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A protocol for the rapid detection of fungal DNA in ocular samples, derived from three species, Candida
albicans, Aspergillus fumigatus, and Fusarium solani, has been developed. Two novel panfungal primers com-
plementary to 18S rRNA sequences present in all three species were designed. Panfungal PCR was followed by
three nested PCRs utilizing species-specific primers. PCR sensitivity ranged from 50 to 100 fg of free DNA and
between one and two C. albicans organisms. In addition, we also developed a rapid and reliable DNA extraction
protocol. This protocol minimized DNA loss during extraction, whilst removing compounds from vitreous and
aqueous fluids that have previously been shown to have inhibitory effects on PCR. Preliminary results obtained
after testing the protocol on three patient samples support culture results and medical history. However, one
patient was PCR positive but culture negative, suggesting that the sensitivity of this protocol may exceed that
of traditional culture techniques. This system, therefore, constitutes an additional protocol that may signifi-
cantly aid patient management in cases where fungal endophthalmitis is suspected.

Fungal endophthalmitis accounts for 4 to 11% of all cases of
culture-proven endophthalmitis (14, 35) and is usually ac-
quired from an endogenous source via hematogenous spread
(1, 2, 8, 11, 13, 25). It may, however, also be secondary to
intraocular surgery (20, 38), corneal ulceration, or trauma (3,
19, 30). Confirmation of suspected clinical disease currently
presents a challenge to the clinician, with difficulty in making a
diagnosis frequently delaying treatment. Fungal endoph-
thalmitis may have a classical appearance (e.g., Candida spp.
[7]), may present in a similar manner to chronic bacterial
endophthalmitis (31, 33), or may coexist with bacterial endoph-
thalmitis (9). The time to diagnosis from onset of symptoms
has been reported as varying from 3 days to 4 months (30),
during which time bilateral ocular disease may cause severe
morbidity, especially in patients who are already debilitated. In
cases with a typical history and clinical signs of fungal endoph-
thalmitis, vitreous sampling is implemented. While intraocular
samples are often culture negative, cases that respond to an-
tifungal treatment are considered to be infective in origin.
Blood cultures are useful but insensitive for the detection of
candidemia (with estimates of only 50 to 75% of cases detect-
ed), and serological testing remains experimental (10, 36). Iso-
lation of fungi may also be difficult, as coexisting bacteremia
may hide fungemia in culture, with bacteria competing with
fungi for nutrients in vitro (16, 34).

Amplification of target DNA through PCR with sequence-
specific primers is potentially more sensitive and rapid than

microbiologic techniques, as a number of constraints are re-
moved. Unlike culture, PCR does not require the presence of
viable organisms for success and may be performed even when
sample volumes are small. In addition, the sensitivity may be
dramatically increased through the use of nested PCR. A num-
ber of protocols have already been developed for the detection
of bacteria and fungi from a variety of clinical samples, such as
blood, serum, and ocular fluids (4, 12, 15, 17, 18, 23, 24, 26, 28,
37, 40). Since these protocols either involve subsequent pro-
cessing of PCR products or are focused on only one fungal
genus, we have developed a PCR-based system for the rapid
detection of Candida albicans, Aspergillus fumigatus, and Fusar-
ium solani in ocular samples. This rapid protocol increases the
number of samples from which a diagnosis may be made and
thereby facilitates effective patient management.

MATERIALS AND METHODS

All reagents used were purchased from Sigma Chemicals (Poole, Dorset,
United Kingdom) unless otherwise stated.

Fungal isolates. Identification was performed by using standard mycological
methods of germ tube formation in serum, carbohydrate assimilation tests using
the API 20C kit (bioMérieux, Inc., Hazelwood, Mo.), and morphology on corn-
meal agar. C. albicans and F. solani were obtained from the National Collection
of Pathogenic Fungi (EK3619 and G135, respectively) (PHLS Laboratory, Bris-
tol, United Kingdom). A. fumigatus was derived from the culture of clinical
specimens. Organisms were subsequently stored on beads (Mast Diagnostics,
Bootle, Merseyside, United Kingdom) at 270°C.

