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Aspergillus fumigatus causes a range of diseases in humans, some of which
are characterized by fungal persistence. Aspergillus fumigatus, being a gener-
alist saprotroph, may initially establish lung colonization due to its
physiological versatility and subsequently adapt through genetic changes
to the human lung environment and antifungal treatments. Human lung-
adapted genotypes can arise by spontaneous mutation and/or recombina-
tion and subsequent selection of the fittest genotypes. Sexual and asexual
spores are considered crucial contributors to the genetic diversity and
adaptive potential of aspergilli by recombination and mutation supply,
respectively. However, in certain Aspergillus diseases, such as cystic fibrosis
and chronic pulmonary aspergillosis, A. fumigatus may not sporulate but
persist as a network of fungal mycelium. During azole therapy, such mycelia
may develop patient-acquired resistance and become heterokaryotic by
mutations in one of the nuclei. We investigated the relevance of heterokaryo-
sis for azole-resistance development in A. fumigatus. We found evidence for
heterokaryosis of A. fumigatus in patients with chronic Aspergillus diseases.

Mycelium from patient-tissue biopsies segregated different homokaryons,
from which heterokaryons could be reconstructed. Whereas all variant
homokaryons recovered from the same patient were capable of forming a
heterokaryon, those from different patients were heterokaryon-incompatible.
We furthermore compared heterokaryons and heterozygous diploids
constructed from environmental isolates with different levels of azole resist-
ance. When exposed to azole, the heterokaryons revealed remarkable shifts
in their nuclear ratio, and the resistance level of heterokaryons exceeded that
of the corresponding heterozygous diploids.

incompatibility, azole resistance, diploid,
flexible nuclear ratio
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1. Introduction

The vast majority of invasive mould infections in humans are caused by
Aspergillus fumigatus. Azole antifungals are the mainstay of management of
Aspergillus diseases, but treatment is hampered by the emergence of multi-
azole-resistant A. fumigatus isolates [1-3]. Azole resistance is now reported
globally [4—-12], with resistance rates varying between 3.9 and 19% in clinical
isolates in The Netherlands [13,14] and 20% in the National Aspergillosis
Centre of the UK [15-17]. The majority of highly resistant mutants have
modifications in the coding and promoter region of the cyp51A-gene
[18-20]. This gene encodes the enzyme lanosterol 14-a-demethylase
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(CYP51A), the target of azoles that is essential to the ergos-
terol synthesis pathway. These cyp51A mutations are
believed to emerge by exposure of A. fumigatus to medical
azoles or azole fungicides [21].

Although many aspects of azole-resistance development
in A. fumigatus remain to be investigated, the capacity of
the fungus to create genetic diversity is crucial. Genetic vari-
ation may be generated during the various aspects of the life
cycle of A. fumigatus: mycelial growth, asexual sporulation
and sexual reproduction. Several studies in A. fumigatus
have focused on the consequences of asexual [22] and
sexual reproduction for fungal adaptation [23,24], but the
role of the mycelium has been largely overlooked. Although
patient-acquired azole resistance appears to be associated
with the presence of a pulmonary cavity, which is an environ-
ment that allows for asexual reproduction, A. fumigatus
hyphal biofilms are present in patients with cystic fibrosis
(CF) and chronic pulmonary aspergillosis (CPA). A variety
of azole-resistance mutations has been observed in patients
with CF and CPA, indicating that fungal adaptation takes
place [4]. Somatic mutations may occur during mitotic div-
isions leading to genetic variation within the mycelium.
Such heterokaryotic mycelium may subsequently undergo
parasexual recombination and segregate with a genetic
variety of clones [25,26].

Heterokaryosis (i.e. genetically different nuclei within the
same cytoplasm) is common in fungi. Hansen [27] found that
in various fungi, more than 50% of natural mycelia were het-
erokaryons that upon single-spore culturing segregated in
cultures of morphologically distinct types with respect to
the abundance of aerial hyphae and conidia produced [27].
A heterokaryon can result from mutations in one or more
nuclei in a homokaryotic mycelium, or from anastomosis of
hyphae from genetically distinct homokaryons. The latter is
however restricted by heterokaryon incompatibility, a
common fungal allorecognition mechanism limiting success-
ful fusion of hyphae to clonally related strains with the same
heterokaryon-compatibility alleles [28-30]. Heterokaryon
incompatibility has not been demonstrated yet in A. fumiga-
tus, but if it exists, mutation is the likely initial cause of
heterokaryon formation in patients, especially for isolated
long-lasting cultures.

