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Abstract

Fungi and yeasts are critical causes of acute infection. As such, the detection and identification of these
organisms are crucial in the diagnosis of affected patient populations. There is a vast array of commercial
tests currently available for diagnostic purposes. These vary from traditional culture and biochemical meth-
ods to advanced multiparameter molecular tests. Recent technological advances have driven the develop-
ment of rapid tests which are complementing and in some cases replacing the more traditional methods of
detection. Irrespective of the method used the ultimate goal is timely detection of the infectious agent
allowing appropriate treatment and improved outcome for the patient.
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1. Introduction

Fungi have progressively emerged as an important cause of life-
threatening infections. Patient populations at greatest risk are those
critically ill and /or immunocompromised, including surgical inten-
sive care unit (ICU), advanced human immunodeficiency virus
(HIV) infected, inherited immunodeficiency-prolonged neutrope-
nia, and solid organ and hematopoietic stem cell transplant (HSCT)
recipients (1, 2).

Significant progress has been made over the last 10 years in
the field of fungal detection and identification. Technological
advances and introduction of new technologies have led to avail-
ability of a wide variety of commercial tests. Their use in the
clinical setting has been successful, some moving into clinical
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Table 1
Common histological stains used for diagnosis of fungal
infections

Stain® Fungal elements Background

GMS Brown to black Green to blue

PAS Pink to red Pale pink to pale purple
GF Pink to red to purple Yellow

H&E Pink to red to purple Pink

*GMS Gomori methenamine silver, PAS periodic acid-Schiff, GF Gridley fungus, H&E
hematoxylin and cosin

guidelines for fungal infection management. This chapter reviews
commercially available methods for detection and identification of
the fungi most commonly associated with infection. The aim is to
provide the reader with an overview of the extensive range of
methods available focusing on tests, kits, assays, or systems for use
in Europe, USA, or Japan.

2. Direct
Examination of
Clinical Samples

Direct examination of clinical samples for fungi is made possible by
several stains enabling a more obvious appearance of fungal ele-
ments. Classical stains used in histopathology include Gomori
methenamine silver, periodic acid-Schift, Gridley fungus, and hema-
toxylin and eosin stains (3) (Table 1). Alternatively, calcofluor white
(CW) can be used with a fluorescent microscope to observe fungal
elements in clinical samples. CW binds B-glycosidic linkages of
polysaccharides in the fungal cell wall but also binds nonspecifically
to keratin and human connective tissue elements (4).

3. Gulture-Based
Methods for
Fungal Detection

3.1. Nonspecific
Detection of Fungi

Culture media used to cultivate fungi include various non-selective
agars such as Sabouraud dextrose agar (SDA), potato dextrose
agar, and brain heart infusion (BHI) agar. In order to inhibit
growth of bacteria or saprophytic fungi, selective agents such as
chloramphenicol, gentamicin, and cycloheximide are added. Broths
(e.g., Sabouraud dextrose broth, BHI broth, etc.) are used occa-
sionally to grow or enrich for fungi. Most fungi are non-fastidious
and grow on most media (including trypticase soy blood agar) that
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supply sources of nitrogen (e.g., peptone) and carbon (e.g.,
glucose). The disadvantage of these media is that many fungi look
alike and additional methods and more incubation are needed for
identification. That delay in diagnosis was the impetus for develop-
ment of more specific methods such as the chromogenic media
which will be described later in this review.

Automated blood culture systems are also available and include
the BACTEC™ (BD™ Diagnostic Systems, Sparks, MD, USA),
BacT/Alert® 3D (bioMérieux®, Marcy I’Etoile, France), and
VersaTREK® (TREK Diagnostic Systems, Cleveland, OH, USA).
Aside from using different broth components and/or volumes,
these systems employ different detection methods to monitor
growth and metabolism, i.e., CO, generation and subsequent pH
decreases detected by fluorimetric BACTEC™ (5) or colorimetric
BacT /Alert® 3D (6) sensors or headspace gas changes detected by
VersaTREK®’s pressure sensors (7).

3.2. Specific Detection ~ The germ tube test described in 1960 (8) was the main method
of Fungi for rapid identification of C. albicansuntil the advent of enzymatic
tests and chromogenic media. Some labs still use the germ tube
test for rapid inexpensive detection of C. albicans but as it relies
on microscopic observation and technical expertise, it has been
largely displaced by enzymatic tests. Table 2 shows commercial
tests that use a combination of substrates to detect presence of
N-acetyl-B-p-galactosaminidase and r-proline arylamidase. While

Table 2
Rapid (30-60 min) identification of Candida albicans using NGL/PR0?
No. isolates
Test Vendor tested % SN % SP  Reference
BactiCard® Candida Remel, Lenexa, 583 99.3 99.6 (9)
KS, USA 133 100.0 100.0 (10)
536 97.0° 97.1° (11)
196 97.8 925  (12)
Candida albicans Test Kit Remel 583 98.7 996 (9)
(MUREX C. albicans 50) 502 94.6 97.8  (13)
133 100.0 100.0  (10)
O.B.L.S. albicans Oxoid, Basingstoke, 219 100.0 100.0 (14)
UK
AlbiQuick™ Test Kit Hardy Diagnostics, NR NR NR NR
Santa Maria, CA,
USA

*NGL B-galactosaminidase, PRO proline arylamidase, SN sensitivity, SP specificity, NR not reported, TP true positive
"Recalculated to include Candida dubliniensis as TP
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3.3. Chromogenic
Media

both enzymes are present in C. albicans, they are also found in
some less common species, e.g., C. dubliniensis, C. rugosa, and
Trichosporon spp.

