatal intensive care unit. J Clin Microbiol 2000; 38: 3612—
3618.

Lass-Florl C, Rath PM, Niederwieser D, et al. Aspergillus
terreus infections in haematological malignancies: molecular
epidemiology suggests association with in-hospital plants. J
Hosp Infect 2000; 46: 31-35.

Neuveglise C, Sarfati J, Debeaupuis JP, ef a/. Longitudinal study
of Aspergillus fumigatus strains isolated from cystic fibrosis
patients. Eur J Clin Microbiol Infect Dis 1997; 16: 747—750.
Verweij PE, Meis JF, Sarfati J, ef al. Genotypic characterization
of sequential Aspergillus fumigatus isolates from patients with
cystic fibrosis. J Clin Microbiol 1996; 34: 2595-2597.

Lionakis MS, Lewis RE, Torres HA, et al. Increased frequency
of non-fumigatus Aspergillus species in amphotericin B- or
triazole-pre-exposed cancer patients with positive cultures for
aspergilli. Diagn Microbiol Infect Dis 2005; 52: 15-20.

Pavie J, Lacroix C, Hermoso DG, et al. Breakthrough dissemi-
nated Aspergillus ustus infection in allogeneic hematopoietic
stem cell transplant recipients receiving voriconazole or caspo-
fungin prophylaxis. J Clin Microbiol 2005; 43: 4902—-4904.
Gerber J, Chomicki J, Brandsberg JW, et al. Pulmonary
aspergillosis caused by Aspergillus fischeri var. spinosus: report
of a case and value of serologic studies. Am J Clin Pathol 1973;
60: 861-866.

Padhye AA, Godfrey JH, Chandler FW, et al. Osteomyelitis
caused by Neosartorya pseudofischeri. J Clin Microbiol 1994; 32:
2832-2836.

Gori S, Pellegrini G, Filipponi F, et al. Pulmonary aspergillosis
caused by Neosartorya fischeri (Aspergillus fischerianus) in a liver
transplant recipient. J Mycol Med 1998; 8: 105-107.

Lonial S, Williams L, Carrum G, et al. Neosartorya fischeri: an
invasive fungal pathogen in an allogeneic bone marrow trans-
plant patient. Bone Marrow Transplant 1997; 19: 753—755.
Summerbell RC, de Repentigny L, Chartrand C, et al. Graft-
related endocarditis caused by Neosartorya fischeri var. spinosa.
J Clin Microbiol 1992; 30: 1580—1582.

Matsumoto N, Shiraga H, Takahashi K, et al. Successful
treatment of Aspergillus peritonitis in a peritoneal dialysis
patient. Pediatr Nephrol 2002; 17: 243-245.

Jarv H, Lehtmaa J, Summerbell RC, er al. Isolation of
Neosartorya pseudofischeri from blood: first hint of pulmonary
aspergillosis. J Clin Microbiol 2004; 42: 925-928.

Guarro J, Kallas EG, Godoy P, et al. Cerebral aspergillosis
caused by Neosartorya hiratsukae, Brazil. Emerg Infect Dis 2002;
8: 989-991.

Katz ME, Dougall AM, Weeks K, ef al. Multiple genetically
distinct groups revealed among clinical isolates identified as
atypical Aspergillus fumigatus. J Clin Microbiol 2005; 43: 551—
555.

Katz ME, Mcloon M, Burrows S, et al. Extreme DNA sequence
variation in isolates of Aspergillus fumigatus. FEMS Immunol
Med Microbiol 1998; 20: 283-288.

Lin D, Lehmann PF, Hamory BH, et a/. Comparison of three
typing methods for clinical and environmental isolates of
Aspergillus fumigatus. J Clin Microbiol 1995; 33: 1596—1601.

