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Abstract

“Engyodontium album” is an environmental saprobic mould and an emerging oppor-
tunistic pathogen able to cause both superficial and systemic infections. In this study, we
isolated a mould from the skin lesion biopsy specimen of the right shin in a patient who
received renal transplantation for end-stage renal failure with prednisolone, tacrolimus,
and azathioprine immunosuppressant therapy. Histology of the skin biopsy showed mild
squamous hyperplasia and neutrophilic infiltrate in the epidermis, active chronic inflam-
mation in the dermis, and fat necrosis in the subcutis, with numerous fungal elements
within the serum crusts. On Sabouraud glucose agar, the fungus grew as white, cobweb-
like, floccose colonies. Microscopically, conidiogenous cells were arranged in whorls of
one to seven at wide angles, with zigzag-shaped terminal fertile regions and smooth,
hyaline, oval, apiculate conidia. DNA sequencing showed the mould isolate belonged to
“E. album” but matrix-assisted laser desorption ionisation-time of flight mass spectrom-
etry (MALDI-TOF MS) failed to identify the isolate. Phylogenetic analyses based on the
internal transcribed spacer region, 28S nuclear ribosomal DNA, and g-tubulin gene and
MALDI-TOF MS coupled with hierarchical cluster analysis showed that “E. album” is dis-
tantly related to other Engyodontium species and should be transferred to a novel genus
within the family Cordycipitaceae, for which the name Parengyodontium album gen. et
comb. nov. is proposed. Three potential cryptic species within this species complex were
also revealed. Antifungal susceptibility testing showed posaconazole and voriconazole
had high activities against all clinical P album isolates and may be better drug options
for treating P album infections.
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All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

i i

i)

699

20z Iudy 0z uo 1senb Aq 9/52222/669/L/vS/@10IE/AWw/ w00 dno-olwapeoe)/:sdny Wwoly papeojumoq


mailto:pcywoo@hku.hk
mailto:skplau@hku.hk
mailto:journals.permissions@oup.com

700

Medical Mycology, 2016, Vol. 54, No. 7

Key words: Parengyodontium, Parengyodontium album, Engyodontium album, cutaneous hyalohyphomycosis, cryptic

species, Cordycipitaceae.

Introduction

The genus Engyodontium was established in 1972 to ac-
commodate fungi that form white, cottony, cobweb-like
colonies with subverticillate to verticillate conidiophores
and produce small, hyaline, and one-celled conidia.! Mem-
bers of this genus are considered to display features inter-
mediate between Verticillium and Aphanocladium.> After
several taxonomical changes, Engyodontium currently con-
tains four species, namely, E. parvisporum (type species),
E. album, E. geniculatum, and E. rectidentatum.*> Two
of them, E. parvisporum and E. geniculatum, tend to have
an affinity to arthropod hosts.> On the other hand, being
the most commonly encountered species among all the four
members of Engyodontium, E. album is an environmental
saprobe and it can be isolated from marine sediments,*~
plant materials,” soil,® and walls/paintings.”°

One important feature of E. album is its ability to pro-

511 and this characteristic

duce different kinds of proteases,
of the fungus has long been utilized in the biotechnology
industry for the mass production of proteinase K. The pro-
teolytic and keratinolytic activities of E. album make it an
opportunistic human pathogen.'?>'2 Moreover, E. album
is able to produce cytotoxic polyketides, which have been
demonstrated to inhibit vascular endothelial cell growth
factor (VEGF) signalling and exhibit cytotoxicity against
human histiocytic lymphoma cell line U937.613 This fur-
ther demonstrated the pathogenicity of E. album. Infections
caused by E. album in human are emerging and include

14,15 cerebritis,’® eczema vesiculo-

19,20

breast granulomatosis,
sum,'® endocarditis,'”»!® fungaemia,'? and keratitis.
Recently, it was also reported that E. album could cause
fatal infections in spiders.*!

