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A rapid and sensitive PCR assay for the detection of Candida albicans DNA in serum was established. DNA
from human serum samples was purified using the QIAamp blood kit, which proved to be a fast and simple
method for isolating minute amounts of Candida DNA from clinical specimens for diagnosis of invasive
candidiasis. Universal primer sequences used in the PCR assay are derived from the internal transcribed
spacer rRNA gene of fungi, whereas the biotinylated hybridization probe used in a DNA enzyme immunoassay
(DEIA) binds specifically to C. albicans DNA. The sensitivity of this PCR-DEIA method is very high; the
detection limit for genomic Candida DNA is one C. albicans genome per assay. Blood from uninfected and
infected persons, ranging from healthy volunteers, patients with mucocutaneous infections, and patients at risk
to develop a systemic Candida infection to patients with an established systemic candidiasis, was analyzed for
the presence of C. albicans to diagnose fungal infection. Candida DNA could not be detected in sera of 16
culture-negative controls and from 11 nonsystemic candidal infections by PCR or DEIA. Blood cultures from
patients at risk were all negative for Candida, whereas all blood cultures from systemic candidiasis patients
were positive. However, Candida DNA could be detected by PCR and DEIA in the serum from three out of nine
patients who were at risk for a systemic infection and in the serum of all seven patients who had already
developed an invasive Candida infection. PCR is more sensitive than blood culture, since some of the patients
at risk for invasive yeast infection, whose blood cultures were all negative for Candida, tested positive in the
PCR amplification. These results indicate the potential value of PCR for detecting C. albicans in serum samples
and for identifying patients at risk for invasive candidiasis.

Candida species are common human commensals that can
cause a wide spectrum of disease. A major concern is a dis-
seminated infection, which occurs with increased prevalence in
postoperative and immunocompromised patients. Candida al-
bicans, the major cause of invasive candidiasis, has become one
of the pathogens most frequently isolated from the blood of
postoperative and immunocompromised patients during the
last decade (9, 12). The hematogenous spread of yeasts occurs
frequently in these patients, leading to life-threatening dissem-
inated infections and contributing significantly to mortality.
Bloodstream infections due to Candida have risen to become
the fourth-most-frequent cause of septicemia, with an attrib-
utable mortality rate of about 50% (22). To reduce mortality
rates for patients with invasive candidiasis, early initiation of
antifungal drug therapy is critical.

However, diagnosis remains difficult, since the only sign of
infection may be a prolonged fever that is refractory to anti-
bacterial treatment. Laboratory tests have been developed to
detect circulating Candida antigens for rapid diagnosis of dis-
seminated candidiasis (7). Detection of circulating antigens
lacks sensitivity and, to some extent, specificity, so diagnosis
can be delayed; in most cases, it is obtained only at autopsy.
Existing diagnostic methods using antigen or antibody detec-
tion lack sensitivity and specificity (21, 27, 28). Antibody pro-
duction in immunocompromised patients can be variable (32),
complicating the diagnosis. Although two or more blood cul-

tures are often used to identify disseminated disease, standard
blood culturing methods can require two to three days or even
longer for detection. Moreover, fungal blood culture, which is
the “gold standard” in diagnosis, can remain negative despite
widespread dissemination of Candida in internal organs (6).

Hence, a more rapid, specific, and sensitive test for the
timely and accurate diagnosis of deep-seated Candida infec-
tions in both immunocompetent and immunocompromised pa-
tients is necessary. The development of DNA-based methods
for detection of Candida (11) provides an alternative and po-
tentially more sensitive means for diagnosing disseminated
candidiasis. The detection of candidal DNA has already been
conducted with amplification of the small subunit rRNA gene
(19), lanosterol demethylase gene (16), 5.8S rRNA gene, in-
cluding the adjacent nontranscribed spacer region (8), and the
noncoding internal transcribed spacer (ITS) region of rRNA
genes (2, 18). These assays worked well for cultured Candida
cells or when blood was spiked with Candida cells and purified
candidal DNA.