Staib (15) first described birdseed ( Guizotia abyssinica) agar as
a useful screening tool for detection and rapid identification of C.
neoformans. Most strains of C. neoformans are detected within 72 h
incubation on this medium where phenoloxidase activity results in
dark brown colored colonies. A comparison of birdseed agar to
conventional media (SDA and Mycosel™ agar; BD™ Diagnostic
Systems) with 35 clinical samples from AIDS patients showed
100% sensitivity and specificity with plates incubated at 30°C.
Authors suggested that this or a higher temperature (37°C) could
be more selective and avoid rare false-positives reported for non-C.
neoformans cryptococci. Although no problems have been reported
with bacterial overgrowth, antibiotic supplementation has been
suggested to aid screening samples with heavy background bacte-
rial flora (16). Another commercially available medium used for
identification of C. neoformans and C. albicans, within 24 h from
previously isolated colonies, is TOC (tween 80-oxgall-cafteic acid)
agar (17). However, its use as a primary isolation medium requires
extended incubation of 3-5 days. Other investigators (18, 19) rec-
ommended urease for rapid recognition of C. neoformans, but this
lacks specificity and needs to be followed by a more reliable method.
Rapid urease can be useful for screening respiratory isolates when
the target species are limited to C. neoformans and C. gattis.

The rapid trehalose assimilation test and its modifications can
be used for rapid identification of C. glabrata (Table 3). Rapid
identification of C. glabrata is critical due to its resistance or reduced
susceptibility to triazole antifungals, e.g., fluconazole (28).

Chromogenic media allow direct identification of the most com-
mon clinical Candida species. They also allow for recognition of
mixed yeast cultures that may be difficult or impossible to see on
conventional mycological media, e.g., SDA. They incorporate sub-
strates, e.g., halogenated indoxylic derivatives, used to detect
specific enzymes. Substrate cleavage results in formation of brightly
colored indigo dyes that are retained within yeast cells resulting in
specific color development in colonies of target species. These
media also contain one or more antibiotics used to prevent growth
of contaminating bacterial flora. Candida albicans is identified by
B-hexosaminidase activity, which is also found in the less common
and closely related species C. dubliniensis. Some of these media,
e.g., CHROMagar™ Candida (CHROMagar™, Paris, France),
allow for presumptive identification of other yeasts, e.g., C. tropi-
calis, through detection of additional enzymes, e.g., phosphatase
(29). In this case, C. tropicalis forms blue colonies by hydrolysis of
both chromogenic substrates. Presumptive identification may be
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Table 3
Rapid identification of Candida glabrata
No. isolates
Test Vendor tested %SN % SP Reference
Glabrata RTT Fumouze Diagnostics, 330 >94.0 >97.3 (20)
Levallois-Perret Cedex 1,174 958 989 (21)
France 168 98.4 100.0 (22)
332 >91.1 =839 (23)
Rapid Trehalose Assimilation  Remel 320 915 96.3 (24)
Broth
Rapid trehalose + sucrose Rosco Diagnostica A/S, 440 100.0 100.0 (25)
assimilation with Rosco Taastrup, Denmark
disks (Diatabs™)
Rapid trehalase (solution from Rosco Diagnostica A/S; 482 >98.2 >95.3 (26)
Diatabs™ w/Clinistix®) Bayer, Tarrytown, NY, USA
Rapid trehalase /maltase Rosco/Bayer 255 96.9 984 (206)
RAT (Mayo Clinic method)  Scientific Device Laboratory, 91 >81.3 100.0 (27)¢
Des Plaines, I, USA
GlabrataQuick™ Kit Hardy Diagnostics NR NR NR NR

*§N sensitivity, SP specificity, NR not reported

°Four isolation media tested; % SN range was 94.0-98.0 and % S range was 97.3-98.6
‘Five isolation media tested; % SN range was 91.1-96.7 and % SP range was 83.9-99.6
9Two isolation media tested; % SN range was 81.3-100.0 and % SP was 100.0

possible for other species, e.g., C. krusei or C. glabrata, but perfor-
mance is related to expertise in recognition of morphologic or dis-

crete color differences from other similar species (30).

Chromogenic media available for the detection of Candida
species include Brilliance™ Candida (Oxoid, Basingstoke, UK)
(31), CandiSelect™ 4 (Bio-Rad, Marnes-la-Coquette, France) (32),
CHROMagar™ Candida (33, 34), and chromID™ Candida (bio-

Mérieux®, Marcy ’Etoile, France) (35).

4, Post-culture
Identification
Methods

All of the non-molecular commercial identification systems
described in Subheadings 4.1-4.3 require inoculation with a pure
culture isolate while the molecular methods in Subheading 4.4
allow processing from positive blood culture bottles. The differ-
ent methods relying on pure culture isolates have varying culture
requirements, i.e., isolation medium, culture age, and inoculum

suspension density.
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4.1. Manual
Identification Systems

4.2. Automated
Identification Systems

4.3. Matrix-Assisted
Laser Desorption
lonization: Time of
Flight Mass
Spectrometry

The early manual identification systems on the market were lim-
ited in the scope of species that could be identified, which was a
function of limited number of substrates and immature databases.
As commercial methods evolved, so did the numbers/types of
substrates and their databases. Table 4 shows a summary of the
available manual yeast identification methods. For the purpose of
consistency, some species and /or biotype claims listed in the vari-
ous product package inserts were abbreviated in order to keep in
line with current taxonomy, i.e., C. albicans/C. stellatoiden,
C. albicans 1 /C. albicans 2, C. paratropicalis/ C. tropicalis, etc.
that are conspecific were counted as single claims.

With the introduction of automation, workflow became easier, and
reaction and final result interpretations became objective and more
reproducible. These advances allowed accurate differentiation of a
much wider range of clinically relevant taxa. Table 5 summarizes
the systems available commercially.