In 2012, we isolated a mould from the biopsy specimen
of a crusted skin lesion at the right shin of a patient. Mi-
croscopic examination of the fungal culture and internal
transcribed spacer (ITS) sequencing showed that it should
belong to E. album. However, further genotypic and
matrix-assisted laser desorption ionisation—time of flight
mass spectrometry (MALDI-TOF MS) analyses of the fun-
gal isolate, additional E. album reference strains and other
Engyodontium species suggested that E. album is phyloge-
netically and chemotaxonomically distinct from other mem-
bers of Engyodontium. Therefore, we propose to transfer
this fungal species to the novel genus, Parengyodontium
gen. nov., with the new name Parengyodontium album
comb. nov. describing this fungus. Its characterizations also

revealed that the P. album species complex may actually
contain three different cryptic species.

Materials and methods

Patient and strains

Clinical specimens were collected and handled according to
standard protocols, and were cultured on Sabouraud glu-
cose agar (SGA) (Oxoid, UK) supplemented with chloram-
phenicol (50 ug/ml) (Sigma-Aldrich, St. Louis, MO, USA) at
30 °C to obtain the case isolate HKU48. Clinical data were
collected by retrieving and analysing the hospital record
of the patient. Thirteen other E. album reference strains,
ten of which from human/veterinary origins, were obtained
from the Agricultural Research Service (ARS) Culture Col-
lection (NRRL), Department of Agriculture, USA; Centraal-
bureau voor Schimmelcultures of the Royal Netherlands
Academy of Arts and Sciences (CBS-KNAW Fungal Biodi-
versity Centre), the Netherlands; Mycology Laboratory of
the Institute of Hygiene and Epidemiology (IHEM), Bel-
gian Coordinated Collections of Microorganisms (BCCM),
Belgium; and University of Alberta Microfungus Collection
and Herbarium (UAMH), Canada. In addition, reference
strains of other Engyodontium or closely related species
were obtained from CBS and IHEM (Table 1). The ref-
erence strains Issatchenkia orientalis (synonym: Candida
krusei) ATCC 62587 and C. parapsilosis ATCC 220197
were obtained from the American Type Culture Collection

(ATCC), USA.

Phenotypic characterisations

The fungal isolate HKU48 and other reference strains were
cultured on Czapek’s agar (CZA) (homemade),?? malt ex-
tract agar (MEA) (Oxoid), potato dextrose agar (PDA) (BD
Diagnostic Systems, Sparks, MD, USA), and SGA [all sup-
plemented with chloramphenicol (50 ug/ml)] for exami-
nation of colony characteristics. Microscopic characteris-
tics were observed for cultures grown on home-made tap
water agar by both direct examination of the agar plates
and the agar block smear preparation method.?3 HKU48
was also microscopically examined by scanning electron
microscopy (SEM), performed according to our previous

publication.?*
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Table 1. Information of fungal strains characterized in this study.
Species Strain® Isolation source ITS 28S nrDNA B-tubulin
Parengyodontium
album comb. nov.
Subclade 1 HKU48 Human skin biopsy L.C092879 LC092898 LC092917
CBS 504.83ET Human brain abscess LC092880 LC092899 LC092918
CBS 570.71 Human LC092881 LC092900 LC092919
CBS 836.71 Pea LC092882 LC092901 LC092920
CBS 121919 Uncontrolled diabetic LC092883 LC092902 LC092921
patient with conjunctivitis
UAMH 1441 Human skin LC092884 LC092903 LC092922
UAMH 10043 Broodmare pleural fluid LC092885 LC092904 1L.C092923
NRRL 2312 Soil LC092886 LC092905 LC092924
Subclade 2 IHEM 4198 Human ear secretions LC092887 LC092906 LC092925
UAMH 4512 Human eye wound LC092888 LC092907 LC092926
UAMH 8313 Human blood LC092889 LC092908 LC092927
UAMH 11234 Human bioprostheric valve LC092890 LC092909 LC092928
Subclade 3 CBS 368.72 Fresco LC092891 LC092910 LC092929
UAMH 9836 Human bronchoscopy LC092892 LC092911 L.C092930
specimen
Engyodontium CBS 206.74 Air LC092893 LC092912 LC092931
rectidentatum
CBS 547.82 N/AP LC092894 LC092913 L.C092932
CBS 641.74 Buried keratinous LC092895 LC092914
substance
Engyodontium IHEM 22910 Indoor contamination LC092896 LC092915 LC092933
parvisporum
Lecanicillium tenuipes CBS 658.80 Spider LC092897 LC092916 LC092934

