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We developed a PCR-based assay to differentiate medically important species of Aspergillus from one another
and from other opportunistic molds and yeasts by employing universal, fungus-specific primers and DNA
probes in an enzyme immunoassay format (PCR-EIA). Oligonucleotide probes, directed to the internal
transcribed spacer 2 region of ribosomal DNA from Aspergillus flavus, Aspergillus fumigatus, Aspergillus nidulans,
Aspergillus niger, Aspergillus terreus, Aspergillus ustus, and Aspergillus versicolor, differentiated 41 isolates (3 to 9
each of the respective species; P < 0.001) in a PCR-EIA detection matrix and gave no false-positive reactions
with 33 species of Acremonium, Exophiala, Candida, Fusarium, Mucor, Paecilomyces, Penicillium, Rhizopus,
Scedosporium, Sporothrix, or other aspergilli tested. A single DNA probe to detect all seven of the most medically
important Aspergillus species (A. flavus, A. fumigatus, A. nidulans, A. niger, A. terreus, A. ustus, and A. versicolor)
was also designed. Identification of Aspergillus species was accomplished within a single day by the PCR-EIA,
and as little as 0.5 pg of fungal DNA could be detected by this system. In addition, fungal DNA extracted from
tissues of experimentally infected rabbits was successfully amplified and identified using the PCR-EIA system.
This method is simple, rapid, and sensitive for the identification of medically important Aspergillus species and
for their differentiation from other opportunistic fungi.

Invasive aspergillosis (IA) is a leading cause of infection
among patients undergoing hematopoietic stem cell transplan-
tation, solid organ transplantation, and treatment for hemato-
logical malignancies (11, 45). Although the incidence of IA
differs from one host group to another, the mortality rate from
this disease is high and ranges from 58 to 99% in immunocom-
promised patients (14, 38). Aspergillus fumigatus remains the
most frequent cause of IA; however, at least 20 other species,
including A. flavus, A. terreus, A. niger, A. nidulans, A. versicolor,
and A. ustus have been reported to cause human infection (13).
In some centers, A. terreus is becoming an increasingly com-
mon cause of IA (2, 27). This species is of concern because it
is less susceptible to amphotericin B in vitro than A. fumigatus
(37, 62) and has the potential to cause fulminant invasive
infections in immunocompromised patients (27).

The high mortality rate of IA is caused in part by the rapid
progression of infection and by difficulties in its diagnosis,
particularly in the early stages of disease. Although there has
been some progress in attempts to expedite the radiological
diagnosis of IA (4, 7), early diagnosis remains difficult. Defin-

itive diagnosis requires histopathologic evidence of deep-tissue
invasion or a positive culture from a sterile site (1, 47). How-
ever, invasive diagnostic procedures can be dangerous for
thrombocytopenic patients, and blood cultures are seldom pos-
itive (47, 66). In addition, the morphological similarities of
many filamentous fungi in tissue make their specific identifi-
cation difficult (25, 32, 47). The detection of galactomannan
antigen in serum by enzyme immunoassay (EIA) has been an
important adjunct in the diagnosis of IA (44, 64). However,
test sensitivity and specificity have been reported to vary from
56 to 100% and from 71 to 94%, respectively, depending upon
variations in the patient population studied, the test conditions
used, and/or the immunosuppressive agents employed (18, 44,
47, 57, 64). Although this test is promising as a screening tool,
the effect on specificity of a newly introduced lower positive
cutoff value is still under investigation. In addition, this test has
not been shown to detect circulating antigen from all medically
important Aspergillus species or to discriminate among As-
pergillus species (61).

PCR-based methods, which show potential as rapid, sensi-
tive means to diagnose infections, have been used in the de-
tection of DNA from some Aspergillus species (6, 15, 23, 33, 69,
70). Such tests may provide increased sensitivity compared to
antigen detection assays (21, 30, 33, 70). However, most tests to
date have been directed to the detection of only one Aspergillus
species (12, 52, 72) or to the detection of only single-copy
genes (8, 23, 29). Others have used primers or probes which
are pan-fungal and directed to highly conserved, multicopy
gene targets in an attempt to increase test sensitivity but, by
doing so, have forfeited species specificity (15, 31, 36, 60, 65,
69, 70). In addition, most amplicon detection methods have
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used technologies that are not easily adapted for use in a
clinical microbiology laboratory, such as gel electrophoresis
with or without restriction fragment length polymorphism
analysis (33, 60, 65, 72), Southern blotting (6, 15, 65, 70),
single-strand conformational polymorphism analysis (34, 56,
67), or DNA sequence analysis (12, 24, 55, 63).

Our investigators previously described a PCR-based method
that employed universal, fungus-specific primers and species-
specific oligonucleotide probes, directed to the internal tran-
scribed spacer 2 (ITS2) region of ribosomal DNA (rDNA), to
identify Candida species (16, 19, 59) and the dimorphic fungi
(39). Amplicons were detected in a colorimetric EIA format
(PCR-EIA) that could be easily adapted to clinical laboratory
use. We describe here the design and application of specific
DNA probes to differentiate medically important species of
Aspergillus from one another and from other molds and Can-
dida species using this simple and rapid PCR-EIA format.

MATERIALS AND METHODS

Microorganisms. Microorganisms and their sources are listed in Tables 1 and
2. Isolates were obtained from the culture collections of the Mycotic Diseases
Branch, Centers for Disease Control and Prevention (CDC), Atlanta, Ga., from
the American Type Culture Collection (ATCC), Manassas, Va., and from the
National Regional Reference Laboratory, Peoria, Ill. A laboratory variant of
Candida albicans strain CBS 2730 was obtained as a gift from R. Rüchel (48), and
a human clinical isolate of A. ustus from Korea was provided by one of the
authors (J. H. Shin). Phenotypic characteristics as well as DNA sequencing were
used to identify all isolates for probe development, type cultures and bona fide
culture collection isolates were used whenever possible for both positive and
negative control isolates, and multiple strains of most organisms were included to
validate probe assays (Tables 1 and 2).

