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A multiplex PCR method was developed to identify simultaneously multiple fungal pathogens in a single
reaction. Five sets of species-specific primers were designed from the internal transcribed spacer (ITS) regions,
ITS1 and ITS2, of the rRNA gene to identify Candida albicans, Candida glabrata, Candida parapsilosis, Candida
tropicalis, and Aspergillus fumigatus. Another set of previously published ITS primers, CN4 and CN5, were used
to identify Cryptococcus neoformans. Three sets of primers were used in one multiplex PCR to identify three
different species. Six different species of pathogenic fungi can be identified with two multiplex PCRs. Further-
more, instead of using templates of purified genomic DNA, we performed the PCR directly from yeast colonies
or cultures, which simplified the procedure and precluded contamination during the extraction of DNA. A total
of 242 fungal isolates were tested, representing 13 species of yeasts, four species of Aspergillus, and three
zygomycetes. The multiplex PCR was tested on isolated DNA or fungal colonies, and both provided 100%
sensitivity and specificity. However, DNA from only about half the molds could be amplified directly from
mycelial fragments, while DNA from every yeast colony was amplified. This multiplex PCR method provides a
rapid, simple, and reliable alternative to conventional methods to identify common clinical fungal isolates.

Invasive mycoses have become a major cause of infectious
morbidity and mortality in patients receiving immunosuppres-
sive chemotherapy for cancer or organ transplantation or in
immunodeficient patients, such as individuals with AIDS (2, 6,
7, 9, 20, 26). Since opportunistic mycoses are often grave, the
early, rapid, and accurate identification of the pathogenic fun-
gus is critical for timely, appropriate management. The con-
ventional identification of pathogenic fungi in the clinical
microbiology laboratory is based on morphological and physi-
ological tests, often requires 3 or more days, and may be
inaccurate (12, 14).

In recent years, numerous DNA-based methods have been
developed to improve the diagnosis of mycotic infections and
the identification of pathogenic fungi (13, 27, 34, 37, 45). PCR
methods are particularly promising because of their simplicity,
specificity, and sensitivity. For example, PCR methods target-
ing different genes have been described elsewhere for identi-
fication of Cryptococcus neoformans (39), Aspergillus fumigatus
(19, 36), and species of Candida (4, 5, 11, 15, 28–30, 33, 37, 42,
48). A number of studies have described probes, restriction
fragment length polymorphism, or other methods to identify
unique ribosomal DNA (rDNA) sequences (10, 16–18, 22, 23,
32, 40, 41, 43). The most common approaches have targeted
portions of the rDNA of species of Candida (3, 8, 10, 31, 38,
44). Although these published PCR methods have been useful
for the identification of fungal species, they either identify only
one species at a time or require a probe hybridization proce-
dure that incurs time and expense.

We describe here a sensitive and specific method to rapidly
and simultaneously identify the most common pathogenic

fungi in tandem multiplex PCRs. The method combines three
species-specific primers in a single PCR tube. To obtain
genomic DNA template, we demonstrate that a colony can be
sampled directly from a pure culture. Primers CGL1-CGL2,
CTR1-CTR2, and CPA1-CPA2 were combined in one multi-
plex PCR to identify Candida glabrata, Candida tropicalis, and
Candida parapsilosis, respectively (multiplex G-T-P); primers
AFUM1-AFUM2, CALB1-CALB2, and CN5-CN4 were com-
bined in another multiplex PCR to identify A. fumigatus, Can-
dida albicans, and C. neoformans, respectively (multiplex F-A-
N). In a separate PCR, the ITS1-ITS4 primer pair provided a
positive control to monitor the amplification of all fungal sam-
ples (47).