PCR has also been applied for the diagnosis of systemic
candidiasis (10, 15). However, detection of C. albicans DNA
recovered from clinical specimens lacked sensitivity, even if the
blood culture was positive (1). Sensitivity could be improved to
10 cells per sample (10) or 3 cells per 0.1 ml of blood (15), but
this required the use of Southern blotting coupled with radio-
actively labeled probes for detection. To increase the sensitiv-
ity of methods that do not involve radioactivity, the amplified
product was bound to a streptavidin-coated microtiter plate
using a biotinylated capture probe, and the amplicon was an-
alyzed by an enzyme immunoassay (2, 5, 26). Recently, DNA
from several microorganisms, e.g., Aspergillus in invasive as-
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pergillosis (30), C. albicans (3), Legionella pneumophila (17),
Coxiella burnetii (31), and human herpesvirus type 6 (20), was
PCR amplified from serum of patients.

In this study, we describe a rapid and sensitive method for
the detection of C. albicans DNA in serum samples, based on
PCR amplification of the candidal 5.8S rRNA gene and the
noncoding ITS region by using fungus-specific universal prim-
ers. A nonisotopic, C. albicans-specific biotin-labeled oligonu-
cleotide probe was used in a DNA enzyme immunoassay. The
QIAamp blood kit (Qiagen, Hilden, Germany) provides a fast
pretreatment procedure for extracting DNA from serum sam-
ples in order to introduce a simple, specific, and more sensitive
tool than blood culture and to improve diagnosis and manage-
ment of invasive candidiasis.

MATERIALS AND METHODS

Yeast isolates. Twelve yeast strains from the fungus collection of the Hygiene
Institute, University of Heidelberg, Heidelberg, Germany, were used to test the
universal fungi PCR system. These strains included C. albicans (HD 1447/95), C.
tropicalis (HD 107/95), C. parapsilosis (HD 1173/95), C. krusei (HD 102/95), C.
guilliermondii (HD 4941/92), C. pelliculosa (CBS-S110), C. rugosa (HD 529/95),
C. glabrata (HD 126/95), C. lipolytica (CBS-S6124), C. lusitaniae (CBS 15.595),
C. kefyr (CBS-S656), and C. neoformans (ATCC-3; HD 4544).

Clinical samples. Swabs, stool specimens, blood, and sera were obtained from
healthy volunteers or from patients at the University Hospital of Jakarta, Indo-
nesia. Swabs taken from vagina and stool samples were collected in a sterile tube
and inoculated on Sabouraud dextrose agar for 4 days. Blood cultures were
incubated overnight, and sera were separated by centrifugation. The clot was cut
into small pieces and inoculated on Sabouraud dextrose agar. Colonies were
identified morphologically by the germ tube formation test and rice cream agar
and biochemically by the sugar assimilation and fermentation test. Serum sam-
ples were obtained by centrifugation of clotted whole blood and were stored at
220°C until use. Healthy individuals and patients comprised four groups.
Healthy volunteers without clinical evidence of mucocutaneous lesions and pa-
tients with vaginitis, who had tested negative for Candida in direct examinations
and in cultures from smear, represented negative controls (group 1). Group 2
comprised 11 patients with mucocutaneous Candida infection. Group 3 consisted
of 9 patients with predisposing factors for invasive candidiasis, such as underlying
disease or surgery, who were admitted to the intensive care unit for more than 2
weeks. They were treated with antibiotics for a minimum of 2 weeks and devel-
oped fever in spite of prolonged antibiotic therapy. All patients in this group had
already been tested three to five times by blood culture, which was always
negative. Group 4 included patients with invasive candidiasis. These patients
received antibiotic therapy for a minimum of 2 weeks and had at least three
positive Candida blood cultures.

Extraction of Candida DNA. Candida strains were grown on Sabouraud dex-
trose agar for 24 h. Cells were harvested, and genomic DNA was extracted (25).
A thick suspension of C. albicans (200 ml) was mixed with 300 ml of lysis buffer
(10 mM Tris-HCl, 10 mM EDTA, 50 mM NaCl, 0.2% sodium dodecyl sulfate).
Proteinase K was then added to a final concentration of 20 mg/ml, incubated for
30 min at 56°C, boiled for 4 min, and subsequently kept on ice for 5 min.
Extracted DNA was purified by phenol-chloroform extraction and ethanol pre-
cipitated (23), and the concentration was measured at 260 nm in a spectropho-
tometer. About 3 ng of purified DNA of all yeast strains was added to the PCR
mixture for universal fungal PCR.

