
A Multiplex Real-Time PCR Assay for Identification of
Pneumocystis jirovecii, Histoplasma capsulatum, and Cryptococcus
neoformans/Cryptococcus gattii in Samples from AIDS Patients with
Opportunistic Pneumonia

Sara Gago,a Cristina Esteban,b Clara Valero,a Óscar Zaragoza,a Jorge Puig de la Bellacasa,b María José Buitragoa

Mycology Department, National Centre for Microbiology, Instituto de Salud Carlos III, Majadahonda, Madrid, Spaina; Department of Clinical Microbiology, Hospital Clinic
de Barcelona, Barcelona, Spainb

A molecular diagnostic technique based on real-time PCR was developed for the simultaneous detection of three of the most fre-
quent causative agents of fungal opportunistic pneumonia in AIDS patients: Pneumocystis jirovecii, Histoplasma capsulatum,
and Cryptococcus neoformans/Cryptococcus gattii. This technique was tested in cultured strains and in clinical samples from
HIV-positive patients. The methodology used involved species-specific molecular beacon probes targeted to the internal tran-
scribed spacer regions of the rDNA. An internal control was also included in each assay. The multiplex real-time PCR assay was
tested in 24 clinical strains and 43 clinical samples from AIDS patients with proven fungal infection. The technique developed
showed high reproducibility (r2 of >0.98) and specificity (100%). For H. capsulatum and Cryptococcus spp., the detection limits
of the method were 20 and 2 fg of genomic DNA/20 �l reaction mixture, respectively, while for P. jirovecii the detection limit
was 2.92 log10 copies/20 �l reaction mixture. The sensitivity in vitro was 100% for clinical strains and 90.7% for clinical samples.
The assay was positive for 92.5% of the patients. For one of the patients with proven histoplasmosis, P. jirovecii was also detected
in a bronchoalveolar lavage sample. No PCR inhibition was detected. This multiplex real-time PCR technique is fast, sensitive,
and specific and may have clinical applications.

HIV infection remains a threat for many people, as it is esti-
mated that almost 34 million adults and children world-

wide are infected with the virus, according to WHO/UNAIDS
(1). Although mortality associated with HIV infection has de-
creased in recent years due to the development of highly active
antiretroviral therapy (HAART), the incidence and mortality
rates of non-AIDS-associated infections remain high, particu-
larly in nondeveloped countries (1). Opportunistic pneumo-
nias are one of the major causes of pulmonary complications
among AIDS patients. In fact, almost 70% of people infected
with HIV suffer at least one pulmonary complication during
the course of the infection (2). Although in early HIV infection
the agents that cause pneumonia are similar to those found
in the general population, when the number of CD4� T cells
decreases, opportunistic pneumonias are associated with high
morbidity and mortality (3–5). Tuberculosis and Pneumocystis
jirovecii pneumonia (PCP; the abbreviation PCP reflects the pre-
vious nomenclature for the Pneumocystis species causing oppor-
tunistic pneumonia in humans, P. carinii; P. jirovecii is now rec-
ognized as the species that infects humans) are the most
commonly reported AIDS-defining illnesses (6). Moreover, op-
portunistic pneumonias due to Histoplasma capsulatum and
Cryptococcus spp. in immunocompromised patients involve high
morbidity and mortality in areas where the virus is not endemic or
in those regions where the infection is not very common. P. jirove-
cii has been described as the main cause of pulmonary complica-
tion in AIDS patients in developed countries; in fact, in the United
States it has been estimated that 75% of HIV-positive persons
suffer PCP during their lifetime (7, 8). Clinical diagnosis of PCP is
based mainly on microscopic procedures performed directly on
the clinical sample and usually involves immunofluorescence mi-

croscopy (IFA) or use of Grocott’s methenamine silver stain (9,
10). Recently, some reports have described the utility of real-time
PCR (rt-PCR) protocols to increase the sensitivity and specificity
of PCP diagnosis (11–17), and some of these tests have been com-
mercialized (18). Moreover, a recent study showed the utility of
rt-PCR assays for the early diagnosis and treatment of non-HIV-
infected patients diagnosed with PCP, for whom a definitive diag-
nosis could be performed using rt-PCR techniques that detected
the low fungal burden present in the patients (19).