Aspergillus species and other filamentous fungi were grown at 35°C for 4 to 5
days on Sabouraud dextrose agar slants (Emmon’s modification; BBL, Becton
Dickinson Microbiology Systems, Cockeysville, Md.). Two slants were then
washed by vigorously pipetting 5 ml of 0.01 M phosphate-buffered saline (PBS;
8.1 mM Na2HPO4, 1.9 mM KH2PO4, 0.85% NaCl; pH 7.2) onto the surface of
each slant, and the washes were transferred to 500-ml Erlenmeyer flasks con-
taining 200 ml of Sabouraud dextrose broth (BBL). Flasks were then incubated
for 4 to 5 days on a rotary shaker (140 rpm) at ambient temperature. Growth was
harvested in a biosafety level 2 cabinet by vacuum filtration through sterile filter
paper (11-cm diameter, no. 1 thickness; Whatman International, Ltd., Maid-
stone, England) which had been placed into a sterile Büchner funnel attached to
a 2-liter side-arm Erlenmeyer flask. The resultant cellular mat was washed three
times with sterile distilled H2O (dH2O) by filtration, removed from the filter
paper by gentle scraping with a rubber policeman, and frozen at �20°C until
used.

Yeast were grown at 35°C on a rotary shaker (140 rpm) for 18 to 24 h in 10 ml
of yeast potato dextrose broth (Difco Laboratories, Detroit, Mich.) in 50-ml
Erlenmeyer flasks. Growth was harvested by centrifugation and washed twice
with dH2O before DNA extraction as described below.

Extraction of fungal DNA. Yeast DNA was extracted from overnight cultures
using the PureGene gram-positive bacteria and yeast DNA extraction kit (Gen-
tra Systems, Inc., Minneapolis, Minn.) as previously described (16). A mechan-
ical disruption method, using grinding of cellular mats with a mortar and pestle
in the presence of liquid nitrogen, was employed to obtain DNA from molds. Just
before use, a portion of the frozen cellular mat (approximately equal in size to
a quarter) was placed into an ice-cold, sterile mortar (6-in. diameter) in a
biosafety level 2 cabinet. Liquid nitrogen was added to cover the mat, which was
then ground into a fine powder with a sterile pestle. Additional liquid nitrogen
was added as needed to keep the mat frozen during grinding. Filamentous fungal
DNA was then extracted and purified using serial proteinase K and RNase
treatments followed by phenol-chloroform extraction and ethanol precipitation
by conventional methods (51) or by column chromatography using genomic tips
as recommended by the manufacturer (QIAGEN Corp., Chatsworth, Calif.).

DNA sequencing. DNA sequencing used two sets of primer pairs: (i) the
fungus-specific, universal primer pair ITS3 and ITS4 (Table 3) was used to
amplify a portion of the 5.8S rDNA region, the entire ITS2 region, and a portion
of the 28S rDNA region for each fungal species, as previously described (16, 68);

and (ii) the fungus-specific, universal primer pair ITS1 and ITS4 (Table 3) was
also used to amplify a portion of the 18S rDNA region, the entire 5.8S region, the
entire ITS1 and ITS2 regions, and a portion of the 28S rDNA region (68). A
DNA reagent kit (TaKaRa Biomedicals, Shiga, Japan) was used for PCR am-
plification of genomic DNA before sequencing. The PCR was performed using
2 �l (5 ng) of test sample in a total PCR volume of 100 �l consisting of 10 �l of
10� Ex Taq buffer, 2.5 mM (each) dATP, dGTP, dCTP, and dTTP in 8 �l, 0.2
�l of each primer (20 �M), and 0.5 U of TaKaRa Ex Taq DNA polymerase.
Thirty cycles of amplification were performed in a Perkin-Elmer 9600 thermal
cycler (Emeryville, Calif.) after initial denaturation of DNA at 95°C for 5 min in
the thermal cycler. Each cycle consisted of denaturation at 95°C for 30 s, an-

TABLE 1. Source and characteristics of Aspergillus spp. isolates
used for probe development and testing

Organism Identification
no.a Source and/or characteristic(s)

A. flavus CDC 001-96 Unspecified
A. flavus CDC B-5333b Clinical isolate; California
A. flavus ATCC 10124 Aflatoxin-negative strain
A. flavus ATCC 11497 Proteolytic enzyme production
A. flavus ATCC 34896 Prosthetic mitral valve, endocarditis
A. flavus ATCC 64025 Human sputum; exoantigen testing
A. flavus var.

columnaris
ATCC 44310 Soy sauce koji, Thailand; aflatoxin

negative

A. fumigatus CDC B-1172b Human clinical isolate; Georgia
A. fumigatus CDC B-2570 Unspecified
A. fumigatus ATCC 1022 Chicken lung
A. fumigatus ATCC 14110 Human sputum
A. fumigatus ATCC 36607 Preceptrol culture, clinical isolates
A. fumigatus ATCC 42202 Human sputum
A. fumigatus ATCC 64026 Human lung
A. fumigatus ATCC 16907 Spontaneous light-colored mutant
A. fumigatus var.

ellipticus
ATCC 16903 Human chest cavity lining; Illinois

A. nidulans CDC B-5446b Human bronchial wash
A. nidulans ATCC 10074 Preceptrol culture
A. nidulans ATCC 16855 Preceptrol culture; type strain
A. nidulans ATCC 64027 Human lung fluid; exoantigen

testing

A. niger CDC 92-243 Human spinal fluid
A. niger CDC B-5291 Instrument room filter;

Pennsylvania
A. niger CDC B-5331b Clinical isolate; California
A. niger ATCC 1015 Citric acid producer
A. niger ATCC 10535 Preceptrol culture
A. niger ATCC 16404 Blueberries
A. niger ATCC 16888 Preceptrol culture
A. niger ATCC 64028 Human; exoantigen testing

A. terreus CDC B-5309 Human clinical isolate, South
Carolina

A. terreus CDC B-5502b Human sputum, Colorado
A. terreus ATCC 1012 Soil; Connecticut
A. terreus ATCC 7860 Unspecified
A. terreus ATCC 10029 Soil; Texas
A. terreus ATCC 28301 Human spinal fluid
A. terreus ATCC 64029 Human sputum; exoantigen testing