2CBS, Centraalbureau voor Schimmelcultures of the Royal Netherlands Academy of Arts and Sciences, the Netherlands; HKU, the University of Hong Kong,

Hong Kong; IHEM, Mycology Laboratory of the Institute of Hygiene and Epidemiology, Belgian Coordinated Collections of Microorganisms, Belgium; NRRL,

Agricultural Research Service Culture Collection, Department of Agriculture, the United States of America; UAMH, the University of Alberta Microfungus

Collection and Herbarium, Canada.
PN/A, not available.

DNA extraction, ITS, partial 28S nrDNA, and
partial g-tubulin gene sequencing, sequence
identity analyses and phylogenetic analyses

Extraction of fungal DNA, polymerase chain reaction
(PCR), and sequencing of the ITS, partial 28S nuclear ri-
bosomal DNA (nrDNA), and partial B-tubulin gene for
the case isolate HKU48 and the reference strains were
carried out following our previous publication?® with
the primer pairs ITS1?¢ and ITS4%¢ (ITS), NL1?7 and
NL427 (28S nrDNA), as well as Bt2a?® and Be2b?® (8-
tubulin gene). The DNA sequences obtained, together with
those of other closely related species accessioned in the
DDBJ/ENA/GenBank databases, were then compared by
pairwise alignment using BioEdit 7.2.0.2° These sequences
were also analysed by multiple sequence alignment using
MUSCLE 3.8.3% After end-trimming, divergent or poorly
aligned regions of the DNA sequences were removed us-
ing Gblocks 0.91b3!3? with relaxed parameters. Tests
for substitution models and phylogenetic tree construction
were performed by the maximum likelihood method us-

ing MEGA 6.0.6.33 Phylogenetic analyses at the Cordy-
cipitaceae family level3* included 347 and 404 nucleotide
positions of the ITS and partial 285 nrDNA, respectively;
while phylogenetic analyses at the “E. album” isolates level
included 416, 458, and 314 nucleotide positions of the ITS,
partial 28S nrDNA, and partial B-tubulin gene, respectively.
A phylogenetic tree was also constructed using the concate-
nated sequences of the ITS, partial 28S nrDNA, and par-
tial B-tubulin gene (1,410 nucleotide positions) of the “E.
album” isolates and other closely related strains.

MALDI-TOF MS

MALDI-TOF MS was performed using the microflex LT
system (Bruker Daltonics, Germany) by the formic acid ex-
traction method according to the manufacturer’s instruc-
tion and our previous publication.”* The Filamentous Fungi
Library v1.0 (Bruker Daltonics) database was used for
fungal identification. Furthermore, for each fungal strain
the mass spectra produced were processed and integrated
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Figure 1. Photomicrographs of the biopsied right shin skin lesion. (a) Mild squamous hyperplasia and neutrophilic infiltrate in the epidermis with active
chronic inflammation in the dermis (hematoxylin-eosin stain, original magnification 200x). (b) Fat necrosis associated with neutrophilic infiltrate
in the subcutis (hematoxylin-eosin stain, original magnification 400x). (c) Serum crusts enmeshing degenerated inflammatory cells (hematoxylin-
eosin stain, original magnification 40x). (d) Numerous septate fungal hyphae within the serum crusts (Grocott's methenamine silver stain, original

magnification 400x).

to generate a mass spectrum profile (MSP) using MALDI
Biotyper 3.1 (Bruker Daltonics), and the MSPs of all
the strains were then characterised by hierarchical cluster
analysis (HCA) to generate a dendrogram using MALDI
Biotyper 3.1.