Histoplasmosis is a mycosis that is endemic in the United
States and Africa that can produce disseminated infection as-
sociated with high morbidity and mortality in HIV patients
(20–22). Due to travel and immigration, this infection has in-
creased in recent years in areas where H. capsulatum mycosis is
not endemic (23). Although culture is the reference procedure for
the diagnosis of histoplasmosis, it is time-consuming (requiring 3
to 4 weeks of incubation) (24). In fact, the sensitivity and specific-
ity of microscopy-based approaches are very low, and fungal
structures are only observed when the infection is advanced.
Moreover, serology has shown significant limitations in AIDS pa-
tients; it may be negative in 50% of such patients (25). Antigen
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detection could be useful for these patients, although it is only
available in the United States (26). Several rt-PCR protocols with
varied sensitivities and specificities have been described for detec-
tion of DNA from Histoplasma capsulatum in clinical samples
(27–29). Recently, a comparison of different protocols for detec-
tion of H. capsulatum DNA by PCR showed that the sensitivity of
the assay depended on both the selected target region and the type
of amplification assay (conventional or rt-PCR) (24). Herein, the
most sensitive and specific protocols were based on the amplifica-
tion of the internal transcribed spacer (ITS) by rt-PCR (30), and
the less sensitive protocols were based on the amplification of
monocopy genes (Hc100p and SCAR220) by conventional PCR
(31, 32).

In Africa, cryptococcosis, caused by Cryptococcus neoformans
var. neoformans or C. neoformans var. grubii, is one of the main
causes of mortality associated with HIV infection (33). However,
in the northwest United States, Cryptococcus gattii is the primary
causative agent of cryptococcosis and can also affect immuno-
competent people; it has been classified endemic in some regions
of the eastern United States, and several cases of cryptococcosis
outside that area where the disease is endemic have been reported
recently (34–36). This infection can produce both meningitis and
pulmonary complications in these patients (37, 38). Routine clin-
ical diagnosis of cryptococcosis is based on culture and detection
of a capsular antigen, with varied sensitivity and specificity (39,
40). However, molecular methods based on PCR and new tech-
nologies for antigen detection also have been described in recent
years, although validation of these methods is pending (41–44).

Fungal pneumonias are clinically and radiologically similar to
each other, and definitive diagnosis must be reached to initiate the
appropriate therapy (45). Moreover, multiplex real-time PCR
(Mrt-PCR) protocols allow the detection of mixed infections that
cannot be detected by routine protocols. Mixed infections involv-
ing H. capsulatum, C. neoformans, and P. jirovecii have been de-
scribed (46–48).

The aim of this study was the development of a Mrt-PCR for
the early detection of fungal opportunistic pneumonia due to H.
capsulatum, C. neoformans, C. gattii, and P. jirovecii in clinical
samples from HIV-positive patients.

MATERIALS AND METHODS
Control strains and plasmids. DNA from different strains was used to
standardize the Mrt-PCR assay. All the strains belonged to the Collec-
tion of the Mycology Reference Laboratory, Spanish National Center
of Microbiology. To standardize the technique, we used the strains C.
neoformans var. neoformans CNM-CL 2132, H. capsulatum CNM-CM
2721, and a plasmid that included the sequence target of P. jirovecii
(pSG1).