Since asexual spores of A. fumigatus are uninucleate,
newly formed colonies start as a homokaryon and may pro-
duce heterokaryon during mycelial growth. Heterokaryosis
is thus a transient characteristic of the mycelium that is lost
upon asexual sporulation and dispersal of spores by air.
Therefore, heterokaryons may form and persist particularly
in long-lived mycelium cultures. This may be the case for
chronic A. fumigatus infections, where the fungus has been
shown to persist sometimes for many years [1,31-33].
Over time, the emergence of azole resistance in chronically
colonized patients has indeed been described in consecutive
A. fumigatus cultures that were concluded to be isogenic
based on microsatellite genotyping [4,34].
for a possible role of heterokaryosis in azole-resistance
development was also found in evolutionary laboratory

Evidence

experiments where an ancestral strain was allowed to
evolve resistance during several weeks of azole exposure
[22]. Both from patients and from evolutionary laboratory
experiments, different evolved clones of A. fumigatus have
been isolated, some of which are poorly sporulating or com-
pletely aconidial [35,36]. Different morphotypes from

patients have been encountered, especially in chronic infec-
tions such as sinusitis, aspergilloma or in CF [6,31,35-37],
but the characteristics and significance of such variants
have not been studied.

Here, we study the relevance of heterokaryosis and
somatic variation in the adaptive development of A. fumigatus.
We address the following questions. (i) What are the
characteristics of different variants of A. fumigatus isolated
from evolved cultures of patients or laboratory experiments?
(ii) Are the different successive or coexisting variants from a
patient heterokaryon- compatible, and does heterokaryon
incompatibility exist in A. fumigatus? (iii) How does azole
resistance of heterokaryons relate to that of the individual
homokaryons and heterozygous diploids? (iv) Is there plasticity
in the nuclear ratio within a heterokaryon in response to
changing azole concentrations?

2. Material and methods
(a) Strains used in this study

Fourteen clinical A. fumigatus strains, stored in the Radboud
University Medical Centre, were available from five different
patients suffering from various Aspergillus diseases (see electro-
nic supplementary material, table S1 for patient characteristics).
Four successive isolates were collected from patients P1 (asper-
gilloma) and P2 (chronic granulomatous disease) during azole
treatment, another two strains were isolated from patient P3,
a kidney transplant recipient, patient P4 with invasive aspergil-
losis and patient P5 a CF patient. Furthermore, we used wild-
type strain CBS140053 (isolated from soil in Wageningen, The
Netherlands, 1992) and five derived strains, that evolved
during a seven weeks evolutionary experiment on medium
with 1 pg ml ™! difenoconazole [36] (table 1).

(b) Culture media

Minimal medium (MM) was used for culturing heterokaryon
and heterozygous diploid. MM consists of 6.0 g NaNOj,
1.5g KH,PO4 0.5g MgSO47H,O, 0.5g KCl, 10mg of
FeSO4, ZnSO4, MnCl, and CuSO,; and 15 g agar + 1000 ml
H,O (pH 5.8). Malt extract agar (MEA), used for counting
spores and measuring the mycelial growth rate, was pur-
chased from Sigma Company (Sigma Aldrich, Germany).
The azole fungicide difenoconazole, and the medical azoles
itraconazole (ITR), voriconazole (VOR) and posaconazole
(POS) were purchased from Sigma Company (Sigma Aldrich,
Germany) [22].

() Aspergillus fumigatus variants and morphotypes
isolated from evolved cultures of patients and
experimental evolution experiments

The isolates of A. fumigatus that were derived from the same patient
or evolution experiment showed considerable variation. Morpho-
logical phenotypes were studied on MEA plates after 4 days
incubation at 37°C. The spore size of A. fumigatus was measured
with a Coulter counter (Beckman Coulter, The Netherlands).
Mycelium growth rate (MGR) assays were performed by averaging
the colony diameters (in mm) as measured in two randomly chosen
perpendicular directions after 4 days of growth. We performed anti-
fungal susceptibility testing and determined the minimal inhibitory
concentration (MIC) for environmental isolates and clinical isolates
from patients P3 and P4 according to the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) reference method.
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Figure 1. Heterokaryon-compatibility test. Aspergillus fumigatus strains with
complementing mutations in different genes required for nitrate utilization
(nia and cnx) are inoculated separately on the left- or right-hand side and
together in the middle of the agar plate with nitrate as the sole N-source
(positions a and b). (a) Heterokaryon formation between co-inoculated het-
erokaryon-compatible strains results in complementation and vigorous growth
on nitrate as sole N-source after 7 days at 37°C. (b) Strains that are hetero-
karyon-incompatible do not show complementation.