Antifungal susceptibility test

The in vitro susceptibilities of E. album strains of clini-
cal origins to nine different antifungal drugs were tested
using the Sensititre YeastOne plates (Trek Diagnostic Sys-
tems, UK) according to the manufacturer’s protocol for As-
pergillus species and our previous publication.?® The plates
were incubated at 30 °C or 35 °C, and the results were
recorded after 72 hours of incubation, except that the re-
sults for IHEM 4198 and UAMH 8313 were read after 96
hours of incubation due to their slow growth at 35 °C. The
reference strains I. orientalis ATCC 62587 and C. parap-
silosis ATCC 22019" were used as quality controls.

Data availability

The ITS, partial 28S nrDNA, and partial B-tubulin gene
sequences of HKU48 and the reference strains have been
deposited in the DDBJ/ENA/GenBank databases with the

accession numbers LC092879-1.C092934 (Table 1). The
ITS sequences of HKU48 and the reference strains were
also deposited in the International Society for Human
and Animal Mycology (ISHAM) ITS Database®® (freely
available at http://its.mycologylab.org/) with the sequence
unique identifiers MITS3582-MITS3600. The MALDI-
TOF MSPs of HKU48 and the reference strains have
been deposited in the Spectra database, the Public Health
Agency of Sweden (Folkhilsomyndigheten) (freely available
at http://spectra.folkhalsomyndigheten.se/spectra/).

Results

Patient

A 60-year-old Chinese man complained of a crusted skin le-
sion over the right shin that has lasted for two months prior
to the present admission for management of nontyphoidal
Salmonella mycotic aneurysm at the infra-renal abdomi-
nal aorta. The patient had undergone renal transplantation
for end-stage renal failure 10 years prior to admission and
was on multiple maintenance immunosuppressants includ-
ing prednisolone, tacrolimus, and azathioprine. His other
infective complications after the renal transplantation in-
cluded recurrent urinary tract infections, cytomegalovirus
reactivation, and herpes zoster. Physical examination
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Figure 2. Macro- and microscopic morphology of Parengyodontium album. (a) Colony surface of HKU48 on SGA after 14 d of incubation at
25 °C. (b) Conidiogenous cells arranged in whorls of smooth-walled conidiophores (direct examination, original magnification 100x). (c) Whorl of
conidiogenous cells (mounted with 5% KOH and calcofluor white stain, original magnification 1,000x). (d) Conidia smooth, hyaline, oval, apiculate,
and produced at each bent point of the zigzag rachides. (SEM, scale bar =5 um).

revealed a 5 cm x 4 cm x 3.5 cm, crusted, nontender le-
sion with overlying inflammatory skin changes at the right
shin. There was no bleeding or ulceration. Laboratory tests
showed leukopenia (2.9 x 10%/l; reference range: 3.7-9.2
x 10°/1) with marked lymphopenia (0.1 x 10°/1; reference
range: 1.0-3.1 x 10°/1), hypoalbuminaemia (24 g/l; refer-
ence range: 35-52 mmol/l), and normal liver function tests
and serum creatinine levels. Biopsy of the lesion showed
mild squamous hyperplasia and neutrophilic infiltrate in
the epidermis and active chronic inflammation in the dermis
(Fig. 1a), fat necrosis associated with neutrophilic infiltrate
in the subcutis (Fig. 1b), and serum crusts enmeshing de-
generated inflammatory cells (Fig. 1c). Numerous septate
fungal hyphae were identified within the serum crusts in
the Grocott’s methenamine silver-stained section (Fig. 1d).
Gram and Ziehl-Neelsen stains did not show any bacte-
ria or acid-fast bacilli. Culture of the biopsied tissue and
skin swab revealed tiny, white, cottony mould colonies at
the primary inoculation sites after three days of incuba-
tion at 30 °C on SGA supplemented with chloramphenicol.
The fungal isolate (HKU48) was cryopreserved at —80 °C
for further characterisation, and it was also deposited into

