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A real-time PCR and pyrosequencing method was developed to detect Aspergillus fumigatus in whole blood by
amplifying the cyp51A gene and sequencing the codon for glycine 54. Mutations in this codon can result in
amino acid substitutions that confer reduced susceptibility to itraconazole and posaconazole.

Invasive aspergillosis is a major cause of morbidity and mor-
tality in immunocompromised patients. The survival of these
individuals depends on early diagnosis and prompt initiation of
effective antifungal treatment (5, 8). Unfortunately, conven-
tional laboratory tests, such as culture and galactomannan de-
tection, lack sensitivity and are rarely conclusive, resulting in
true-positive results only at advanced stages of infection or
necessitating invasive procedures for formal microbiological
evaluation (2, 5). Furthermore, the emergence of clinical re-
sistance to commonly used azole drugs impedes successful
treatment (3, 8, 12). Therefore, the development of techniques
to facilitate the early and reliable diagnosis of invasive aspergil-
losis and to predict susceptibility to antifungal drug treatment
is currently under active investigation.

In this study, we developed a specific and sensitive method
for detecting Aspergillus fumigatus in DNA extracted from
whole blood and for rapidly identifying amino acid substitu-
tions at residue 54 of cytochrome P450 14�-demethylase,
Cyp51A, by sequencing the corresponding codon in the cyp51A
gene. Cyp51A is involved in the synthesis of ergosterol, a bulk
sterol component of fungal cell membranes, and is the target of
azole-based compounds (14), which have become the most
commonly used antifungal treatment. Other studies have iden-
tified clinical isolates and in vitro laboratory-selected mutants
of A. fumigatus that exhibit reduced susceptibility to both itra-
conazole and posaconazole (4, 7, 9). Analysis of these isolates
identified mutations in the cyp51A gene generating amino acid
substitutions at glycine residue 54 of Cyp51A. Expression of
cyp51A alleles containing these mutations in azole-sensitive A.
fumigatus strains conferred reduced susceptibility. Three-di-
mensional modeling of the drug-and-protein interaction sug-
gests that residue 54 resides in a channel that accommodates
the long side chains of itraconazole and posaconazole (15).

Using the Rotor-Gene 3000 platform (Corbett Research,
Sydney, Australia), a 269-bp region of the A. fumigatus cyp51A
gene (GenBank accession number AF338659) was amplified.
A dual-labeled DNA probe was selected for real-time moni-
toring of PCR amplification. PCRs were carried out in a vol-
ume of 25 �l containing a 300 nM concentration of each

primer (forward, 5�-TCATTGGGTCCCATTTCTGGGTAG-
3�; reverse, 5�-biotin/TAGACCTCTTCCGCATTGACATCC-
3�), 100 nM probe (5�-6-FAM/AAACCACAGTCTACCTGG
GCGTTCA/BHQ-1-3�), and 12.5 �l of a 2� concentration of
Platinum Quantitative PCR Supermix-UDG (Invitrogen,
Carlsbad, Calif.). PCR parameters were as follows: an initial
incubation at 50°C for 2 min for UDG activity followed by 95°C
for 2 min to inactivate the UDG and activate the Taq DNA
polymerase. Next, 45 cycles of denaturation (95°C, 20 s) and
annealing and extension (60°C, 60 s) were performed with
fluorescence acquisition (excitation, 470 nM; emission, 510
nM) immediately following each annealing-extension step. A
final extension (72°C, 10 min) was performed. Fluorescence
curves were analyzed with dynamic tube normalization, slope
correction, and automatic threshold determination by a best-fit
line of at least three standards using Rotor-Gene version 5.0
software. The specificity of the real-time PCR was assessed by
carrying out the reaction with DNA from a panel of 44 differ-
ent species of viral, bacterial, and fungal pathogens, including
the Aspergillus species A. fumigatus (SRRC 2006), A. flavus
(MC 21), A. nidulans (NRRL 187), A. niger (SN 26), A. oryzae
(NRRL 1989), A. terreus (NRRL 255), and A. versicolor
(NRRL 238) (all isolated cultures were purchased from Amer-
ican Type Culture Collection and DNA extracted by using
standard methods [1]), as well as human DNA. Only DNA
from A. fumigatus was amplified (data not shown).

A positive control plasmid was constructed by subcloning the
PCR amplicon generated with genomic DNA extracted from
isolated A. fumigatus as a template into the pCR II-TOPO
vector (Invitrogen). The linear detection range was from 108 to
10 copies of positive control plasmid per reaction in the pres-
ence of 500 ng of DNA extracted from Aspergillus negative
whole-blood samples (Fig. 1A). All extractions of whole blood
were performed as described previously (13). The real-time
PCR was also able to detect 50 �g of A. fumigatus (mycelia
from freeze-dried culture; American Type Culture Collection)
spiked into 1-ml whole blood samples from two healthy donors
with no clinical symptoms of aspergillosis, using the donors’
nonspiked whole blood as negative controls (data not shown).

