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Azole resistance in Aspergillus species may be on the rise, with significant potential implications for the management
of invasive aspergillosis. The main mechanism of azole resistance in Aspergillus fumigatus is via alterations of the
target enzyme CYP51A. Such azole resistance is either primary or secondary (in the setting of prior azole exposure)
and can be derived either from single or multiple mutations. Irrespective of the amino acid substitution type in
CYP51A, azole-resistant Aspergillus isolates are always itraconazole resistant. There is significant variability among
studies and centers in the prevalence of azole resistance, and this is a multifactorial issue. Nevertheless, the exact
frequency of azole resistance is unknown, in part because of the low culturability of the fungus in patients with
aspergillosis. This work aims to provide an overview of the current knowledge in Aspergillus azole resistance and
raises questions for future research and practical implications in the management of aspergillosis.
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Introduction

Antifungal drug resistance is an emerging but likely
underestimated public health concern given the
lack of new antifungal agents in the pipeline.1 The
potential implications of azole resistance in the
management of aspergillosis could be significant;
voriconazole (VRC), a second-generation triazole
and the recommended first-line antifungal agent for
all types of invasive aspergillosis (IA),2 would not
be the optimal drug for azole-resistant IA, as its use
would probably result in high failure rates. Further-
more, as the use of broad spectrum oral triazoles,
such as itraconazole (ITC), VRC, and posaconazole
(POSA) (given commonly as primary or secondary
prophylaxis), is widespread, physicians would have
to resort to logistically inconvenient, expensive,
and toxic parenteral drugs in patients with azole-
resistant IA. In this review, we attempt to describe
the magnitude of the problem regarding epidemiol-
ogy, mechanisms of Aspergillus azole resistance, and
practical implications in the clinical management of
azole-resistant IA, and we raise questions for future
research.

Proposed nomenclature and mechanisms
of aspergillosis azole resistance

Undoubtedly, proposed standardized nomenclature
regarding Aspergillus in vitro resistance for clinically
licensed azoles, based on both phenotypic and geno-
typic definitions, has been a significant advance in
the field.3 For example, a pan-azole-resistant As-
pergillus isolate is characterized by high minimum
inhibitory concentrations (MICs) for all azoles.3

A multiazole-resistant Aspergillus isolate is an iso-
late whose MICs are in the resistance range for
more than one but not all mold-active azoles.3 An
Aspergillus isolate resistant to an individual azole
(e.g., ITC) is one that has MIC within the resis-
tance range for only one azole.3 Importantly, there
is no definition for dose-dependent azole resistance
for Aspergillus species as has been described for
Candida spp. 4

Azole resistance can be viewed either as primary
(intrinsic) or secondary resistance (in the setting
of prior azole exposure)5 and can be derived either
from single or multiple mutations.6 The main mech-
anism of azole resistance in Aspergillus fumigatus
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is via alterations, either point mutations or overex-
pression, of the target enzyme CYP51A.7–12 Of inter-
est, although there has been no report of azole resis-
tance in IA caused by A. flavus, investigators recently
described a different mutation of the CYP51C gene
for A. flavus than the mutations in the CYP51A gene
of A. fumigatus.13 Azole resistance due to decreased
azole accumulation in cases of increased activity of
efflux pumps (ABC, major facilitator superfamily
transporters) has been also demonstrated, mainly
in laboratory strains;14 however, the clinical signif-
icance of the latter resistance mechanism has yet to
be proven. Nevertheless, several azole-resistant A.
fumigatus isolates do not have any alterations in the
target enzyme or in efflux pump activity, suggest-
ing that other uncharacterized mechanisms (e.g.,
reduced azole uptake) might underlie such resis-
tance.15

Investigators have shown in animal models that
azole-resistant A. fumigatus strains retain their fit-
ness and infected animals have high fungal bur-
den, suboptimal protection by azoles, and increased
mortality.16 In contrast, A. fumigatus resistance to
other antifungals such as echinocandins or am-
photericin B is rare, probably reflecting a fitness
loss of those isolates.17–19 Furthermore, there are
specific non-fumigatus Aspergillus species, such as
A. terreus20 and A. nidulans,21 that have tolerance or
even intrinsic resistance to polyenes. It is important
to realize that some of the azole-resistant A. fumi-
gatus isolates might be “cryptic” rare strains that
are erroneously identified as A. fumigatus in routine
clinical laboratory testing. Some such isolates have
been shown to belong to A. ustus,22 A. lentulus,23

and A. calidoustus.24 Similarly, cryptic species were
recently found in azole-resistant clinical isolates of
the A. niger complex.25 ITC resistance was high, but
azole cross-resistance was unusual and the mecha-
nism of resistance remains obscure.25