97

98

99

100

10

—

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

Balajee SA, Gribskov J, Brandt ME, et a/. Mistaken identity:
Neosartorya pseudofischeri and its anamorph masquerading as
Aspergillus fumigatus. J Clin Microbiol 2005; 43: 5996—5999.
Varga J, Toth B, Rigé K, et al. Genetic variability within the
Aspergillus viridinutans species. Folia Microbiol 2000; 45: 423—
428.

Balajee SA, Gribskov JL, Hanley E, et al. Aspergillus lentulus sp.
nov., a new sibling species of A. fumigatus. Eukaryot Cell 2005;
4: 625-632.

Hong SB, Choi HS, Shin HD, ez al. Novel Neosartorya species
isolated from soil in Korea. Int J Syst Evol Microbiol 2006; 56:
477-486.

Hong SB, Go SJ, Shin HD, et al. Polyphasic taxonomy of
Aspergillus fumigatus and related species. Mycologia 2005; 97:
1342-1355.

Tibayrenc M, Kjellberg F, Arnaud J, er al. Are eukaryotic
microorganisms clonal or sexual? A population genetics vantage.
Proc Natl Acad Sci USA 1991; 88: 5129-5133.
Brenier-Pinchart MP, Lebeau B, Devouassoux G, et al. Asper-
gillus and lung transplant recipients: a mycological and mole-
cular epidemiologic study. J Heart Lung Transplant 1998; 17:
972-979.

Varga J, Toth B. Genetic variability and reproductive mode of
Aspergillus fumigatus: a review. Infect Genet Evol 2003; 3: 3—17.
Tibayrenc M. Toward an integrated genetic epidemiology of
parasitic protozoa and other pathogens. Annu Rev Genet 1999;
33: 449-477.

Latgé JP. Aspergillus fumigatus and aspergillosis. Clin Microbiol
Rev 1999; 12: 310-350.

Wright S, Finnegan D. Sex and the transposable element. Curr
Biol 2001; 11: R296—R299.

Arkhipova I, Meselson M. Deleterious elements and the extinc-
tion of asexuals. Bioessays 2004; 27: 76-85.

Nuzhdin SV, Petrov DA. Transposable elements in clonal
lineages: lethal hangover from sex. Biol Sci Linn Soc 2003; 79:
33-41.

Anderson JB, Kohn LM. Genotyping, gene genealogies and
genomics bring fungal population genetics above ground. Trends
Ecol Evol 1998; 13: 444-449.

Maynard Smith J. Analysing the mosaic structure of genes.
J Mol Evol 1992; 34: 126—129.

Aufauvre-Brown A, Brown JS, Holden DW. Comparison of
virulence between clinical and environmental isolates of Asper-
gillus fumigatus. Eur J Clin Microbiol Infect Dis 1998; 17: 778
780.

Blanco JL, Hontecillas R, Bouza E, et al. Correlation between
the elastase activity index and invasiveness of clinical isolates of
Aspergillus fumigatus. J Clin Microbiol 2002; 40: 1811-1813.
Bertout S, Badoc C, Mallie M, et al. Spore diffusate isolated
from some strains of Aspergillus fumigatus inhibits phagocytosis
by murine alveolar macrophages. FEMS Immunol Med Micro-
biol 2002; 33: 101-106.

Paisley D, Robson GD, Denning DW. Correlation between in
vitro growth rate and in vivo virulence in Aspergillus fumigatus.
Med Mycol 2005; 43: 397-401.

Kamei K, Watanabe A. Aspergillus mycotoxins and their effect
on the host. Med Mycol 2005; 43(Suppl 1): S95-S99.

Paoletti M, Rydholm C, Schwier EU, et al. Evidence for
sexuality in the opportunistic fungal pathogen Aspergillus
fumigatus. Curr Biol 2005; 15: 1242-1248.

Geiser DM, Pitt JI, Taylor JW. Cryptic speciation and recombi-
nation in the aflatoxin-producing fungus Aspergillus flavus. Proc
Natl Acad Sci USA 1998; 95: 388-393.

