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Abstract Scedosporium and Pseudallescheria fungi are in-
creasingly encountered fungal pathogens. Species identification
is important as there are differences in epidemiology, virulence,
and antifungal susceptibility that vary according to species or
species groups. Histological and culture techniques are limited
by low sensitivity and specificity but improved culture ap-
proaches employing selective media have improved the recov-
ery of these fungi from clinical samples. Molecular- and
proteomics-based methods are increasingly explored and used
for species identification. These include multiplex polymerase
chain reaction (PCR) and other PCR-based methods, oligonu-
cleotide arrays, DNA sequencing, rolling circle amplification,
and matrix-assisted laser desorption time-of-flight mass spec-
trometry. These techniques have been harnessed for the detec-
tion and identification of Scedosporium and Pseudallescheria
species directly from clinical samples and from cultures. This
review summarizes the methods currently used to enable an
informed choice of detection and/or identification techniques
in the clinical mycology laboratory.
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Introduction

Fungi of the genera Scedosporium and Pseudallescheria are
important pathogens, especially in immunocompromised stem
cell and solid organ transplant recipients [1-3]. They are of
concern due to the high mortality of resultant infection and their
resistance to many antifungal agents [4—6]. In the immunocom-
promised, fever and disseminated infection, including central
nervous system (CNS), lung and cutaneous disease, are common
(reviewed by Cortez et al. [7¢] and Husain et al. [8]). Since these
fungi are ubiquitous in soil and polluted water, infection may
also be acquired through inhalation (including near-drowning
accidents) or inoculation of the organism from trauma [7e, 9]
with wide-ranging manifestations, including brain abscess, my-
cetoma, and osteomyelitis. Scedosporium/Pseudallescheria can
colonize damaged airways [ 7] and this colonization may persist
and later result in invasive disease [10, 11].

Scedosporium infections are often clinically indistinguishable
from other invasive mould infections and diagnosis relies on
recovery or detection of the etiological agent from clinical spec-
imens; however, histopathological findings are non-specific and
culture is insensitive. Serological methods, such as immunodif-
fusion, are either not commercially available or cross-reactions
occur with other fungi (summarized by Cortez et al. [7¢] and
Guarro et al. [12]). In addition, species identification of these
fungi is challenged by their evolving taxonomy. While previous-
ly comprising two species of clinical interest—Scedosporium
prolificans and Scedosporium apiospermum (previous
anamorph of Pseudallescheria boydiiy—the S. apiospermum/
P, boydii complex now encompasses at least eight species and
P. boydii and S. apiospermum have been separated as two
distinct species [13+, 14, 15]; the most frequent species among
clinical isolates are S. apiospermum, S. aurantiacum and P.
boydii, [13+, 16]. However, the prevalence of various species
remains uncertain due to the inability of many routine mycolog-
ical methods to fully recognize them. Indeed, it is anticipated that
the nomenclature of these fungi will continue to evolve.
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Identification is important because of species-specific differ-
ences in epidemiology, antifungal susceptibility and, possibly,
virulence [4, 7, 16, 17, 18].

To address current limitations in laboratory diagnosis, nu-
merous molecular- and proteomic-based methods have been
developed and are being introduced into the diagnostic labo-
ratory. Moreover, standard culture-based mycological tech-
niques have undergone refinement to increase the yield of
Scedosporium/Pseudallescheria from clinical specimens. In
this review, we focus on the challenges facing both traditional
mycological and more novel diagnostic methods of
scedosporiosis caused by the major medically important spe-
cies. Recovery of these fungi should always be interpreted in
combination with clinical findings.

Microscopy and Culture

Despite suboptimal sensitivity and slow turnaround times (2—
7 days), detection and recovery by culture of Pseudallescheria
and Scedosporium species from clinical specimens remains a
cornerstone of the diagnosis of scedosporiosis. These fungi
can be recovered from any specimen, including blood culture,
skin and soft tissue, bone and tissue biopsy specimens; how-
ever, in practice they often present in sputum and other respi-
ratory tract samples. All isolations from sterile sites are con-
sidered clinically significant.