To assess the specificity of the technique, the following strains of yeast
and molds were used: Candida albicans (CNM-CL 5719), Candida parap-
silosis (CNM-CL5683), Candida tropicalis (CNM-CL 5742), Candida
glabrata (CNM-CL 5533), Candida guilliermondii (CNM-CL 7127), Can-
dida krusei (CNM-CL 7057), Coccidioides posadasii (CNM-CM 2912),
Paracoccidioides brasiliensis (CNM-CM 2908), Aspergillus fumigatus
(CNM-CM AF237), Aspergillus terreus (CNM-CM 3508), Aspergillus fla-
vus (CNM-CM 3509), Aspergillus niger (CNM-CM 3551), Fusarium
verticillioides (CNM-CM 2975), Fusarium oxysporum (CNM-CM 2914),
Fusarium solani (CNM-CM 3035), Scedosporium prolificans (CNM-
CM1627), Scedosporium apiospermum (CNM-CM 3169), Rhizopus oryzae
(CNM-CM 3020), and Rhizopus microsporum (CNM-CM 4244), Mucor
circinelloides (CNM-CM 2437). In addition, we employed mouse genomic

DNA (Promega, Madrid, Spain) and human genomic DNA (Promega,
Madrid, Spain).

Design of primers and probes. Primers and molecular beacon probes
were designed to specifically amplify a region of the ITS of the rDNA from
Cryptococcus neoformans/C. gattii, Histoplasma capsulatum var. capsula-
tum and H. capsulatum var. duboisii, and Pneumocystis jirovecii by Mrt-
PCR. Beacon Designer 5.0 software (Premier Biosoft, Palo Alto, CA) was
used for primer and probe design. An internal control was included, as
described previously (49). The primers and probes designed were sub-
jected to a BLAST search within the GenBank sequence database (http:
//blast.ncbi.nlm.nih.gov/Blast.cgi) and in the database of the Department
of Mycology of the Spanish National Center for Microbiology (which
contains more than 8,000 distinct sequences), to avoid cross-homology
with other microorganisms. The primer and probe sequences are shown
in Table 1.

Multiplex real-time PCR assay. The amplification was carried out in a
LightCycler 480 system (Roche Diagnostics, Mannheim, Germany). PCRs
were performed in a 20-�l final volume containing 2� SensiMix DNA
(Quantance; Ecogen, Madrid, Spain) used according to the manufactur-
er’s instructions, 0.5 �M each primer for each one of the species, 0.25 �M
internal control primer, 0.2 �M each species-specific probe, 0.1 �M in-
ternal control probe, 2 fg of the internal control plasmid (pICJF), and 2 �l
of DNA extracted from the sample, used as the template. The PCR con-
ditions were as follows: an initial step of 95°C for 10 min, followed by 50
cycles of 95°C for 25 s, 50°C for 30 s, and 72°C for 5 s, with a cooling cycle
at 40°C for 30 s. Results were considered positive when the product
amount increased until its fluorescence intensity exceeded the back-
ground, as determined by second-derivate analysis; these results were ex-
pressed in terms of the quantification cycle (Cq). Each experiment was
performed in duplicate and included quantification standards as well as
negative controls. Subsequently, a color compensation experiment was
performed to prevent cross talk between dyes.

Standardization. Standard curves for H. capsulatum and C. neofor-
mans were constructed based on the results of five PCR repetitions with
dilutions of genomic DNA ranging from 20 ng to 2 fg/20 �l of reaction
mixture. The strains CNM-CL 2132 and CNM-CM 2721 were used to
construct the standard curves. For P. jirovecii, a fragment of 175 bp con-

TABLE 1 Sequences of primers and probes designed for the multiplex
real-time PCR assay

Species and its primers
and probe Sequencea

Pneumocystis jirovecii
OliPJMB1 (f) 5=-CCCTAGTGTTTTAGCATTTTTC-3=
OLIPJMB2 (r) 5=-CTGCAATTCACACTACTTATCG-3=
Probe PJ-MB1 5=-HEX-CGCGATACCTTTGGCGAGGCAAG