© 2006 ISHAM, Medical Mycology, 44, S149-S16



Molecular typing of aspersgilli m

119

120

12

[

122

123

124

125

126

127

128

Van Diepeningen A. Horizontal transfer of genetic elements in
black Aspergilli. PhD thesis, Wageningen Agricultultural Uni-
versity, 1999.

Peterson SW, Ito Y, Horn BW, et al. Aspergillus bombycis, a new
aflatoxigenic species and genetic variation in its sibling species,
A. nomius. Mycologia 2001; 93: 689—-703.

Turgeon BG, Yoder OC. Proposed nomenclature for mating type
genes of filamentous ascomycetes. Fungal Genet Biol 2000; 31:
1-5.

Poggeler S. Genomic evidence for mating abilities in the asexual
pathogen Aspergillus fumigatus. Curr Genet 2002; 42: 153-160.
Varga J. Mating type gene homologues in Aspergillus fumigatus.
Microbiology 2003; 149: 816—819.

Galagan JE, Calvo SE, Cuomo C, er al. Sequencing of
Aspergillus nidulans and comparative analysis with A. fumigatus
and A. oryzae. Nature 2005; 438: 1105-1115.

Varga J, Rigo K, Kocsubé S, et al. Samson RA. Evolutionary
relationships among economically important species of Asper-
gillus subgenera Aspergillus and Fumigati. In: Sharma AK,
Sharma A (eds). Plant Genome: Diversity and Evolution Vol
2B. Cryptogams. Enfield: Science Publishers Inc, 2005: 285-332.
Poggeler S, Kuck U. Identification of transcriptionally expressed
pheromone receptor genes in filamentous ascomycetes. Gene
2001; 280: 9-17.

Dyer PS, Paoletti M, Archer DB. Genomics reveals sexual
secrets of Aspergillus. Microbiology 2003; 149: 2301-2303.
Paoletti M, Schwier E, Archer D, et al. Sex and mating in
Aspergillus: asexual or not? Abstract Book, 7th European

© 2006 ISHAM, Medical Mycology, 44, S149-S16

129

130

131

132

133

134

135

Conference on Fungal Genetics, Copenhagen, Denmark, 2004:
98 [cited 2006 Jul 7]. Available from: <http://www.fgsc.net/
ecfg7/workshopllIMatingandSexualDevelopment.pdf>.
Yamamoto N, Juvvadi PR, Manryama J, et a/. Mating genes in
the Aspergillus oryzae genome: can it have a sexual cycle? 5th
Conference on Fungal Genetics and Molecular Biology, Tokyo,
Japan, 2005: S14 [cited 2006 Jul 7]. Available from: <http://
www.biochem.osakafu-u.ac.jp/~fmbsj/parts/5SthConf/S14.pdf>.
Udagawa S, Takada M. Contribution to our knowledge
of Aspergillus teleomorphs: some taxonomic problems. In:
Samson RA, Pitt JI (eds). Advances in Penicillium and Asper-
gillus systematics. New York: Plenum Press, 1985: 429-435.
Hosid E, Grishkan I, Frenkel Z, et al. Microsatellite markers for
assessing DNA polymorphism of Emericella nidulans in nature.
Mol Ecol Notes 2005; 5: 647—649.

Karaoglu H, Lee CM, Meyer W. Survey of simple sequence
repeats in completed fungal genomes. Mol Biol Evol 2005; 22:
639-649.

Esteban A, Leong SL, Tran-Dinh NT. Isolation and character-
ization of six polymorphic microsatellite loci in Aspergillus niger.
Mol Ecol Notes 2005; 5: 375-377.

van Belkum A, Struelens M, de Visser A, et al. Role of genomic
typing in taxonomy, evolutionary genetics, and microbial epide-
miology. Clin Microbiol Rev 2001; 14: 547-560.

Maslow JN, Mulligan ME, Arbeit R. Molecular epidemiology:
application of contemporary techniques to the typing of micro-
organisms. Clin Infect Dis 1993; 17: 153—164.