the Biological Resource Center, National Institute of Tech-
nology and Evaluation (NBRC), Japan, with the accession
number NBRC 111624; as well as the National Collection
of Pathogenic Fungi (NCPF), Public Health England (PHE)
Mycology Reference Laboratory, UK, with the accession
number NCPF 7880. No bacteria or mycobacteria were iso-
lated. The patient was treated with oral itraconazole 200 mg
twice daily. However, he developed nosocomial pneumonia
with acute respiratory failure after prolonged hospitalisa-
tion. He succumbed two months after hospitalisation.

Phenotypic characterisations

The colonies of HKU48 on CZA, MEA, PDA, and SGA
were similar in morphology and were white, cobweb-like,
floccose, and velvety to downy, with radial folding. No
diffusing pigment was observed on all these culture media
(Fig. 2a). Microscopically, hyphae were septate. Conidio-
phores were smooth-walled and possessed many verticil-
late side branches, having conidiogenous cells arranged in
whorls of one to seven at wide angles which were occasion-
ally biverticillate (Fig. 2b). Each conidiogenous cell had an
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Figure 3. Colony reverses of different Parengyodontium album strains on PDA after 14 d of incubation at 25 °C exhibiting different colours.
(a) Strain HKU48 (white). (b) Strain CBS 504.83FT (subclade 1, orange-brown). (c) Strain UAMH 8313 (subclade 2, dark brown). (d) Strain CBS 368.72

(subclade 3, white).

elongated basal part, which tapered toward the tip with a
zigzag rachis (Fig. 2¢). Smooth, hyaline, oval, and apicu-
late conidia were produced at each bent point of the zigzag
rachises (Fig. 2d). No growth was observed at temperatures
at or above 32 °C.

Among HKU48 and other E. album reference strains,
different colours of colony reverses were observed when
cultured on PDA. The colony reverses on PDA of strains
HKU48, CBS 368.72, and UAMH 9836 were white; those
of strains CBS 504.83ET, CBS 570.71, CBS 836.71, CBS
121919, UAMH 1441, UAMH 10043, and NRRL 2312
were orange-brown (intermediate); while those of strains
IHEM 4198, UAMH 4512, UAMH 8313, and UAMH
11234 were dark brown in colour (Fig. 3). Such intra-
species colour variation of colony reverses was not observed
on the other culture media used.

ITS, partial 28S nrDNA and partial g-tubulin gene
seguencing, sequence identity analyses and
phylogenetic analyses

PCR of the ITS, partial 28S nrDNA, and partial
B-tubulin gene of HKU48 and the reference strains
yielded DNA products with lengths of about 550 bp,