The association between genotype and pheno-
type in azole resistance for A. fumigatus is com-
plex in the setting of the target enzyme CYP51A
alterations. Cross-resistance between azoles is re-
lated to the specific amino acid substitution.3 Im-
portantly, the majority of studies have shown that
irrespective of the substitution type, these isolates
are always ITC resistant.26 Therefore, ITC resistance
may serve as a practical screening marker for azole-
resistant Aspergillus isolates that would ultimately
need further evaluation regarding the genotypic

alteration and the degree of cross-resistance or toler-
ance to other triazoles. Of interest, VRC-only resis-
tance (i.e., without cross-resistance to ITC/POSA)
has been reported in the literature, albeit without a
causative mechanism of resistance.27,28

Issues with current Aspergillus azole
resistance in vitro testing

Optimal in vitro testing for azole resistance in
Aspergillus spp. remains a challenge. Of note, cur-
rent in vitro susceptibility testing is culture based
and this is a major limitation in view of the subopti-
mal culturability of the organism. For example, the
diagnostic culture yield of bronchoalveolar lavage
in patients with IA is no more than 30%.29 Further-
more, cultures might take up to five to seven days for
completion, so clinicians do not have real time in-
formation for the presence of azole resistance.30 The
in vitro conditions employed in susceptibility test-
ing are also artificial. Specifically, the methods used
in the setting of high inoculum of conidiae in an
aerobic, high-glucose environment do not simulate
in vivo growth of the fungus, which is characterized
by a low inoculum, hyphal growth, poor nutrient
substrates, semianaerobic environment, and possi-
bly biofilm formation.31 For example, Aspergillus
isolates that reside in cavities could develop azole
tolerances in the setting of hypoxia.32 To compli-
cate things further, in a recent study researchers
observed diverse microevolutionary alterations in
Aspergillus isolates residing in cavitary lesions, re-
vealing differences in azole susceptibility, mecha-
nisms of resistance, and genetic type even within
the same aspergilloma lesion.33 In addition, in vitro
susceptibility tests of Aspergillus spp. do not ad-
dress the heteroresistance phenomenon or fitness
cost that renders resistant strains less pathogenic.
Most if not all routine microbiological laboratories
do not routinely screen for cryptic Aspergillus spp.,
such as A. lentulus. Finally, current in vitro suscep-
tibility tests do not address the correlation of the
genotype derived from either a single nucleotide
alteration or multiple mutations of CYP51 with
in vivo azole resistance and azole cross-resistance.

Epidemiology of azole-resistant
aspergillosis

During the past five years, there has been an in-
creasing awareness that azole resistance in A. fumi-
gatus might be on the rise, based mainly on the
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observations of two European medical centers
that care for different types of patient popula-
tions: Manchester Reference Center (UK), where
researchers reported the presence of azole resis-
tance mainly in azole preexposed patients with
chronic pulmonary aspergillosis in the setting of
underlying structural lung disease,34,35 and the Ni-
jmegen Medical Center (the Netherlands), where
researchers reported the presence of azole resistance
in patients with intrinsic Aspergillus resistance (no
prior azole use), even in patients without underlying
chronic pulmonary disease.11,36,37 Epidemiological
exposures such as agricultural fungicides have been
also implicated as considerable contributors to azole
resistance in the latter center.38–42 Azole resistance
seems to be a relatively recent phenomenon in sev-
eral other European medical centers as well,43,44 and
its frequency (of both azole and multiazole resis-
tance) seems to be increasing in A. fumigatus.35

In a recent study, investigators tried to address the
regional magnitude of azole resistance;36 seven uni-
versity medical centers from the Netherlands par-
ticipated over a 20-month period, during which
all Aspergillus isolates were routinely tested for
azole resistance in ITC plates (4 mg/L) and were
incubated at 35–37 ◦C. Aspergillus isolates were
identified by routine macroscopic and microscopic
methods. For azole-resistant Aspergillus isolates
identified after plating in ITC plates, broth microdi-
lution MICs for ITC, VRC, and POSA were then
performed, as well as sequencing of the target en-
zyme CYP51A gene. In this particular study, resis-
tance prevalence was 5.3% per patient and 4.5% per
sample; nevertheless, the prevalence varied widely
(0.8–95%) between the participant medical centers,
even at centers in close geographical proximity to
each other. Over 80% of the Aspergillus spp. iso-
lates were derived from respiratory samples, and not
many cryptic A. fumigatus spp. were found (only 2%
of isolates). The dominant mechanism of resistance
was a TR/L98H mutation in the CYP51A gene that
had been previously described by the same investiga-
tors.35,45 Eighty percent of those isolates were cross-
resistant to VRC; notably, the degree of resistance
to VRC varied widely from 1 mg/L to 16 mg/L. In
addition, 17% of ITC-resistant A. fumigatus isolates
were also resistant to POSA. Interestingly, 64% of
the patients were azole naive at the time the resistant
Aspergillus isolate was cultured. There was no dif-
ference in the frequency of underlying diseases be-

tween patients with azole-resistant compared with
susceptible A. fumigatus isolates; nevertheless there
was a trend for patients with hematologic malignan-
cies to harbor resistant Aspergillus isolates. Overall,
the outcome for patients with azole-resistant IA was
poor, with over 88% crude mortality,36 although
IA-attributable mortality was not estimated.

