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The direct detection of Aspergillus nucleic acid in clinical specimens has the potential to improve the diagnosis of aspergillosis by
offering more rapid and sensitive identification of invasive infections than is possible with traditional techniques, such as cul-
ture or histopathology. Molecular tests for Aspergillus have been limited historically by lack of standardization and variable sen-
sitivities and specificities. Recent efforts have been directed at addressing these limitations and optimizing assay performance
using a variety of specimen types. This review provides a summary of standardization efforts and outlines the complexities of
molecular testing for Aspergillus in clinical mycology.

Aspergillosis, defined as an infection caused by organisms in-
cluded in the genus Aspergillus, constitutes a spectrum of dis-

eases that range from allergic reactions to disseminated disease in
immunocompromised hosts. Aspergillus fumigatus is the predom-
inant organism causing invasive aspergillosis (IA), but other spe-
cies have become increasingly recognized as important opportu-
nistic pathogens (1).

Despite recent advances in antifungal therapy, IA continues to
cause significant morbidity and mortality, in part due to difficul-
ties and delays in making a microbiologic diagnosis (2). Diagnosis
has relied historically on the isolation of Aspergillus in culture
combined with compatible histopathologic or radiographic fea-
tures of disease. Fungal culture, however, is relatively slow and
insensitive, while histopathology and radiographic imaging are
not organism specific. The use of fungal cell wall biomarkers, such
as 1,3-�-D-glucan or Aspergillus galactomannan antigen, has im-
proved early diagnosis of IA, but these methods also have signifi-
cant limitations, including poor sensitivity in certain patient
groups (3) and issues with nonspecificity (4). There has been sig-
nificant recent interest in the use of molecular diagnostics to aid in
the rapid and accurate diagnosis of aspergillosis. Additionally, the
European Organization for Research and Treatment of Cancer/
Invasive Fungal Infections Cooperative Group and the National
Institute of Allergy and Infectious Diseases Mycoses Study Group
(EORTC/MSG) composite definitions for invasive fungal infec-
tions are being updated (5). The question of including molecular
detection techniques for definitions of IA will be revisited. Al-
though EORTC/MSG definitions were designed primarily for
clinical and epidemiologic research involving hematology/oncol-
ogy patients (6), the inclusion of Aspergillus nucleic acid amplifi-
cation testing (NAAT) in the IA definitions may foster increased
use of these tests for clinical care in the near future. This review
highlights some of the complexities associated with DNA se-
quence-based identification strategies and summarizes current
approaches for the direct detection of Aspergillus nucleic acids in
clinical specimens.

ASPERGILLUS TAXONOMY AND MOLECULAR SPECIES
RECOGNITION

The genus Aspergillus is subdivided into eight subgenera, with
each subgenus subdivided into sections that include many related
species (7). The section Fumigati, for example, includes more than
30 species, with at least 10 isolated from clinical specimens (8). A.

fumigatus is the most important pathogen within the Fumigati
section. However, phenotypic identification of a cultured isolate
to the species level can be problematic because of the overlapping
morphological features of these organisms. As a result, it has been
proposed that closely related species within the medically impor-
tant sections Fumigati, Flavi, Nidulantes, Usti, and Terrei be re-
ported by the clinical laboratory as a “species complex” (8). This
approach confers the added benefit of minimizing taxonomic
confusion and potentially decreases the likelihood that rarer
pathogenic species will be overlooked or dismissed as insignifi-
cant.

Confident identification of a cultured Aspergillus isolate to the
species level requires molecular interrogation. Identifying isolates
to the species level is useful for epidemiologic studies and may be
clinically relevant, since newly described species within the Fumi-
gati complex (A. lentulus) and the Usti complex (A. calidoustus)
reportedly have elevated MICs to several antifungal drugs, includ-
ing azoles (9, 10). At the molecular genetics level, the nuclear
ribosomal DNA (rDNA) internal transcribed spacer (ITS) region,
which spans ITS-1, 5.8S, and ITS-2, was selected as the official
DNA barcode for fungal identification because of the complete-
ness of available sequence databases and the fact that universal
primers have been designed to target this region (11). ITS se-
quences, however, may lack sufficient variation for resolution of
some Aspergillus species, and a secondary barcode or identifica-
tion marker is usually needed to identify an isolate to the species
level (12). On the basis of these observations, the International
Society for Human and Animal Mycology-sponsored Aspergillus
Working Group has recommended use of the ITS region for iden-
tification of cultured isolates to the species complex level and a
protein-coding locus, such as for �-tubulin (BenA) or calmodulin
(CaM), for the identification of individual species within the com-
plex.
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MOLECULAR METHODS FOR DIRECT DETECTION OF
ASPERGILLUS IN CLINICAL SPECIMENS