MATERIALS AND METHODS

Fungal isolates. Most of the yeast strains and samples of A. fumigatus were
isolated from clinical specimens at Duke University Medical Center and main-
tained in the collection of the Duke Medical Mycology Research Laboratory.
The identification of all isolates was confirmed by conventional morphological
and physiological methods (1, 35, 46). The samples of C. albicans included one
isolate that was identified as Candida stellatoidea, which we deemed a variant of
C. albicans (24). To provide a spectrum of medical fungi related to many of the
target species, a total of 242 isolates were analyzed, including 10 species of
Candida (181 isolates), 4 species of Aspergillus (38 isolates), 3 zygomycetous
species (9 isolates), and 3 other yeast species: C. neoformans (10 isolates),
Saccharomyces cerevisiae (3 isolates), and Kluyveromyces marianum (1 isolate). A
rather large sampling of C. parapsilosis was available because of a concurrent
study in which we obtained isolates from the oral cavities and fingernails of
healthy undergraduate and medical students of Duke University and the Uni-
versity of North Carolina at Chapel Hill. Control isolates of C. parapsilosis
groups I, II, and III were obtained from Paul F. Lehmann (21). A pure culture
of each isolate was obtained by streaking the liquid culture on yeast extract-
peptone-dextrose agar plates and grown overnight at 30°C.

DNA isolation. For DNA extraction, a single colony was transferred to a yeast
extract-peptone-dextrose plate and grown overnight at 30°C, followed by DNA
isolation as described previously (49). For direct yeast cell amplification, a single
colony approximately 1 mm in diameter was picked with a micropipette tip,
suspended in 5 �l of sterile, distilled water in a microcentrifuge tube, and
vortexed; then, 0.5 �l of this suspension was used in the PCRs. Molds were
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cultured for at least 5 days to produce a visible colony, and a tiny portion of the
colony was transferred directly to the PCR tube. We also tested molds that had
been stored for more than 1 year.

Primer design. Species-specific primer pairs—CGL1-CGL2, CTR1-CTR2,
CPA1-CPA2, CALB1-CALB2, and AFUM1-AFUM2—were designed based on
the sequence data for the internal transcribed spacer (ITS) region (Table 1) in
the GenBank database to specifically amplify C. glabrata, C. tropicalis, C. parap-
silosis, C. albicans, and A. fumigatus, respectively. The forward primers (primer
1 of each pair) were designed within the ITS1 region, and the reverse primers
(primer 2) were designed from the ITS2 region. The C. neoformans-specific
primers CN5 and CN4 were previously described (25). The universal fungal
primers ITS1 and ITS4 provided a positive PCR control (47).

PCR. For PCR with individual primer pairs, each reaction mixture contained
2 �l (�1 ng) of diluted genomic DNA template or 0.5 �l of yeast cell suspension,
20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM (each of the
four) deoxyribonucleotide triphosphates, 0.5 �M (each) primer, and 0.5 U of Taq
DNA polymerase (Invitrogen Life Technologies, Carlsbad, Calif.) in a total
volume of 20 �l. PCR amplification conditions were 5 min of denaturation at
96°C, followed by 40 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s and
a final extension step of 72°C for 15 min. A sample of 10 �l of product from each
PCR was electrophoresed in a 1.5% agarose gel with 0.5 �g of ethidium bro-
mide/ml and 1� Tris-acetate-EDTA buffer for 1 to 2 h. DNA bands were
visualized on a UV transilluminator and documented with an Alpha-Imager 2000
(Alpha Innotech, San Leandro, Calif.).

Multiplex PCR. A total of six species were tested in two multiplex PCR panels.
Each multiplex panel contained three pairs of primers that were designed and
comixed to produce amplicons sufficiently different in size and migration to
identify three fungal species. The multiplex G-T-P panel contained primers that
identified C. glabrata, C. tropicalis, and C. parapsilosis, and the F-A-N multiplex
panel included primers that are specific for A. fumigatus, C. albicans, and C.
neoformans. Primer sequences are presented in Table 1. The G-T-P multiplex
PCR contained 0.7 �M primers CGL1 and CGL2, 0.4 �M primers CTR1 and
CTR2, and 0.6 �M primers CPA1 and CPA2. The F-A-N multiplex PCR con-
tained 0.5 �M (each of the following) primers AFUM1, AFUM2, CALB1,
CALB2, CN5, and CN4 (Table 1). The 20-�l PCR mixtures contained 0.75 U of
Taq DNA polymerase; all other reagents were the same as described above for
single-primer-pair PCRs. The PCR tubes were kept on ice, and the PCRs were
carried out in a Perkin-Elmer model 9700 thermal cycler preequilibrated at 96°C