Matrix-assisted laser desorption ionization—-time of flight mass
spectrometry (MALDI-TOF MS) is one of the newest methods
used for fungal identification. This is a very accurate and rapid
technique that requires minimal expertise or hands-on time. The
method is based primarily on ribosomal proteins. Whole cell prep-
arations or extracts are embedded in a chemical matrix and ion-
ized by a laser. The resultant molecules migrate through a charged
field in a vacuum tube toward a detector. The differences in time
of flight for these ions translate to different mass peaks in the
range of 2-20 kDa. These spectra are then compared to a database
of known species to arrive at an identification within minutes of
the ionization step. Results have shown that this method is less
dependent on culture conditions than many other commercial
phenotypic methods and therefore allows for fairly broad ranges
of growth conditions, i.e., isolation media, incubation time, and
temperature.

There are currently two commercial systems available the
BioTyper MALDI-TOF (microflex™ LT instrument; Bruker
Daltonics, Bremen, Germany) and Vitek® MS™ (bioMérieux®).

BioTyper MALDI-TOEF: As of the end of 2011, this system
had a European Conformity (CE; Conformité Européene) mark
and could be used for in vitro diagnostic (IVD) reporting in
European Union countries. In other countries, e.g., USA, the for-
mat was research use only (RUO) prior to other regulatory, e.g.,
Food and Drug Administration (FDA), approvals.

Vitek® MS™: This MALDI-TOF MS system uses similar prin-
ciples to the Bruker system and became available in early 2011 with
the CE-IVD mark. Prior to development of commercial software
and other regulatory approvals, this system also used an RUO
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Table 4
Manual comprehensive yeast identification methods
Product (vendor) No. strains % Correct % NolD % MisID Author
api® Candida 609 97 4 0.7 2.0 Fricker-Hidalgo et al. (36)
(bioMérieux®) 198 91.4 5.1 35 Bernal et al. (37)
156 82.7 45 12.8 Buchaille et al. (38)
159 91.8 0.6 7.5 Campbell et al. (39)
202 97.0 2.5 0.5 Paugam et al. (40)
api® 20C AUX 505 96.2 0.0 3.8 Buesching et al. (41)
(bioMérieux®) 1,093 97.3 2.7 0.0 Land et al. (42)
126 77.0 19.8 3.2 Bergan et al. (43)
178 89.3 5.6 5.1 Schuffenecker et al. (44)
206 94.7 0.0 5.3 Willemsen et al. (45)
243 93.0 6.2 0.8 Ramani et al. (46)
171 96.5 1.2 2.3 Sand and Rennie (47)
201 100.0 0.0 0.0 Wadlin et al. (48)
116 99.1 0.0 0.9 Giindes et al. (49)
Auxacolor™ (Bio-Rad) 178 88.8 5.6 5.6 Schuffenecker et al. (44)
97 79.4 15.5 B2 Milan et al. (50)
206 62.1 NR NR Willemsen et al. (45)
156 85.9 10.3 3.8 Buchaille et al. (38)
105 91.4 4.8 3.8 Sheppard et al. (51)
159 91.2 8.2 0.6 Campbell et al. (39)
202 94.1 4.9 1.0 Paugam et al. (40)
100 94.0 6.0 0.0 Romney et al. (52)
Candifast® 178 51.1 25.3 23.6 Schuffenecker et al. (44)
(ELITech Group) 116 88.8 5.2 6.0 Giindes et al. (49)
Fungichrom® (ELITech 156 84.6 10.9 45 Buchaille et al. (38)
Group) 202 92.1 54 2.5 Paugam et al. (40)
116 95.7 2.6 1.7 Giindes et al. (49)
Fungifast® 156 77.6 19.9 2.6 Buchaille et al. (38)
(ELITech Group) 202 88.1 10.9 1.0 Paugam et al. (40)
ID 32 C (bioMérieux®) 69 76.8 0.0 23.2 Latouche etal. (53)
156 98.1 1.9 0.0 Buchaille et al. (38)
243 88.9 10.3 0.8 Ramani et al. (46)
250 93.6 0.8 5.6 Marklein et al. (54)
RapID™ Yeast Plus 300 99.3 0.0 0.7 Kitch et al. (55)
(Remel) 156 78.2 5.8 16.0 Buchaille et al. (38)
447 90.6 2.5 6.9 Espinel-Ingroff et al. (56)
133 94.0 0.0 6.0 Heelan et al. (57)
201 99.0 0.0 1.0 Wadlin et al. (48)
750 95.5 24 2.1 Sanguinetti et al. (58)
Uni-Yeast-Tek® (Remel) 623 99.8 0.0 0.2 Bowman and Ahearn (59)
229 99.1 0.0 0.9 Bowman and Ahearn (60)
206 94.2 NR NR Cooper et al. (61)
126 88.7 0.0 11.3 Bergan et al. (43)
489 37.2 49.7 13.1 Salkin et al. (62)




32 J.Y. Marcos and D.H. Pincus

Table 5
Automated comprehe

nsive yeast identification methods

Product (vendor) No.strains % Correct % NolD % MisID  Reference
Biolog YT Microplate™ (Biolog) 129 48.8 12.4 38.8 (63)
171 485 8.8 427 (47)
MicroScan® Rapid YS (Siemens) 437 85.4 NR 8.2 (64)
357 96.6 0.6 2.8 (65)
150 85.3 NR NR (66)
Sherlock® MIS (MIDI, Inc.) 550 68.0 16.2 15.8 (67)
477 70.2 6.1 23.7 (68, 69)
Vitek® YBC (bioMéricux®) 253 95.7 0.0 43 (70)
352 84.9 0.0 15.1 (80)
1,106 93.4 NR NR (71)
221 83.3 2.7 14.0 (81)
398 97.2 1.3 1.5 (72)
222 80.6 14.4 5.0 (74)
150 95.0 NR NR (66)
409 89.7 3.2 7.1 (73)
55 87.3 0.0 12.7 (53)
171 96.5 0.6 2.9 (47)
201 91.0 4.0 5.0 (48)
Vitek® 2 YST (bioMérieux®) 97 99.0 0.0 1.0 (75)
172 93.6 3.5 2.9 (76)
623 98.6 0.5 0.9 (77)
750 98.4 0.5 1.1 (58)
136 94.1 1.2 4.7 (78)
68 97.1 0.0 29 (79)

4.4. Tests Utilizing
Nucleic Acids for
Fungal Detection

format. Pre-2011 publications address studies of this RUO format
(SARAMIS™ software) and although most evaluated bacterial
identification, fungi were also tested.