Furthermore, attempts have been made recently
to evaluate the global distribution of azole re-
sistance in Aspergillus species. A global network
(SCARE Network) has been created in 20 participat-
ing countries from four different continents, based
on a culture-based prospective surveillance.46 Of
the 2,449 unselected A. fumigatus isolates screened
on ITC plates, 51 isolates (5.3%) were found to be
ITC resistant. Similar to findings in the Netherlands
study,36 significant prevalence variability was de-
scribed among the different centers (0–4.2%). Azole
resistance was demonstrated in many but not all
countries. In this study, 11 of the 51 (22%) ITC-
resistant A. fumigatus-like isolates were identified as
“sibling” species; of these 11 isolates, 5 (45%) were
A. lentulus. Moreover, in agreement with most of
the European studies, the main mechanism of resis-
tance was due to the TR/L98H mutation, and 82% of
the patients were azole naive. In contrast, in a recent
multicenter study in which 1789 Aspergillus isolates
from 63 medical centers worldwide were tested us-
ing an epidemiological cut-off value, in vitro VRC
resistance was low (less than 2%) and there was no
consistent trend toward decreased susceptibility for
any broad spectrum triazole during a 9-year period
(2001–2009).47 Of interest, geographical niches of
presumably nonwild-type Aspergillus isolates hav-
ing high MICs to azoles were identified outside Eu-
rope, especially in China.47,48

Prevalence of aspergillosis azole
resistance: a multifactorial issue

Undoubtedly, the tremendous variability of azole
resistance prevalence among previous studies is
multifactorial (Table 1): patient referral patterns,
selection versus random testing of specimens, time
of the study (older versus recent studies), number
of isolates tested (studies examining more versus
fewer than 100 isolates), differences in the screen-
ing methods (e.g., plate-based versus broth-based),
work-up to exclude cryptic Aspergillus spp. (e.g.,
A. lentulus), differences in the definitions of in vitro
resistance, and the testing methods or inocula
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Table 1. Variability of azole resistance prevalence in
Aspergillus isolates among medical centers and published
studies: a multifactorial issue

Parameters

Patient referral patterns (acute versus chronic

aspergillosis)

Selected versus random specimens

Time factors (recent versus older series)

Small collections of isolates (e.g., <100 isolates)

Differences in screening methods (microdilution

versus plate method)

Exclusion of cryptic Aspergillus species

Rates using different denominators (patient versus

isolates)

Different susceptibility methods and inocula

Different breakpointsa and definitions of resistance

Differences in geographic location of the center

aIn the absence of clinical breakpoints, epidemiolog-
ical cutoff values have been established as a means
of distinguishing wild-type isolates of Aspergillus spp.
by the Clinical and Laboratory Standards Institute
(CLSI).65

account for this variability. Importantly, it is pos-
sible that the prevalence of A. fumigatus azole re-
sistance is underestimated if culture-independent,
molecular methods are employed. In a recent study,
in which investigators used an ultrasensitive PCR
amplification of the CYP51A gene in sputum spec-
imens of both patients with different aspergillosis
syndromes and healthy volunteers, it was found that
PCR was significantly more sensitive than culture-
based methods.34 Specifically, PCR was positive for
Aspergillus spp. in 79% and 71% of patients with
allergic and chronic pulmonary aspergillosis, com-
pared with 0% and 16% by culture, respectively. In
culture-negative PCR-positive cases, resistance mu-
tations were found in 55% of tested samples, which
raises the question whether those isolates have a
fitness cost and do not grow easily in cultures. Re-
sistance markers were seen even in patients with-
out prior azole exposure, as well as in patients with
concurrent azole therapy and adequate serum azole
levels, although the data were too limited to draw
valid conclusions. Nevertheless, this study raises the
question whether PCR is a better way to detect both
Aspergillus spp. and azole resistance markers, at least

in aspergillosis syndromes that are associated with
low inoculum disease.

However, the controversy regarding the impact
of in vitro azole resistance in A. fumigatus is en-
hanced by the fact that clinical failure in IA syn-
dromes is multifactorial and associated not only
with the fungal isolate and its possible biological
fitness, but also with the pharmacology of the
antifungal agent used and with a variety of host
factors (Table 2). For example, the mode of action
of antifungal drugs (fungistatic versus fungicidal)
and their pharmacokinetics (absorption, tissue dis-
tribution, metabolism, drug–drug interactions) are
significant factors in prognosis.49 In the big picture,
host factors continue to be the most important de-
terminants of clinical failure of azoles in IA, due to
poor immune status, site of infection, presence of
tissue sequestration, severity of infection, and pa-
tient noncompliance with the drug regimen (espe-
cially in chronic IA syndromes that require several
months of antifungal treatment).