Histopathology Stains

Visualization of fungal hyphae in tissue (and other) specimens
by traditional Grocott methenamine silver (GMS) or periodic
acid-Schiff (PAS) staining is essential to the diagnosis of inva-
sive scedosporiosis since these moulds can colonize airways.
Indeed, demonstration of fungal hyphae in tissue is a require-
ment of the European Organization for Research and Treatment
of Cancer/Mycoses Study Group (EORTC/MSG) classification
for a ‘proven’ fungal infection (versus colonization) [19].
However, the histopathological appearance of members of
the Pseudallescheria/Scedosporium species complex in tissue
sections and cytological smears is very similar to Aspergillus
spp., Fusarium spp. and other hyphomycete fungi, leading to
frequent misidentification [7¢, 20]. Some experts testify that in
contrast to the regular dichotomous branching pattern typical
of Aspergillus hyphae, Scedosporium hyphae are slightly more
irregular, with multiple branching at acute angles, providing a
distinguishing characteristic [20, 21]; however, in practice, this
was found to have low discriminatory value. Others reported
unique histopathological characteristics observed, which in-
clude parallel hyphae bridging at right angles, in H patterns,
and intravascular conidiation and conidia present in tissue are
terminal or intercalary globose chlamydospores [7¢, 21, 22].
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An experienced histopathologist is required to observe these
distinctive features.

Microscopic examination of brain abscess specimens due
to Scedosporium species have revealed mostly granulomatous
inflammation with multinucleate cellular tissue reaction and
hyphae penetrating the cerebral blood vessels [23, 24]. In situ
hybridization (ISH) techniques using specific fluorescent an-
tibody to bind fungal elements have also been developed to
differentiate Aspergillus and Scedosporium in tissue sections
[20, 25]; however, the use of such immunohistochemistry
approaches has not yet been validated for diagnostic purposes.

Culture and Identification

Scedosporium and Pseudallescheria species will grow on
standard mycological media such as Sabouraud’s dextrose
agar (SDA); however, their recovery from clinical specimens
may be overlooked or masked, especially if there is concurrent
growth of fast-growing fungi such as Aspergillus, Fusarium
and Candida species [26, 27], leading to underestimation of
their presence and frequency. To address this limitation, more
effective isolation and recovery can be achieved with the use
of semi-selective isolation media. For instance, agents such as
dichloran (2,6-dichloro-4-nitroaniline), benomyl, penicillin,
streptomycin, chloramphenicol, and cycloheximide are effec-
tive at reducing growth of non-Scedosporium moulds, includ-
ing Aspergillus or Candida spp. [28, 29]. Currently, one of the
more efficient media for selective isolation of Scedosporium
species is Scedosporium Selective agar (SceSel"), which con-
tains the antifungal agents benomyl and dichloran that inhibit
the fast growth of Candida and Aspergillus species [27, 29,
30¢]. Other effective semi-selective media include Dichloran
Rose Bengal Chloramphenicol (DRBC; Thermo-Scientific/
Oxoid, UK) containing benomyl [13e, 31], which has the
added advantage of being commercially available. Another
medium Mycosel™ agar (BBL, Becton Dickinson (BD), USA)
containing chloramphenicol and cycloheximide was found to be
inferior to SceSel " agar for the recovery of Scedosporium from
the sputa of cystic fibrosis patients [30¢]. SceSel+media is
not available commercially and must, ideally, be freshly pre-
pared. It should be noted that, unlike other Scedosporium/
Pseudallescheria species, S. prolificans does not grow on media
containing cycloheximide (actidione) [see Table 1].