When sera from patients were tested, 200 ml of serum was treated with a
QIAamp blood kit as recommended by the manufacturer. Proteinase K was
added to 200 ml of serum and vortexed for 15 s. Subsequently, 200 ml of lysis
buffer was added, vortexed again, and incubated for 10 min at 70°C. Then 225 ml
of absolute ethanol was added, transferred to a Qiagen column, and spun down
for 1 min at 6,000 3 g. Afterwards, 500 ml of washing buffer was pipetted onto
the column and spun down for 1 min at 6,000 3 g. The washing procedure was
repeated once, and buffer was centrifuged for 3 min at 13,000 3 g. Finally, the
column was placed in a microcentrifuge tube, and 200 ml of elution buffer was
applied to the column and incubated for 5 min at 70°C. The eluted fraction was
applied one more time to the column and spun down for 1 min at 6,000 3 g, and
30 ml was assayed in PCR.

PCR. PCR was performed according to standard procedures (24), and all
clinical samples were assayed three times in independent experiments. Oligonu-
cleotide primers were derived from rRNA genes of fungi and can be used for
universal fungi PCR (29). Forward primer ITS3 (59-GCA TCG ATG AAG AAC
GCA GC-39) corresponds to the 5.8S rRNA gene, and reverse primer ITS4
(59-TCC TCC GCT TAT TGA TAT GC-39) corresponds to the 28S rRNA gene
of fungi. The biotinylated probe used for hybridization (59-ATT GCT TGC GGC
GGT AAC GTC C-39) was designed to bind specifically to the ITS2 region of
C. albicans, located between the 5.8S rRNA gene and the 28S rRNA gene (5).
Primers and the biotinylated probe were purchased from TIB MolBiol (Berlin,
Germany). PCR was performed in a total volume of 100 ml containing 10 mM

Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.001% gelatin, a 200 mM
concentration of each deoxynucleoside triphosphate, a 0.5 mM concentration of
each primer, 2.5 U of Taq DNA polymerase (AmpliTaq; Perkin-Elmer), and 30
ml of extracted specimens. Samples were placed in a Perkin-Elmer GeneAmp
2400 DNA thermal cycler. After an initial step of 5 min at 94°C, 35 cycles were
performed for 1 min at 94°C, 1 min at 57°C, and 1 min at 72°C. Finally, an
additional extension was achieved for 7 min at 72°C, and samples were cooled to
4°C and kept at this temperature until further processing. For positive and
negative controls, 30 ml containing 3 ng of purified Candida DNA or 30 ml of
distilled water, respectively, was added to 200 ml of negative serum and processed
for DNA extraction with the QIAamp blood kit. For visualization, 10 ml of the
amplified product was electrophoresed for 30 min at 80 V in a vertical 8%
polyacrylamide gel in TBE buffer (0.089 M Tris-HCl, 0.089 M boric acid, 0.002
M EDTA [pH 8.4]), stained for 15 min in 0.5 mg of ethidium bromide/ml, and
photographed under ultraviolet illumination.

To avoid sample contamination, we used the precautions suggested by Kwok
and Higuchi (13). Cross-contamination by aerosols was reduced by physical
separation of laboratory rooms used for reagent preparation, sample processing,
and DNA amplification. Other precautions included UV irradiation for micro-
centrifuge tubes, racks, surfaces of laboratory benches, and instruments. Such
laboratory procedures as autoclaving of buffers and distilled water, use of fresh
lots of previously aliquoted reagents, combined use of positive-displacement
pipetters and aerosol-resistant pipette tips, frequent changing of gloves, premix-
ing of reagents, addition of DNA as the last step, and testing of negative controls,
including omission of either the primer or the DNA template during PCR, were
used. Appropriate negative controls which contained all of the reagents except
the template DNA were always included for each set of amplification. In all
experiments the negative controls always tested negative.