DNA extraction for PCR optimization. Previously extracted DNA derived
from Candida spp. was used (28), while a protocol based on that described by
Cenis was used for filamentous fungi (6). Briefly, 500 ml of liquid potato dextrose
medium (Difco Laboratories Ltd., Surrey, United Kingdom) was inoculated with
fungal hyphal threads and left at room temperature for 72 h. The resulting
mycelial mat was pelleted by centrifugation at 13,000 rpm (Eppendorf micro-
centrifuge 5415c; Eppendorf UK Ltd., Cambridge, United Kingdom) for 5 min
and was washed with 500 ml of Tris-EDTA (pH 8.0). The mat was then homog-
enized by hand in 300 ml of extraction buffer (200 mM Tris-HCl [pH 8.5], 250
mM NaCl, 25 mM EDTA, 0.5% sodium dodecyl sulfate) for 5 min. One hundred
fifty microliters of 3 M sodium acetate (pH 5.2) was added, and the mixture was
cooled to 220°C for 10 min. Fungal debris was pelleted by centrifugation at
13,000 rpm for 5 min, the supernatant was transferred to a fresh tube, and an
equal volume of isopropanol was added. DNA was then pelleted by centrifuga-
tion at 13,000 rpm for 10 min. Excess salt was removed by washing with 70%
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ethanol, and DNA was resuspended in Tris-EDTA (10 mM Tris-HCl [pH 8.0], 1
mM EDTA). Bacterial DNA extraction was performed as described elsewhere
(5), while human DNA extraction from 10 ml of whole blood was performed by
using a Nucleon BACC2 kit (Vector Laboratories, Ltd., Peterborough, United
Kingdom).

Serial dilution of C. albicans for DNA extraction and PCR. A single overnight
colony of C. albicans was spiked into 5 ml of liquid potato dextrose medium
(Difco) and left overnight at room temperature. The following serial dilutions
were made in water: 101, 102, 103, 104, 504, and 105, in a final volume of 10 ml.
Equal volumes (20 ml) were plated out on Sabouraud dextrose agar (Difco) in
duplicate for enumeration and were used for DNA extraction and PCR.

DNA extraction from serially diluted C. albicans and spiked normal vitreous
fluid. DNA was extracted with a QIAamp DNA Mini Kit (QIAGEN Ltd.,
Crowley, West Sussex, United Kingdom). A modified protocol based on that
recommended by the manufacturers and that described by Flahaut and cowork-
ers (12) was used. The initial step of spheroplast formation through incubation
with zymolase was omitted. This was not detrimental to DNA recovery but
reduced loss of free DNA already present, through the omission of the centrif-
ugation and supernatant removal steps. The protocol was as follows: 5 to 100 ml
of the sample to be investigated was mixed with 20 ml of proteinase K (QIAGEN)
and 180 ml of digestion buffer (30 mM Tris-HCl [pH 8.0], 10 mM EDTA, 1% sodium
dodecyl sulfate) and was incubated at 56°C for 1 h. Buffer AL (200 ml) (QIAGEN)
was then added, and the mixture was heated to 70°C for 10 min. Absolute ethanol
(200 ml) and 100 ng of carrier human DNA were subsequently added to each sample.
The mixture was added to a QIAamp spin column (QIAGEN) and was centrifuged
at 13,000 rpm for 1 min. The column was washed twice with 500 ml of buffer AE
(QIAGEN), and DNA was eluted by the addition of 50 ml of preheated buffer AE
(QIAGEN) following incubation at 60°C for 5 min. The eluate was reapplied to the
column after centrifugation, thereby increasing DNA recovery. Incubation and cen-
trifugation were repeated, with the resulting eluate ready for PCR. Negative controls
were 20 ml of sterile water subjected to an identical extraction procedure.

Normal vitreous fluid. Samples were collected by sterile technique at the time
of vitrectomy, during planned surgical procedures. All patients showed no evi-
dence of intraocular infection, inflammation, or medical history of uveitis and/or
diabetes mellitus. Vitreous samples were aliquoted in a sterile manner and stored
at 220°C. To show that vitreous was not inhibitory to DNA extraction and PCR,
20 ml of normal vitreous was spiked with 2 ml of serially diluted C. albicans. DNA
extraction was then performed as described above, while 10 ml of the Candida
dilution was plated out in duplicate for enumeration.