To assess the functionality of the real-time PCR with actual
clinical samples, DNA extracts from 56 whole-blood samples
obtained from different patients (sent to our lab for routine A.
fumigatus detection) and three dilutions of the positive control
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plasmid were used as templates (Fig. 1B). A. fumigatus DNA
was detected in 2 of the 56 samples, which correlates to the
results obtained from an independent A. fumigatus conven-
tional PCR assay targeting the 26S/internal transcribed spacer
rRNA gene region (11). Neither PCR assay generated a pos-
itive result for the other 54 samples. The quality of clinical
sample DNA and the absence of PCR inhibitors were validated
by amplification of the human glyceraldehyde-3-phosphate de-
hydrogenase gene by real-time PCR (Biosearch Technologies,
Novato, Calif.) (data not shown). These data support the use of
this quantitative real-time PCR method for specific and sensi-
tive detection of A. fumigatus in whole-blood DNA extracts. It
is currently being determined if the methods are amenable to
use with bronchoalveolar lavage samples to extend the clinical
applicability.

Our approach to acquiring sequence data from real-time
PCRs involves a bioluminometric, nonelectrophoretic tech-
nique called pyrosequencing, which employs a cascade of cou-
pled enzymatic reactions to monitor DNA synthesis (10). The
technique has the advantages of speed, accuracy, and parallel
processing. The 5� end of the reverse PCR primer was biotin-
ylated to facilitate amplicon capture and preparation for py-
rosequencing directly from the PCR using streptavidin Seph-
adex (Amersham Biosciences, Uppsala, Sweden) and the

Pyrosequencing Vacuum Prep tool (Biotage, Uppsala, Swe-
den).

For the pyrosequencing reaction, a 0.5 �M concentration of
the sequencing primer (5�-TCTGGGTAGTACCATCAGT-
3�), a unique sequence within the PCR amplicon 5� to the
codon for the amino acid 54, was used. A Pyrosequencing
96MA System (Biotage) was programmed with 10 cycles of an
AGCT dispensation order. The resulting pyrosequencing data,
termed pyrograms, were analyzed with the PSQ 96MA version
2.1 software. The best-quality DNA sequences resolved were
used in subsequent analyses. Typically, 19 to 24 bases of se-
quence were interpretable when genomic DNA extracted from
isolated A. fumigatus was used (Fig. 2A). The lengths of the
best-quality sequences were significantly shorter from clinical
samples but provided enough sequence to identify the target
and determine the codon for amino acid 54 (Fig. 2B). All
sequences obtained by pyrosequencing were identical to the
expected sequence of A. fumigatus cyp51A. These data support
the use of this pyrosequencing method for identifying the
codon for the amino acid at position 54 of Cyp51A.

The continued elucidation of three-dimensional models of
drug-and-substrate interaction may identify more sites of mu-
tation that confer reduced susceptibility or resistance. The

FIG. 1. Positive control plasmid dilution detection range and anal-
ysis of clinical samples by real-time PCR. (A) Normalized fluorescence
curves (Norm. Fluoro.) of the positive control plasmid containing the
269-bp fragment of A. fumigatus cyp51A, which was quantified by use
of PicoGreen and diluted 10-fold from 108 to 10 copies per reaction in
the presence of 500 ng of human DNA (respective CT curves for each
10-fold dilution, in duplicate, from left to right; r2 � 0.997). (B) Nor-
malized fluorescence curves of three concentrations of positive control
plasmid (dashed curves; r2 � 0.999), a negative control, and 32 DNA
extracts from whole-blood samples. One positive specimen (solid
curve) was detected with a calculated concentration of nine copies per
reaction.

FIG. 2. Representative pyrosequencing data from positive controls
and clinical samples. (A) Pyrosequencing analysis of the PCR ampli-
con from a wild-type A. fumigatus isolate purchased from American
Type Culture Collection. (B) Pyrosequencing analysis of the positive
clinical sample from Fig. 1B. The best-quality sequence is presented
under each pyrogram, and the codon for amino acid 54 is boxed.
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technique used here is amenable to alterations or additions
that will amplify and sequence multiple regions involved in
susceptibility. The data presented herein also serve as justifi-
cation for expansion of the pyrosequencing analysis of cyp51A
to determine other sites of mutation, including but not limited
to the codons corresponding to the glycine residues near the
heme cofactor at positions 138 and 448. Amino acid substitu-
tions at either G138 or G448 confer reduced susceptibility to
fluconazole and voriconazole (6, 15). Continued analysis of the
correlation between the mutations and effectiveness of azole
drugs with A. fumigatus isolates containing the mutations will
support the usefulness of rapid identification of molecular de-
terminants of drug susceptibility when selecting treatment.
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