Unresolved issues of azole resistance for
the clinician

Whether in vitro azole resistance is an inde-
pendent risk factor for clinical failure remains
uncertain. Notably, previous studies regarding
azole-resistant IA usually did not report on the time
of onset of antifungals from the IA diagnosis, the
activity of the underlying disease, whether anti-
fungals were given intermittently or continuously
or whether antifungals were given as monother-
apy or in combination treatment, and the effect of
mixed or subsequent infections.11,34–36 This con-
troversy is further enhanced by the fact that the
recently described transplant-associated infection
surveillance network (TRANSNET) did not report
any mortality difference between patients with IA
caused by either VRC-resistant or VRC-sensitive
Aspergillus isolates.50 The effect of pharmacoki-
netic parameters such as the area under the curve
(AUC) and AUC/MIC of each azole, and the im-
portance of fluctuations of azole serum levels in
relationship to the development and outcome of
IA caused by azole-resistant Aspergillus isolates,
are obscure. Interestingly, although most patients
with chronic aspergillosis symptoms fail to im-
prove and remain stable, not all actually progress.35

This observation suggests that in at least that pa-
tient population, structural underlying lung disease,
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Table 2. Azole failure in invasive aspergillosis: a multifactorial issue

Host Azole Pathogen

Prior exposure to azoles Intermittent versus constant

exposure

Species-specific variability

Cavitary lung lesionsa Decreased AUC/MIC Isolate-specific variability

Compliance Volume of distribution Fungal burden

Poor systemic and infection site–

specific immune responsesa

Lipophilicity

Delayed diagnosisa Sequence of azole use (e.g., FLU →
POSA, ITC → POSA)

aPredisposing factors for high fungal burden.
AUC, area under the curve; FLU, fluconazole; ITC, itraconazole; MIC, minimal inhibitory concentration; POSA,
posaconazole.

fitness loss of resistant Aspergillus strains, and azole
resistance may induce competing scenarios. Simi-
larly, the suitability of using another azole sequen-
tially and the optimal sequence of different classes of
antifungal agents (either alone or in combination),
as well as the “threshold” of resistance in order
to start a non-VRC-containing regimen in pa-
tients with IA in each center, are still unknown.
Finally, there are no studies regarding the poten-
tial effect on Aspergillus galactomannan kinetics
in azole-resistant Aspergillus isolates under various
treatments.

Future perspective and practical
considerations

Undoubtedly, there is an urgent need for contin-
uation of global surveillance of both clinical and
environmental Aspergillus spp. isolates that should
be based on standardized nomenclature and labo-
ratory detection methods. A practical way to screen
for azole resistance could be based on plating on
ITC plates, as well as on the regular performance
of thermotolerance tests to look for A. lentulus.23

Furthermore, as azole resistance has been described
even in patients who received antifungal treatment
for less than one month,36 it might be reasonable to
screen for azole resistance all patients with culture-
documented IA who are to proceed to hematopoi-
etic stem cell transplantation or reinduction
cytotoxic chemotherapy for acute leukemia, in or-
der to estimate whether different therapeutic anti-
fungal strategies should be adopted. We believe that
in centers where the prevalence of azole resistance

is known to be high (e.g., over 5%), initial treat-
ment with different classes of antifungal agents such
as an echinocandin with liposomal amphotericin B
(each alone or in combination) might be prudent,
although this is yet to be demonstrated. Of note,
previous in vitro studies on the synergistic effect of
combination of VRC with an echinocandin against
VRC-resistant Aspegillus spp. showed conflicting re-
sults.51–53 In addition, there is an urgent necessity to
expand on research in PCR detection methods both
in bronchoalveolar lavage and tissues, in order to
employ more sensitive tests than cultures for IA di-
agnosis, as well as azole-resistance mutation(s) iden-
tification.54,55 Finally, as Aspergillus galactomannan
(GM) is increasingly considered a surrogate marker
for response,56,57 a rising GM titer in a patient with
documented IA who is on triazole-based therapy
might be indicative of azole-resistant IA, especially
if there is documentation of adequate serum tria-
zole levels. Further preclinical and clinical research
is needed on the role of GM as a marker of azole-
resistant aspergillosis.

However, as we enter the era of genomic medicine
and the cost of DNA sequencing is becoming af-
fordable (sequencing the whole human genome
currently costs about $1,000), we wonder whether
deep-sequencing on a large scale of Aspergillus iso-
lates, and not only of the CYP51A gene, might
be the answer needed to address the complex is-
sues of compensatory mutations, multiple targets,
etc. This approach proved to be valid when large-
scale phenotypic and genotypic data were corre-
lated with patient-level clinical data leading to the
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establishment of compensatory mutation roles in
the management of human immunodeficiency virus
infection.58 Disturbingly, autopsy rates are very low
in cancer care hospitals in the Western world (e.g.,
at MD Anderson Cancer Center the current autopsy
rate is less than 5%); therefore, we might not be
aware of the true magnitude of this problem. How-
ever, the little available data we have so far sug-
gest that azoles might have had a major positive
effect in the prevalence of IA at autopsy; for exam-
ple, data from our tertiary care cancer suggest that
the incidence of IA in the era of widespread use of
Aspergillus-active triazoles has gradually decreased
(Kontoyiannis, submitted).