The combination of semi-selective media, i.e. SceSel” agar
or DRBC medium, and standard mycological media, e.g. SDA
or potato dextrose agar (PDA), is currently recommended for
the recovery of Scedosporium and Pseudallescheria species
[30°]. Generally, these species begin to grow at 2 days and are
then subcultured onto PDA plates for macroscopic identifica-
tion and for slide cultures with staining with lacto-phenol
cotton blue (LPCB) for microscopic identification. Primary
plates should be kept for 10-14 days [30+] and inspected every
second day. The sexual stages (Pseudallescheria) are induced
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Table 1 Colony morphology and characteristics of the major Scedosporium and Pseudallescheria species grown on PDA

Species Cycloheximide = Colony morphology PDA 25 °C Grows at temperature
(actidione)
0.1 % Color Texture Reverse Yellow 40 °C 45 °C
diffusible
pigment
S. boydii/P. boydii Variable White-grey, later becoming Downy to cottony  Dark brown-grey,  Variable  + -
dark grey or smoky brown almost black in
appearance
P. minutispora + Orange-grey with brown-grey, Dense, cotton to Colorless - + -
white margin lanose (woolly)
S. apiospermum  Variable White-grey, later becoming Downy to cottony  Dark brown-grey,  Variable  + -
dark grey or smoky brown almost black in
appearance
S. aurantiacum + Yellow-grey and brown-grey ~ Dense, cotton to Brown-orange to  + + +
concentric growth pattern, lanose (woolly) brown colorless
white margin
S. dehoogii + White to pale grey Cottony Colorless - - -
S. prolificans + Olive-grey to black, white Downy to cottony  Dark brown-grey, — + Variable

colored mycelial tufts

almost black

PDA potato dextrose agar
+ growth present, — growth absent

using PDA or cornmeal (CM) agar, both as a slide culture and
after extended incubation.

Macroscopic Features

Members of the Pseudallescheria/Scedosporium complex all
grow moderately fast on PDA at 25°C, and mature in approx-
imately 1 week [7¢]. Table 1 summarizes the more pertinent
macroscopic and colony color characteristics of the medically
important species.

Colonies of S. aurantiacum are dense, cottony to lanose
(woolly), frequently with a concentric growth pattern of aerial
mycelium, varying from yellow to grey or brown, and usually
with a whitish irregularly lobate and fimbriate margin. The
reverse is brown-orange at the center and brown to colorless
towards the periphery. A distinctive characteristic of
S. aurantiacum is evidence of a yellow diffusible pigment
on PDA after a few days incubation (Table 1) [13¢] (see
Fig. 1a). In contrast, S. prolificans colonies begin as a downy
colony, which becomes increasingly cottony, with an olive-
grey to black coloration (Table 1). The reverse appears dark
brown or grey to almost black (Fig. 1c).

S. apiospermum and P. boydii colonies are initially white to
grey, later becoming dark grey or smoky brown, and are woolly
to cottony in texture. From the reverse, the color is pale with
brownish black zones (Figs. 1c and ¢). These species are unable
to be distinguished from each other by colony morphology [14].

On PDA, Scedosporium dehoogii colonies are cottony
white to pale grey with a colorless reverse (Fig. 1d).
Colonies grow slowly at 37 °C, reaching only 5-10 mm in
diameter after 14 days [14]. The macroscopic characteristics
of P. minutispora are summarized in Table 1 [13¢].

Microscopic Features

Speciation of Scedosporium/Pseudallescheria species on the
basis of microscopic features is reliant on considerable expertise
and can be problematic. All isolates can be identified by the
presence of a characteristic Scedosporium anamorph. The devel-
opment of a Graphium synanamorph may or may not be present,
not being exclusive to any species (Table 2). It is characterized by
the production of synnemata terminating in a slimy head of
conidia, varying in size from 80—750 um long. The teleomorph
state (where known) and characteristics of ascospores and co-
nidia for the major Scedosporium species are shown in Table 2.

Microscopically, S. aurantiacum (teleomorph unknown) is
characterized by solitary conidiophores on aerial mycelium,
which are often reduced to a conidiogenous cell growing
percurrent, laterally or terminal from an undifferentiated my-
celium. Conidia are typically smooth and thick-walled, ob-
ovoid or subcylindrical [7¢, 13¢]. S. prolificans hyphae are
hyaline and septate from which conidiogenous cells are pro-
duced along the length; flask-shaped conidiophores are dis-
tinctive, which are basally swollen (inflated) from which
single, or clusters of, conidia emerge (Fig. 1; Table 2). The
ovoid to pyriform conidia are hyaline to pale brown [7¢].