A. ustus ATCC 16801b Soil; Panama
A. ustus CUH4 Human clinical isolate; Korea
A. ustus ATCC 14417 Production of L-lysine

A. versicolor ATCC 10072b Human clinical isolate
A. versicolor NRRL 238 Type strain (ATCC 9577)
A. versicolor NRRL 239 Date fruits; California (ATCC 16856)

a NRRL, National Regional Reference Laboratory; CUH � Chonnam Uni-
versity Hospital.

b Isolate used to obtain DNA sequence for probe development.
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TABLE 2. Source and characteristics of negative control isolates

Organism Identification no.a Source and/or characteristic(s)

Acremonium recifei ATCC 64745 Human mycetoma; India
Acremonium strictum ATCC 10141 Preceptrol culture
Acrinonium strictum ATCC 46646 Human mycetoma

Aspergillus candidus NRRL 303 Type strain (ATCC 1002)
Aspergillus candidus NRRL 312 Instituto Biologico, Brazil (ATCC 16871)
Aspergillus chevalieri ATCC16443 Coffee beans
Aspergillus chevalieri ATCC 24546 Poultry feed; Ohio
Aspergillus clavatus ATCC 18214 Tarpaulin, fungus resistance testing
Aspergillus flavipes ATCC 11013 Microbiological oxidation to lactones
Aspergillus flavipes ATCC 16805 Soil; Haiti
Aspergillus flavipes ATCC 24487 Possible type strain
Aspergillus ochraceus NRRL 398 Type strain, produces aniline (ATCC 1008)
Aspergillus ochraceus NRRL 4752 Human scalp lesions (ATCC 12066)
Aspergillus parasiticus NRRL 502 Mealy bug on sugar cane
Aspergillus parasiticus ATCC 56775 Highly aflatoxigenic
Aspergillus parasiticus ATCC 15517 Preceptrol culture
Aspergillus parasiticus CDC B-4571 Ear; Hawaii
Aspergillus restrictus NRRL 151 New Orleans, La.
Aspergillus restrictus NRRL 148 Cotton fabric; United Kingdom
Aspergillus tamariib ATCC 64841 Gosling lung; Nigeria

Candida albicans CDC B-311 Human clinical isolate (ATCC 32354)
Candida albicans CBS 2730 Gift of R. Rüchel (laboratory variant)
Candida glabrata NRRL Y-65 Type strain, feces (ATCC 2001)
Candida krusei CDC 259-75 Unspecified
Candida parapsilosis ATCC 22019 Type strain; case of sprue; Puerto Rico
Candida tropicalis CDC 38 Unspecified

Exophiala dermatitidis ATCC 28869 Preceptrol culture
Exophiala jeanselmei ATCC 18148 Human foot; Maryland
Exophiala moniliae ATCC 56486 Human; Japan

Fusarium moniliforme CDC 118A Plant
Fusarium moniliforme ATCC 38159 Human; California
Fusarium oxysporum ATCC 48112 Preceptrol culture
Fusarium solani CDC R2 Melon
Fusarium solani ATCC 58877 Air sample; Maryland
Fusarium solani ATCC 62877 Human skin; Florida

Mucor circinelloides ATCC 1209b Minus strain
Mucor racemosus ATCC 46130 Soybean; Taiwan
Mucor racemosus ATCC 7924 Forest soil under basswood

Paecilomyces carneus ATCC 46579 Soil; Japan
Paecilomyces farinosus ATCC 18236 Soil; England
Paecilomyces lilacinus ATCC 10114 Soil; New York
Paecilomyces variotii ATCC 22319 Preceptrol culture

Penicillium marneffei ATCC 58950 Human skin abscess
Penicillium marneffei ATCC 64101 Human clinical isolate
Penicillium marneffei ATCC 56573 Unspecified
Penicillium notatum ATCC 9478 Contaminant; first penicillin producer
Penicillium notatum ATCC 10108 Rotting wood; Norway

Rhizopus oryzae (arrhizus) ATCC 1230 Wheat
Rhizomucor pusillus ATCC 36606 Brain of cat

Scedosporium apiospermum ATCC 36282 Human lung
Scedosporium apiospermum ATCC 44328 Human lung; Japan
Scedosporium apiospermum ATCC 64215 Human lung; Japan
Scedosporium prolificans ATCC 64913 Human bone; Maine

Sporothrix schenckii ATCC 58251 Human clinical isolate; Puerto Rico
Sporothrix schenckii ATCC 28184 Human arm lesion

a Abbreviations as in Table 1.
b This isolate was deposited in the ATCC as A. flavus but was determined to more closely resemble A. tamarii by DNA sequencing in our laboratory (GenBank

accession nos. AF453894 and AF454112).
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nealing at 58°C for 30 s, and extension at 72°C for 1 min. A final extension at 72°C
for 5 min followed the last cycle. After amplification, samples were stored at
�20°C until used. Appropriate measures to prevent PCR contamination were
taken (19, 35). The aqueous phase of the primary PCR amplification mixture was
purified using QIAquick spin columns (QIAGEN Corp.). DNA was eluted from
each column with 50 �l of heat-sterilized Tris-EDTA buffer (10 mM Tris, 1 mM
EDTA; pH 8.0).

DNA was then labeled using a dye terminator cycle sequencing kit (ABI
PRISM; Applied Biosystems, Foster City, Calif.), amplified, purified, and se-
quenced in both the forward and reverse directions using an automated capillary
DNA sequencer (model 373; ABI Systems, Bethesda, Md.) as described previ-
ously (17).