Nonetheless, it should not be extrapolated that
azole resistance in Aspergillus will eventually result
in a worldwide pandemic. The roles of the unique
host and geographic niches of resistant opportunis-
tic fungal infections are reminders of the fact that
fungal resistance is a complex multifaceted issue.
For example, fungal infections with Candida kru-
sei59 or Fusarium solani60 did not spread beyond
the niches of leukemia and hematopoietic stem cell
transplantation patient populations. The same ob-
servation applies for Scedosporium prolificans infec-
tions that have been both geographically restricted
(e.g., Australia and Spain) and typically reported in
patients with underlying cystic fibrosis.61 Likewise,
A. nidulans is a typical pathogen only in patients
with chronic granulomatous disease,62 and A. ter-
reus has been described mainly in isolated centers of
Austria63 and Texas.64

Conclusions

Resistance of Aspergillus spp. to azoles might be on
the rise; nevertheless, inferences are drawn from
incomplete observational data, and it is rather
early to consider that azole resistance is becom-
ing a menacing worldwide phenomenon. A better
understanding of the epidemiology and the biologic
plausibility of resistance would assist in the develop-
ment of better diagnostic strategies (probably PCR-
based assays) for both prevention and treatment.
Currently, we need better field studies but not nec-
essarily modification of guidelines.

Acknowledgments

D.P.K. acknowledges the Frances King Black En-
dowed Professorship for Cancer Research.

Conflicts of interest

DPK has received research support and honoraria
from Pfizer; Astellas Pharma U.S.; Gilead Sciences,
Inc.; and Merck and Co., Inc. SPG reports no con-
flicts.

References

1. Ananda-Rajah, M.R., M.A. Slavin & K.T. Thursky. 2012. The
case for antifungal stewardship. Curr. Opin. Infect. Dis. 25:
107–115.

2. Walsh, T.J., E.J. Anaissie, D.W. Denning, et al. 2008. Treat-
ment of aspergillosis: clinical practice guidelines of the In-
fectious Diseases Society of America. Clin. Infect. Dis. 46:
327–360.

3. Verweij, P.E., S.J. Howard, W.J. Melchers, et al. 2009. Azole-
resistance in Aspergillus: proposed nomenclature and break-
points. Drug Resist. Update 12: 141–147.

4. Pfaller, M.A., D.J. Diekema, J.H. Rex, et al. 2006. Correla-
tion of MIC with outcome for Candida species tested against
voriconazole: analysis and proposal for interpretive break-
points. J. Clin. Microbiol. 44: 819–826.

5. Bowyer, P., C.B. Moore, R. Rautemaa, et al. 2011. Azole
antifungal resistance today: focus on Aspergillus. Curr. Infect.
Dis. Rep. 13: 485–491.

6. Camps, S.M., J.W. van der Linden, Y. Li, et al. 2012. Rapid
induction of multiple resistance mechanisms in Aspergillus
fumigatus during azole therapy: a case study and review of
the literature. Antimicrob. Agents Chemother. 56: 10–16.

7. Chen, J., H. Li, R. Li, et al. 2005. Mutations in the cyp51A
gene and susceptibility to itraconazole in Aspergillus fumi-
gatus serially isolated from a patient with lung aspergilloma.
J. Antimicrob. Chemother 55: 31–37.

8. Howard, S.J., I. Webster, C.B. Moore, et al. 2006. Multi-azole
resistance in Aspergillus fumigatus. Int. J. Antimicrob. Agents
28: 450–453.

9. Mellado, E., G. Garcia-Effron, L. Alcazar-Fuoli, et al.
2004. Substitutions at methionine 220 in the 14alpha-sterol
demethylase (Cyp51A) of Aspergillus fumigatus are respon-
sible for resistance in vitro to azole antifungal drugs. Antimi-
crob. Agents Chemother. 48: 2747–2750.

10. Mellado, E., G. Garcia-Effron, L. Alcazar-Fuoli, et al. 2007.
A new Aspergillus fumigatus resistance mechanism confer-
ring in vitro cross-resistance to azole antifungals involves
a combination of cyp51A alterations. Antimicrob. Agents
Chemother. 51: 1897–1904.

11. Snelders, E., H.A. van der Lee, J. Kuijpers, et al. 2008. Emer-
gence of azole resistance in Aspergillus fumigatus and spread
of a single resistance mechanism. PLoS Med. 5: e219.