to provide a hot start. All PCRs were run with the same cycling program used for
single-primer-pair PCR (described above). PCR products were electrophoresed
in a 2% agarose gel with ethidium bromide for 2 to 3 h and evaluated as
described above.

RESULTS

To determine the sensitivity and specificity of the PCR prim-
ers, each primer set was first tested with serial dilutions of PCR
products from the corresponding species. Figure 1 shows a
representative serial dilution of the PCR products (amplicons)
with primers ITS1-ITS4, CGL1-CGL2, CTR1-CTR2, and
CPA1-CPA2. The sensitivity of each set of primers ranged
from 100 to 1,000 DNA molecules, which indicates the poten-
tial to amplify the appropriate amplicon from purified genomic
DNA from 1 to 10 yeast cells.

For multiplex PCR, three sets of primers were combined in
a single tube to simultaneously identify three fungal pathogens.
A total of six primer sets were used in two different multiplex
PCR panels, as noted above and illustrated in Fig. 2. Multiplex
G-T-P contained primer sets CGL1-CGL2, CTR1-CTR2, and
CPA1-CPA2. Multiplex F-A-N consisted of primers AFUM1-
AFUM2, CALB1-CALB2, and CN5-CN4. As shown in Fig. 2,
both G-T-P and F-A-N multiplex PCRs generated specific
amplicons of the correct sizes when templates from the corre-
sponding species were present. When all three templates were
included in each panel, three products of the signature size
were correctly produced (Fig. 2, top, lane 13, and bottom, lane
14). The sensitivity of the multiplex PCR was similar to the
sensitivity of single-primer-set PCR. These results indicate that
up to three suspected pathogens can be identified in a single
PCR.

TABLE 1. Primer pairs designed to amplify DNA specifically from the listed species of pathogenic fungi

Species Primer namea Sequence (5� 3 3�) GenBank accession nos.b Amplicon size (bp)

All fungic ITS1 TCC GTA GGT GAA CCT GCG G M27607, D89886 Variabled

ITS4 TCC TCC GCT TAT TGA TAT GC

Aspergillus fumigatus AFUM1 CGC CGA AGA CCC CAA CAT GAA CGC AF176662, AF078889 �385
AFUM2 TAA AGT TGG GTG TCG GCT GGC

Candida albicans CALB1 TTT ATC AAC TTG TCA CAC CAG A L47111, L28817 �273
CALB2 ATC CCG CCT TAC CAC TAC CG

Candida glabrata CGL1 TTA TCA CAC GAC TCG ACA CT AB032177, AF167993 �423
CGL2 CCC ACA TAC TGA TAT GGC CTA CAA

Candida parapsilosis CPA1e TTG GTA GGC CTT CTA TAT GGG AF287909, L47109 �320
CPA3f GCC AGA GAT TAA ACT CAA CCA A �300
CPA2 CCT ATC CAT TAG TTT ATA CTC CGC

Candida tropicalis CTR1 CAA TCC TAC CGC CAG AGG TTA T AF287910, AF268095 �357
CTR2 TGG CCA CTA GCA AAA TAA GCG T