Extraction of DNA from tissue specimens. Rabbit models of IA and candidi-
asis developed previously (26, 49) were used to detect fungal DNA in tissues
from infected animals. Rabbits were euthanized and necropsied on day 3 after
infection, and tissue samples (5 by 5 by 1 mm) were placed immediately after
removal onto aluminum foil, wrapped tightly, and submerged into liquid nitrogen
for 1 min. Tissue samples were then stored frozen at �70°C until used. Samples
of frozen tissue were thawed, weighed, and homogenized for 30 s at a speed
setting of 4.5 in a FastPrep cell disruption instrument (Qbiogene, Carlsbad,
Calif.), using lysing matrix tubes containing a combination of three beads (1/4-in.
ceramic sphere plus garnet matrix plus 1/4-in. ceramic cylinder) and 1 ml of
CLS-Y lysing solution as instructed by the manufacturer (Qbiogene). DNA was
extracted and purified from the tissue homogenate using the FastDNA kit (Qbio-
gene) according to the manufacturer’s directions before use in the PCR-EIA.

PCR amplification for the PCR-EIA. The same fungus-specific, universal
primer pair, ITS3 and ITS4 (Table 3), that was employed for DNA sequencing
was also used to amplify the ITS2 region of DNA for the PCR-EIA. Amplicons
from this region then served as the target for probe hybridization reactions as
described before (16, 19, 59). Primers and probes were synthesized, and probes
were end labeled with digoxigenin or biotin as previously described (39). The
PCR was performed using 2 �l (2 ng) of test sample in a total PCR volume of 100
�l consisting of the following reagents (Roche Molecular Biochemicals, Inc.,
Indianapolis, Ind.): 10 �l of 10� PCR buffer containing 15 mM MgCl2, 2.5 mM
(each) dATP, dGTP, dCTP, and dTTP in 8 �l, 0.2 �l of each primer (20 �M),
and 2.5 U of Taq DNA polymerase. Thirty cycles of amplification were per-
formed in a Perkin-Elmer 9600 thermal cycler after initial denaturation of DNA
in the thermal cycler at 95°C for 5 min. Each cycle consisted of denaturation at
95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min. A final
extension at 72°C for 5 min followed the last cycle. It was previously demon-
strated that bacterial and human DNA were not amplified by the fungus-specific
primers we employed (19), and therefore DNA from these sources was not tested
in this study.

Microtitration plate EIA for the detection of PCR products (PCR-EIA). Seven
Aspergillus species probes, directed to the ITS2 region of Aspergillus rDNA and
5�-end labeled with digoxigenin, and an all-filamentous fungal capture probe,
directed to the 5.8S rDNA region and 5�-end labeled with biotin (Table 3), were
used to detect PCR amplicons in a colorimetric streptavidin-coated microtiter
plate format (16, 19, 59). A DNA probe to detect all of the most medically
important Aspergillus species (Tables 3 and 4), directed to a more conserved ITS2

region upstream from the binding region of the species probes, was also 5�-end
labeled with digoxigenin and used in the PCR-EIA. The absorbance at 650 nm
for each well was determined using a microtitration plate reader (UV Max;
Molecular Devices, Inc., Menlo Park, Calif.), and the absorbance value for the
reagent blank, where DNA was absent and replaced with dH2O, was subtracted
from each test sample. To determine the limit of sensitivity of the PCR-EIA
compared to detection of amplicons by agarose gel electrophoresis and ethidium
bromide staining, DNA was serially diluted, amplified by PCR as described
above, and tested in both systems.

Statistical analyses. Student’s t test was used to determine significant differ-
ences between means for test and control samples. A P value of �0.05 was
considered significant.

Nucleotide sequence accession number. DNA sequencing results for isolates
used for probe design were deposited with GenBank, and the accession numbers
are as follows: A. flavus strain CDC B-5333, AF117920; A. fumigatus strain CDC
B-1172, U93683; A. nidulans strain CDC B-5446, U93686; A. niger strain CDC
B-5331, U93685; A. terreus strain CDC B-5502, U93684; A. ustus strain ATCC
16801, AF454136; and A. versicolor strain ATCC 10072, AF454142.

RESULTS

Amplification of DNA from all fungi using the universal,
fungus-specific primer pair, ITS3 and ITS4. DNA from three
to nine strains of each Aspergillus species for which DNA
probes were designed (Tables 1 and 3) was PCR amplified
using the universal, fungus-specific primer pair, ITS3 and ITS4.
Amplicons were detected in agarose gels after electrophoresis
and staining with ethidium bromide. DNA from each Aspergil-
lus species for which DNA probes were designed produced
amplicons of approximately 350 bp in size, and PCR amplicons
from selected Aspergillus species are shown in Fig. 1. No sig-
nificant differences in amplicon size were noted among the
various Aspergillus species tested.

DNA from all non-Aspergillus species molds (Table 2), to be
used as negative controls for the Aspergillus species probes,
produced amplicons of between 340 and 410 bp (representa-
tive examples are shown in Fig. 1). DNA from Fusarium solani,
Paecilomyces farinosis, and Paecilomyces variotii, strains of Pen-
icillium marneffei, and Sporothrix schenckii gave the smallest
amplicons, whereas DNA from Scedosporium species, Paecilo-
myces lilacinus, Exophiala jeanselmei, and Exophiala derma-
titidis gave the largest amplicons (Fig. 1). DNA from eight
Aspergillus species for which no probes were designed, but
which were also used as negative controls for the Aspergillus

TABLE 3. Primers and probes used for identification of Aspergillus spp. by PCR-EIA

Primer or probe Nucleotide sequence (5� to 3�)a Chemistry and location

Primers
ITS1 TCC GTA GGT GAA CCT GCG G 18S rDNA universal fungal 5� primer
ITS3 GCA TCG ATG AAG AAC GCA GC 5.8S rDNA universal fungal 5� primer
ITS4 TCC TCC GCT TAT TGA TAT GC 28S rDNA universal fungal 3� primer