12. Verweij, P.E., E. Mellado & W.J. Melchers. 2007. Multiple-
triazole-resistant aspergillosis. N. Engl. J. Med. 356: 1481–
1483.

13. Liu, W., Y. Sun, W. Chen, et al. 2012. T778G mutation in
cyp51C gene confers voriconazole-resistance in Aspergillus
flavus causing aspergillosis. Antimicrob. Agents Chemother
56: 2598–2603.

14. Slaven, J.W., M.J. Anderson, D. Sanglard, et al. 2002. In-
creased expression of a novel Aspergillus fumigatus ABC

20 Ann. N.Y. Acad. Sci. 1272 (2012) 15–22 c© 2012 New York Academy of Sciences.



Georgiadou & Kontoyiannis Azole resistance to antifungals

transporter gene, atrF, in the presence of itraconazole in an
itraconazole resistant clinical isolate. Fungal Genet. Biol. 36:
199–206.

15. Manavathu, E.K., J. Cutright & P.H. Chandrasekar. 1999.
Comparative study of susceptibilities of germinated and
ungerminated conidia of Aspergillus fumigatus to various
antifungal agents. J. Clin. Microbiol. 37: 858–861.

16. Dannaoui, E., E. Borel, F. Persat, et al. 1999. In-vivo itracona-
zole resistance of Aspergillus fumigatus in systemic murine
aspergillosis. EBGA Network. European research group on
Biotypes and Genotypes of Aspergillus fumigatus. J. Med.
Microbiol. 48: 1087–1093.

17. Chamilos, G. & D.P. Kontoyiannis. 2005. Update on antifun-
gal drug resistance mechanisms of Aspergillus fumigatus.
Drug Resist. Update 8: 344–358.

18. Pfaller, M.A., L. Boyken, R.J. Hollis, et al. 2009. In vitro sus-
ceptibility of clinical isolates of Aspergillus spp. to anidu-
lafungin, caspofungin, and micafungin: a head-to-head
comparison using the CLSI M38-A2 broth microdilution
method. J. Clin. Microbiol. 47: 3323–3325.

19. Pfaller, M.A., L. Boyken, R.J. Hollis, et al. 2010. Wild-type
minimum effective concentration distributions and epi-
demiologic cutoff values for caspofungin and Aspergillus
spp. as determined by Clinical and Laboratory Standards
Institute broth microdilution methods. Diagn. Microbiol.
Infect. Dis. 67: 56–60.

20. Steinbach, W.J., D.K. Benjamin, Jr., D.P. Kontoyiannis, et al.
2004. Infections due to Aspergillus terreus: a multicenter
retrospective analysis of 83 cases. Clin. Infect. Dis. 39: 192–
198.

21. Kontoyiannis, D.P., R.E. Lewis, G.S. May, et al. 2002. As-
pergillus nidulans is frequently resistant to amphotericin B.
Mycoses 45: 406–407.

22. Varga, J., J. Houbraken, H.A. Van Der Lee, et al. 2008. As-
pergillus calidoustus sp. nov., causative agent of human in-
fections previously assigned to Aspergillus ustus. Eukaryot.
Cell 7: 630–638.

23. Balajee, S.A., J.L. Gribskov, E. Hanley, et al. 2005. Aspergillus
lentulus sp. nov., a new sibling species of A. fumigatus. Eu-
karyot. Cell 4: 625–632.

24. Egli, A., J. Fuller, A. Humar, et al. 2012. Emergence of As-
pergillus calidoustus infection in the era of posttransplanta-
tion azole prophylaxis. Transplantation 94: 403–410.

25. Howard, S.J., E. Harrison, P. Bowyer, et al. 2011.
Cryptic species and azole resistance in the Aspergillus
niger complex. Antimicrob. Agents Chemother. 55: 4802–
4809.

26. Perlin, D.S. 2009. Antifungal drug resistance: do molecular
methods provide a way forward? Curr. Opin. Infect. Dis. 22:
568–573.

27. Bueid, A., S.J. Howard, C.B. Moore, et al. 2010. Azole anti-
fungal resistance in Aspergillus fumigatus: 2008 and 2009. J.
Antimicrob. Chemother. 65: 2116–2118.

28. Kuipers, S., R.J. Bruggemann, R.G. de Sevaux, et al. 2011.
Failure of posaconazole therapy in a renal transplant patient
with invasive aspergillosis due to Aspergillus fumigatus with
attenuated susceptibility to posaconazole. Antimicrob. Agents
Chemother. 55: 3564–3566.

29. Tarrand, J.J., M. Lichterfeld, I. Warraich, et al. 2003. Diag-
nosis of invasive septate mold infections. A correlation of

microbiological culture and histologic or cytologic exami-
nation. Am. J. Clin. Pathol. 119: 854–858.