CAAATCGCG-BHQ1-3=

Histoplasma capsulatumb

Cryptococcus neoformans
OLI CRYPTO 1 2 (f) 5=-CCTGTTGGACTTGGATTTGG-3=
OLI CRYPTO 2 (r) 5=-AGCAAGCCGAAGACTACC-3=
Probe MB CRYPTO 5=-Cyan 500-CGCGATCATTACGCCGGGCT

GACAGGTAATCAGATCGCG-BHQ1-3=

Jellyfish (internal control)
Oli1-icjf1 (f) 5=-GCCTGGTGCAAAAATTGCTTATC-3=
Oli1-icjf2 (r) 5=-CTAAGACAAGTGTGTTTATGGTATTG-3=
Probe CIJF-MB 5=-Cy5-CGCGATGCTGTTCTTCCGCCACTT

CCAATCGCG-BHQ2-3=
a BHQ1, black hole quencher 1.
b Sequences for the primers and probe for H. capsulatum are included in patent
PCT/ES2009070340.
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taining the ITS1 target region was cloned into a pGEMT-Easy plasmid
(Promega, Madrid, Spain) according to the manufacturer’s instructions.
A 10-fold serial dilution of the plasmid clone (pSG1), from 20 ng (2.92 �
108 log10 copies/20-�l reaction mixture) to 2 fg of pDNA/20-�l reaction
mixture (2.92 log10 copies/20-�l reaction mixture), was used to construct
the standard curve. Cq values for each dilution series were determined in
duplicate in three different experiments.

Regression lines were constructed by plotting the logarithm of the
initial template concentration versus the corresponding Cq value. If this
line exhibited a linear regression coefficient value of �0.980, the standard
curve was then used to determine the sensitivity, primer efficiencies, and
reproducibility of the assay. In order to evaluate the specificity, 2 ng of
DNA/20 �l of reaction mixture from each of the other mold and yeast
species, as well as human and mouse genomic DNA, was included in the
PCR assay (control strains).

DNA extraction. DNA extraction from cultures of H. capsulatum was
performed under biosafety level 3 conditions in compliance with Spanish
law (Real decreto 664/1997) and following the method described by
Buitrago et al. (23). DNA extraction from C. neoformans was performed as
previously described by Tang et al. (50). Finally, genomic DNA of P.
jirovecii was extracted from bronchoalveolar lavage (BAL) samples from
16 patients with proven P. jirovecii pneumonia. DNA extraction was per-
formed following the recommendations from reference 15 with modifi-
cations. For that purpose, 1.5 ml of BAL fluid was centrifuged at 10,000
rpm for 10 min, the supernatant was discharged, and then the pellet was
diluted in 200 �l of supernatant. After that, DNA was extracted using a
Qiamp DNA minikit (Qiagen) according to manufacturer’s instruc-
tions in a 50-�l elution volume. Two microliters of this DNA was used
for the Mrt-PCR assays. DNA extractions from other specimens were
also performed by using the Qiamp DNA minikit, without modifica-
tions. DNAs from paraffin-embedded tissues were isolated as de-
scribed previously (51).

The DNA extraction efficiency was also determined. For that purpose,
5 �l of the plasmid clone or genomic DNA, containing from 10 ng to 1 fg,
was added to 200 �l of serum from healthy patients. Then, DNA extrac-
tion was performed by using the Qiamp DNA minikit (Qiagen), and 2 �l
was used for the Mrt-PCR protocol. The percentage of DNA recovered
was determined for each of the dilutions. The experiments were run in
triplicate.

Multiplex real-time assay of cultured clinical strains. The Mrt-PCR
assay was initially validated by using cultures from 13 clinical strains of
Cryptococcus spp. complex (C. neoformans var. neoformans [n � 3], C.
neoformans var. grubii [n � 3], C. gattii [n � 4], and hybrids [n � 3]) and
10 H. capsulatum strains belonging to the Mold Collection of the Mycol-
ogy Department of the National Center for Microbiology. All the strains
included in the study were previously identified by sequencing the ITS
region from the rDNA (52). For P. jirovecii validation, clones from 4
different BAL samples were evaluated in triplicate. Two microliters of the
extracted DNA was employed to perform the Mrt-PCR assay.