Probes
B58 GAA TCA TCG A(AG)T CTT TGA ACG 5�-End-labeled biotin probe; 5.8S region of filamentous fungi
AFLA GAA CGC AAA TCA ATC TTT 5�-End-labeled digoxigenin probe; ITS2 region of A. flavus
AFUM CCG ACA CCC ATC TTT ATT 5�-End-labeled digoxigenin probe; ITS2 region of A. fumigatus
ANID GGC GTC TCC AAC CTT ATC 5�-End-labeled digoxigenin probe; ITS2 region of A. nidulans
ANIG GAC GTT ATC CAA CCA TTT 5�-End-labeled digoxigenin probe; ITS2 region of A. niger
ATER GCA TTT ATT TGC AAC TTG 5�-End-labeled digoxigenin probe; ITS2 region of A. terreus
AUST CTT TTA TTT TAC CAG GTT 5�-End-labeled digoxigenin probe; ITS2 region of A. ustus
AVER CTC CAA CCA TTT TCT TCA 5�-End-labeled digoxigenin probe; ITS2 region of A. versicolor
ASPEN-G CCT CGA GCG TAT GGG GCT 5�-End-labeled digoxigenin probe; ITS2 region of Aspergillus and

Penicillium spp.

a Patents have been issued or are pending for all Aspergillus species probes.
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species probes (Table 2), as well as DNA from species of
Rhizopus, Rhizomucor, and Mucor, gave amplicons of approx-
imately the same size as those from Aspergillus species for
which the probes were designed (approximately 350 to 360 bp).
Amplicons from Candida species ranged from approximately
325 bp for C. tropicalis to approximately 410 bp for C. glabrata,
confirming previous results from our laboratory (19). Use of
amplicon size after gel electrophoresis and ethidium bromide
staining afforded some discrimination among the filamentous
fungi and yeasts but not among species of Aspergillus. In addi-
tion, a specific, unequivocal identification, relying on amplicon
size in stained agarose gels alone, was not possible. Therefore,
DNA sequence analysis of the ITS2 region of the seven most
common Aspergillus species responsible for human infection
was conducted. Sequences were aligned, and results were used
to design specific DNA probes (Table 3) to differentiate As-
pergillus species from one another and from other medically
important opportunistic fungal genera.

Specificity of oligonucleotide probes among medically im-
portant Aspergillus species. DNA was amplified as described
above and used as the target for Aspergillus species probes in a
colorimetric EIA detection format (PCR-EIA). Probe se-
quences were adjusted in certain cases to introduce minor
intentional base pair mismatches, so as to reduce cross-reac-
tivity among the Aspergillus species and mold targets. These
mismatches were, however, sufficiently minor so as to maintain
significant reactivity to the intended target sequences.

Table 4 shows the results of probe binding in the PCR-EIA
microtiter plate matrix using Aspergillus DNA from each of the
species for which probes were designed. Significant reactivity
(P � 0.001) was observed for each of the target DNAs using
the homologous species probe (range in mean A650� standard
error [SE] for DNA probes versus homologous DNA, 0.868 �
0.127 to 2.368 � 0.174; n � 3 to 9). No significant cross-
reactivity was observed among these Aspergillus species probes,
with the exception of the A. nidulans probe versus A. ustus
DNA (Table 4). However, the A. ustus probe did not cross-
react with A. nidulans DNA and, by a process of elimination,
these two species could be easily differentiated. Background
reactivity for all other species probes was insignificant (range
in mean A650� SE for DNA probes versus nonhomologous
DNA, 0.002 � 0.0005 to 0.009 � 0.003; n � 34 to 38).

One isolate obtained from the ATCC as a strain of A. flavus
(ATCC 64841) did not react with the A. flavus probe. DNA
from this isolate was therefore sequenced in the ITS1 as well as
ITS2 rDNA regions (GenBank accession numbers AF453894
and AF454112, respectively). Comparative analysis with refer-
ence DNA sequences found in GenBank revealed that DNA
from this isolate more closely matched sequences for strains of
A. tamarii than those for A. flavus. This isolate is therefore
listed in Table 2 as A. tamarii and was not considered to be an
isolate of A. flavus, despite its designation as such in the ATCC
catalog.

BLAST search analysis, using each Aspergillus species probe
sequence to query the GenBank database, revealed no sig-
nificant homology with ITS2 reference sequences from any
unrelated or medically significant fungus for the A. flavus,
A. nidulans, A. niger, A. terreus, A. ustus, or A. versicolor probes.
Because intentional base changes from the original DNA se-
quence were designed into the A. fumigatus probe to remove
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probe cross-reactivity, the A. fumigatus probe sequence did not
match any fungal DNA sequences in GenBank.

A probe designed to react with DNA from all of the most
medically important Aspergillus species listed in Table 1 (As-
pen-G [Table 3]) demonstrated strong reactivity (mean A650�
SE, 0.910 � 0.040 to 1.800 � 0.169) with DNA from all but one
of these species (Table 4). A somewhat lower reactivity of this
probe was observed with DNA from isolates of A. terreus com-
pared to that of DNA from the other Aspergillus species (Table
4). Nonetheless, the reactivity of the Aspen-G probe with A.
terreus DNA was significantly above background levels (mean
A650, 0.440 � 0.065 versus 0.003 � 0.002; P � 0.001).

The Aspen-G probe was not completely specific for Aspergil-
lus species, in that it also reacted to varying degrees with DNA
from two Penicillium species tested (mean A650� SE versus
DNA from Penicillium marneffei, 1.24 � 0.15 [n � 3] and
versus DNA from Penicillium notatum, 0.17 � 0.03 [n � 2]).
However, this probe did not cross-react in the PCR-EIA sys-
tem with DNA from any of the other yeasts or molds tested
(Table 4, footnote) and may therefore provide a means to
differentiate Scedosporium apiospermum (Pseudallescheria boy-
dii) and species of Rhizopus and Fusarium from those of the
most medically important Aspergillus species.