Cases of suspected fungal endophthalmitis. Intraocular sampling is routinely
undertaken for all patients with suspected fungal endophthalmitis. The extraoc-
ular environment was sterilized with 5% povidone iodine solution prior to sur-
gery. Approximately 100 to 200 ml of aqueous fluid was withdrawn with a
27-gauge (0.33-mm) needle via a limbal paracentesis. Vitreous samples (200 to
400 ml) were taken at the time of three-port pars plana vitrectomy. These
samples were transported to the microbiology laboratory for immediate process-
ing.

PCR primer design. Small-subunit (18S) rRNA sequences from the relevant
fungal species were accessed through GenBank. An alignment was constructed
by using the Clustal algorithm contained in Megalign, a component of the
sequence analysis package Lasergene (DNASTAR Inc., Madison, Wis.). Pan-
fungal primers were chosen from regions that showed high levels of conservation
between species, whereas species-specific primers were chosen from divergent
regions inside the panfungal amplicon. Panfungal primers used were as follows:
Pffor, 59-AGGGATGTATTTATTAGATAAAAAATCAA-39, and Pfrev2, 59-C
GCAGTAGTTAGTCTTCAGTAAATC-39. These generated PCR products of
728, 743, and 744 bp in C. albicans, A. fumigatus, and F. solani, respectively. C.
albicans-specific primers used were Cafor2, 59-GGGAGGTAGTGACAATAA
ATAAC-39, and Carev3, 59-CGTCCCTATTAATCATTACGAT-39, which pro-
duced a 402-bp PCR product. A. fumigatus-specific primers used were Asfufor,
59-CCAATGCCCTTCGGGGCTCCT-39 and Asfurev, 59-CCTGGTTCCCCCC
ACAG-39, which produced a 520-bp PCR product. F. solani-specific primers
used were Fusofor, 59-CCAATGCCCTCCGGGGCTAAC-39, and Fusorev, 59-
GCATAGGCCTGCCTGGCG-39, which produced a 565-bp PCR product.

PCR parameters. Panfungal and nested PCRs were performed in 50-ml reac-
tion volumes containing PCR buffer (50 mM KCl, 10 mM Tris HCl [pH 8.3], 60
ng of each primer, 200 mm (each) deoxynucleotide triphosphate (Bioline, Lon-
don, United Kingdom), 2.5 mM magnesium chloride , and 2 U of Taq polymerase
(Perkin-Elmer, Buckinghamshire, United Kingdom). Cycling parameters were
identical for both panfungal and nested PCRs with the exception of annealing
temperatures, which were as follows: panfungal, 58°C; Candida nested, 66°C;
Aspergillus nested, 66°C; Fusarium nested, 64.5°C. Cycling conditions consisted of
an initial denaturation step at 95°C for 5 min, followed by either 30 or 40 cycles
of 95°C for 30 s, annealing temperature for 30 s, and 72°C for 20 s (Genius
Thermal Cycler; Techne, Cambridge, United Kingdom). PCR was completed by
a final extension at 72°C for 7 min. Panfungal and Fusarium-specific PCRs were
performed for 30 cycles, while all others were performed for 40 cycles. After
amplification, 1 ml was removed from the panfungal PCR and added to the
nested PCR for further amplification.

Electrophoresis and imaging. PCR products were resolved in a 1% Tris-
acetate-EDTA–agarose gel and were visualized with ethidium bromide and ul-

traviolet illumination. Images were captured and stored by using a UVP gel
documentation system (UVP Ltd., Cambridge, United Kingdom).

Sequencing of PCR products. Four 50-ml PCRs were pooled and resolved in a
1% Tris-acetate-EDTA–agarose gel. The appropriate band was excised from the
gel, and DNA was purified by using a Geneclean II kit (BIO101, La Jolla, Calif.).
PCR fragments were directly cycle sequenced in both directions with a 377
automated sequencing system (ABI, Warrington, Cheshire, United Kingdom).