Relevant clinical information from patients P1, P2 and P3 was
retrieved from the literature [4,34,38].

(d) Heterokaryon-compatibility testing

The capacity of strains to form heterokaryon (heterokaryon com-
patibility) was tested following standard methods as explained in
figure 1 [39-41]. The complementing recessive nitrate non-using
mutations, nia and cnx, were introduced by ultraviolet radiation
of conidiospores of the various strains. Heterokaryon compatibil-
ity was tested among all clinical isolates from different patients
and evolutionary line isolates.

(e) Heterokaryons and diploids construction

From the evolutionary line, three environmental-compatible iso-
lates (CBS 140053-sensitive (S), CBS 140053-D3-7B-intermediate (I)
and CBS 140053-D1-7-resistant (R)) with a different level of resist-
ance to difenoconazole (see electronic supplementary material,
table S2) were chosen for further heterokaryon and diploid for-
mation. Heterokaryons (Snc&Scw; Inc&Scw; Rnc&Scw) were
constructed from sensitive (S), intermediate (I) and resistant (R)
strains differing in their nia or cnx mutation and conidial colour.
For example, Sy is a sensitive stain with a cnx mutation and
white spores, whereas Ry is a resistant strain with a niz mutation
and green spores. Heterozygous diploids (Snc//Scw; Ing//Scw;
Rnc//Scw) were isolated from heterokaryons by using the sand-
wich method [42]. MGR assays of heterokaryons and diploids
were compared after 4 days of growth. Heterozygous diploids
and constructed heterokaryons were inoculated on MM and MM
supplemented with 1 pg ml~" of difenoconazole and 0.6 pg ml !
of VOR, for individual homokaryons, MM + ureum with
1 ug ml™" of difenoconazole and 0.6 g ml ™' of VOR were used.

(f) The nuclear ratio in heterokaryons in different azole
environments

Assuming that the nuclear ratio among the conidiospores reflects
the nuclear ratio within the mycelium, we tested the effect of azole
exposure on the constitution of the heterokaryon. Inbrief, heterokar-
yons (Snc&Scw; Inc&Scw; Rnc&Scw) were grown on MM plates
with or without 1 ugml ' difenoconazole. After 4 days of
growth, spores were harvested from the heterokaryon into 0.5 ml
of saline (distilled water with NaCl 0.8 g17") supplemented with
Tween 80 (0.05% v/v) and dilutions were spread on an MEA agar
plate. The number of colonies of either colour was counted and

the ratio was calculated. SPSS independent-samples T-test was n

used for statistical analyses.

3. Results

(a) Different variants and morphotypes occur in
successive and coexisting isolates from the same
patient, and from an evolutionary experiment

The four consecutive A. fumigatus strains from patient P1 and
the four from patient P2 showed an increase in spore size, a
decrease in growth rate and an increase in azole resistance
over time (table 1 and figure 2). The two isolates of patients
P3 and P4, cultured from the same clinical specimen, were
morphologically very distinct (figure 2). Also the cultures
collected in the 7-week evolution experiment showed differ-
ent morphology when compared with the ancestor and
each other in addition to increasing azole resistance (table 2
and figure 2).

(b) Variant strains from the same patient or evolution
experiment are heterokaryon-compatible, strains
from different patients are heterokaryon-
incompatible

The heterokaryon-compatibility test is based on complementa-
tion of recessive deficiency markers in a heterokaryon
(figure 1). For many fungi, including several Aspergilli,
it has been found that only clonally related isolates are
heterokaryon-compatible, whereas non-clonal isolates are
heterokaryon-incompatible. Isolates from the evolution
experiments all share a common ancestor and are therefore
expected to be heterokaryon-compatible. We first tested
these known isogenic lines from the evolutionary experiment.
Indeed, all these isolates, even though morphogically distinct
(figure 1), were heterokaryon-compatible. This indicates that
heterokaryon compatibility is stable during the evolutionary
experiment. We next introduced heterokaryon-forcing mar-
kers in the isolates from patients P1, P2, P3 and P5 and
tested for heterokaryon compatibility. We found that all
within-patient isolates were heterokaryon-compatible while
isolates from different patients showed heterokaryon incom-
patibility (table 2). It was not possible to obtain markers
from the non-sporulating isolate from patient P4 and therefore
this isolate did not allow for heterokaryon testing.