P. boydii is homothallic, producing brown cleistothecia,
100-300 um in diameter. The ascocarp wall is a single layer
of thin, flat, polygonal, jigsaw-shaped brown cells, which at
maturation burst to release asci filled with ascospores [7¢].
These asci are subglobose to globose and contain eight uni-
cellular ascospores, which are pale yellow or brown, smooth,
and ovo-ellipsoidal. These sexual ascospores may be distin-
guished from the asexually-generated conidia by the presence
of an internal oil droplet and absence of a truncated base [7¢].
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Fig. 1 The panels illustrate the culture morphology on PDA at 25°C Scedosporium aurantiacum, (b) Scedosporium apiospermum, (c)
comprising plate obverse and reverse, and microscope morphology after Scedosporium prolificans, (d) Scedosporium dehoogii, and (e)
staining with lacto-phenol cotton blue (magnification 400x). (a) Scedosporium boydii/Pseudallescheria boydii. PDA potato dextrose agar
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Table 2 Microscopic features of Scedosporium and Pseudallescheria species

Conidia

Conidiogenous cells

Ascospores

Cleistothecia

Graphium (synanamorph)

synnemata

Species

Size (nm)

Shape

Distribution

Shape and color Size (um) Shape

Size (um) Diameter (pm)

Presence

4-9 by
6-10

Solitary or on branched ~Globose to subglobose,

6-9 by Cylindrical

5-6

Broadly fusiform

Pale yellow,

Globose to subglobose,

Variable 135-340

S. boydii/
P, boydii

thick-walled

conidiophores

100-300

brown-copper
Ellipsoid, subhyaline

7-10 by
355

Solitary or on branched Ellipsoidal to obovoid,

Cylindrical

5-7 by

Globose to subglobose,

180-300

Variable

P. minutispora

thick-walled

Solitary or on branched ~ Globose to subglobose,

conidiophores

or light brown

or light brown

5-7 by

4-6

Cylindrical

P. apiosperma

135-340

S. apiospermum Variable

thick-walled

conidiophores
Cylindrical or slightly ~ Solitary or on branched Mostly obovoid,

(previously P. boydii)

Telemorph unknown

330-750

S. aurantiacum  Variable

thick-walled

conidiophores

flask-shaped
Cylindrical or slightly

Mostly obovoid,
thin-walled

Usually solitary

Telemorph unknown

Variable 80450

S. dehoogii

flask-shaped
Flask-shaped,
basally swollen

2-5 by
3-13

Globose to subglobose,

thick-walled

Solitary or on more or

Telemorph unknown

Unknown Unknown

S. prolificans

less branched
conidiophores

Average size
34by53

S. apiospermum and P. boydii, although two seprate species,
cannot be separated by microscopic features [12, 13¢, 14] and
require identification by molecular methods (see below). Both
produce asexual hyaline septate hyphae from which cylindri-
cal conidiogenous cells are produced (Table 2). Pale-brown
ovoid conidia with truncate bases are typical, which are
formed singly or in small clusters at the ends of the conidio-
phores, or from short annellidic necks arising directly from the
hyphae (Figs. 1c and e).

The features of S. dehoogii and P. minutispora are
summarized in Table 2.

Molecular Methods

Given that histopathological and culture morphology methods
have limitations in providing definitive species identification
of the agents of Scedosporium/Pseudallescheria infection, an
increasing number of molecular techniques have been devel-
oped. The high resolving power of molecular methods has
enhanced the laboratory’s capabilities to both rapidly identify
species and to genetically characterize members of the
Scedosporium/Pseudallescheria species complex. In particu-
lar, polymerase chain reaction (PCR)-based methods have
grown in popularity for the rapid detection of these fungi from
clinical specimens and to identify cultured isolates. These
approaches include multiplex PCR, real-time PCR (RT-
PCR), restriction fragment length polymorphism (RFLP)
tests, isothermal methods, probe-based assays and DNA
sequencing.