Mrt-PCR assay of clinical samples. The utility of the Mrt-PCR was
also evaluated by using clinical samples. Forty-three clinical specimens
from 40 HIV-positive patients with proven infection (according to the
EORTC/MSG criteria) were evaluated by Mrt-PCR. Because the EORTC/
MSG criteria do not include infection caused by Pneumocystis jirovecii,
proven PCP was considered when the fungus was visualized by methena-
mine silver stain and the patient showed clinical signs of pneumonia.
Patients and clinical specimens are summarized in Table 2. Two microli-
ters of DNA from each sample was used for the Mrt-PCR.

Twenty-nine specimens from the following groups of patients were
included to assess the specificity of the technique: HIV� patients from
areas where histoplasmosis is endemic, HIV� patients from areas of en-
demicity and with viral or bacterial pneumonia, and HIV� patients with
invasive fungal infection (IFI) caused by other fungal species; patients
with IFI and other underlying diseases were included as negative controls
(Table 3).

RESULTS
Assay standardization in vitro. The Mrt-PCR assay developed
was able to reliably detect C. neoformans, H. capsulatum, and P.
jirovecii DNA. The sizes of the amplicons generated were 175 bp
for P. jirovecii, 106 bp for H. capsulatum, and 139 bp for C. neo-
formans.

No cross-reactivity to other fungi or either human or mouse
DNA was detected (control materials). In addition, no cross-reac-
tivity between them was observed. The detection limits of the as-
say were 2 and 20 fg of genomic DNA per 20 �l of PCR mixture for
C. neoformans and H. capsulatum, respectively, and 2.69 log10 cop-
ies/20 �l of reaction mixture for P. jirovecii (Fig. 1). Quantification
was linear for all the fungal species included in the assay, and the
standard curve generated showed a high coefficient of determina-
tion (R2 � 0.98 to 0.99). The average coefficient of variation was
2.18% for H. capsulatum DNA, 3.93% for C. neoformans DNA,
and 3.35% for 2 replicates from two different plasmids of P. jirove-
cii (Table 4). Each of the species was detected in their correspond-
ing fluorophore channels (Fig. 2). The mean crossing point (Cp)
value for the internal control was 33 � 0.6. The calculated average
DNA extraction efficiencies from clinical samples were 79.8%,
78%, and 96.5% for H. capsulatum, C. neoformans, and P. jirovecii,
respectively.

Results with clinical cultured strains. Results were positive
for all clinical isolates tested. For the four P. jirovecii clones, the
mean (� standard deviation) Cq obtained was 14.03 � 0.71; the
mean Cq was 26.27 � 2.04 for all the clinical strains of H. capsul-
taum and 20.47 � 1.34 for the C. neoformans/C. gattii isolates. No
differences among Cq values for the different Cryptococcus spp.
were detected.

Results with clinical samples. A total of 43 clinical samples
from 40 patients with HIV as the underlying disease were ana-
lyzed by Mrt-PCR. The source of the clinical samples was very
heterogeneous (Table 2). Our Mrt-PCR assay was positive for
37/40 patients (92.5% sensitivity) and 39/43 clinical samples
(90.7% sensitivity); the estimated clinical specificity was 100%
for both analyses. The assay was negative in 3 cases: in 2 patients
diagnosed with histoplasmosis and in 1 patient diagnosed with
cryptococcosis. All patients with proven PCP showed a positive
Mrt-PCR result. All the samples from patients included as con-
trols showed negative PCR results. The average amount of
DNA in each of the clinical samples is shown in Table 2. No
inhibition of the PCR was detected with any of the clinical
samples tested.

Although proven histoplasmosis was demonstrated by Mrt-
PCR for case number 3, P. jirovecii infection was also detected (Fig.
1). Results were verified by sequencing the PCR products.