() Aspergillus fumigatus heterokaryons constructed
from environmental isolates have higher azole
resistance than corresponding heterozygous diploids

The azole-resistance level, measured as the MGR on difenoco-
nazole-containing medium (1 pg ml™!) or VOR medium
(0.6 pgml "), of heterozygous diploids constructed from
environmental isolates was compared with that of the corre-
sponding heterokaryons and their constituting haploid
strains (figure 3). The MGRs of the heterokaryons
(Inc&Scw; Rng&Scw) were  significantly higher (T-test,
Teo= —7.348, p <005 T-test, Tgo=—6791, p<0.05)
than those of heterozygous diploids (Ing//Scw; Rnc//
Scw). Also on VOR medium (0.6 pg ml™h), heterokaryons
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CBS 140053 D6-7A CBS 140053 D3-7B mixture

Figure 2. Different morphotypes among consecutive and coexisting isolates
from patients (P1—P5) as well as from laboratory evolution experiments
(E1-E3).

showed higher MGRs than the heterozygous diploid (T-test,
Tep =4.866, p < 0.05; T-test, Ty » = 1.557, p < 0.05).

(d) The nuclear ratio in heterokaryons is flexible

The growth pattern of heterokaryons was strikingly different
on medium without azoles compared to that on medium
with 1 pgml™" difenoconazole. Whereas erratic growth of
the forced heterokaryon was typically seen on medium with-
out azoles, a more compact circular colony was formed on
azole-containing medium (figure 4a). The use of a white
spore-colour mutation in one of the strains in a heterokaryon
allowed for direct testing of the nuclear ratio in a heterokar-
yon on media with or without azoles (figure 4b). The ratios
of white to green colonies from spores of heterokaryons
SNG&SCW/ ING&SCW and RNG&SCW were analysed
(figure 5). For the sensitive heterokaryon Scw&Sng, there
was no significant difference between the nuclear ratio
on medium with and without 1 pgml ™' difenoconazole

(T-test, Teo= —2.151, p>0.05). For the heterokaryon [ 6 |

formed between the sensitive and intermediately resistant
nuclei (Ing&Scw), the percentage of intermediate resistant
nuclear, Ing shifted from 32 to 50%: a 1.7-fold increase
(T-test, Teo= —9.843, p<0.01). For the heterokaryon
between sensitive and resistant nuclei (Ryg&Scw), the per-
centage of Ryg-nuclei shifted from 25 to 78%: a 3.5-fold
increase (T-test, T, = —38.689, p < 0.01). On medium with-
out azole, the fraction Ryg in Ryg&Scw heterokaryon as well
as of Ing in Ing&Scw heterokaryon was significantly lower
than the fraction Syg in Sng&Scw (T- test, Tg o = 3.587, p <
0.05), which suggests a cost of resistance of Ryg and Ing on
MM without azole (figure 5).

4. Discussion

In this study, we investigated the relevance of heterokaryosis
for A. fumigatus infection and persistence. We provide evi-
dence for heterokaryosis of A. fumigatus isolates recovered
from patients with chronic Aspergillus diseases. Furthermore,
we demonstrate that heterokaryons constructed from
environmental isolates have growth characteristics different
from homokaryons and heterozygous diploids, and add to
the phenotypical plasticity of the isolate. The higher mycelial
growth rate of a heterokaryon than the corresponding hetero-
zygous diploids upon azole exposure is associated with a
nuclear ratio shift in the heterokaryon. In addition, we
formally demonstrate the existence of heterokaryon incom-
patibility between A. fumigatus isolates from different
patients and an environmental strain.