30. Tarrand, J.J., X.Y. Han, D.P. Kontoyiannis, et al. 2005. As-
pergillus hyphae in infected tissue: evidence of physiologic
adaptation and effect on culture recovery. J. Clin. Microbiol.
43: 382–386.

31. Muller, F.M., M. Seidler & A. Beauvais. 2011. Aspergillus fu-
migatus biofilms in the clinical setting. Med. Mycol. 49(Suppl
1): S96–S100.

32. Willger, S.D., S. Puttikamonkul, K.H. Kim, et al. 2008. A
sterol-regulatory element binding protein is required for cell
polarity, hypoxia adaptation, azole drug resistance, and vir-
ulence in Aspergillus fumigatus. PLoS Pathog . 4: e1000200.

33. Howard, S.J., et al. 2012. Microevolution of Aspergillus Fu-
migatus in aspergillomas. In 5th Advances Against Aspergillo-
sis, P-124, Istanbul, Turkey.

34. Denning, D.W., S. Park, C. Lass-Florl, et al. 2011. High-
frequency triazole resistance found In nonculturable As-
pergillus fumigatus from lungs of patients with chronic fun-
gal disease. Clin. Infect. Dis. 52: 1123–1129.

35. Howard, S.J., D. Cerar, M.J. Anderson, et al. 2009. Frequency
and evolution of Azole resistance in Aspergillus fumiga-
tus associated with treatment failure. Emerg. Infect. Dis. 15:
1068–1076.

36. van der Linden, J.W., E. Snelders, G.A. Kampinga, et al.
2011. Clinical implications of azole resistance in Aspergillus
fumigatus, The Netherlands, 2007–2009. Emerg. Infect. Dis.
17: 1846–1854.

37. Verweij, P.E., D.T. Te Dorsthorst, A.J. Rijs, et al. 2002. Na-
tionwide survey of in vitro activities of itraconazole and
voriconazole against clinical Aspergillus fumigatus isolates
cultured between 1945 and 1998. J. Clin. Microbiol. 40: 2648–
2650.

38. Snelders, E., S.M. Camps, A. Karawajczyk, et al. 2012. Tria-
zole fungicides can induce cross-resistance to medical tria-
zoles in Aspergillus fumigatus. PLoS One 7: e31801.

39. Mortensen, K.L., E. Mellado, C. Lass-Florl, et al. 2010. En-
vironmental study of azole-resistant Aspergillus fumigatus
and other aspergilli in Austria, Denmark, and Spain. Antimi-
crob. Agents Chemother. 54: 4545–4549.

40. Snelders, E., R.A. Huis In ‘t Veld, A.J. Rijs, et al. 2009. Possible
environmental origin of resistance of Aspergillus fumigatus
to medical triazoles. Appl. Environ. Microbiol. 75: 4053–4057.

41. Verweij, P.E., E. Snelders, G.H. Kema, et al. 2009. Azole
resistance in Aspergillus fumigatus: a side-effect of environ-
mental fungicide use? Lancet Infect. Dis. 9: 789–795.

42. Klaassen, C.H., J.G. Gibbons, N.D. Fedorova, et al. 2012. Evi-
dence for genetic differentiation and variable recombination
rates among Dutch populations of the opportunistic human
pathogen Aspergillus fumigatus. Mol. Ecol. 21: 57–70.

43. Morio, F., G.G. Aubin, I. Danner-Boucher, et al. 2012. High
prevalence of triazole resistance in Aspergillus fumigatus, es-
pecially mediated by TR/L98H, in a French cohort of patients
with cystic fibrosis. J. Antimicrob. Chemother. 67: 1870–1873.

44. Pelaez, T., P. Gijon, E. Bunsow, et al. 2012. Resistance to
voriconazole due to a G448S substitution in Aspergillus fu-
migatus in a patient with cerebral aspergillosis. J. Clin. Mi-
crobiol. 50: 2531–2534.

45. Snelders, E., A. Karawajczyk, G. Schaftenaar, et al. 2010.
Azole resistance profile of amino acid changes in Aspergillus

Ann. N.Y. Acad. Sci. 1272 (2012) 15–22 c© 2012 New York Academy of Sciences. 21



Azole resistance to antifungals Georgiadou & Kontoyiannis

fumigatus CYP51A based on protein homology modeling.
Antimicrob. Agents Chemother. 54: 2425–2430.

46. Van der Linden, J.W. M. et al. 2011. Prospective Interna-
tional Surveillance of Azole Resistance in Aspergillus fumi-
gatus. SCARE—Network. In ICAAC, M-490, San Francisco,
USA.

47. Pfaller, M., L. Boyken, R. Hollis, et al. 2011. Use of epidemi-
ological cutoff values to examine 9-year trends in suscepti-
bility of Aspergillus species to the triazoles. J. Clin. Microbiol.
49: 586–590.