A variety of research-use-only and/or CE-marked commercial kits
for the direct detection of Aspergillus nucleic acid have been de-
scribed. Performance of these assays varies on the basis of speci-
men type and patient population and the matter in which infec-
tion status was determined in the study (13–23). So far, no
molecular assays for Aspergillus have been approved by the U.S.
Food and Drug Administration (FDA) for use in the diagnosis of
IA. Molecular testing in the United States has, therefore, relied on
laboratory-developed tests (LDTs), which also vary widely in
terms of test formats and performance. Recent work has focused
on identifying the critical components of assay design with the aim
of improving standardization of LDTs across assays and clinical
laboratories.

DNA versus RNA amplification platforms. NAAT has the po-
tential to be highly sensitive and specific for the detection of Asper-
gillus DNA or RNA. Amplification of DNA by PCR has been the
most widely applied NAAT method, in large part because this
platform is routinely used for bacterial and viral organisms.
Nested PCR protocols have been developed in an attempt to op-
timize sensitivity (24), but caution is required with these formats
because minor contaminants from the first round of PCR can be
amplified and lead to false-positive results.

Multiple different DNA amplicon detection methods have
been described and include fluorescently labeled probes (25, 26),
electrospray ionization mass spectrometry (ESI-MS) (25, 26), and
enzyme linked immunosorbent assays (ELISAs) (27, 28). Addi-
tionally, real-time PCR can be used to quantify fungal burden
(29), while multiplexed arrays allow for the differentiation of
larger numbers of pathogenic species (30).

Isothermal amplification techniques, such as nucleic acid se-
quence-based amplification (NASBA), have also been used to de-
tect Aspergillus nucleic acids (25, 31). NASBA offers several poten-
tial advantages over PCR, including more efficient amplification,
the potential to assess cell viability, and lack of concern over con-
tamination with fungal DNA (31, 32). Additionally, the use of
RNA templates may increase sensitivity by capitalizing on the fact
that highly expressed genes produce thousands of transcripts
within a cell.

In situ hybridization (ISH) probes targeting fungal rDNA have
been used for the detection of Aspergillus in fresh and formalin-
fixed paraffin-embedded (FFPE) tissues without the requirement
for nucleic acid extraction or amplification. ISH enables direct
visualization of organisms with the use of labeled probes that bind
to complementary fungal sequences. Genus-specific probes are
potentially useful for differentiating Aspergillus spp. from other
fungal pathogens that produce septate branching hyphae in vivo.
However, ISH sensitivity may be limited compared to that of tra-
ditional histopathology stains (33), and results have sometimes
been difficult to interpret due to the autofluorescence of hyphae or
high background produced by necrotic tissue (34).

Gene targets. The rDNA gene cluster is the most common
target of assays designed for direct detection in clinical specimens
(35) due to the presence of highly conserved (18S and 28S) and
variable (ITS and D1/D2) regions. In addition to robust rDNA
sequence databases and the availability of universal primers, an
additional advantage of using the rDNA genes as a diagnostic tar-
get is their copy numbers. Experiments evaluating different strains

of A. fumigatus observed 38 to 91 copies of the 18S rDNA subunit
per genome (36), which may increase the sensitivity of detection.
A potential limitation of rDNA targets, however, is the close phy-
logenetic relationship between Aspergillus, Penicillium, and Paeci-
lomyces spp. (37). Depending on the primer and probe sequences,
cross-reactivity among these species can be predicted and is an
important consideration when testing respiratory specimens.

In general, genus-level assay designs often target 18S, while A.
fumigatus-specific assays target ITS-1, mitochondrial DNA, alka-
line protease, or Aspergillus collagen-like (acl) genes. A gene en-
coding a hemolysin that is overexpressed in vivo during infection
(aspHS) may also have promise as an alternative target, with im-
proved specificity for active infection due to its increased detec-
tion in germinated conidia compared to that in nongerminated
conidia (38).