DISCUSSION

Opportunistic fungal pneumonias are one of the most frequent
pulmonary complications in HIV-positive patients (4). In this
study, we evaluated the utility of a single-tube Mrt-PCR assay for
the diagnosis and identification of four of the most frequent
causes of opportunistic fungal pneumonia in AIDS patients. Clin-
ical symptomatology of these infections is based on the observa-
tion of abnormalities in chest X-rays, but in patients with proven
or suspected HIV infection such findings are also related to
Mycobacterium tuberculosis infection (45). Therefore, tuberculosis
could overshadow other opportunistic infections, such as crypto-
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coccosis and pulmonary histoplasmosis, delaying the diagnosis
and correct treatment (53).

Molecular techniques have been proven to be very useful for
the diagnosis of fungal infections (54). However, reports describ-
ing Mrt-PCR approaches for the diagnosis of opportunistic pneu-
monias are scarce (55). In fact, this is the first report to describe an
Mrt-PCR assay for the simultaneous detection of P. jirovecii, H.
capsulatum, and C. neoformans.

Our assay proved to be species specific (100%), with high re-
producibility (r2 � 0.98) and sensitivity (100%) for each of the
species. The Mrt-PCR was also validated by using clinical samples

from 40 patients with proven infection diagnosed using classical
techniques. Although respiratory samples (bronchoalveolar la-
vage fluid, pulmonary biopsy tissue, sputum, or pleural fluid) are
the most appropriate samples for the diagnosis of opportunistic
pneumonias, in patients with advanced immunosuppression sys-
temic infection may develop, and other samples, such as blood,
serum, or bone marrow biopsy specimens can be used for defini-
tive diagnosis. Our assay was able to detect 92.5% of the infections
in patients with proven infection. The Mrt-PCR yielded a negative
result for four clinical samples (from serum, bone marrow, and
biopsy) for three patients. These negative clinical samples were

TABLE 2 Mrt-PCR results for clinical samples from patients with proven opportunistic fungal pneumonia

Patient no. Proven infection Sample PCR result Cp(s) Amt of DNAc

1 Histoplasmosis BAL Positive 27.54 7 � 10�3

2 Histoplasmosis Bone marrow Negative
Blood Positive 29.46 1 � 10�3, 8 � 10�3

3a Histoplasmosis Bronchiaspirate Positive 29.18, 28.8b 2.2 � 10�3, 3.37 log10

4 Histoplasmosis Bone marrow Positive 29.33 1.9 � 10�3

Serum Negative
5 Histoplasmosis Blood Positive 29.53 1.7 � 10�3

BAL Positive 29 2.5 � 10�3

6 Histoplasmosis Biopsy Positive 27.2 8.9 � 10�3

7 Histoplasmosis Biopsy Positive 29.3 2 � 10�3

8 Cryptococcosis Blood Positive 40.97 2.5 � 10�3

9 Cryptococcosis Biopsy Negative
10 PCP BAL Positive 27.5 5 � 102 log10

11 PCP BAL Positive 36.75 1.42 log10

12 PCP BAL Positive 29.93 1 � 102 log10
13 PCP BAL Positive 27.7 4.4 � 102 log10
14 PCP BAL Positive 27.51 5 � 102 log10
15 PCP BAL Positive 25.61 1.7 � 103 log10