Aspergillus fumigatus is a generalist saprotrophic fungus
that thrives in decaying plant material, and causes, as a
side effect of its metabolic versatility, opportunistic and
chronic infections in various patient groups. Survival in the
human host involves adaptation to the lung environment,
often accompanied by development of azole resistance in
patients receiving chronic azole therapy. In general, A. fumi-
gatus may adapt to any new environment through genetic
and phenotypic plasticity. Genetic variability is created by
recombination and mutation. Recombination, at least in the
laboratory, can arise during sexual reproduction, followed
by selection of progeny most capable to survive [24,43].
Mutation, the ultimate source of genetic variation, was
shown to arise, particularly during abundant asexual spore
formation [22]. However, in the patient, sexual reproduction
of A. fumigatus is not likely, and asexual reproduction may
only occur when a pulmonary cavity is present. In addition
to genetic changes, somatic variation by heterokaryosis is
another mechanism of increasing phenotypic plasticity facili-
tating adaptation [44].

Like heterozygosity in diploids, heterokaryosis allows
genetic complementation of recessive mutations and hetero-
sis effects. Heterokaryons are phenotypically more flexible
than diploids, as in a heterokaryon, all possible nuclear
ratios can occur from 0 to 100% and ratios can change
depending on environmental conditions, whereas in a hetero-
zygous diploid, the allele frequency is fixed at 50%. Natural
heterokaryons have been described that enjoy an advantage
in growth rate compared with the homokaryons under
specific conditions and changing of nuclear ratios [44]. Het-
erokaryons can occur in many fungal species, but the
biological significance remains largely unclear [27,44,45]. A
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Figure 3. The azole resistance of heterokaryons constructed from environmental isolates relative to that of the individual homokaryons and heterozygous diploids
was measured as the mycelial growth rate on azole (1 g ml™" of difenoconazole and 0.6 g ml~" of VOR)-containing media (for diploid and heterokaryon, MM
with azole was used; for individual homokaryons, MM <+ ure with azole was used). R/S and 1/S are diploids; R&S and &S are heterokaryons.

(1 pgml™)

Figure 4. (a) Heterokaryon Scy and Ryg (see electronic supplementary
material, 1) growing on heterokaryon-selective medium with difenoconazole
(1 wg ml~"). (b) Spore sample from the heterokaryon plated on non-selec-
tive medium shows segregation into homokaryotic white-spored sensitive and
green-spored resistant cultures.

heterokaryon can store and facilitate genetic variation by
somatic mutation, parasexual recombination and segregation
upon selection pressure. This aspect of fungal growth may be
particularly relevant to allow persistence of mycelial forms in
the lung, but has so far not received much attention in the
research of Aspergillus infections.

Whereas colonies of A. fumigatus in nature that develop
and reproduce within days on relatively short-lived sub-
strates are probably ephemeral, a single inhaled uninucleate
airborne conidiospore of A. fumigatus may establish an infec-
tion or airway colonization that may persist as mycelium for
many years in the patient [1]. During this long period, the
multinucleate mycelium may enable adaptation to the host
stress factors such as antifungal treatment. Several obser-
vations are consistent with derived genetic variation in
Aspergillus species that persist in the host. When Aspergillus
infections from patients are sampled and tested, morpho-
logically distinct variants may be cultured in successive
respiratory samples or even from the same clinical sample.
These colonies might differ in certain characteristics such as
azole-resistance phenotype [4,34,35]. Particularly in CF
patients, A. fumigatus is thought to persist by the formation

of biofilms and thus as an exclusive mycelial morphotype
[46]. Microsatellite genotyping indicates that a single A. fumiga-
tus genotype may persist for many years [31-33]. Phenotypic
variation in A. fumigatus that is regularly found in patient cul-
tures is also observed in laboratory evolution experiments
initiated with a single ancestral genotype [22], but the under-
lying genetic background and possible clinical relevance of
successive and co-isolated morphotypes is unclear.

We here present the evidence for heterokaryosis in clinical
isolates. Mycelium from tissue samples of patients segregated
different homokaryons, from which heterokaryons could be
reconstructed. All variant isolates recovered from the same
patient were capable of forming a heterokaryon, whereas
those from different patients were heterokaryon-incompati-
ble. Aspergillus fumigatus heterokaryons, composed of
environmental homokaryons of different azole-resistance
phenotypes, shifted the nuclear ratio of the heterokaryon
towards more of the resistant nucleus in response to azole
exposure. This indicates that heterokaryons of A. fumigatus
are indeed flexible in their nuclear composition and have
phenotypic characteristics different from homokaryons and
heterozygous diploids, a process that might occur in the
human lung and represent an important adaptation strategy.