FISH has routinely been employed as a method of detection of
fungi for some time. One commercial system which utilizes the
method is the Yeast Traffic Light® PNA-FISH® (AdvanDx, Woburn,
MA, USA). This is a peptide nucleic acid fluorescent in situ hybrid-
ization (PNA FISH) method employing fluorescein-labeled probes
that hybridize with 26S ribosomal RNA (rRNA) of target species,
e.g., C. albicans, that can be identified directly using smears of
positive blood cultures. Other nucleic acid based methods using
cultured materials as sample include Prove-it™ Fungi and
BlackLight® Fungal ID Kkit.

Prove-it™ Fungi (Mobidiag, Helsinki, Finland) is a rapid
DNA-based test intended for identification of 13 yeast species:
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C. albicans, C. tropicalis, C. glabrata, C. parapsilosis, C. krusei,
C. lusitanine, and C. guilliermondii as well as six more species
(C. dubliniensis, C. pelliculosa, C. kefyr, C. norvegensis, C. hae-
mulonii, and Saccharomyces cerevisine) enclosed in the so-called
pan-yeast panel. The method, based on extraction of DNA from
either positive blood culture bottles or pure culture samples,
uses polymerase chain reaction (PCR) and a small microarray
placed at the bottom of the tube, to detect fluorescence signals
emitted when specific yeast sequences hybridize. The total turn-
around time is approximately 3 h once DNA is extracted and
purified.

The BlackLight® Fungal ID kit (2B BlackBio S.L., Madrid,
Spain) applies the principle of pyrosequencing, which relies on
detection of pyrophosphate release at each nucleotide incorpo-
ration during sequencing reaction. The test starts from a 15 pl
dry blood spot (1 mm diameter), which is used directly for PCR
without pretreatment. The subsequent sequencing of a small
region of the 18S rRNA gene allows the test to identify the
most relevant Candida species as well as Aspergillus fumigatus
and A. niger.

The assay is available in Europe for IVD purposes and at the
moment this review was written, no clinical evaluation was yet
published. The proof-of-principle description and data on analyti-
cal performance of the assay were discussed in a recent paper,
where they showed 100% agreement with standard microbiologi-
cal methods, when testing a collection of clinical blood culture
isolates (82).

5. Antigen and
Antibody-Based
Methods for
Fungal Detection

5.1. Antigen- and
Antibody-Based Tests
for Candida

Detection of antigenic compounds from the fungal cell wall (e.g.,
chitin, B-glucans, and mannoproteins) or the respective antibod-
ies generated by the host immune system is commonly used, in
conjunction with other diagnostic procedures (e.g., microbio-
logical cultures, histological examination of biopsy samples, and
radiographic evidence), as an aid in the diagnosis of fungal
infections.

Mannan, a polysaccharide non-covalently bound to the yeast cell
wall, can act as an antigen, generating an immune response that
leads to production of host antibodies (83). Detection of mannan
or respective antibodies led to commercialization of one of the
most widely used tests for the laboratory detection of Candida:
Platelia™ Candida Ag and Platelia™ Candida Ab (Bio-Rad). These
are sandwich enzyme-linked immunosorbent assay (ELISA) tests
for quantitative detection of Candida mannan or anti-mannan
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antibodies, in serum of subjects at-risk or suspected of invasive can-
didiasis. Both assays have been available in Europe for about 10
years, but neither has received FDA approval for USA IVD use.

Overall sensitivity of mannan detection seems to be in the
range of 60% and specificity around 90%, according to analysis of
12 published studies on adult populations (84). Similar to better
figures were also found in pre-term infants in a neonatal ICU, sug-
gesting that regular serology surveillance of circulating mannan
would be a good complement to blood cultures for early detection
of invasive candidiasis in this particular population (85).

Due to rapid elimination of mannan during infection, a nega-
tive result from the Platelia™ Candida Ag test cannot rule out
diagnosis of invasive candidiasis. The manufacturer recommends
concomitant screening of anti-mannan antibodies, by means of the
Platelia™ Candida Ab assay, a two-step indirect immunoenzymatic
microplate assay that allows quantitative detection of antibodies in
human serum (86). This guidance is supported by several studies
and literature analysis, reporting sensitivity improvements up to
85-90% (84, 87-89), and was recently endorsed by the experts
report from the 3rd European Conference on Infections in
Leukemia (90).

Other tests and kits based on the use of mannan and other
specific antigens for Candida detection have been developed and
commercialized by different companies. Serion Immunodiagnostica
GmbH (Wiirzburg, Germany) commercializes the Serion ELISA
antigen Candida and the Serion ELISA classic Candida albicans
1gG/IgM /IgA, two immunoassays for either quantitative or quali-
tative use. The first is based on a mixture of cytoplasmic antigen
structures such as enolase, and a certain amount of other cell-wall
components, allowing detection of Candida infection in serum or
plasma. The second is aimed to detect human antibodies directed
against C. albicans. Very few studies describing and comparing
performance of these assays have been published to date (91-93).
Wulf and coworkers showed that the antibody-based test could
pinpoint evidence for invasive candidiasis significantly earlier
(approximately 22 days) (93).

Indirect tests for Candida detection based on the principle of
latex agglutination (LA) are also commercially available. The
Pastorex™ Candida (Bio-Rad) uses latex particles coated with
specific antibodies that react with the polysaccharide antigen from
Candida through agglutination, making it visible to the naked eye.
Even though clinical specificity is pretty high, the clinical sensitivity
remains quite low, around 25% (94, 95).