Cryptococcus neoformansg CN5 GAA GGG CAT GCC TGT TTG AGA G M94516, M94517 �136
CN4 ATC ACC TTC CCA CTA ACA CAT T

a Odd-numbered primers are forward primers, and even-numbered primers are reverse primers.
b For the universal fungal primers ITS1 and ITS4, the GenBank accession number refers to primers in the 18S and ITS regions of S. cerevisiae. For all other primer

pairs, the accession numbers are specific for the indicated taxa; strains evince slight variation in amplicon sizes.
c Sequences are from reference 47.
d The ITS1-ITS4 amplicon sizes vary with each organism.
e Amplifies only group I strains of C. parapsilosis (21).
f Amplifies all groups of C. parapsilosis.
g Sequences are from reference 25.
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To further simplify the procedure and shorten the time re-
quired for identification, we explored the possibility of per-
forming multiplex PCR directly from yeast colonies, bypassing
the usual, time-consuming DNA isolation steps. All multiplex

PCR conditions were the same as described above except that,
instead of extracted DNA, the template consisted of 0.5 �l of
a suspension of yeast cells or fragments of hyphae. As shown in
Fig. 3, both multiplex panels amplified the specific bands from

FIG. 1. Examples of the serial dilution of DNA amplicons. (A) Primers ITS1-ITS4; (B) primers CGL1-CGL2; (C) primers CTR1-CTR2;
(D) primers CPA1-CPA2. Lanes 1 to 6, specific amplicons generated by using 106, 105, 104, 103, 102, and 101 molecules, respectively; lanes 7,
negative control, lacking template DNA; lanes M, 100-bp DNA length ladder.

FIG. 2. Multiplex PCR performed with genomic DNA from two clinical isolates of each species. (Top) Multiplex G-T-P PCR. (Bottom)
Multiplex F-A-N PCR. Lanes 1 and 2, C. glabrata; lanes 3 and 4, C. tropicalis; lanes 5 and 6, C. parapsilosis; lanes 7 and 8, A. fumigatus; lanes 9
and 10, C. albicans; lanes 11 and 12, C. neoformans; lane 13, mixed DNA of C. glabrata, C. tropicalis, and C. parapsilosis; lane 14, mixed DNA of
A. fumigatus, C. albicans, and C. neoformans; lane 15, negative control without template DNA; lanes M, 100-bp DNA length ladder.
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their corresponding isolates with similar sensitivity as that ob-
tained with purified DNA templates.

Testing both individual primer pairs and multiplex PCR
methods and using either extracted genomic DNA or a sus-
pension of yeast cells as the template, we evaluated a total of
242 fungal strains (Table 2). As expected, the universal fungal
primers, ITS1-ITS4, produced an amplicon of the appropriate
size (Fig. 1A) from all the yeasts and about half the molds that
were directly assayed. Older mold colonies were less likely to
produce the universal amplicon than were fresh cultures. Since
every isolate of C. albicans, C. glabrata, C. tropicalis, C. parap-
silosis, and C. neoformans that was tested generated only spe-
cies-specific products, their sensitivity was 100%. All isolates of
A. fumigatus that could be amplified directly from hyphae (13
of 15 strains) also exhibited a sensitivity of 100%. The CALB1-
CALB2 primer pair was positive for all 26 strains of C. albi-
cans. Since all isolates of Candida dubliniensis, Candida guilli-
ermondii, Candida kefyr, Candida krusei, Candida lusitaniae,
Candida pichia, K. marianum, and S. cerevisiae tested negative
with each of the six species-specific primer pairs, the specificity
was 100%. There are at least three subgroups of C. parapsilosis
(21). The first primer pair that we designed, CPA1-CPA2 (Ta-
ble 1), amplified only isolates of group I, whereas the newly
designed primer pair CPA3-CPA2 amplifies isolates from all
groups of C. parapsilosis.