Nucleic acid extraction method. The quality and quantity of
nucleic acid that are available for amplification greatly influence
the performance of molecular detection assays. Significant differ-
ences in extraction efficiency have been observed across specimen
types. For example, extracting high-quality nucleic acid from
FFPE can be difficult due to the DNA degradation that occurs after
formalin fixation (39). Using contrived whole-blood samples
seeded with Aspergillus conidia, the European Aspergillus PCR Ini-
tiative (EAPCRI) showed that extraction-related factors, includ-
ing specimen volume, use of mechanical disruption (bead beat-
ing) of fungal cell walls, lysis of white cells, and elution volumes,
had statistically significant impacts on assay sensitivity (40). On
the basis of these observations, the EAPCRI proposed a standard-
ized fungal DNA extraction protocol for use with Aspergillus PCR
whole-blood assays (41). A follow-up study was conducted to
evaluate the impact of combining the EAPCRI recommendations
with four different automated, commercially available nucleic
acid extraction platforms (42). PCR efficiency, procedure dura-
tion, ease of use, and cost were all considered in the selection of a
preferred system. Whole-blood specimens with known quantities
of Aspergillus conidia were analyzed, and all four platforms ex-
tracted as little as 10 CFU/ml. However, instruments varied in
their ability to reproduce extraction efficiency, contamination
rates, and ease of use. The optimal automated extraction platform
will likely vary somewhat by the needs and workflow of individual
laboratories and require local verification.

An important limitation of these studies is the use of conidia as
the reference material for assay comparisons. Intact conidia are
not thought to circulate in the blood of infected patients or to
be the predominant form of the organism present in tissue-inva-
sive disease. From a practical perspective, however, this has been
the only way to standardize fungal inoculum and simultaneously
challenge the diagnostic method with the various complexities pre-
sented by the fungal cell wall.

Specimen type. Blood and respiratory and tissue specimens
have been used predominantly for direct detection of Aspergillus.
Testing fractions of blood is particularly desirable because these
specimens can be obtained noninvasively. In a meta-analysis of 16
studies that combined the results of more than 10,000 serum,
plasma, or whole-blood samples from 1,618 at-risk patients, the
overall sensitivity of a single positive Aspergillus PCR was 88%,
with a specificity of 75% for proven or probable IA (43). Requiring
two sequential positive PCRs increased the specificity from 75% to
87% without impacting the overall clinical sensitivity.

Which blood fraction is optimal for testing has not been set-
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tled. Few studies have directly compared test performance using
whole blood, sera, and plasma collected simultaneously. Further-
more, heterogeneities in assay design, patient population, and the
criteria used to define a positive test have impeded direct compar-
isons across studies. While recognizing these limitations, there are
several general observations to note. First, experiments using
Aspergillus conidia spiked in whole-blood and plasma samples
have shown identical limits of detection (10 CFU/ml and 100 fg
DNA) in both matrixes (44). When specimens were obtained
from allogeneic hematopoietic stem cell transplant (HSCT) recip-
ients with histologically proven IA, however, Aspergillus DNA was
detected more often in whole blood than in plasma (44). Circu-
lating Aspergillus nucleic acid was also detected earlier in the
course of disease using whole blood than when using sera (44).
These studies suggest that testing whole blood may be more sen-
sitive than testing either sera or plasma.

A meta-analysis of whole-blood and serum studies also found
that PCR assays of whole blood yield a higher sensitivity (86%
versus 76%, respectively) and lower specificity (73% versus 85%,
respectively) than those of sera, but this difference did not reach
statistical significance (35). EAPCRI-compliant studies (i.e., no
more than one deviation from the EAPCRI criteria) showed a
statistically significantly higher PCR specificity (98% versus 85%)
with an additional nonsignificant increase in sensitivity (67% ver-
sus 61%) relative to studies that did not follow EAPCRI guidance.
When at least two positive PCRs were used to define a positive
result, PCR specificity was increased (95% versus 73%), whereas
sensitivity decreased (85% versus 64%).