Specificity of Aspergillus species probes tested against yeasts
and other filamentous fungi. No significant cross-reactivity of
the Aspergillus species probes was observed against DNA from
any of the organisms listed in Table 2 (mean A650� SE for
DNA from all organisms tested using Aspergillus species
probes in 8 to 24 sample runs, 0.003 � 0.005; P � 0.001) with
the exception of some minor cross-reactivity observed for the
A. versicolor probe versus A. candidus DNA (mean A650� SE,
0.153 � 0.018). However, examination of rDNA ITS2 regions
in the A. candidus DNA sequence upstream of the A. versicolor
probe binding region indicated that design of a specific probe
for A. candidus DNA should be relatively straightforward. Res-
olution of these species could therefore be accomplished by
using these two probes and a process of elimination in the
probe matrix system. The reactivity of the A. versicolor probe

with A. candidus DNA gave an A650 value 10-fold lower than
that with A. versicolor DNA. Thus, these two species can easily
be distinguished in the probe matrix configuration by the 10-
fold difference in signal strength for A. candidus DNA com-
pared to that for the A. versicolor positive control included on
each test plate.

The agarose gel electrophoresis results, showing successful
amplification of DNA from all fungal organisms tested, dem-
onstrated that PCR amplicons were obtained for each of the
genera and species of fungi tested, including those used as
negative controls (examples are shown in Fig. 1). Therefore,
negative probe test results were not caused by insufficient sam-
ple DNA or lack of PCR amplification but were the result of
sequence nonhomology.

Application of the A. fumigatus probe for the detection of
DNA in tissues from infected rabbits. Rabbit models of dis-
seminated candidiasis and IA, previously described by our lab-
oratory (26, 49), were used as the source of infected tissues.
DNA extracted from frozen, homogenized kidney tissue was
PCR amplified using primers ITS3 and ITS4. Amplicons were
detected in the PCR-EIA format with a previously described
C. albicans-specific DNA probe (16, 19, 59) and the A. fumiga-
tus probe described in the present study (Table 3). The C.
albicans-specific probe detected DNA only in tissue from C.
albicans-infected and not A. fumigatus-infected rabbits (mean
A650 for DNA from 70 and 10 mg, respectively, of kidney tissue
from a C. albicans-infected rabbit was 1.980 and 1.600 versus
0.000 and 0.000 for DNA from the same amount of kidney
tissue from an A. fumigatus-infected rabbit) or from C. albicans
yeast cells (mean A650 for DNA from 104 CFU of C. albicans
yeast cells in PBS was 1.550 versus 0.000 for DNA from an
equal number of A. fumigatus conidia). In addition, the A.
fumigatus probe detected DNA only in tissue from A. fumiga-
tus-infected and not from C. albicans-infected rabbits (mean
A650 for DNA from 70 and 10 mg, respectively, of kidney tissue
from an A. fumigatus-infected rabbit was 1.360 and 0.130, ver-
sus 0.000 and 0.000 for DNA from the same amount of kidney
tissue from a C. albicans-infected rabbit) or from A. fumigatus

FIG. 1. PCR amplicons from Aspergillus species compared to those for other molds. DNA was extracted from cultures of the following
organisms, PCR amplified, and detected in an agarose gel after ethidium bromide staining as described in Materials and Methods: M, molecular
mass markers (AmpliSize ruler; Bio-Rad Laboratories); lane 1, A. fumigatus (ATCC 14110); lane 2, A. tamarii (ATCC 64841); lane 3, A. niger
(ATCC 16404); lane 4, A. terreus (ATCC 10029); lane 5, A. strictum (ATCC 10141); lane 6, A. parasiticus (ATCC 56775); lane 7, F. solani (ATCC
58877); lane 8, S. apiospermum (ATCC 64215); lane 9, S. prolificans (ATCC 64913); lane 10, P. marneffei (ATCC 58950); lane 11, P. marneffei
(ATCC 64101); lane 12, S. schenckii (ATCC 58251); lane 13, P. farinosis (ATCC 18236); lane 14, P. variotii (ATCC 22319); lane 15, P. lilacinus
(ATCC 10114); lane 16, E. jeanselmei (ATCC 18148); lane 17, E. dermatitidis (ATCC 28869); lane 18, E. moniliae (ATCC 56486).
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conidia (mean A650 for DNA from 104 CFU of A. fumigatus
conidia in PBS was 2.110 versus 0.000 for DNA from an equal
number of C. albicans yeast cells). The mean A650 values ob-
tained for DNA extracted from 70 mg of tissue from rabbits
infected with C. albicans was higher than that for 10 mg of
tissue, but the values were not linear with respect to tissue
mass. In contrast, the A650 value for DNA extracted from 10
mg of tissue from rabbits infected with A. fumigatus was ap-
proximately 10 times lower than that for DNA extracted from
70 mg of tissue. Such results may reflect differences in the total
CFU per gram of tissue recovered from the C. albicans-in-
fected compared with the A. fumigatus-infected rabbits. Tis-
sues from the C. albicans-infected rabbits contained a mean of
1.5 � 107 CFU per g of tissue compared with a mean of 3.8 �
104 CFU per g of tissue from the A. fumigatus-infected rabbits.
The efficiency of the PCR was apparently saturated with DNA
from 10 mg of tissue from the C. albicans-infected rabbits
(equivalent to 1.5 � 105 CFU of C. albicans cells), so that DNA
from 70 mg of tissue did not give A650 values that were signif-
icantly higher than those for 10 mg of tissue. In contrast, DNA
from 10 mg of tissue from A. fumigatus-infected rabbits (equiv-
alent to 3.9 � 102 A. fumigatus conidia) did not saturate the
efficiency of the PCR, and a 10-fold increase in the A650 signal
was observed for DNA obtained from 70 mg of tissue (equiv-
alent to 2.7 � 103 CFU).

Sensitivity of oligonucleotide probes. To further explore the
semiquantitative nature of the PCR-EIA system and to estab-
lish its limit of sensitivity, a known quantity of A. fumigatus
DNA was 10-fold-serially diluted and PCR amplified using the
ITS3 and ITS4 primer pair. Amplicons were then detected in
the PCR-EIA format and by ethidium bromide staining after
agarose gel electrophoresis. The limit of sensitivity of the PCR-
EIA detection system was 0.5 pg of DNA target (approxi-
mately 1 to 10 conidia), compared to 5 pg of DNA detected by
ethidium bromide staining after agarose gel electrophoresis.
The A650 values for 5,000, 500, 50, 5, 0.5, 0.05, and 0.005 pg of
A. fumigatus DNA after PCR amplification and detection in
the PCR-EIA system were, respectively, 1.990, 1.393, 0.723,
0.211, 0.080, 0.007, and 0.000. As predicted, the A650 values of
the PCR-EIA increased as the amount of target DNA was
increased. Linearity was observed for DNA concentrations be-
tween 0.005 and 5 pg; however, linearity was only achieved for
DNA concentrations between 5 and 5,000 pg (0.005 to 5 ng)
when values were plotted on a semilogarithmic scale.