RESULTS

PCR primers and specificity. All primers used are shown in
Fig. 1, aligned with the relevant sequences from the three
fungal species studied. It was not possible to identify long
stretches of 18S rRNA sequence that were 100% homologous
in all three fungal species. Consequently, the panfungal prim-
ers contain a number of mismatches with A. fumigatus and F.
solani sequences. However, due to their location within the
primers, these mismatches were not problematic and did not
significantly decrease the efficiency of PCR amplification from

FIG. 1. Alignments of primer sequences and corresponding sequences from
C. albicans (Caab), A. fumigatus (Asfu), and F. solani (Fuso). Residues that differ
from the primer sequence at the top of each alignment are boxed.
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FIG. 2. Results obtained after PCR with (A) Pffor-Pfrev2 and PCR with 1 ml of this with (B) Cafor2-Carev3, (C) Asfufor-Asfurev, and (D) Fusofor-Fusorev. DNA
(1 ng) from the following species was used: C. albicans, A. fumigatus, and F. solani. Lane 4 contains no DNA.

FIG. 3. Results obtained after PCR with (A) Pffor-Pfrev2 and PCR with 1 ml of this with (B) Cafor2-Carev3. Ten-nanogram samples of DNA from the following
species was used: (lanes 1 and 2) C. guilliermondii, (lanes 3 and 4) C. glabrata, (lanes 5 and 6) C. pelliculosa, (lanes 7 and 8) C. tropicalis, (lanes 9 and 10) C. parapsilosis,
(lanes 11 and 12) C. krusei, (lane 13) no DNA.
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these species. All primers were designed to operate at high
annealing temperatures, thereby preventing the coamplifica-
tion of nonspecific target DNA, including DNA derived from
bacteria, humans, and other fungal species. In addition, primer
sequences were compared against existing sequences in Gen-
Bank to eliminate nonspecific priming. Species-specific prim-
ers were chosen with a minimum of two mismatches at the 39
end when compared to the two nonrelevant species. Due to the
similarity between A. fumigatus and F. solani 18S sequences,
this was not possible when designing the F. solani-specific re-
verse primer. Therefore, to reduce the likelihood of Fusofor-
Fusorev coamplifying A. fumigatus DNA, two artificial mis-
matches were introduced towards the 39 end of the primers.
Figure 2 shows results obtained after panfungal and species-
specific PCR. Single bands of the correct size were obtained
from all three species with Pffor-Pfrev2. In contrast, when
DNA derived from human and several bacterial species was
used as template, no amplicons were observed (data not
shown). Species-specific PCR also resulted in bands of the
correct size in only the appropriate species. Occasionally,
bands larger than the band of interest were observed in the
nested PCR. These corresponded in size to products carried
over from the panfungal PCR and also to seminested PCR
products. Therefore, they were of no significance and were
disregarded.

In order to confirm that species-specific PCRs were indeed
specific, nested PCRs derived from the three species studied
were sequenced. Comparison of the sequences obtained with
previously published 18S rRNA sequences confirmed the spec-
ificity of the primers, since sequences were 100% homologous.
In addition, panfungal and species-specific PCRs were set up
using 10 ng of DNA from the following bacterial species: Pro-
pionibacterium acnes, Enterococcus faecalis, viridans strepto-
cocci, Klebsiella pneumoniae, Proteus mirabilis, Haemophilus
influenzae, Staphylococcus aureus, Escherichia coli, and Pseudo-
monas aeruginosa. Positive controls were 10-ng samples of fun-
gal DNA from C. albicans, A. fumigatus, and F. solani. All
bacterial PCRs were negative, further supporting the specific-
ity of the system.

To determine whether panfungal and Candida-specific prim-
ers could amplify DNA derived from other Candida species, an
alignment of 18S rRNA sequences derived from multiple Can-
dida species was performed. This revealed the conservation of
the sequences comprising Pffor-Pfrev2 and Cafor2-Carev3 be-
tween species. These were then used to amplify 20-ng samples
of DNA from Candida guilliermondii, Candida glabrata, Can-
dida pelliculosa, Candida tropicalis, Candida parapsilosis, and
Candida krusei. Results are shown in Fig. 3. As predicted,
primary and nested PCR products of the correct size were
obtained for all the above-mentioned Candida species.