Heterokaryon can formally also arise by anastomosis of
hyphae from different strains, such as following multiple
infections, but this is restricted by heterokaryon incompatibil-
ity which is widespread in fungi [28,30]. As a result of
high polymorphism for heterokaryon-incompatibility genes
(het-genes) in many fungal populations, heterokaryon com-
patibility is mostly restricted to clonally related isolates and,
therefore, two randomly picked fungal isolates from nature
are most probably heterokaryon-incompatible [47-49].
Heterokaryon incompatibility was not known in A. fumigatus
previously, but here we clearly find evidence for its existence.
We found that A. fumigatus isolates from different patients,
and a field isolate, were heterokaryon-incompatible, indicat-
ing that they were all of different clonal origin. On the
other hand, variant isolates recovered from the same patient
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that differed in growth characteristics, spore size and/or
azole resistance could form a heterokaryon, indicating a
single clonal origin of the infection. Also, the isogenic variant
isolates derived from a common ancestor during a 7-week
experimental evolution showed heterokaryon compatibility.

(a) Relevance of heterokaryon formation for azole-

resistance development and in-host adaptation
Our finding that heterokaryon-compatible A. fumigatus variant
isolates can develop in patients indicates a potential role for
heterokaryosis in azole-resistance development and in-host
adaptation. Patient-acquired resistance can be concluded
when a phenotype switch takes place from azole-sensitive to
azole-resistant in consecutive isolates recovered from individ-
ual patients. This has been observed in isogenic isolates
recovered from patients treated with azoles and who have a
pulmonary cavity in which asexual sporulation can occur [34].

However, azole-resistant A. fumigatus has also been recov-
ered from patients without pulmonary cavities, notably
patients with CF or aspergillosis [50]. In this patient group,
heterokaryon formation might be a strategy to develop
azole resistance. Adaptive nuclear variation in a heterokaryo-
tic Aspergillus mycelium network may involve component
mutant nuclei that vary in level of in-host adaptation and
azole resistance but together may contribute to a flexible
and resilient heterokaryotic fungal infection. Such heterokar-
yon will break up in single genotypes when grown on
laboratory plates and may exhibit low fitness under these
conditions, which can be recognized as pleiomorphic growth.

(b) Implications of heterokaryosis in Aspergillus
infections and future outlook

We provide evidence for heterokaryosis in clinical A. fumiga-
tus isolates from patients with chronic or persistent
Aspergillus diseases, the segregation of different homokar-
yons and heterokaryon compatibility. Furthermore, we
show that constructed heterokaryons exhibit different
growth characteristics compared with homokaryons and, at
least for the environmental isolates in which it could be

tested, a higher azole resistance than the corresponding
heterozygous diploid. These changes were associated
with a nuclear ratio change, implying a potential role for
heterokaryosis in somatic variation and adaptation in
patients with chronic Aspergillus infection and coloniza-
tion. In clinical microbiology, single Aspergillus colonies
are used to determine species identification, but little
attention is paid to variability in colony morphology. In
the best practice guidelines of the British Society of Medi-
cal Mycology, no mention is made of variations of colony
phenotypes and the implications thereof [51]. With the
emergence of azole resistance, more interest was gained
to analyse multiple colonies for azole-resistance testing,
as mixed infection involving different azole phenotypes
have been reported [52]. Also, atypical colony morphology
or pleiomorphic growth under laboratory conditions may
be an indicator of in-host adaptation of the fungus, and
this might have clinical relevance. In-host adaptation
might reduce our therapeutic options to eradicate the
fungus from the lung [53].

Further research should shed more light on the relevance of
heterokaryosis in Aspergillus infections. How common is our
finding of heterokaryon-compatible concomitant Aspergillus
variants from different types of patients? What is the extent of
heterokaryon incompatibility both in patient isolates and in
the field? Can evidence be obtained of flexible heterokaryotic
growth in patients? If so, does this contribute to azole resistance
and fungal persistence in the human host? Answers to these
questions may change our view on how to diagnose and
manage Aspergillus infection and colonisation.

5. Conclusion

We provide evidence for heterokaryosis of A. fumigatus in
patients with chronic Aspergillus diseases. Our results indi-
cate that somatic variation and nuclear flexibility of
heterokaryotic mycelium may be a thus far overlooked strat-
egy for A. fumigatus to adapt to the lung environment and to
overcome azole exposure. These results indicate that chronic
Aspergillus infections are probably heterokaryotic rather
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than of single genotype. Implications for diagnosis and
management of A. fumigatus infections are considered.
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