DISCUSSION

Our investigators previously demonstrated the usefulness of
the PCR-EIA system for the identification and differentiation
of medically important species of Candida (16, 19, 59) as well
as for the identification of the dimorphic fungi (39). Here we
describe the design of DNA probes, directed to the ITS2 re-
gion of rDNA, to differentiate seven of the most medically
important species of Aspergillus from one another and from
other opportunistic molds and yeasts by using the same PCR-
EIA amplification and detection system. There are many ad-
vantages to the use of this system over those employed by
others. First, the use of a universal, fungus-specific primer pair
maximizes test utility by amplifying DNA from all fungal tar-
gets (68). The same primer pair that amplifies Candida species

DNA (16, 19, 59) also amplifies Aspergillus species DNA and
other mold and yeast DNA targets. Therefore, universal fungal
primers have the potential to amplify fungal DNAs present in
blood, body fluids, or tissues before an organism is isolated in
pure culture and at a time when the identity of the infecting
organism is unknown. Sensitivity is also increased by the use of
rDNA amplification targets that, unlike single gene targets, are
present in multiple copies (50 to 100 per haploid genome) (28,
68). Mitochondrial DNA has also been used as a multicopy
gene target (5, 6, 12), but the variability of DNA sequences
among different fungal strains in this target region may be a
limiting factor (71). In contrast, the probes designed in the
present study bound equally well to all strains of a given spe-
cies, indicating little strain-to-strain variability in the probe
binding region. Indeed, in the one case where the A. flavus
probe did not bind to what was originally thought to be A. fla-
vus DNA, comparative DNA sequence analysis revealed that
the isolate was more similar to A. tamarii than A. flavus. Other
researchers have also concluded that there is little strain-to-
strain variability in the ITS2 rDNA region (24, 28, 72).

Second, the use of a two-step system, whereby products of
the universal, fungus-specific primers are hybridized to DNA
probes specific for each organism, allows for a greater degree
of specificity than the use of primers alone. In addition, the
PCR-EIA system employed in our laboratory uses two probes,
a universal biotinylated capture probe to anchor amplicons to
the wells of the streptavidin-coated microtitration plate and a
digoxigenin-labeled detection probe. Both probes must bind in
tandem to the target amplicon before a detection signal will be
generated.

Five of the Aspergillus species probes designed as part of this
study were found to be completely specific, could differentiate
among the most medically important Aspergillus species, and
discriminated aspergilli from other medically important oppor-
tunistic molds and yeasts tested. In two cases, some probe
cross-reactivities were noted. In the first case, the A. nidulans
probe cross-reacted with A. ustus DNA. However, the A. ustus
probe did not cross-react with A. nidulans DNA. Therefore, a
process of elimination could specifically identify both species.
In the second case, the minor cross-reactivity of A. candidus
DNA with the A. versicolor probe could be resolved based on
its much-reduced (10-fold lower) A650 value compared to that
for A. versicolor DNA. Discrimination of these species should
be straightforward when known concentrations of DNA, such
as those derived from pure cultures, are being analyzed in the
PCR-EIA. In a diagnostic setting, where unknown quantities
of fungal DNA would be present in body fluids or tissues, a
positive result using the A. versicolor probe would most likely
indicate the presence of A. versicolor, given the rarity of infec-
tions caused by A. candidus. However, if definitive identifica-
tion of this or other less common species of aspergilli is re-
quired, a reference laboratory could perform DNA sequence
analysis secondarily. Thus, the PCR-EIA probe matrix could
be used in clinical laboratories as a rapid and simple screening
test for the most commonly encountered fungi. DNA sequence
analysis would only be required for less common fungi and
could be conducted by reference laboratories with established
sequencing capacity. As additional DNA sequence information
is obtained, other probes could be designed. Direct DNA se-
quence analysis is not at present feasible in most clinical lab-
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oratories because of the initial cost to set up a sequencing
facility, the cost and expertise required to maintain sequencing
equipment, the cost of DNA sequencing reagents and capillar-
ies, the time and labor required to obtain relatively large
amounts of high-quality, pure DNA, and the expertise neces-
sary to interpret and analyze sequencing results (28, 55, 71).
Commercial systems have begun to appear (20) but need
to become more cost-effective and user-friendly before they
can be routinely used in most clinical laboratories. In addi-
tion: (i) public databases are not refereed and are often inac-
curate; (ii) sequence information for many fungi is incomplete
or not available; (iii) taxonomies of many fungi (particularly
the molds) is in flux after the relatively recent introduction of
molecular taxonomic methods; and (iv) controversy remains as
to which gene or genes are best for DNA sequence analysis and
fungal identification.

The ITS regions of rDNA have been proposed by several
groups to be the most ideal regions for sequence-based dis-
crimination of fungal species (10, 24, 28, 55, 72). Whereas the
more-conserved 18S and 28S rDNA regions, which flank the
ITS regions, have been used for the design of Aspergillus spe-
cies probes, these probes were not species specific (15, 31, 36,
60, 65, 69, 70). Commercial systems using conserved rDNA
regions have been found to be incomplete or to identify more
than one organism as the same species (20). Nonetheless, se-
quence analysis of the more-conserved regions of rDNA may
serve to provide a broader classification of Aspergillus species,
whereas the ITS1 and ITS2 regions may allow for finer dis-
crimination among species (24, 28, 55, 71). As the taxonomy of
Aspergillus species has undergone several revisions since the
initial organizational work of Raper and Fennell (9, 54), and as
public DNA sequence databases and culture collections con-
tinue to be updated and corrected, molecular identification of
Aspergillus species can only continue to improve.