The Cand-Tec™ (Ramco Laboratories Inc. Stafford, TX, USA)
is another agglutination assay for Candida detection in human
samples. One retrospective study compared its sensitivity and
specificity with the Pastorex™ Candida assay, in a very limited
cohort of patients. While sensitivity values for Cand-Tec™ were
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much better (68.8% vs. 16.7%), specificity was significantly lower
(57.1% vs. 100%) (95). The use of this assay in combination with
indirect hemagglutination seems to improve clinical performance
in ICU patients (sensitivity 100% and specificity 83.3%) (96).

Based on the principle of indirect immunofluorescence and
targeting a mannoprotein located on the germ tube cell wall sur-
face, Vircell Microbiologists (Granada, Spain) commercializes an
assay for detection of IgG antibodies against C. albicans germ
tube antigens (CAGTA). This assay showed sensitivity of 83-85%
and specificity of 86-95% through different studies (97, 98).
Titers can be lower in case of invasive infections caused by Candida
species other than C. albicans, and also in immunocompromised
patients, even though overall performance does not seem affected
(98,99). Interestingly, a recent study suggested its potential value
as a prognostic marker, and although further investigations are
needed, their findings did show significantly lower mortality rates
in patients with increased CAGTA titers, concomitantly treated
with antifungal agents (100).

Cryptococcal antigen detection has shown very high sensitivity
and specificity, making it very helpful and reliable for diagnosis of
cryptococcal pulmonary infection and meningitis.

Several commercial methods are available. The specificity of
most cryptococcal antigen tests can be obscured by presence of
rheumatoid interference factors in specimens, as they can lead to
false-positive reactions. This is especially true for serum samples
but much less for cerebrospinal fluid (CSF) specimens, which rarely
contain antiglobulins responsible for this cross-reaction. For this
reason, most manufacturers (e.g., IMMY, Meridian Biosciences
Inc., and Bio-Rad) propose and recommend use of pronase.
Pretreatment of biological specimens with pronase was shown to
significantly reduce nonspecific interference of noisy substances
and consequently, reduce false-positive results (101, 102).
Additional factors that could lead to false-positive results are infec-
tion by Trichosporon species, use of starch, some disinfectants, and
soap (103), and use of BBL™ Port-A-Cul™ anaerobic vials for
specimen transport (104). Furthermore, it is recommended to
process CSF specimens prior to culture as immersion of a platinum
wire /loop containing trace amounts of surface condensation from
agar has been described as a source of interference (105). Sample
storage is also important, as increased pH and high temperature
induced degradation of cryptococcal antigen and therefore loss of
reactivity for serological tests (106). Commercially available tests
for Cryptococcus species are summarized in Table 6.

Detection of circulating galactomannan (GM) is generally utilized
for diagnosis and management of invasive aspergillosis. GM is a
heteropolysaccharide component of the cell walls of Aspergillus
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Table 6

Commercially available antigen or antibody-based tests for Cryptococcus detection

Format Assay name Manufacturer Reference

Latex agglutination ~ Cryptococcal Antigen Latex Meridian Bioscience, Inc.  (105-107)

Agglutination System (CALAS®)  Cincinnati, OH, USA Not reported

Latex-Cryptococcus Antigen Test  IMMY (99, 108)
Pastorex™ Crypto Plus Bio-Rad (106, 107)
Cryptococcus Antigen Test Remel (107)
Crypto-LA® Wampole Laboratories Inc., (108, 109)
Eiken Latex test Cranbury, NJ, USA

Enzymatic
Immuno-Assays

Eiken, Tokyo, Japan

Premier™ Cryptococcal Antigen Meridian Bioscience Inc. (105, 107)

and Penicillium species and was the first circulating antigen found
in animal models with invasive aspergillosis. The Platelia™
Aspergillus EIA (enzyme immunoassay; Bio-Rad) is a one-stage
immunoenzymatic sandwich microplate assay which uses rat mono-
clonal antibody EBA-2, for detection of Aspergillus GM antigen in
serum. CE-IVD marked by the end of the 1990s, it was also FDA
approved in 2003. Three recent publications review its use, perfor-
mance variability, and assay limitations, providing guidance for
better results interpretation (110-112). A wide variety of factors
affect performance of Platelia™ Aspergillus EIA including host
conditions, concomitant treatments, presence of other fungal spe-
cies, handling and processing of biological specimens, etc. Even
though other authors provided more exhaustive lists and further
description of false-positive and false-negative results (111-113),
Table 7 highlights some of the most common sources of interfer-
ence that can confer misleading results. Measurement of GM is
currently recommended by the international guidelines for man-
agement of patients with invasive aspergillosis, where it is clearly
highlighted that clinical judgment must prevail when interpreting
test results (2).

Even though the manufacturer does still not claim use of the
Platelia™ Aspergillus EIA for samples other than serum, several
different reports since 2004 pointed out the interest of GM mea-
surement in other specimens, e.g., urine, BAL, or CSF, because of
higher sensitivity and potential early detection over the course of
infection in immunocompromised patients (114-118). However,
its use in BAL samples from immunocompetent patients seems to
have no added value (119). The utility of the Platelia™ Aspergillus
EIA in pediatric patients is still unclear and contradictory results
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Table 7
Most common variables associated with false-positive and false-negative results
for the Platelia™ Aspergillus EIA test (Bio-Rad)

Factor and/or situation that can lead to false-positive results

Host related Renal failure
Mucositis
Food intake of galactofuranose®
Gut colonization and potential translocation of Bifidobacterinm
Gastrointestinal microflora of neonates

Tatrogenic Blood derivatives
Intravenous solutions containing gluconate
Treatment with antibiotics derived from the fermentation of Penicillium
species (e.g., piperacilin-tazobactam, amoxicilin-clavulanic acid)
Use of cyclophosphamide in cancer patients

Sample collection and/or Use of materials such as cotton swabs and cardboard
processing Inappropriate cut-off value (too low)
Environmental Presence of other non-Aspergillus fungi such as Penicillium, Alternaria,

Pacecilomyces, Geotrichum, Histoplasma, and even C. neoformans®

Factor and/or situation that can lead to false-negative results

Host conditions Chronic granulomatose disease

Tatrogenic Treatment with antifungals

Sample collection and /or Long-term storage of samples
processing Inappropriate cut-off value (too high)

*Stabilizing agent commonly used in some cereal-derived products and some cream desserts
*Epitope contained within its galactoxylomannan has been shown to cross-react (113)

have been reported among different studies. Although still not rec-
ommended by the manufacturer further validation studies might
help to clarify its positioning within this critical population (120).
In all cases, the significance of positive results in patients without
confirmed aspergillosis always requires further evaluation.