550 bp, and 300 bp, respectively. Pairwise alignment
showed the ITS sequence of HKU48 possessed 96.0-100%
sequence identities to other E. album strains, but only 88.1-
88.8% sequence identities to other Engyodontium species;
the partial 28S nrDNA sequence of HKU48 possessed 99.3—
100% sequence identities to other E. album strains, but only
96.7-96.9% sequence identities to other Engyodontium
species; and the partial B-tubulin gene sequence of HKU48
possessed 93.6-100% sequence identities to other E. al-
bum strains, but only 83.4-85.6% sequence identities to
other Engyodontium species. Phylogenetic analyses based
on the ITS and partial 285 nrDNA showed that HKU48 was
grouped into a highly supported cluster together with other
E. album strains (Fig. 4). This E. album cluster was the
most closely related to Lecanicillium kalimantanense and
L. wallacei, but it was also shown to be distinctly related
to other Engyodontium species phylogenetically (Fig. 4),
suggesting that E. album should be transferred to a novel
genus in the family Cordycipitaceae. Moreover, phyloge-
netic analyses based on the ITS, partial 28S nrDNA, and
partial B-tubulin gene showed that although all the E. al-
bum strains were grouped in a single monophyletic cluster,
they were separated into three distinct subclades (Fig. 5 and
Suppl. Fig. S1).
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a _ ITS Parengyodontium album NRRL 2312 (LC092886)
Parengyodontium album CBS 504.83FT (LC092880)
Parengyodontium album HKU48 (LC092879)
Parengyodontium album W1303-100M12 (KP136765)
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Parengyodontium album AHF 18S (KC311469)
Parengyodontium album OUCMBI110158 (KP269065)
Parengyodontium album 70/15 (KM036091)
Parengyodontium album 0511TES11K8 (LN808961)
63| Parengyodontium album 60/16 (KM036090)
M Parengyodontium album 0911TES41N1 (LN809073)
Parengyodontium album 0911TES11K5 (LN808974)
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Parengyodontium album UAMH 8313 (LC092889)
Parengyodontium album UAMH 11234 (LC092890)
Parengyodontium album IHEM 4198 (LC092887)
Parengyodontium album ITS-29 (KC466550)
Parengyodontium album UAMH 1441 (LC092884)
Parengyodontium album UAMH 10043 (LC092885)
Parengyodontium album CBS 836.71 (LC092882)
Parengyodontium album 1734 (AM262419)
_ 211 Parengyodontium album 124/40 (KM036092)
Parengyodontium album NBRC 32828 (AB106650)
Parengyodontium album MC A31 (HQ115665)
Parengyodontium album 1111ARD19S1 (LN808870)
Parengyodontium album 1111ARD7G1 (LN808869)
Parengyodontium album 1111ARD4D1 (LN808868)
Parengyodontium album A155-6 (K]767113)
Parengyodontium album A1S5-4 (K]767112)
Parengyodontium album MCA2502B NM (DQ649066)
66 Parengyodontium album LVPEL.H1584_10 (JX868630)
M Parengyodontium album 0312MAR16P2 (LN808941)
Parengyodontium album 0911MAR12L3 (LN808904)
Parengyodontium album UAMH 9836 (LC092892)
Parengyodontium album A156-6 (K]767115)
Parengyodontium album A1S5-8 (K]767114)
Parengyodontium album IDR1100017149 (JN638800)
Parengyodontium album 1066 (AM921716)
Parengyodontium album CBS 368.72 (LC092891)
Parengyodontium album BL07-41 (JX076935)
Lecanicillium kalimantanense BTCC-F23T (NR_121200)
99— Lecanicillium wallacei CBS 1012377 (NR_111267)
— | <‘7ﬂr Lecanicillium aphanocladii CBS 376.77 (AJ)292431)
L

Parengyodontium album Subclade 1

Parengyodontium album Subclade 1

B

O
=

Parengyodontium album Subclade 3

ecanicillium dimorphum CBS 363.867 (NR_111101)
Lecanicillium saksenae CBS 532.817 (JN049846)
951 Beauveria caledonica ARSEF 25677 (HQ880817)
Beauveria vermiconia ARSEF 29227 (HQ880822)
Beauveria amorpha ARSEF 26417 (NR_111601)
Cordyceps locustiphila TS881 (JQ958606)
Beauveria asiatica ARSEF 48507 (NR_111596)
Beauveria malawiensis IMI 2283437 (DQ376247)
Beauveria brongniartii ARSEF 6177 (HQ880782)
Beauveria pseudobassiana ARSEF 34057 (NR_111598)
Beauveria kipukae ARSEF 70327 (NR_111600)
Beauveria lii ARSEF 117417 (NR_111678)
Beauveria varroae ARSEF 82577 (NR_111599)
Beauveria bassiana ARSEF 15647 (NR_111594)
Beauveria sungii ARSEF 16857 (NR_111602)
79— Cordyceps scarabaeicola ARS 5689 (AY245639)