16 PCP BAL Positive 33.28 12 log10

17 PCP BAL Positive 33.05 14 log10

18 PCP BAL Positive 32.92 16 log10

19 PCP BAL Positive 33.16 13 log10

20 PCP BAL Positive 33.15 14 log10

21 PCP BAL Positive 33.83 9 log10

22 PCP BAL Positive 33.57 10 log10

23 PCP BAL Positive 33.37 12 log10

24 PCP BAL Positive 32.44 22 log10

25 PCP BAL Positive 33.22 13 log10

26 Cryptococcosis BAL Positive 28.12 8.6 � 10�3

27 Cryptococcosis BAL Positive 28.94 5.1 � 10�3

28 Histoplasmosis Biopsy Positive 19.35 2.1 � 10�3

29 Histoplasmosis Biopsy Positive 27.14 9.3 � 10�3

30 Histoplasmosis Sputum Positive 25.46 3 � 10�2

31 Histoplasmosis Sputum Positive 26.45 1.5 � 10�2

32 Histoplasmosis Sputum Positive 26.79 1.1 � 10�2

33 Histoplasmosis Serum Positive 26.97 1 � 10�2

34 Histoplasmosis Bone marrow Negative
35 Cryptococcosis BAL Positive 26.9 1.8 �10�2

36 PCP BAL Positive 28.02 3.65 � 102 log10

37 PCP BAL Positive 27.69 4.50 � 102 log10

38 PCP BAL Positive 27.26 5.9 � 102 log10

39 PCP BAL Positive 25.28 2 � 103 log10

40 PCP BAL Positive 26.7 8.410 � 102 log10

a Patient number 3 showed a mixed infection with Histoplasma capsulatum and Pneumocystis jirovecii.
b The first and second Cps correspond to H. capsulatum and P. jirovecii, respectively.
c Values shown are in ng/�l except where specified as “log10,” indicating log10 numbers of copies/�l.

Diagnosis of Fungal Opportunistic Pneumonia by Mrt-PCR

April 2014 Volume 52 Number 4 jcm.asm.org 1171

http://jcm.asm.org


stored for more than 5 years at �20°C, which may have decreased
the sensitivity of the assay (56).

Interestingly, for one of the patients diagnosed with histoplas-
mosis, P. jirovecii DNA was detected. In fact, coinfections may
occur, and accurate diagnosis and prompt appropriate antifungal
treatment are required. Several reports of cases of mixed infec-
tions have been published, and for all of them the definitive diag-
nosis was based on microbiological evidence. Bava et al. (47) re-
ported a case in which a patient had mixed infection due to
Cryptococcus and Pneumocystis. Mixed infections of H. capsulatum
and C. neoformans (46), as well as of P. jirovecii and H. capsulatum,
have also been reported in individuals from areas (48). Finally,
coinfection with H. capsulatum and M. tuberculosis is frequent in
some areas where histoplasmosis is endemic and may involve im-
portant implications for treatment (57).

To our knowledge, only one PCR-based protocol has been pre-
viously reported for the detection of tuberculosis and PCP in HIV-
infected patients (55). rt-PCR approaches for the detection of C.
neoformans/C. gattii, H. capsulatum, and P. jirovecii separately
have been widely described based on the amplification of different
targets, with varied sensitivity and specificity. Most of the rt-PCR
approaches for the diagnosis of cryptococcosis are based on the
amplification of monocopy genes (43, 58), which may decrease
the sensitivity of the technique. Our technique allows detection of

both C. neoformas spp. complex and C. gattii, but it cannot differ-
entiate species. Although the identification at species level is im-
portant for epidemiological studies, clinical signs and treatment
are similar for infections caused by either species (59–61). More-
over, a majority of the real-time protocols for the detection of PCP
are based on nested PCR, which may decrease the specificity of the
technique due to the possibility of false-positive results (58). Al-
though there are several articles describing rt-PCR assays for the
detection of H. capsulatum based on the amplification of multi-
copy regions, such as ITS, the use of molecular beacon probes can
improve the sensitivity of the technique due to their small size and
sequence specificity (23). The technique we have described in this
article can detect several fungi in a single-tube reaction. The limit
to detection of more fungal species is determined by the real-time
PCR equipment.