Another assay format to detect GM in serum is proposed with
Pastorex™ Aspergillus (Bio-Rad), a qualitative test, which uses a
simple agglutination technique. The lowest concentration of GM
detectable is 15 ng/ml, around ten times more than the 1 ng/ml
claimed by the Platelia™ Aspergillus EIA. Definitely less cumber-
some to perform, it was shown to be less sensitive and more specific
than its EIA companion (121, 122).

Detection of human antibodies against Aspergillus is also com-
mercially available through different vendors. The Platelia™
Aspergillus IgG (Bio-Rad) is a two-phase indirect microplate immu-
noenzymatic technique used to detect IgG anti- Aspergelius antibod-
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5.4. Beta-p-Glucan
Assays

ies in human serum or plasma. The VIRION /SERION ELISA classic
Aspergillus fumigatus 1gG/IgM /IgA (Serion Immundiagnostica &
Institut Virion\Serion GmbH) is another quantitative alternative to
detect antibodies against A. fumigatus in serum or plasma. In this
case, separate detection of individual immunoglobulin classes offers a
more detailed view for mycological monitoring of at-risk patients.
Since an immune response is needed for antibodies to be present, this
kind of assay is mostly used within the context of allergic or chronic
Aspergillus-related pathologies (123, 124).

Two alternatives for Aspergillus detection, provided by IMMY,
are available in Europe and USA. The first is based on the principle
of Complement Fixation. As with other assays previously described,
although a positive result strongly suggests Aspergillus infection or
allergy, the organism must be repeatedly cultured or observed by
microscopyforadefinitive diagnosis. Thesecondisan Immunoditfusion
Test for aspergillosis, which is mostly restricted to diagnosis of allergic
bronchopulmonary aspergillosis and aspergilloma.

Glucans are (1 — 3)-B-p-linked polymers of glucose that are part of
the outer fungal cell wall. They can also be found in some bacteria,
e.g., Alcaligenes, Pseudomonas, and Streptococcus, which produce glu-
can or glucan-like polymers, as well as in plant cellulose (125, 126).
These polymers can be released or actively secreted from the cell wall
as exopolymers and are well known to activate the immune system of
mammals (127). Detection of B-p-glucan is commercially available
through different manufacturers of assays based on the ability of 3-p-
glucan to react with Limulus Amebocyte Lysate (LAL). This com-
pound, from horseshoe crab blood cells, was recently discovered to
react with B-p-glucan (as well as endotoxin), by activation of factor G
of the coagulation cascade (128).

The Fungitell™ assay (Associates of Cape Cod, Inc., East
Falmouth, MA, USA) is CE-marked and FDA approved since
2004. In Japan, three companies propose assays for B-p-glucan
detection. The Fungitec® G Test MK (Seikagaku Corporation,
Tokyo, Japan) and B-G-Star B-D-glucan test (Maruha Nichiro
Foods, Inc., Tokyo, Japan) are in vitro chromogenic endpoint
quantitative assays, whereas the Wako test (Wako Pure Chemical
Industries) is a kinetic turbidimetric test.

In summary, detection of circulating B-p-glucan seems to be a
good indication to exclude invasive fungal infections, due to its
high negative predictive value (112, 129, 130). General recom-
mendation is to combine use of B-p-glucan with other surrogate
markers such as mannan, GM, or fungal DNA, as in the majority of
cases this combination not only provides species identification of
the etiologic agent but also tends to increase B-D-glucan diagnostic
accuracy (97). Assessment of the optimal sampling strategy for at-
risk patients, the criteria to define a positive test result, the optimal
cut-off value, and how to interpret the influence of concurrent
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bacteremia on diagnostic performance might be very helpful to
determine optimal utilization of B-p-glucan testing for diagnosis of
IFIs. Even though several commercially available solutions exist,
the assay is still technically demanding and highly susceptible to
external contamination during processing. Efforts need to be
undertaken to simplify procedures and reduce the risk of false-pos-
itive results, although some of them are inherent to the almost
omnipresence of glucans in the environment.

6. Molecular
Biology-Based
Methods

6.1. Sepsis-Based
Assays

Recent progress in molecular biology, especially the arrival of real-
time amplification and fluorescence-based detection tools, has
allowed development and commercialization of different tests for
detection and identification of fungi. Their development has often
been linked to continuous efforts towards detection of pathogens
associated with sepsis, a life-threatening condition associated with
an altered inflammatory response to infection. Therefore, the vast
majority of molecular biology-based tests commercially available
for fungal detection are often coupled to that of bacteria and some
antibiotic resistance markers. A summary of tests described in this
section and their main characteristics is shown in Table 8. It is
important to highlight that all these tests and kits are only available
in the European market either for RUO or IVD purposes. The fol-
lowing sections will describe the tests available for sepsis as well as
those tests available for specific detection of fungal species.

The LightCycler® SeptiFast Test MSMPE (Roche Diagnostics
GmbH, Mannheim, Germany) was the first test of this series of
platforms dedicated to detection and identification of both bacte-
ria and fungi directly from whole blood, as an aid in management
of septic patients. This test is based on real-time PCR targeting
species-specific ITS regions between the 18S and 5.8S rRNA genes.
The assay can detect and identify five Candida species and
Aspergillus fumigatus. As a constant for this type of assay, three
main steps are applied from sample collection to final results, sam-
ple preparation, amplification, and real-time detection.