DISCUSSION

From the multicopy rRNA gene sequences, we designed six
pairs of species-specific primers to amplify frequently encoun-
tered opportunistic pathogenic fungi (Table 1). We then de-
veloped a multiplex PCR protocol to rapidly and simulta-
neously identify these six species: A. fumigatus, C. albicans, C.
glabrata, C. parapsilosis, C. tropicalis, and C. neoformans. All
173 isolates of the five yeast species and 13 of 15 isolates of A.
fumigatus that were tested produced the signature amplicon,
based on migration in agarose gels and comparison with pos-
itive controls (Table 2 and Fig. 2 and 3). (Two isolates of A.
fumigatus could not be amplified directly from hyphae.)
Among the 54 isolates of 14 related species that were tested,
there were no false-positive PCR tests (Table 2).

In addition, we describe the use of whole yeast or hyphal
cells as template for the PCRs. Omission of the DNA extrac-
tion procedure significantly decreases the time required to
make an accurate identification by PCR. Although fungal cell
breakage and the release of genomic DNA are undoubtedly
less efficient without the preliminary extraction of DNA, ade-
quate template was nevertheless available to yield positive
PCR tests. Whole cells from all 195 yeast isolates, representing
13 species, yielded positive products with the universal fungal
primers ITS1-ITS4 (Table 2). However, only 53.2% (25 of 47)
of the molds produced amplicons directly from hyphal frag-

FIG. 3. Example of multiplex G-T-P (A) and multiplex F-A-N (B) PCRs directly from yeast colonies. The figure shows amplicons from each
of five individual clinical isolates of C. glabrata (lanes 1 to 5), C. tropicalis (lanes 6 to 10), C. parapsilosis (lanes 11 to 15), A. fumigatus (lanes 16
to 20), C. albicans (lanes 21 to 25), and C. neoformans (lanes 26 to 30). Lanes 31, mixed DNA of C. glabrata, C. tropicalis, and C. parapsilosis. Lanes
32, mixed DNA of A. fumigatus, C. albicans, and C. neoformans. Lanes M, 50-bp DNA ladder.
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ments. The intact yeast cells were consistently amplified prob-
ably because numerous cells were sampled and the rDNA
genes being amplified are present in multiple copies (�100)
per genome. Even if the DNA from most cells is not released,
because of the many cells and copies of the target genes,
sufficient template is available to yield positive PCR results.
We have also been able to amplify fragments of many single-
copy genes from several species of Candida (data not present-
ed). For many purposes, this quick method has become routine
for the amplification of DNA from cultures of yeast species.
The molds were much less amenable to direct amplification,
perhaps because of more intractable cell walls, abundant en-
dogenous nucleases, inhibitors of the PCR, or other factors.
There was a tendency for younger mold cultures to be more
PCR positive than older cultures.

We are currently designing specific pairs of primers and
multiplex PCR formats to identify additional medically rele-
vant fungi. We are also applying these primers to the detection
of pathogenic fungal DNA in clinical specimens.
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puis, R. Hanazawa, J.-P. Latgé, J. Lortholary, K. Makimura, C. J. Morrison,
S. Y. Murayama, S. Naoe, S. Paris, J. Sarfati, K. Shibuya, D. J. Sullivan, K.
Uchida, and H. Yamaguchi. 1998. Molecular diagnosis and epidemiology of
fungal infections. Med. Mycol. 36(Suppl. 1):249–257.

35. Sigler, L., and M. A. Kennedy. 1999. Aspergillus, Fusarium, and other op-
portunistic moniliaceous fungi, p. 1212–1241. In P. R. Murray, E. J. Baron,
M. A. Pfaller, F. C. Tenover, and R. H. Yolken (ed.), Manual of clinical
microbiology, 7th ed. ASM Press, Washington, D.C.

36. Skladny, H., D. Buchheidt, C. Baust, F. Krieg-Schneider, W. Seifarth, C.
Leib-Mosch, and R. Hehlmann. 1999. Specific detection of Aspergillus spe-
cies in blood and bronchoalveolar lavage samples of immunocompromised
patients by two-step PCR. J. Clin. Microbiol. 37:3865–3871.