48. Lockhart, S.R., J.P. Frade, K.A. Etienne, et al. 2011. Azole re-
sistance in Aspergillus fumigatus isolates from the ARTEMIS
global surveillance study is primarily due to the TR/L98H
mutation in the cyp51A gene. Antimicrob. Agents Chemother.
55: 4465–4468.

49. Lewis, J.S., 2nd & J.R. Graybill. 2008. Fungicidal versus
Fungistatic: what’s in a word? Expert Opin. Pharmacother. 9:
927–935.

50. Kontoyiannis, D.P., K.A. Marr, B.J. Park, et al. 2010. Prospec-
tive surveillance for invasive fungal infections in hematopoi-
etic stem cell transplant recipients, 2001–2006: overview of
the Transplant-Associated Infection Surveillance Network
(TRANSNET) Database. Clin. Infect. Dis. 50: 1091–1100.

51. Planche, V., S. Ducroz, A. Alanio, et al. 2012. In vitro com-
bination of anidulafungin and voriconazole against intrin-
sically azole-susceptible and -resistant Aspergillus spp. An-
timicrob. Agents Chemother. 56: 4500–4503.

52. Jeans, A.R., S.J. Howard, Z. Al-Nakeeb, et al. 2012. Com-
bination of voriconazole and anidulafungin for the treat-
ment of triazole resistant Aspergillus fumigatus in an in
vitro model of invasive pulmonary aspergillosis. Antimicrob.
Agents Chemother 56: 5180–5185.

53. Krishnan-Natesan, S., W. Wu & P.H. Chandrasekar. 2012. In
vitro efficacy of the combination of voriconazole and anidu-
lafungin against voriconazole-resistant cyp51A mutants of
Aspergillus fumigatus. Diagn. Microbiol. Infect. Dis. 73: 135–
137.

54. van der Linden, J.W., E. Snelders, J.P. Arends, et al. 2010.
Rapid diagnosis of azole-resistant aspergillosis by direct
PCR using tissue specimens. J. Clin. Microbiol. 48: 1478–
1480.

55. Spiess, B., W. Seifarth, N. Merker, et al. 2012. Development
of novel PCR assays to detect azole resistance-mediating

mutations of the Aspergillus fumigatus cyp51A gene in pri-
mary clinical samples from neutropenic patients. Antimi-
crob. Agents Chemother. 56: 3905–3910.

56. Koo, S., J.M. Bryar, L.R. Baden, et al. 2010. Prognostic
features of galactomannan antigenemia in galactomannan-
positive invasive aspergillosis. J. Clin. Microbiol. 48: 1255–
1260.

57. Miceli, M.H., M.L. Grazziutti, G. Woods, et al. 2008. Strong
correlation between serum aspergillus galactomannan index
and outcome of aspergillosis in patients with hematological
cancer: clinical and research implications. Clin. Infect. Dis.
46: 1412–1422.

58. Panel on Antiretroviral Guidelines for Adults and Ado-
lescents. Guidelines for the use of antiretroviral agents in
HIV-infected adults and adolescents. Department of Health
and Human Services. October 14, 2011; 1–167 : Available at:
http://www.aidsinfo.nih.gov/ContentFiles/AdultandAdoles-
centGL.pdf.

59. Miceli, M.H., J.A. Diaz & S.A. Lee. 2011. Emerging op-
portunistic yeast infections. Lancet Infect. Dis. 11: 142–
151.

60. Campo, M., R.E. Lewis & D.P. Kontoyiannis. 2010. Invasive
fusariosis in patients with hematologic malignancies at a
cancer center: 1998–2009. J. Infect . 60: 331–337.

61. Rodriguez-Tudela, J.L., J. Berenguer, J. Guarro, et al. 2009.
Epidemiology and outcome of Scedosporium prolificans in-
fection, a review of 162 cases. Med. Mycol. 47: 359–370.

62. Blumental, S., R. Mouy, N. Mahlaoui, et al. 2011. Invasive
mold infections in chronic granulomatous disease: a 25-year
retrospective survey. Clin. Infect. Dis. 53: e159–169.

63. Lass-Florl, C., K. Griff, A. Mayr, et al. 2005. Epidemiology
and outcome of infections due to Aspergillus terreus: 10-
year single centre experience. Br. J. Haematol. 131: 201–
207.

64. Hachem, R.Y., D.P. Kontoyiannis, M.R. Boktour, et al. 2004.
Aspergillus terreus: an emerging amphotericin B-resistant
opportunistic mold in patients with hematologic malignan-
cies. Cancer 101: 1594–1600.

65. Espinel-Ingroff, A., D.J. Diekema, A. Fothergill, et al. 2010.
Wild-type MIC distributions and epidemiological cutoff val-
ues for the triazoles and six Aspergillus spp. for the CLSI
broth microdilution method (M38-A2 document). J. Clin.
Microbiol. 48: 3251–3257.

22 Ann. N.Y. Acad. Sci. 1272 (2012) 15–22 c© 2012 New York Academy of Sciences.