61

VoW

Figure 4. Phylogenetic trees showing the relationship of Parengyodontium album to its closely related species of the family Cordycipitaceae.®* The
trees were inferred from (a) ITS and (b) partial 28S nrDNA sequence data by the maximum likelihood method with the substitution models K2
(Kimura 2-parameter model) + G (gamma-distributed rate variation) + | (estimated proportion of invariable sites) and T92 (Tamura 3-parameter
model) + G + |, respectively. The scale bars indicate the estimated numbers of substitutions per base. Numbers at nodes indicate levels of bootstrap
support calculated from 1,000 replicates, and values lower than 60 are not shown. All names and accession numbers are given as cited in the
DDBJ/ENA/GenBank databases.
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Figure 4. Continued.
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Lecanicillium longisporum IMI 0211677 (NR_111095)
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Lecanicillium lecanii IMI 331550RT (EF513009)
— Lecanicillium psalliotae CBS 100172 (AJ292390)
92 Cordyceps militaris OSC 93623 (JN049825)
Cordyceps roseostromata ARS 4870 (AY245637)
Cordyceps hepialidicola (AF315649)
Lecanicillium nodulosum IMI 338014R (EF513012)
100 Cordyceps ninchukispora BCC 1422 (FJ765278)
Cordyceps pruinosa ARSEF 5413 (J]N049826)
88| Isaria amoenerosea CBS 107.73 (AY624168)
Isaria cateniobliqua CBS 153.83T (NR_111170)
Evlachovaea kintrischica ARSEF 72187 (EU553278)
67| |Isaria locusticola GZUIFR-fjT (EU363501)
Akanthomyces koratensis BCC 01485 (GQ250010)
67|Isaria javanica CBS 134.22T (NR_111172)
Isaria poprawskii TX (DQ403724)

Lecanicillium araneicola NBRC 1054077 (NR_121208)

Lecanicillium aranearum CBS 726.73AT (NR_111103)

<{Lectmicillium tenuipes CBS 658.80 (LC092897)

‘Engyodontium rectidentatum’ MUT 5478 (KM264289)
Lecanicillium tenuipes CBS 309.85 (AJ292391)
Engyodontium parvisporum IHEM 22910 (LC092896)
Engyodontium rectidentatum CBS 641.74 (LC092895)
Engyodontium rectidentatum CBS 547.82 (LC092894)
Engyodontium rectidentatum CBS 206.74 (LC092893)
Lecanicillium antillanum CBS 350.857 (NR_111097)
99 Lecanicillium acerosum CBS 418.81T (NR_111268)

— Lecanicillium primulinum JCM 185257 (NR_119418)
Torrubiella ratticaudata ARSEF 1915 (JN049837)
Akanthomyces websteri BCC 23860 (GQ250009)
Akanthomyces cinereus BCC 02191 (GQ250000)
Akanthomyces arachnophilus BCC 17655 (GQ249995)
93— Akanthomyces novoguineensis BCC 22910 (GQ250003)
Lecanicillium flavidum CBS 342.80T (NR_111266)
751 Lecanicillium fungicola var. fungicola CBS 992.697 (NR_119653)

98’ Lecanicillium fungicola var. aleophilum CBS 357.807 (NR_111064)

Simplicillium chinense LC13457 (JQ410324)

l': Simplicillium lamellicola CBS 116.25T (NR_111098)
69 Simplicillium sympodiophorum JCM 18184 (NR_111027)
[~ Simplicillium lanosoniveum CBS 704.86 (AJ292396)
89| Simplicillium aogashimaense JCM 181677 (NR_111026)
[~ Simplicillium obclavatum CBS 311.74T (NR_111099)
93 simplicillium minatense JCM 181767 (NR_111025)
Simplicillium subtropicum JCM 181807 (NR_111024}

64
98

Simplicillium cylindrosporum JCM 181697 (NR_111023)

Hypocrea lutea GJS 89-129 (AF275339)

Cordyceps spegazzinii PCO.59 (HQ248195)

Akanthomyces aculeatus BCC 17075 (GQ250011)

Isaria coleopterorum CBS 110.73 (AY624177)