DEIA. PCR-amplified DNA was hybridized and detected using the GEN-
ETI-K DNA enzyme immunoassay (DEIA) kit (Sorin Biomedica, Düsseldorf,
Germany) as recommended by the manufacturer. Briefly, 100 ml of the biotin-
ylated C. albicans probe (1 ng/ml) was added to each well of a streptavidin-coated
microtitration plate and incubated for 18 h at 4°C. The microtitration plate was
washed five times with washing buffer, and 100 ml of hybridization buffer was
applied to each well. Meanwhile, amplicons were denatured for 15 min at 100°C
and put on ice immediately. Then 20 ml of the denatured amplicons was pipetted
into the wells and incubated for 1 h at 37°C. After fivefold washing at high
stringency, 100 ml of anti-double-stranded DNA antibody was pipetted into each
well and kept at room temperature for 30 min. The wells were washed five times,
and then 100 ml of an enzyme tracer, protein A conjugated with horseradish
peroxidase, was added to the wells and incubated for 30 min at room tempera-
ture. Again, all wells were washed, and 100 ml of a chromogen substrate solution
for horseradish peroxidase was added and kept at room temperature for 30 min.
Finally, 200 ml of blocking solution was applied to each well, and the absorbance
was determined at 450 nm using a microtitration plate reader (Dynatech MR
5000; Dynex, Denkendorf, Germany). Optical density (OD) was determined
after subtraction of the absorbance of the reagent blank. The cutoff value of this
test is 0.2 OD unit above the mean OD of negative controls.

Sensitivity. Sensitivities of the PCR assay and the DNA enzyme immunoassay
were tested by spiking 200 ml of serum with serial dilutions of either C. albicans
cells ranging from 106 to 1 cell or of C. albicans DNA at concentrations ranging
from 40 ng to 4 fg of genomic DNA. The concentration of DNA from all samples
was extracted using the QIAamp blood kit, then PCR amplified, separated in an
8% polyacrylamide gel, stained with ethidium bromide, and photographed under
UV illumination. Amplicons were hybridized with the C. albicans-specific probe
using the DNA enzyme immunoassay.

Direct sequencing of PCR products. PCR products were phenol-chloroform
extracted and precipitated with ethanol. DNA was dissolved in bidistilled water
to a final concentration of 20 ng/ml. The PCR products were automatically
sequenced with a 373A extended DNA sequencer using the DyeDeoxy Termi-
nator Taq-cycle sequencing technique (Applied Biosystems, Weiterstadt, Ger-
many). Each sequencing reaction was performed in a volume of 20 ml containing
100 ng of the PCR product, 50 pmol of the sequencing primer ITS3 or ITS4, and
10.5 ml of the DyeDeoxy Terminator reaction mixture. The cycle sequencing
reaction was incubated for 28 cycles in an automated GeneE temperature cycler
(Techne, Cambridge, United Kingdom) under cycling conditions of 96°C for 30 s
and 60°C for 4 min per cycle. Electrophoresis of the samples was carried out on
a polyacrylamide gel.

RESULTS

PCR amplification of Candida rDNA and detection. C. albi-
cans and 11 other Candida species were used to test the ap-
plicability of the PCR system for the detection of Candida
DNA. Of each species, about 3 ng of genomic DNA was used
for PCR amplification. All species were amplified using uni-
versal fungal primers ITS3 and ITS4, most of them yielding
PCR products differing from the 340-bp C. albicans amplicon.
The amplified products of some Candida species are shown in
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Fig. 1. The specificity of the C. albicans capture probe used in
our assay was tested by hybridization of the amplicons of all
Candida species to the biotinylated capture probe specific for
C. albicans. A positive hybridization result in the DEIA could
be shown only for the C. albicans-derived amplicon; the results
for all other Candida species were negative.

Sensitivity for DNA detection from Candida cells and Can-
dida DNA in serum. To analyze the sensitivity of the PCR assay
and the DEIA, serum from a noninfected healthy individual
was spiked with serial dilutions of C. albicans cells, ranging
from 106 to 1 cell per assay, or with serial dilutions of C.
albicans genomic DNA, with concentrations ranging from 106

to 1021 genomes (40 ng to 4 fg of purified C. albicans genomic
DNA) per assay. The DNA was extracted by subjecting 200 ml
of spiked serum to the QIAamp blood kit extraction proce-
dure. After PCR amplification of genomic DNA, as few as 10
C. albicans genomes (400 fg of purified C. albicans genomic
DNA) could be visualized in gel electrophoresis (Table 1).
When the PCR amplicons were further analyzed in the DEIA
by hybridization to the biotinylated C. albicans capture probe,
as few as one C. albicans genome (40 fg of C. albicans genomic
DNA) could be detected after hybridization in the DEIA (Ta-
ble 1). Thus a tenfold increase in sensitivity was achieved in the
DEIA.