The initial sample for SeptiFast Test MS*PE js whole ethylene-
diaminetetraacetic acid (EDTA) anticoagulated human blood,
which is mechanically lysed using the SeptiFast Lyse Kit MSRPE
(Roche Diagnostics GmbH) and the MagNA Lyser® (Roche
Diagnostics GmbH). While the method originally started from
3 ml of whole blood, the current version recommends starting
with 1.5 ml. Only one-third of the total genomic DNA, purified by
means of the SeptiFast Prep Kit MSMPE (Roche Diagnostics
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GmbH), is dedicated to specific fungal detection. Amplification of
targets occurs in the LightCycler® 2.0 instrument (Roche
Diagnostics GmbH) and final interpretation of results is done by
dedicated software (SIS SeptiFast Identification Software—Roche
Diagnostics GmbH), which calculates melting point values and
links the peak heights to a particular fungal species. The whole
procedure is validated by reading positive signals coming from the
internal control provided with the kit. Turnaround time ranges
from 6 to 8 h.

The utility and performance of the LightCycler® SeptiFast Test
MERAPE ip the clinical setting have been reported in more than 15
publications. A summary of results observed for detection of fun-
gal pathogens is provided in Table 9. While blood culture is gener-
ally used as the reference for comparison, some authors prefer to
evaluate performance through analysis of the overall sepsis or
febrile episode and only a few studies have focused the analysis on
how the test performed for detection of IFIs, based on published
consensus definitions. To date, no clear evidence has been shown
whether the LightCycler® SeptiFast Test MS®PE can have an impact
on management of patients with IFIs. None of the studies has
tested serial specimens collected during the period at-risk, before
blood cultures are drawn, and therefore it is still unclear whether
fungal DNA can be considered or not as an early marker in devel-
opment of invasive candidiasis (84). Nevertheless, results published
thus far suggest that its use in combination with other methods
(e.g., blood culture or GM detection) could be valuable. Whether
LightCycler® SeptiFast Test MSMPE has the potential to facilitate
early evidence-based treatment decisions, antimicrobial selection,
and adequacy of antimicrobial treatment, effectively designed
observational or even interventional studies are needed to prove its
clinical value in improving appropriate treatment and patient out-
comes (142).

Another commercially available multiplex PCR sepsis-based
test is the Vyoo® assay (SIRS-Lab GmbH, Jena, Germany).
The Vyoo® assay can accommodate up to 5 ml EDTA-whole blood,
hence increasing probability to detect low fungal burden.
Furthermore, it uses a specific DNA-binding protein able to recog-
nize unmethylated DNA motifs, much less frequent in human
DNA than in bacteria, yeast, or molds (143). After a first step of
mechanical lysis, microbial DNA is processed and enriched by
affinity chromatography, which can significantly improve the sig-
nal-to-noise ratio between human and fungal DNA. The final
detection of amplicons can be done either by electrophoretic sepa-
ration or by hybridization methodologies (144). Available in
Europe for diagnostic purposes since 2007, a new updated version
was recently released including changes related to automated
DNA isolation and enrichment as well as final readout of results
which is now based on software-supported microarrays analysis.
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6.2. Specific Assays

Furthermore, a positive control was included to guarantee com-
plete validity of results. The total turnaround time is around 7 h.

The SepsiTest™ (Molzym GmbH & Co. KG, Bremen,
Germany) is another bundled CE-IVD marked kit for the detec-
tion of bacteria, yeasts, and molds in whole blood and other body
fluid samples. It uses a proprietary technology, which gets rid of
human DNA through degradation of released DNA after selective
lysis of human cells. Microorganisms are therefore enriched and
subsequently lysed for final elution of their DNA. This manual
processing can today be combined with selectNA™, an automated
platform able to handle up to 12 samples, reducing hands-on time
needed for sample preparation. The eluted DNA is then combined
with broad-range rDNA PCR, which provides molecular detection
of pathogens. SepsiTest™ supplies two separate assays with broad-
range primers targeting eubacterial and fungal targets. The final
identification needs sequencing of the amplification product, which
is then compared to the highly variable region sequences contained
in the online identification tool, provided by the manufacturer as
well. The total turnaround time is around 8 h and the species
currently identified include C. albicans, C. parapsilosis, C. tropicalis,
Cladosporium cladosporioides, and Malassezia spp.

One of the latest CE-IVD marked sepsis-based kits is the
Magicplex™ Sepsis Real-time Test (Seegene, Seoul, Korea). It
claims detection of bacterial and fungal targets from EDTA-whole
blood samples and is commercially available since November 2010.
The same six fungal species as the LightCycler® SeptiFast Test
MORADE gre detected, by means of a broad-range PCR, compatible
with different PCR platforms, including their own Seecycler™
(Seegene, Seoul, Korea). The company recently announced its
partnership with Molzym GmbH & Co. KG to apply their micro-
bial DNA enrichment technology and the selectNA™ automated
platform to the assay process. At the moment this review was writ-
ten, no study evaluating this test had been published.

The MycAssay™ Aspergillus (Myconostica Ltd., Manchester, UK)
is a CE-IVD marked, real-time PCR assay for the specific detection
of Aspergillus DNA in serum and lower respiratory tract specimens.
Myconostica Ltd., a diagnostic company spin-off from the
University of Manchester, launched in 2010 this assay together
with a product for extracting fungal DNA from human respiratory
samples (MycXtra® DNA extraction).