Multiplex Polymerase Chain Reaction (PCR)

Multiplex PCR involves the amplification by PCR of two or
more loci simultaneously in one reaction using species-
specific primers based on target sequence data. There are
few reports with regards to the use of multiplex PCR to enable
diagnosis of scedosporiosis.

Harun et al. [32] developed a multiplex system using
species-specific primers targeting the fungal internal tran-
scribed spacer (ITS1/2) regions and the 28S ribosomal DNA
(rDNA) gene to detect S. aurantiacum, S. prolificans, and the
P, boydii species complex/P. apiosperma directly from respi-
ratory tract specimens. The multiplex assay showed 100 %
specificity and sensitivity using known cultures of each of the
three species or species groups and then underwent further
validation using DNA extracts from sputum specimens from
cystic fibrosis patients compared to culture on media selective
for Scedosporium. Twenty-nine samples from 11 patients
yielded growth of Scedosporium. PCR was positive for 18/
29 (62 %) samples or for 7/11 (63.6 %) patients with a
specificity of 97.2 %, positive predictive value of 78.3 %
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and negative predictive value of 94.1 % [32]. False negative
results included six samples from a single patient. The reasons
for this observation are uncertain. As for all multiplex PCR
assays, competition between primers for the target sequences
and reagents requires strict primer design and stechiometric
control of the reaction components to avoid false positive and
negative results [33]. Additional reasons for false negative
results are insufficient target DNA and PCR inhibition.
However, the sensitivity of an oligonucleotide array assay
for the direct detection of fungi in sputum samples, also from
cystic fibrosis samples, was much higher (100 %) [34¢], which
is most likely due to the different assay format (discussed
below). Nonetheless, multiplex PCR is rapid and simple,
lending itself as a suitable complement to culture for detecting
Scedosporium from respiratory tract specimens where
Scedosporium species may be of particular relevance, e.g. a
lung transplant recipient with pulmonary infiltrates; however,
further evaluation of multiplex assays, such as the one de-
scribed above, is required to determine their position in
routine care.

Oligonucleotide Array Assay

The principle of using oligonucleotide array formats to pro-
vide species identification of fungi is not new. Hsiao et al. [35]
performed one of the larger evaluations following the devel-
opment of an ITS1/ITS2-directed array to identify 64 species
(32 genera) of clinically important fungi. Probes were PCR
amplified using the primer sets ITS1 (5-TCCGTAGGTGAA
CCTGCGG-3') and ITS2 (5'-GCTGCGTTCTTCATCGAT
GC-3'), and ITS3 (5'-GCATCGATGAAGAACGCAGC-3")
and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') [36]. The
sensitivity and specificity of the array was 98.3 % and
98.1 %, respectively. In a similar fashion, Bouchara et al.
[34¢] used an oligonucleotide array for the direct detection
of fungi in sputum samples of cystic fibrosis patients.
The array was constructed using species-specific probes,
designed from the ITS1 or ITS2 regions of 20 species,
including Aspergillus, Candida, and the Scedosporium/
Pseudallescheria species complex. The array was validated
with pure cultures, yielding a sensitivity of 100 % and spec-
ificity of 92.2 %. It was then used to directly detect fungi,
including Scedosporium, in 57 sputum samples from 39 cystic
fibrosis patients, and the results were compared with those
obtained by culture. For 16 sputum samples, the results ob-
tained by the array corresponded with those obtained by
culture. For 33 samples, the array detected more fungal spe-
cies than culture did, while the reverse was found for eight
samples. Although not specific for Scedosporium species,
such array formats are useful for the simultaneous detection
of multiple fungal species that may be present in a clinical
sample. The drawback of this approach is cost and the need for
batch testing for efficiency.
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Real time PCR

RT-PCR has the advantage of higher sensitivity and being
capable of quantifying the number of molecules per PCR
cycle. Most systems use fluorescently-labeled primers,
probes, or dyes, and measure fluorescent signals from one or
more reactions during each amplification cycle in real time.
As for multiplex assays, experience with using RT-PCR to
detect and identify Scedosporium species is limited.