37. Sullivan, D. J., M. C. Henman, G. P. Moran, L. C. O’Neill, D. E. Bennett,
D. B. Shanley, and D. C. Coleman. 1996. Molecular genetic approaches to
identification, epidemiology and taxonomy of non-albicans Candida species.
J. Med. Microbiol. 44:399–408.

38. Tamura, M., K. Watanabe, T. Imai, Y. Mikami, and K. Nishimura. 2000.
New PCR primer pairs specific for Candida dubliniensis and detection of the
fungi from the Candida albicans clinical isolates in Japan. Clin. Lab. 46:33–
40.

39. Tanaka, K., T. Miyazaki, S. Maesaki, K. Mitsutake, H. Kakeya, Y.
Yamamoto, K. Yanagihara, M. A. Hossain, T. Tashiro, and S. Kohno. 1996.
Detection of Cryptococcus neoformans gene in patients with pulmonary cryp-
tococcosis. J. Clin. Microbiol. 34:2826–2828.

40. Turenne, C. Y., S. E. Sanche, D. J. Hoban, J. A. Karlowsky, and A. M.
Kabani. 1999. Rapid identification of fungi by using the ITS2 genetic region
and an automated fluorescent capillary electrophoresis system. J. Clin. Mi-
crobiol. 37:1846–1851.

41. Turin, L., F. Riva, G. Galbiati, and T. Cainelli. 2000. Fast, simple and highly
sensitive double-rounded polymerase chain reaction assay to detect medi-
cally relevant fungi in dermatological specimens. Eur. J. Clin. Investig. 30:
511–518.

42. van Deventer, A. J. M., W. H. F. Goessens, A. van Belkum, E. W. M. van
Etten, H. J. A. van Vliet, and H. A. Verbrugh. 1996. PCR monitoring of
response to liposomal amphotericin B treatment of systemic candidiasis in
neutropenic mice. J. Clin. Microbiol. 34:25–28.

43. Velegraki, A., M. E. Kambouris, G. Skiniotis, M. Savala, A. Mitroussia-
Ziouva, and N. J. Legakis. 1999. Identification of medically significant fungal
genera by polymerase chain reaction followed by restriction enzyme analysis.
FEMS Immunol. Med. Microbiol. 23:303–312.

44. Wahyuningsih, R., H. J. Freisleben, H.-G. Sonntag, and P. Schnitzler. 2000.
Simple and rapid detection of Candida albicans DNA in serum by PCR for
diagnosis of invasive candidiasis. J. Clin. Microbiol. 38:3016–3021.

45. Walsh, T. J., and S. J. Chanock. 1998. Diagnosis of invasive fungal infections:
advances in nonculture systems. Curr. Clin. Top. Infect. Dis. 18:101–153.

46. Warren, N. G., and K. C. Hazen. 1999. Candida, Cryptococcus, and other
yeasts of medical importance, p. 1184–1199. In P. R. Murray, E. J. Baron,
M. A. Pfaller, F. C. Tenover, and R. H. Yolken (ed.), Manual of clinical
microbiology, 7th ed. ASM Press, Washington, D.C.

47. White, T. J., T. D. Bruns, S. B. Lee, and J. W. Taylor. 1990. Amplification
and direct sequencing of fungal ribosomal RNA genes for phylogenetics, p.
315–322. In M. A. Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White (ed.),
PCR protocols. A guide to methods and applications. Academic Press, San
Diego, Calif.

48. Wildfeuer, A., R. Schlenk, and W. Friedrich. 1996. Detection of Candida
albicans DNA with a yeast-specific primer system by polymerase chain re-
action. Mycoses 39:341–346.

49. Xu, J., A. R. Ramos, R. J. Vilgalys, and T. G. Mitchell. 2000. Clonal and
spontaneous origins of fluconazole resistance in Candida albicans. J. Clin.
Microbiol. 38:1214–1220.

VOL. 40, 2002 RAPID IDENTIFICATION OF PATHOGENIC FUNGI 2865