The MycAssay™ Aspergillus PCR assay was validated for
use with different platforms such as SmartCycler® (Cepheid,
Sunnyvale, CA, USA) AB7500 (Life Technologies™, Carlsbad, CA,
USA), LightCycler® 2.0, and Stratagene® Mx3000™ (Agilent
Technologies, Santa Clara, CA, USA). The gene targeted is the
18S rDNA and the analytical limit of detection (LoD) achieved is
below 50 target copies. One interesting feature is that it provides a
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clinical cut-off for better interpretation of results in the clinical set-
ting. The assay includes an internal amplification control in every
reaction to highlight false-negative results. Due to its pan- Aspergil-
lus capacity, the assay is presented in closed tube reactions and
single-use reagents to reduce the risk of contamination.

Another PCR-based specific test for Aspergillus detection is
available through Cepheid AB (Bromma, Sweden). The Affigene®
Aspergillus tracer is a CE-IVD marked qualitative assay for detec-
tion of Aspergillus DNA directly from human whole blood and
plasma samples. The kit provides reagents in a ready-to-use, sin-
gle-use format, compatible with several real-time PCR platforms
such as Mx3000P /3005 (Stratagene, La Jolla, USA), the iCy-
cler iQ/iQ5 (BioRad Laboratories Inc, Hercules, CA, USA), the
Rotor-Gene 3000 (Corbette Research, Sydney, Australia), and
the ABI 7300 (Applied Biosystems, Foster City, USA). The ana-
lytical sensitivity in both plasma and whole blood is below 0.5
genome equivalents per microliter. The assay was evaluated in a
population of neutropenic patients where two patients diagnosed
as having proven or probable aspergillosis according to the
EORTC/MSG criteria were the only ones showing a positive
PCR result (145).

Myconostica Ltd., recently acquired by another English com-
pany (Lab 21 Ltd., Cambridge, UK), also commercializes the
MycAssay™ Pneumocystis assay: the first commercially validated
(CE-IVD marked) real-time PCR assay, for diagnosis of Preumocystis
infection in human clinical respiratory specimens, targeting the
mitochondrial large subunit of P. jirovecsi. It is recommended to
be combined with MycXtra® DNA extraction and was validated for
use on the same platforms as the MycAssay™ Aspergillus. Its LoD
is below 35 target copies and an internal amplification control is
used in every reaction. A recent multicenter study on 110 patients
compared results to clinical diagnosis of Preumocystis respiratory
infection determined by non-molecular methods in accordance
with local diagnostic procedures. Sensitivity and specificity were
93% and 90%, respectively, compared to values from Merifluor-
Pneumocystis direct fluorescent antigen (146).

7. Unmet Needs
and Trends for the
Future

Diagnosis of fungal infections is still challenging and there is need
for improvement. Efforts must continue towards development of
less invasive, more standardized and reliable IVD tools, contribut-
ing to earlier and more accurate diagnosis of fungal infections,
which will lead to more appropriate therapeutic decisions and
improved outcomes of at-risk patients. Standardization and
combination are two key concepts to keep in mind for successful
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development of future commercial tests, in addition to implemen-
tation of new technological advances in the field of diagnostics.

The standardization of techniques, especially those based on
the detection of fungal nucleic acids is a must, and some interna-
tional initiatives are already pursuing consensus guidelines for use
of such techniques (147-149). This standardization is not only
needed for the techniques but also for the design of evaluation
studies. The heterogeneity of the different attained or at-risk pop-
ulations hampers interpretation of results and the clinical utility of
the evaluated techniques. Efforts must be made towards standard-
ization of methodologies, which will indeed help enable formal
validation of new tools, such as PCR-based ones (150).

Combination of information provided by different markers,
or combination of distinct technologies, seems to be improving
diagnostic accuracy. Examples have been provided regarding util-
ity of merging information provided by detection of mannan and
anti-mannan antibodies in the case of Candida infections (90),
but this example has also been successtully implemented when
combining information provided by detection of fungal antigens
and nucleic acids by means of PCR-based assays (87, 139). Clinical
guidelines also emphasize importance of combining information
from different IVD tools (2).

Combining classical methodologies with the most recent tech-
nological advances is also how some manufacturers propose to
move forward within the unmet diagnostic need. Probably the
most relevant examples are those addressing positive blood
cultures to rapidly and accurately identify the presence of fungal
species—Yeast Traffic Light® PNA-FISH, Prove-it™ Fungi, and
the BlackLight® Fungal ID Kkit.

Implementation of the newest and most recent technological
advances will also warrant development of improved products.
Appearance of technologies such as Digital PCR and better acces-
sibility to next-generation sequencing technologies are examples of
technologies that could arrive in the near future to the diagnostic
field. Such technological jumps which occurred previously with
serology were seen again with PCR and have recently occurred
with the successful translation of mass spectrometry in the IVD
field. MALDI-TOF mass spectrometry provides today an impres-
sive way to rapidly identify fungal species from isolated colonies.
Additional work is needed to better identify clinically relevant
molds and since their ability to utilize carbohydrates and enzymatic
substrates is quite diverse, the classical microbiological methods
appear less promising than the potential of MALDI-TOF mass
spectrometry. Future technological advances will make possible its
use directly from positive blood culture bottles and maybe directly
from the biological specimen.
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Another example of technological combinations, even though
not yet available for diagnostic purposes is the one provided by the
Plex-ID (Abbot Wiesbaden, Germany). This system, based on the
use of eubacterial and panfungal PCR, is able to detect nearly all
known fungal targets by coupling genome-specific amplification
and electrospray ionization mass spectrometry. It allows determi-
nation of the base composition from small quantities of nucleic
acids in a complex mixture, which is then compared to the genomic
information contained in a curated database, a key element of the
system. The Ibis Bioscience database needs to be constantly
updated with the latest information on newly identified microor-
ganisms. The time to result is around 8 h and some papers have
been published describing analytical performance and proof-of-
principle on blind panels of bacterial isolates (151).

In addition to all facts previously mentioned, the future must
also bring more automation. This would make tests easier and
more standardized and in some cases bring them closer to the bed-
side, allowing reduced time to results, often crucial in some clinical
situations (e.g., febrile neutropenia).
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