Castelli et al. developed and validated two separate ITS-
based RT-PCR assays for species-specific targeting of
S. prolificans and S. apiospermum using clinical strains and
then a murine model of invasive infection [37]. A total of 14
clinical strains and 141 samples, including blood, serum, and
lung samples from infected CD1 mice, were analyzed. Results
gave 100 % specificity, with a detection limit of 10 fg/pul DNA
for both assays. Assay sensitivity for the S. prolificans-specif-
ic PCR assay was 100 % for cultured clinical strains, 95.5 %
for lung tissues (n=45), 85 % for serum (n=18), and 83.3 %
for blood (n=20). For S. apiospermum-infected mice, the
sensitivities were 100 % for clinical strains and 97.2 %,
81.8 %, and 54.5 % for lung tissues (n=36), serum (n=11),
and blood (n=11), respectively [37]. Although RT-PCR is
simple and rapid with high analytical sensitivity and specific-
ity, its use in routine clinical diagnostics for Scedosporium
infections has not been applied. The advantage of rapid re-
sults, precise detection, and possible simultaneous quantifica-
tion of pathogenic Scedosporium species justifies further test-
ing in a diagnostic setting.

Pan-Fungal PCR

Multiple in-house pan-fungal PCR assays have been pub-
lished and are beyond the scope of this review [38]. By
amplifying the ITS regions (ITS1, ITS2, or both) for
instance, followed by DNA sequencing of the amplicon,
species identification can be achieved for Scedosporium
species.

In one ITS1-directed pan-fungal PCR assay that included
the detection of S. prolificans, the sensitivities were reported
to be either 97 % or 68 % when applied on fresh tissue
specimen or paraftin-embedded specimen, respectively [39].
Identification within members of the P. hoydii complex may
not be possible using only ITS-based PCR assays (see identi-
fication of cultures below).

DNA Sequencing

Nucleotide acid sequencing technology coupled together with
greater computing power and bioinformatic analysis systems
have increased the ability to resolve Scedosporium and
Pseudallescheria species. The primary sequence targeted for
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nucleotide sequencing is the multiple-copy ITS regions of the
rDNA gene.

Delhaes et al. [16¢] sequenced the ITS1-5.8S-ITS2 regions,
and phylogenetic analysis revealed three distinct clades—
S. apiospermum/P. boydii species complex, with an intra-
species sequence variation of 2.2 %, and S. prolificans and
S. aurantiacum displaying no sequence variation [16¢]. As
such, a disadvantage of the ITS region is its insufficient
variability to distinguish between species within complexes,
and may not allow for a correct identification of later classified
species within the S. apiospermum/P. boydii species complex.
To increase the resolution between species, housekeeping
genes such as 3-tubulin (5-TUB), 3-actin (8-ACT), glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH), calmodulin
(CAL), and others have been utilized for sequence analysis.
Gilgado and colleagues [13+, 14] sequenced regions of the
ITS, CAL, and B-TUB genes to reclassify the P. boydii species
complex, and revealed that P. boydii and S. apiospermum are
two separate species [13e, 14, 15].

The continued reorganization of fungal species within the
Scedosporium/Pseudallescheria species complex creates in-
consistencies in the species name of sequences deposited in
reference databases such as GenBank, European Molecular
Biology Laboratory (EMBL) and DNA Databank of Japan
(DDBJ), as the previously used names have not been changed in
those databases after reclassification had occurred, leading to
potential incorrect species identifications [40]. Within the
International Society for Human and Animal Mycology
(ISHAM) Working Group for DNA barcoding of medical
fungi, a new quality-controlled ITS sequence database
was developed; one of its aims is to resolve nomenclature
inconsistencies. This database can be accessed at http://www.
mycologylab.org.

Restriction Fragment Length Polymorphism

PCR-RFLP is a well-established technique for identification
of fungi based on the digestion of h-PCR-amplified fragments
with specific restriction endonuclease enzymes. The enzymat-
ic digestion results in different banding patterns according to
the fragment sizes specific for a certain species.