Most recently, a study of hematology patients with probable IA
compared all three specimen types (whole blood, plasma, and
serum) using EAPCRI-recommended protocols (45). PCR per-
formed with plasma resulted in the highest sensitivity (91%), fol-
lowed by PCR from serum and whole blood (sensitivities of 80%
and 55%, respectively). These observations stand in contrast to
those of previous reports, possibly because of differences in pro-
cessing (i.e., plasma was removed from the whole-blood pellet)
and prolonged specimen storage methods for the whole-blood
specimens used in the study. Specificity was actually significantly
higher using whole-blood pellets (96%) than when using either
serum (69%) or plasma (53%). When at least two sequential spec-
imens were required to define a positive result, the specificity of
plasma increased to 92%, with a decline in sensitivity to 82%. The
authors suggested that testing multiple specimen types can opti-
mize test characteristics, but this may not be practical in a routine
clinical setting.

In sum, EAPCRI protocols have been shown to enhance Asper-
gillus PCR test characteristics. Requiring at least two positive PCR
results to define a positive blood test improves assay specificity,
potentially at the expense of sensitivity. Lastly, testing serum or
plasma appears to result in acceptable sensitivity and specificity.
These specimen types are easier to process than whole blood,
which requires preanalytical cell lysis steps, and using serum con-
fers the added advantage of allowing biomarker testing of the same
sample.

Respiratory specimens are the next most commonly studied
specimen type. A meta-analysis of 15 different studies of bron-
choalveolar lavage (BAL) specimens reported a pooled sensitivity
and specificity of 79% and 94%, respectively, for proven/probable
IA (46). An important limitation of testing respiratory specimens
is the inability to differentiate airway colonization from invasive

disease on the basis of nucleic acid detection alone (47). High
fungal burdens determined by quantitative PCR (qPCR) may be
more suggestive of IA, but there remains significant overlap in the
fungal loads measured in cases of airway colonization versus those
of invasive pulmonary disease (48). Additional confounders af-
fecting accurate fungal quantitation include differences in assay
design, the inherent variability of BAL fluid sampling, and variable
rDNA target gene copy numbers.

In an attempt to address qPCR assay variability, the EAPCRI col-
laborated with the Aspergillus Technology Consortium (AsTeC) and
Invasive Aspergillosis Animal Models (IAAM) group to create an
A. fumigatus DNA calibrator (49). Twelve clinical and research
laboratories in the United States and Europe independently deter-
mined the concentration of DNA in the calibrator by performing
replicate testing of a dilution series. Results were then combined to
assign a value to the undiluted stock material that was derived
from conidia. Similar to the international quantitation standards
for HIV, hepatitis C virus, Epstein-Barr virus, and cytomegalovi-
rus, the use of an A. fumigatus-specific calibrator may help har-
monize assessments of fungal load across assays and clinical labo-
ratories.

Molecular testing for pathogenic fungi has also been applied to
biopsy material consisting of fresh or FFPE tissues. Panfungal ap-
proaches, rather than pathogen-specific assays, are used more
commonly in this context to broaden the diagnostic yield. These
LDTs result in sensitivities that have ranged from 86% to 94% in
culture-proven cases and 64% to 89% in histopathology-con-
firmed cases (34, 50–52). Aspergillus-specific PCRs have also been
applied to tissue specimens. In one study that included 59 fresh
tissue samples from 49 at-risk patients, a genus-level nested PCR
had 89% sensitivity with 100% specificity for proven/probable
disease (53). Tissue-based diagnostic approaches are limited by
the need for invasive procedures, however, which may not be pos-
sible in critically ill patients.

SURVEILLANCE STRATEGIES

Molecular testing for IA has been deployed as either a standalone
test for at-risk patients with compatible signs/symptoms or a part
of screening algorithms. Several studies involving hematology/
HSCT patients evaluated serial surveillance with blood collected
at weekly intervals during defined periods of risk. The first report
was from a randomized study conducted in 409 HSCT recipients
that compared an Aspergillus PCR-based preemptive treatment
approach to empirical antifungal therapy triggered by febrile neu-
tropenia (54). Twice-weekly PCR surveillance was continued until
day 30 posttransplant, and then once-weekly testing continued
until day 90 posttransplant. A single positive PCR result was re-
quired to initiate preemptive treatment. Patients in both groups
received antifungal therapy after 120 h of febrile neutropenia that
did not respond to broad-spectrum antibacterial therapy, regard-
less of PCR results, or if pulmonary infiltrates were detected. An
improved 30-day survival rate was observed in the group that
received preemptive treatment compared to that for those treated
on the basis of symptoms alone (mortality rate, 1.5% versus 6.3%,
respectively; P � 0.015).