PCR sensitivity. With serially diluted DNA in water, the
sensitivity of the panfungal PCR was sufficient to amplify 10 pg
of DNA from C. albicans and 100 pg of DNA from A. fumiga-
tus and F. solani. However, after nested PCR, the sensitivity
dramatically increased. The lowest amount of DNA consis-
tently amplifiable was 100 fg from A. fumigatus and F. solani
(data not shown) and 50 fg of DNA from C. albicans (see Fig.
4). Negative controls processed simultaneously were consis-
tently negative. There is little published data regarding the
DNA content of A. fumigatus and F. solani components, hence
it is difficult to equate free DNA directly to living organisms. In
contrast, the DNA content of a diploid C. albicans cell has
been estimated as being approximately 37 fg (32). As the next
dilution down from 50 fg was 10 fg, which gave a negative
result, it seemed likely that this PCR amplification system
could amplify DNA derived from one or two C. albicans cells.
To test this theory, PCR was performed on DNA extracted
from serially diluted C. albicans. The average numbers of col-
onies that grew from 20-ml aliquots of various dilutions were as
follows: confluent growth per dilution of 102; 38.5 organisms
per dilution of 104; 16.5 organisms per dilution of 504; 3 or-
ganisms per dilution of 105. PCR results are shown in Fig. 5.
DNA was eluted from the QIAamp spin column in a 50-ml
volume, 10 ml of which was subsequently used for PCR. This
therefore corresponded to DNA derived from the following
average number of organisms per dilution: .500 organisms per
dilution of 102; 7.7 organisms per dilution of 104; 3.3 organisms
per dilution of 504; 0.6 organisms per dilution of 105. A strong
band was only obtained after primary PCR for the first dilu-
tion, while all dilutions gave positive results for the nested
PCR. This indicates that DNA could be successfully extracted,
retrieved, and detected from as few as one C. albicans organ-
ism.

Candida spiked into normal vitreous. Previous studies have
shown that vitreous and aqueous fluids may exhibit inhibitory
properties when added directly to PCR (5, 28, 39). In order to
prove that DNA extraction using the QIAamp system elimi-
nated this problem, 20-ml volumes of normal vitreous fluid
were spiked with 2-ml aliquots of serially diluted C. albicans.
The volumes of diluted C. albicans added were small in order
to minimize vitreous dilution. DNA extraction and PCR were

FIG. 4. PCR of serially diluted DNA from C. albicans using (A) Pffor-Pfrev2
and PCR with 1 ml of this with (B) Cafor2-Carev3.
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performed as before. PCR sensitivity in both primary and
nested PCRs was identical to that of serially diluted C. albicans
alone. No inhibitory PCR effects derived from vitreous fluid
were observed (data not shown). It was not possible to test
vitreous derived from an eye with intraocular inflammation,
even though this material has also been shown to inhibit PCR
(27). Such material comprised the actual patient samples that
were to be tested for fungal infection, and only small quantities
were available. However, the success observed with normal
spiked vitreous suggests that PCR inhibitors may also be re-
moved from inflamed vitreous with this system.

Application to patient samples. In order to test the viability
of the system when applied to clinical samples, ocular material
from three patients with suspected fungal or bacterial endoph-
thalmitis were processed. These were 50-ml samples of vitreous
derived from patients 1 and 2 and an empty syringe that had
previously contained vitreous from patient 3. The latter was
rinsed out with 50 ml of sterile water and processed as usual.
All patient PCRs were performed in duplicate, and positive
Candida results were obtained from both patient 1 (see Fig. 6)
and patient 3. This was concordant with their medical history.
Patient 1 was a known intravenous drug abuser who presented
with clinical signs of fungal endophthalmitis in one eye. Patient
3 had undergone major abdominal surgery, had developed
multiple postoperative complications, and was treated with
broad-spectrum antibiotics for 5 weeks prior to presentation
with bilateral ocular signs typical of fungal endophthalmitis.
Both patients responded to treatment with antifungal agents.
However, patient 3 was culture positive for C. albicans while

patient 1 was culture negative. Patient 2 was PCR negative for
all fungal species tested, which was also concordant with med-
ical records. He was an alcoholic with insulin-dependent dia-
betes mellitus who presented with ocular signs 3 months after
initial presentation with osteomyelitis and septicemia. He was
successfully treated and responded well to antibiotic therapy
for coagulase-negative staphylococci isolated from blood cul-
tures. The patient represented once after treatment with ocu-
lar signs suggestive of intraocular infection in one eye. Patient
2 was culture positive for coagulase-negative staphylococci and
responded to antibiotic therapy.