Delhaes et al. [16°] applied PCR-RFLP analysis to separate
S. prolificans from S. apiospermum/P. boydii species complex
and S. aurantiacum (n=146 Scedosporium isolates). The
ITS1-5.8S-ITS2 regions were PCR-amplified using SR6R
(5'-AAGTARAAGTCGTAACAAGG-3') and LRI (5'-
GGTTGGTTTCTTTTCCT-3") primers and double digested
with Sau961 and Hhal restriction endonucleases. Gel
electrophoresis revealed one RFLP profile specific to
S. prolificans and two RFLP profiles for isolates previously
phenotypically identified as S. apiospermum, but now with
one profile each corresponding to S. apiospermum/P. boydii
and S. aurantiacum [16¢].

Similarly, Lackner et al. [41] amplified the ITS regions
with the primers ITS5 (5'-GGAAGTAAAAGTCGTAACAA
GG-3") and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') to
differentiate most haplotypes of Pseudallescheria and
Scedosporium species. This work employed the restriction
enzymes Alul, Haelll, Hinfl, HindIll for the differentiation
of S. dehoogii, S. prolificans, S. aurantiacum, P. apiosperma
and P, boydii, or Taul for the differentiation of P. minutispora
from P. boydii. However, for the identification of
P, apiosperma/S. apiospermum and P.boydii, species-specific
[3-tubulin 2-targeted primers were needed. Pseudallescheria
fusoidea remained difficult to distinguish from P. boydii.
Whilst RFLP profiles are reproducible, to fully resolve all
Scedosporium species a large number of enzymes are re-
quired. Depending on the local epidemiology of infection,
one can expect that at least two enzymes are needed to detect
the more common medically relevant species [16¢]. This may
not be time-effective for a busy laboratory.

Rolling Circle Amplification (RCA)

Rolling circle amplification (RCA) is a robust and simple
technique for distinguishing closely-related species, demon-
strating high specific detection of target nucleic sequences
down to the single nucleotide level [42¢]. RCA utilizes circu-
larizing oligonucleotide (padlock) probes and specialized
DNA polymerases under isothermal conditions to replicate
short, single-stranded DNA circles [42¢]. The padlock probes
are designed using target sequences based on housekeeping
genes such as the ITS region, and can be performed within
2 h isothermally using a water bath, heating block or
thermocycler, and is typically performed in RT-PCR
systems with signal detection within 15 min of initiation
of the RCA reaction.

Two studies used ITS-directed RCA assays as a means of
identifying Scedosporium species [43, 44]. Zhou et al. [43]
clearly differentiated S. prolificans from S. apiospermum/
P. boydii, whilst Lackner et al. [44] used RCA to distinguish
at least seven to eight species within the Scedosporium/
Pseudallescheria species complex. Both reports indicated that
the technique was simple, rapid, and cost effective in compar-
ison with DNA sequencing.

Proteomic Approaches

An alternative approach to the rapid identification of
members of the Scedosporium/Pseudallescheria complex
is to detect the proteins of intact fungal cells through
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS). The principles of
MS, its components and extraction methods for analysis
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of microorganisms have recently been reviewed [45—47].
In comparison with bacteria and yeasts, the identifica-
tion of colonies of filamentous fungi by MALDI-TOF
MS has proved more challenging. Firstly, standardiza-
tion of growth conditions, form of fungal growth for
analysis (e.g. conidia vs. hyphae), and protein extraction
methods are necessary to achieve reproducible profiles
[48, 49+, 50, 51]. At present, the construction of appro-
priate spectral databases and extension of those provid-
ed by manufacturers are required [49¢]. Furthermore,
melanin pigment in many moulds can inhibit ionization
[52]. Nonetheless, MALDI-TOF MS has good potential
to replace phenotypic and even gene sequencing
methods for the identification of filamentous fungi as
it is accurate, inexpensive, and results are available in
<2 h.