Detection of C. albicans DNA in clinical samples. Clinical
samples from healthy volunteers or patients were tested by
Candida culture and PCR followed by DEIA hybridization.
For group 1, clinical samples from negative controls were an-

alyzed for the presence of C. albicans or Candida DNA in
serum (Table 2). Healthy volunteers 1 to 13 were physically
examined and found to be negative for superficial Candida
infection. Three patients with vaginitis were negative for Can-
dida by direct examination and culture. C. albicans could be
cultured from the stool of volunteer no. 3 due to an intestinal
colonization with C. albicans. Furthermore, a Candida-specific
45-kDa band was detected in a Western blot by testing the
serum of this individual (data not shown). All sera from group
1 were negative by PCR and hybridization, and all ODs of the
hybridization were below the cutoff value (Table 2). For group
2, clinical samples from patients with mucocutaneous candidi-
asis were cultured, and C. albicans could be identified in all
samples (Table 2). In contrast to the positive cultures from
skin, nails, and swabs, Candida DNA could not be detected
in sera of these patients either by PCR or by DEIA hybrid-
ization (Table 2). All serum samples from patients with
proven mucocutaneous candidiasis were negative by PCR
and DEIA.

Group 3 consisted of patients with predisposing factors for
invasive candidiasis, e.g., underlying disease or surgery, who
had been admitted to an intensive care unit for more than 2
weeks. Blood and serum samples of these patients were ana-
lyzed for the presence of Candida cells and Candida DNA,
respectively. Candida blood cultures of all patients from group
3 were repeatedly negative. However, despite negative blood
cultures, three out of nine serum samples of these patients
(patients 28a, 31, and 34) were positive for Candida by PCR
(Table 3). Any band by electrophoresis between approximately
300 and 400 bp is regarded as a positive result, since PCR is not
genus specific. The specificity of each band must be deter-
mined either by hybridization with specific probes or by DNA
sequencing. The amplified PCR products were further ana-
lyzed by DEIA hybridization using a C. albicans-specific probe.
The PCR products from patients 28a and 31 could be verified
as C. albicans in the DEIA (Table 3) and by direct sequencing
of the PCR products. The DNA sequences of both amplicons
are identical to the DNA sequence in the database (data not
shown), thus confirming the specificity of the PCR-DEIA. Sys-
temic candidiasis infection of patient 28a was proven 7 days
later by a positive blood culture (patient 28b; Table 3), and
clinical symptoms were in full agreement with those expected
for a systemic Candida infection by that time. The amplicon
from patient 34 tested negative in the DEIA hybridization,
suggesting the presence of DNA from a Candida species other
than C. albicans. Since no yeast could be grown in blood cul-
ture, direct DNA sequencing of this PCR product was per-
formed and revealed the DNA sequence of the corresponding
rRNA gene of C. krusei. C. albicans and C. krusei show only
minor differences in the rRNA gene that is amplified during
PCR; thus the PCR products from both species are about the
same size. Interestingly, no PCR product could be amplified
from the serum of patient 32, but C. albicans DNA could be
detected in the hybridization assay. PCR followed by hybrid-
ization is about 10 times more sensitive than PCR without
hybridization.