The goal of the present study, however, was not to define
taxonomic boundaries for the aspergilli but rather to develop a
practical method to accurately and reproducibly identify med-
ically important Aspergillus species in a rapid and simple man-
ner easily adapted for use in a clinical laboratory. The PCR-
EIA uses a colorimetric detection matrix to provide sensitive,
rapid, and objective amplicon detection. Unlike detection
formats which use agarose gel electrophoresis, restriction
fragment length polymorphism, single-strand conformational
polymorphism analysis, Southern blotting, or DNA sequence
analysis, the PCR-EIA is easy to perform and gives an objec-
tive, spectrophotometric absorbance reading. Adaptation of
the PCR-EIA probes to a real-time, quantitative PCR system
should be feasible, as we have previously demonstrated con-
version of five of our Candida species probes from a PCR-EIA
detection format to a real-time format (58). Use of a real-time
PCR assay would provide quantitation of PCR products and
reduce postamplification manipulation steps. Certain modifi-
cations of the probe sequences may be required, however,
as demonstrated for the adaptation of our Candida species
probes to real-time quantitation (58). Ideally, a microarray
format, whereby all medically important fungal genera and
species could be identified in a single, automated assay, would
be desirable.

Standardization of DNA extraction for all Candida species
was facilitated in the present study by using liquid growth

cultures and a commercial DNA extraction kit (PureGene). A
commercially available cell disruption and DNA extraction kit
was also used to process DNA from infected rabbit tissues
(Qbiogene). This latter system has been shown to be effective
for obtaining sufficient quantities of DNA from pure cultures
of yeasts and molds for PCR amplification (50) and may be
considered as an easy method to obtain DNA from pure cul-
tures for use in the PCR-EIA system. Cumbersome methods
for DNA extraction from pure cultures of molds were used in
the present study only because large quantities of high-quality
DNA were required for DNA sequencing analysis and probe
design. The limit of sensitivity of the PCR-EIA was 0.5 pg of
DNA (1 to 10 conidia) when pure cultures were used as the
source of target DNA. These data indicate that less-elaborate
DNA isolation methods might provide sufficient quantities of
DNA for the PCR-EIA system when pure cultures are used.
Clinical specimens may require additional steps to remove
potential inhibitors of the PCR assay (15, 19), but the 0.5-pg
limit of test sensitivity is encouraging. Several commercial kits
are now available which have been shown to be effective for
obtaining sufficient amounts of DNA for PCR amplification
purposes directly from blood and body fluids (40, 43). Indeed,
automated systems for the extraction of DNA from blood have
been developed and can be modified for the extraction of A.
fumigatus DNA from blood (40). Commercial real-time PCR
systems to detect fungal DNA once extracted in this manner
are also emerging (LightCycler Candida kit; Roche).

Because filamentous fungi are difficult to differentiate from
one another by morphology in histopathological tissue sections
(25, 32, 47), an additional goal of the present study was to
determine if probes could be designed to identify fungi using
DNA extracted from tissues. Although obtaining tissue biop-
sies from thrombocytopenic patients is not generally recom-
mended, in the absence of positive cultures and characteristic
radiographic findings, biopsies are often the only diagnostic
alternative. Tissue burden in the animal models of infection
used in this study were quite high, and it remains to be deter-
mined if this method will be useful for the identification of
fungi in tissues from patients with less-severe fungal infections.
Nonetheless, the equivalent of 390 CFU of A. fumigatus could
be easily detected by this method, and lower detection limits
may be possible. Therefore, this system has the potential to be
clinically useful for the detection of fungal DNA from tissue
specimens. Investigations are under way to determine if probes
can also be used to detect fungal DNA extracted from paraffin-
embedded tissue sections or by direct in situ hybridization, as
has been reported by other researchers for the detection of A.
fumigatus and other fungi (3, 22, 46, 53).

The A650 values of the PCR-EIA have been previously
shown to increase with increasing amounts of target DNA (19,
39, 59). As observed in the present study, at higher DNA
concentrations (	105 cells or 	2 ng per reaction mixture), the
A650 values plateau and become saturated (39, 59); semiquan-
titative values can be obtained for DNA concentrations below
these values (39, 59), and conversion to a real-time detection
system should provide direct quantitation (41). Given that
probe reactivity was highly specific and sensitive in the above
experiments, these probes hold promise for the differentiation
of fungi in tissues from infected patients as well as for the
identification of organisms in body fluids and in pure culture.
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It remains to be determined whether there are environmen-
tal or other Aspergillus species not yet tested in the PCR-EIA
probe matrix that will cross-react with our probes or whether
other genes or other rDNA regions may give better discrimi-
nation among the less common species of aspergilli involved in
human disease. BLAST searches using Aspergillus species
probe sequences indicate that some cross-reactivities with rare
or nonpathogenic fungi may occur. It is unlikely that such
cross-reactivities will be diagnostically significant. It must be
remembered, however, that the GenBank database is not com-
plete for all fungi or all ITS2 rDNA sequences, and it is pos-
sible that DNA from fungi that we did not test may cross-react
with our probes. This may be particularly the case for Aspergil-
lus species that are from the same taxonomic groups or sec-
tions where molecular siblings may occur (34). A full exami-
nation of clinical isolates, including those obtained from sterile
and nonsterile body sites, is currently under way. Environmen-
tal contamination has not yet been a problem in our studies, as
appropriate controls have been instituted (19, 35). Contami-
nated commercial reagents have not been encountered to date,
although such instances have been reported by others to occur
(6, 42).

In conclusion, specific probes were designed to differentiate
seven of the most medically important Aspergillus species from
one another and from other medically important opportunistic
molds and yeasts in a PCR-EIA format. Studies are currently
under way to determine the sensitivity and specificity of the
Aspergillus species probes in the PCR-EIA and real-time PCR
formats for the diagnosis of IA in hematopoietic stem cell
transplant patients and in patients with hematological malig-
nancies.
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