Coulibaly et al. [53] analyzed 25 Scedosporium/
Pseudallescheria strains (22 reference and three clinical
isolates) by MALDI-TOF MS using «-cyano-4-
hydroxycinnamic acid (CCA) matrix and employing the
BioTyper software (Bruker Daltonics, Germany). Neither cul-
ture medium nor protein extraction methods (formic acid vs.
trifluoroacetic acid) influenced the quality of MS identifica-
tion; however, identification was optimal when performed on
cultures between 3 and 5 days old. Spectra were reproducible
after a month of subculture. A limitation of the study was the
small number of clinical isolates studied [53]. In another
study, the same researchers, using a standardized extraction
procedure and by constructing their own spectral library,
demonstrated that five of seven S. apiospermum strains were
identified correctly, with the remaining two strains not being
able to be identified [50].

More recently, Lau and colleagues demonstrated the im-
portance of interrogating databases that contain spectra ob-
tained under similar growth and extraction procedures. They
developed a simple extraction method comprising mechanical
lysis followed by modified formic acid extraction, for use on
filamentous fungal cultures on solid media [49¢]. Using this
extraction procedure, high-quality, reproducible spectra were
obtained which were unaffected by culture medium, colony
age, or incubation conditions, including for Scedosporium
species. All 11, 9 and 4 strains of S. apiospermum, P. boydii,
and S. prolificans tested, respectively, were correctly identi-
fied to species level (many of these were reference strains).
Against their in-house library, all 24 isolates were identified
correctly; in contrast, none of the isolates tested were identi-
fied when interrogated against the Bruker library in use at the
time of the study [49°].

The above results are encouraging; however, the evaluation
of larger numbers of clinical isolates is essential to extend the
current databases for increased discriminatory power and to
determine the ability of MALDI-TOF MS to distinguish
among species within the P. boydii species complex. In
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addition, investigations to evaluate its potential as a typing
tool, including in tracking nosocomial transmission, such as is
seen for other fungi (Aspergillus flavus and Candida
parapsilosis) [54, 55], are warranted.

Molecular Typing of Scedosporium/Pseudallescheria Species

To understand the molecular epidemiology and trace possible
outbreaks/nosocomial outbreaks, a variety of typing tech-
niques have been developed and applied to some of the
Scedosporium/Pseudallescheria species. The main methods
include PCR fingerprinting [16¢], random amplification of
polymorphic DNA [56], amplified fragment length polymor-
phism (AFLP) [16¢], and multilocus sequence typing (MLST)
analysis (Meyer et al. and Tintelnot et al., unpublished data).
As MLST typing is especially highly reproducible and as such
is applicable for multicenter studies, species-specific MLST
typing schemes have been developed; for S. aurantiacum,
comprising the following genetic loci: ACT, CAL, EFliq,
RBP2, SOD2, and B-TUB (Meyer et al., unpublished data);
and S. apiospermum and Pseudallescheria boydii, comprising
the following genetic loci: ACT, CAL, RPB2, SOD2 and BT2
(Tintelnot et al., unpublished data). These databases can be
accessed at http://mlst.mycologylab.org for allele and
sequence type identification. As their main use is in
epidemiological studies rather than for routine clinical
species identification, they will not be discussed in detail
herein. For further information see Ruiz-Diez et al. [56],
Harun et al. [57], Delhaes et al. [16¢], and the review by
Cortez et al. [7].

Conclusion

Clinicians rely substantially on the clinical mycology
laboratory to assist with the diagnosis of Scedosporium/
Pseudallescheria infections. Visualization of the organ-
ism, although non-specific, is helpful in establishing cer-
tainty of diagnosis. Culture-based methods have recently
seen increased utility, with the use of selective media to
increase the yield of Scedosporium from non-sterile sites
such as the respiratory tract. Molecular methods comple-
ment the culture methods, of which direct detection by
PCR-based methods deserve more study. DNA sequenc-
ing, RCA, and MALDI TOF MS lend themselves as
options for species identification of cultured isolates.
Systematic comparison of all these approaches is necessary
to quantify their utility in diagnosis.
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