All patients with invasive candidiasis infections in group 4
tested positive for Candida by blood culture and PCR assay of
serum. The PCR results of patients 37, 38, 39a, 39b, and 40,
who were suffering from systemic candidiasis, are shown in Fig.
2. All PCR products from this group could be verified as C.
albicans in the DEIA (Table 3). Most sera exerted strong
positive signals in PCR and high ODs after hybridization. Pa-
tient 28b, who was initially blood culture negative but who was
identified as being at risk for an invasive candidiasis (patient
28a), was now also included in group 4, since clinical symptoms

FIG. 1. Ethidium bromide-stained polyacrylamide gel of PCR products ob-
tained with primers ITS3 and ITS4 and DNAs from different Candida species.
Lanes: 1, molecular weight marker (100-bp ladder); 2, C. albicans; 3, C. para-
psilosis; 4, C. glabrata; 5, C. krusei; 6, C. pelliculosa; 7, C. tropicalis; 8, C. rugosa;
9, C. guilliermondii; 10, molecular weight marker (100-bp ladder).

TABLE 1. Sensitivity of PCR and DEIA for Candida in seruma

Assay
Result obtained with C. albicans genome amt ofb:

106 105 104 103 102 101 1 0.1

PCRc 1 1 1 1 1 1 2 2
DEIAd 1 1 1 1 1 1 1 2

a 1, positive; 2, negative.
b C. albicans genomic DNA was serially diluted, added to 200 ml of serum, and

extracted using the QIAamp blood kit.
c Measured as visible bands in ethidium bromide-stained gel monitored under

ultraviolet illumination.
d Hybridization of amplicons to the biotinylated C. albicans probe measured

with DEIA.
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and a positive blood culture by that time were in full agreement
with a systemic Candida infection. Interestingly, patient 39a,
who was positive by PCR and hybridization, became negative
for Candida by blood culture and negative by PCR in serum, 3

days after therapy (patient 39b) with fluconazole was initiated
(Table 3; Fig. 2).

DISCUSSION

Given the fulminant and rapidly fatal outcome of invasive
candidiasis, early and fast detection of Candida species and
initiation of antifungal drug therapy are critical. Existing diag-
nostic methods using Candida blood culture, antigen, or anti-
body detection lack sensitivity and specificity (7, 21, 27). DNA-
based diagnostic tests not only are sensitive and specific but
also have the potential to decrease the time taken for the
laboratory identification of pathogens that are growing slowly
or difficult to culture. Therefore, earlier detection and identi-
fication would facilitate a prompt and appropriate treatment.

The presence of DNAs from several pathogens in blood of
infected patients has been demonstrated, and recently, DNAs
from several bacteria, fungi, and viruses were amplified from
serum samples of patients (2, 17, 20, 31). However, the proce-
dures used to extract the genomic DNAs of these microorgan-
isms were rather time consuming and complicated. Difficult
and labor-intensive methods for extraction of Candida DNA
from blood and serum, such as mechanical disruption for se-
rum spiked with Candida cells followed by protein digestion
and DNA purification with phenol-chloroform, were per-
formed (10). Burnie et al. (2) prepared the serum samples by
addition of lysis buffer and chaotropic agents, such as gua-
nidium thiocyanate, followed by DNA precipitation with so-

FIG. 2. Ethidium bromide-stained polyacrylamide gel of PCR products ob-
tained with DNA extracted from serum samples of systemic candidiasis patients
(group 4). Lanes: 1, molecular weight marker (100-bp ladder); 2, C. albicans
DNA; 3, patient 37; 4, patient 38; 5, patient 39a (before therapy); 6, patient 39b
(after therapy); 7, patient 40; 8, negative control. The size of the C. albicans PCR
product is indicated by an arrow.

TABLE 2. Results of assay for Candida with culture from clinical specimens (swabs, stool, skin scrabs, and nail scrabs) and PCR
with serum of negative control persons (group 1) and patients with mucocutaneous C. albicans infections (group 2)a

Patient
no. Sex Disease

Results with:

Candida
culture

(swabs, etc.)