DISCUSSION

In this report, we describe a rapid, sensitive, and reliable
PCR system for the detection and identification of three fungal
genera in ocular samples. Panfungal primers were designed by
using 18S rRNA gene sequences from C. albicans, A. fumiga-
tus, and F. solani. Ribosomal genes were chosen as targets for
amplification, as they are highly conserved genes that exist as
multiple copies in the fungal genome (22, 29). This was re-
flected in the sensitivity of the system, which required 100 fg of
DNA from Aspergillus and Fusarium and 50 fg of Candida
DNA. When tested on serially diluted Candida cells, as few as
two organisms were detected in repeated experiments. The
system was not tested on serially diluted Aspergillus or Fusar-
ium fungal material, due to difficulties regarding cellular quan-
tification. However, subsequent analysis of an A. fumigatus-

FIG. 5. PCR of DNA extracted from serially diluted C. albicans using (A) Pffor-Pfrev2 and PCR with 1 ml of this with (B) Cafor2-Carev3. DNA used was equivalent
to the following average number of organisms: (lane 1) .500, (lane 2) 7.7, (lane 3) 3.3, (lane 4) 0.6. Controls were blank (lanes 5 and 6), and 10 pg of DNA derived
from C. albicans (lane 7), A. fumigatus (lane 8) and F. solani (lane 9).
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culture-positive patient yielded favorable results (manuscript
in preparation).

A major consideration when using this system is the avoid-
ance of contamination. A single PCR amplification may gen-
erate 1012 identical amplicons, which in turn may serve as
template in subsequent reactions (21). For this reason and to
avoid carryover, PCR products were handled in a separate
room in which PCR mixtures were set up. In addition, separate
pipettes were used for setting up PCRs, aliquoting nested PCR
products, and further manipulating PCR products. Potential
fungal contaminants derived from airborne sources were also
considered; hence, all DNA extractions were performed in a
biosafety hood. We encountered contamination in some com-
mercially available laboratory reagents, as has also been de-
scribed by other researchers (21). In particular, buffer ATL
included in the QIAamp DNA Mini Kit was found to be
contaminated with Aspergillus matter such as spores or DNA,
as negative controls were repeatedly positive. When ATL was
replaced with our own digestion buffer, the problem was re-
solved. It is therefore essential that negative controls are pro-
cessed at every step to exclude false positives when using this
technique.

This system of fungal DNA detection could be expanded to
identify individual species within the Candida genus. We dem-
onstrated that PCR amplification with primers Pffor-Pfrev2
and Cafor2-Carev3 allowed the detection of not just C. albi-

cans, but also DNA derived from several other Candida spe-
cies. These species could potentially be differentiated through
the use of restriction enzyme digestion of the PCR products,
the efficacy of which has already been demonstrated in a num-
ber of previously published protocols (26, 28). Candida specia-
tion would be an important aid to effective patient treatment,
facilitating the application of species-specific antifungal ther-
apy, thereby avoiding problems of drug resistance.

In a clinical setting, this system could potentially provide
reliable results within 6.5 h of receiving a sample. Samples
were tested from three patients who clearly demonstrated the
range and complexity of the clinical problem. Results obtained
demonstrate the successful use of PCR in this setting and
suggest that this technique is more sensitive than culture for
Candida detection. Furthermore, organisms do not have to be
viable when sampled, which is in contrast to the requirements
of microbiological protocols. This system overcomes problems
previously reported with PCR from ocular fluids (5, 28, 39). It
therefore constitutes an additional protocol, which, along with
traditional culture techniques, may significantly aid patient
management in cases where fungal endophthalmitis is sus-
pected.
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