In conclusion, this is the first report to describe an Mrt-PCR
for the diagnosis of opportunistic fungal pneumonias. This
approach could be very useful for differential diagnosis with
tuberculosis, as clinical signs are similar, and also to detect
mixed infections that could appear in patients with advanced
immunosuppression living in areas of endemicity. Moreover,
this assay could be useful for the clinical management of other
immunocompromised patients at risk for these fungal infec-
tions (e.g., patients under corticosteroid therapy or chemo-

TABLE 3 Summary of control populations used to determine background colonization levels and the specificity of the Mrt-PCR assay

Population
Control
sample no. Specimen PCR result Species causing IFI

HIV� patients from areas of endemicity 1 Bone narrow Negative
2 Biopsy Negative
3 Biopsy Negative
4 Bone narrow Negative
5 Whole Blood Negative
6 Whole Blood Negative

HIV� patients from areas of endemicity and
with viral or bacterial pneumonia

7 BAL Negative
8 BAL Negative
9 BAL Negative
10 Biopsy Negative

HIV� patients with invasive fungal infection
caused by other fungal species

11 Biopsy Negative Lichtheimia corymbifera
12 Biopsy Negative Rhizomucor pusillus
13 BAL Negative Cryptococcus laurentii
14 BAL Negative Cryptococcus humicola
15 BAL Negative Aspergillus flavus, Penicillium spp., and

Cryptococcus albidus

Non-HIV-infected patients with invasive
fungal infection

16 Biopsy Negative Coccidioides immitis
17 Biopsy Negative Scedosporium apiospermum
18 Biopsy Negative Bipolaris spp.
19 BAL Negative Aspergillus fumigatus
20 BAL Negative Aspergillus fumigatus
21 BAL Negative Aspergillus fumigatus
22 BAL Negative Aspergillus fumigatus
23 BAL Negative Aspergillus fumigatus
24 Ascitic fluid Negative Aspergillus fumigatus
25 Cerebrospinal fluid Negative Aspergillus fumigatus
26 BAL Negative Aspergillus fumigatus
27 Biopsy Negative Aspergillus fumigatus
28 Biopsy Negative Aspergillus fumigatus
29 BAL Negative Aspergillus fumigatus
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therapy or those treated with tumor necrosis factor). Although
Mrt-PCR assays are more expensive than conventional ap-
proaches (the approximate cost is around 100 € per PCR deter-
mination), they provide a fast and specific diagnosis, as they

allow the detection of mixed infection and avoid delays in ap-
propriate antifungal therapy. Moreover, our Mrt-PCR could be
implemented in clinical settings in developing countries and in
countries that receive immigrant populations from those re-

FIG 1 Quantification standard curve obtained by using serial 1:10 dilutions of different concentrations of DNA from Pneumocystis jirovecii (A), Histoplasma
capsulatum (B), and Cryptococcus neoformans (C). Error bars represent the percent coefficient of variation. Standard curves were constructed after a color
compensation experiment.

TABLE 4 Overview of standardization of the Mrt-PCR assay with serial dilutions of a plasmid clone containing the target for P. jirovecii or with
genomic DNA of Histoplasma capsulatum or Cryptococcus neoformans

Amt of
DNA/�l

H. capsulatum C. neoformans P. jirovecii

Cq SD %CV Cq SD %CV Cq SD %CV

10 ng 16.53 0.52 3.15 16.78 1.17 6.97 10.26 0.803 7.834
1 ng 20.656 0.50 2.46 20.494 1.36 6.64 14.205 0.716 5.047
100 pg 24.304 0.59 2.43 24.128 1.21 5.02 18.055 0.733 4.06
10 pg 27.986 0.66 2.36 28.172 1.27 4.53 22.3075 0.769 3.450
1 pg 31.158 0.51 1.66 32.156 0.93 2.89 25.87 0.222 0.858
100 fg 33.758 0.48 1.43 35.058 0.96 2.74 30.4925 0.921 3.022
10 fg 35.644 0.29 0.83 39.1 0.88 2.25 32.47 0.621 1.914
1 fg 16.53 0.52 3.15 41.76 0.16 0.38 Negative Negative Negative
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gions. Further studies with a larger number of samples are
warranted.
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