PCR
(serum)

DEIA
(OD)

Group 1
1 m 2 ND 2 2 (0.042)
2 m 2 ND 2 2 (0.023)
3 m 2 1 2 2 (0.035)
4 m 2 ND 2 2 (0.043)
5 m 2 ND 2 2 (0.043)
6 m 2 ND 2 2 (0.035)
7 m 2 ND 2 2 (0.018)
8 m 2 ND 2 2 (0.012)
9 m 2 ND 2 2 (0.033)
10 m 2 ND 2 2 (0.013)
11 m 2 ND 2 2 (0.044)
12 m 2 ND 2 2 (0.056)
13 m 2 ND 2 2 (0.024)
14 f Vaginitis 2 2 2 (0.031)
15 f Vaginitis 2 2 2 (0.054)
16 f Vaginitis 2 2 2 (0.010)

Group 2
17 f Vaginitis 1 2 2 (0.044)
18 f Vaginitis 1 2 2 (0.160)
19 f Vaginitis 1 2 2 (0.042)
20 f Vaginitis 1 2 2 (0.163)
21 f Vaginitis 1 2 2 (0.079)
22 m Skin candidiasis 1 2 2 (0.089)
23 m Onychomycosis 1 2 2 (0.042)
24 m Skin candidiasis 1 2 2 (0.062)
25 f Vaginitis 1 2 2 (0.111)
26 f Vaginitis 1 2 2 (0.038)
27 f Vaginitis 1 2 2 (0.101)

a m, male; f, female; 1, positive; 2, negative; ND, not done. Candida culture refers to all Candida species.
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dium acetate and isopropanol. Chryssanthou et al. (3) used
proteinase K and sodium dodecyl sulfate for protein denatur-
ation and extracted DNA from serum with phenol-chloroform.
The QIAamp procedure used in our study provides a standard-
ized method and circumvents rather complicated extraction
methods by application of ready-to-use columns for purifica-
tion of genomic DNA. No hazardous reagents are needed
anymore, and DNA extraction can be performed in about half
an hour. Recently a variety of DNA extraction procedures
have been applied to serum samples and intensively investi-
gated (4). QIAamp is about two times more expensive than
other extraction procedures, but the QIAamp method allows
the processing of three to four times more samples per unit of
time than other methods and does not use organic solvents.
QIAamp was used for DNA purification of other fungal patho-
gens (14), which provided a sensitive method for a high yield of
fungal DNA. Dixon et al. (4) recommended this method as a
first choice for DNA extraction. In serum, DNA is supposedly
present in a free form and can easily and effectively be purified
using the QIAamp blood kit.

PCR was recently applied to the diagnosis of systemic can-
didiasis (10, 15). We chose universal fungal primers to amplify
high-copy-number rRNA genes, the haploid genome harboring
about 40 to 80 repeat copies. Most amplicons could be sepa-
rated and differentiated from that of C. albicans by size in gel
electrophoresis. The advantages of PCR are the relatively
short processing time and its high sensitivity and specificity.
The amplification feature of the PCR assay makes it ideal for
detecting low levels of yeasts from minimal serum volumes.

The hybridization assay was different from previously re-
ported ones in terms of labeling DNA with digoxigenin (2, 5,
26). This assay does not require DNA prelabeling prior to
hybridization but uses a routine method, a common enzyme
immunoassay. Radioactively labeled oligonucleotides (10, 15)
are impractical for routine laboratory use because of their
toxicity, expense, and short half-life. Although detection of
Candida species other than C. albicans was not attempted in

the present study, the specificity of other Candida species-
specific probes introduced by Fujita et al. (5) indicates their
potential for detection and differentiation of other Candida
species in serum.

Using PCR amplification of the multicopy rRNA gene fol-
lowed by the DEIA, we were able to detect as few as one C.
albicans genome (40 fg of C. albicans genomic DNA) per 30 ml
of serum. Burnie et al. (2) were able to detect 10 CFU using
serum samples, whereas Holmes et al. (8) calculated a sensi-
tivity of 15 CFU per ml of blood. The sensitivity was similar
also to that obtained by Miyakawa (15), who reported detec-
tion of 3 cells per 0.1 ml of blood.

Serum samples from persons with vaginitis or with no symp-
toms at all showed negative results in PCR and hybridization.
The results for these groups were similar to the negative results
obtained by Kan et al. (10), who analyzed sera from healthy
volunteers and from patients with active oral thrush but with
no evidence of disseminated candidiasis. From the stool of a
healthy volunteer, C. albicans could be isolated, but the serum
was negative both by PCR and by hybridization. It can be
concluded that the PCR-DEIA system will not react in the case
of intestinal colonization.