Combining nucleic acid and antigen detection is an alternative
strategy. In one study, combination monitoring led to earlier di-
agnosis and a lower incidence of IA in high-risk hematology pa-
tients receiving fluconazole prophylaxis than did galactomannan
surveillance alone (55). Another open-label study of 240 adult
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hematologic malignancy patients and HSCT recipients random-
ized subjects to receive preemptive therapy based on Aspergillus
PCR plus galactomannan testing or empirical antifungal therapy
that was driven by clinical symptoms, culture, and/or histology
(56). Overall, the preemptive group had less antifungal drug ex-
posure than did the empirical therapy group (difference, 17%; P �
0.002), with no significant differences observed in the incidence of
proven IA, all-cause mortality, or Aspergillus-attributable mortal-
ity between groups.

Altogether, these studies support the concept that preemptive
therapy based on molecular diagnostic testing is safe and effective.
The combination of Aspergillus PCR and galactomannan testing
may be better than the use of either test alone. The cost-effective-
ness of preemptive strategies compared to that of universal anti-
fungal prophylaxis in high-risk patients, however, requires addi-
tional study.

MOLECULAR METHODS FOR DETECTION OF ANTIFUNGAL
DRUG RESISTANCE

Over the last decade, an increasing number of A. fumigatus isolates
recovered from both the environment and clinical specimens have
been found to display decreased susceptibility to azole antifungal
drugs. Available evidence suggests that resistance may be emerg-
ing as a result of the widespread usage of these compounds in
agriculture and clinics. The predominant resistance mechanism
involves mutations in the cyp51A gene, which encodes a protein
targeted by azole antifungal drugs, and a variety of these muta-
tions have been shown to confer azole resistance (57). Molecular
resistance testing has been applied to cultured isolates as a part of
epidemiologic drug resistance surveillance studies (58) and to
clinical isolates as a supplement to phenotypic susceptibility test-
ing (59). Multiplex real-time PCR has also been used to detect
azole-resistant strains directly in BAL fluid from patients at risk
for IA (17). With serum samples spiked with A. fumigatus DNA,
this multiplex assay was shown to achieve a limit of detection of
75, 100, 500, and 75 genomes per sample for the L98H, T289A,
TR34, and Y121F mutations, respectively. When applied to clini-
cal specimens, however, no resistance mutations were detected,
likely due to a lack of resistant strains in the studied patient pop-
ulation (15). Central registries of treatment and outcome data for
patients with molecularly and phenotypically defined azole-resis-
tant Aspergillus infection are needed to determine the potential
utility of molecular resistance testing for use in clinical care.

ASSAY QUALITY CONTROL

Fungi are ubiquitous in the environment; therefore, there is sig-
nificant risk for fungal DNA contamination resulting in a false-
positive reaction. Contamination of clinical specimens, collection
devices (60), and reagents (61) should be closely monitored by the
laboratory and considered by the clinician when interpreting re-
sults. Conversely, the potential for false-negative results is also a
concern. Inhibitory substances in complex sample matrixes, such
as in FFPE tissues, can interfere with the assay chemistry and result
in a failure to amplify the target sequence (39). The inclusion of
negative, positive, and internal controls is essential for Aspergillus
assay quality control programs (40).

SUMMARY AND CONCLUSIONS

Molecular diagnostics for Aspergillus have significant potential to
improve clinical outcomes by promoting a more rapid and accu-

rate diagnosis of invasive disease than is possible with classical
methods. Molecular assays for Aspergillus are highly complex, and
nuances in assay design, as well as in result interpretation, signif-
icantly impact test performance. In addition to the complexity
inherent in these tests, a significant barrier to their use has been
the lack of commercially available standardized assays. Recent
works by the EAPCRI, AsTeC, and IAAM have advanced the
Aspergillus LDT field, but an FDA-approved assay will likely be
required to bring Aspergillus molecular testing to mainstream
clinical care in the United States. In the meantime, the importance
of nucleic acid extraction procedures and quality control pro-
grams should be emphasized for laboratories that elect to develop
their own tests.
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