No Candida DNA could be detected in sera from mucocu-
taneous patients either by PCR or by hybridization. A study by
Burnie et al. (2) revealed positive PCR results for serum from
3 out of 16 patients colonized by C. albicans, but clinical pic-
tures of the patients were not available. To evaluate clinical
applicability of the PCR-DEIA, serum samples from patients
at risk and from patients with systemic candidiasis were ana-
lyzed. Candida DNA could be detected in serum samples of
some patients at risk of developing systemic candidiasis and in
all patients with invasive candidiasis. However, despite nega-
tive blood cultures from at-risk patients, three out of nine
serum samples of these patients were positive for Candida by
PCR. Even for autopsy-verified candidiasis, a negative out-
come of blood cultures is possible due to either the use of
suboptimal culture systems or the fact that insufficient numbers

TABLE 3. Results of Candida culture of blood and PCR assay of serum of patients at risk (group 3)
and patients with systemic candidiasis (group 4)a

Patient
no. Sex Disease or condition

Result obtained with:

Candida
blood

culture

PCR
(serum)

DEIA
(OD)

Group 3
28a f Pancreatic malignancy 2 1 1 (0.420)
29 f Surgery 2 2 2 (0.025)
30 m Guillain-Barré syndrome 2 2 2 (0.123)
31 m Asthma 2 1 1 (0.777)
32 m Surgery 2 2 1 (0.260)
33 m Surgery 2 2 2 (0.046)
34 m Surgery 2 1 2 (0.034)
35 m Surgery 2 2 2 (0.055)
36 m Nephrectomy 2 2 2 (0.035)

Group 4
28b f Pancreatic malignancy 1 1 1 (2.496)
37 m Burn 1 1 1 (2.290)
38 m Pneumonia 1 1 1 (1.490)
39a m Surgery 1 1 1 (2.324)
39b m 39a after therapy 2 2 2 (0.024)
40 m Burn 1 1 1 (0.355)
41 f Myelopathy 1 1 1 (0.583)
42 m Pneumonia 1 1 1 (2.429)

a m, male; f, female; 1, positive; 2, negative. Candida culture refers to all Candida species.
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of yeast cells were introduced into the bottles. Patient 28a, who
was at risk for invasive candidiasis due to underlying disease,
tested negative by blood culture but positive by the PCR assay
and hybridization, thus indicating a systemic infection with C.
albicans. The results for this patient demonstrate the high
sensitivity of PCR and the low sensitivity of blood culture. The
amplicon from patient 34 tested negative in the DEIA hybrid-
ization, suggesting the presence of DNA from a Candida spe-
cies other than C. albicans. Direct sequencing of this PCR
product revealed the DNA sequence of the corresponding
rRNA gene of C. krusei. C. albicans and C. krusei show only
minor differences in the rRNA gene that is amplified during
PCR; thus the PCR products from both species are about the
same size, and cross-reaction in hybridization has not been
observed (5). Interestingly, no PCR product could be amplified
from the serum of patient 32, but C. albicans DNA could be
detected in the hybridization assay, demonstrating the higher
sensitivity when PCR and DEIA are combined. Two samples
were available from this patient, and both samples were tested
three times. PCR was always negative; i.e., no band could be
visualized in the gel. However, the DEIA results were always
positive, and these samples were regarded as positive for C.
albicans.

Assay for detection of C. albicans DNA always yielded pos-
itive results for patients with invasive candidiasis, and Candida
could be cultured from blood. All PCR products from this
group could be verified as C. albicans in the DEIA. Patient 28a,
who was initially blood culture negative but who was identified
as being at risk for invasive candidiasis, turned out to test
positive by blood culture and by the PCR-DEIA 7 days later
(patient 28b). Interestingly, patient 39, who was strongly pos-
itive by PCR and hybridization, became negative for Candida
by blood culture and PCR from serum 3 days after therapy with
fluconazole was initiated, thus indicating the response to ther-
apy.

We describe a PCR-based method for the rapid detection
and identification of C. albicans from serum. An extraction
method that is simpler than previously described procedures
for the recovery of Candida DNA from serum was applied,
followed by PCR amplification and a microtitration plate en-
zyme immunosorbent assay. This method could be achieved
within 6 h and has the potential for automatic processing.
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