Engyodontium Clade

MALDI-TOF MS

None of the fungal strains characterised in this study
(HKU48, additional E. album reference strains, and other
Engyodontium species) could be identified by MALDI-TOF
MS, which was probably due to a lack of their reference pro-
tein mass spectra in the Bruker Daltonics Filamentous Fungi
Library v1.0 MS database. HCA of the protein mass spec-

tra of HKU48, additional E. album reference strains, and
other Engyodontium species showed that all the E. album
strains characterised were grouped separately from other
Engyodontium species (Fig. 6). Within the E. album cluster
all the strains were grouped into three distinct subclades
which corresponded to those observed in the phylogenetic
trees (Fig. 6).
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Parengyodontium album CBS 836.71 (LC092901)
Parengyodontium album CBS 121919 (LC092902)
Parengyodontium album CBS 570.71 (LC092900)
Parengyodontium album CBS 504.83€T (LC092899)
Parengyodontium album UAMH 8313 (LC092908)
Parengyodontium album IHEM 4198 (LC092906)
Parengyodontium album UAMH 1441 (LC092903)
Parengyodontium album UAMH 10043 (LC092904)
Parengyodontium album UAMH 4512 (LC092907)
[— Parengyodontium album UAMH 11234 (LC092909)
Parengyodontium album NRRL 2312 (LC092905)
76 Parengyodontium album AHF (KC311469)

— Parengyodontium album BTMF S10 (DQ872371)
Parengyodontium album HKU48 (LC092898)
Parengyodontium album NRRL 28022 (AF049167)
Parengyodontium album CBS 368.72 (LC092910)
Parengyodontium album NBRC 32828 (NBRC Seq ID: 03282801}
Parengyodontium album UAMH 9836 (LC092911)
Lecanicillium kalimantanense BTCC-F23T (AB360356)
96 ' Lecanicillium wallacei CBS 1012377 (AY184967)
Lecanicillium primulinum JCM 185257 (AB712263)

b - 285 nrDNA

95

L | I— Simplicillium chinense LC1345T (JQ410322)

— Lecanicillium psalliotae NRRL 26542 (AF049177)
Cordyceps tuberculata OSC 111002 (DQ518767)
Lecanicillium aranearum CBS 726.73AT (AF339537)
Isaria farinosa (DQ067297)
Lecanicillium fusisporum CBS 164.707 (AF339549)
Lecanicillium lecanii NRRL 28023 (AF049176)
Lecanicillium antillanum CBS 350.85T (AF339536)
Hyperdermium pulvinatum (AF242353)
Engyodontium parvisporum IHEM 22910 (LC092915)
Lecanicillium tenuipes CBS 658.80 (LC092916)
Lecanicillium tenuipes CBS 309.85 (AF339526)
Engyodontium rectidentatum CBS 206.74 (LC092912)
Engyodontium rectidentatum CBS 547.82 (LC092913)
Engyodontium rectidentatum CBS 641.74 (LC092914)
Microhilum oncoperae ARSEF 4358AUT (AF339532)

95 Cordyceps roseostromata ARSEF 4871 (AF339523)

—i Cordyceps kyusyuensis EFCC 5886 (EF468813)

Cordyceps militaris OSC 93623 (AY184966)

99| Cordyceps staphylinidicola ARSEF 5718 (EF468836)
—S?’Meria bassiana ATCC MYA-4886 (JQ906767)
Cordyceps locustiphila TS881 (JQ895535)

[ Cordyceps scarabaeicola ARSEF 5689 (AF339524)
Akanthomyces koratensis BCC 01485 (GQ249981)
941~ Cordyceps ninchukispora BCC 1422 (F)765246)
Cordyceps pruinosa ARSEF 5413 (AY184968)
Cordyceps spegazzinii MYA 3684 (DQ196435)
_ﬁlsaﬂa coleopterorum CBS 110.73 (JF415988)
Cordyceps bifusispora ARSEF 5690 (AF339521)
Cordyceps takaomontana Cortak1504 (KC610756)
89— Cordyceps ochraceostromata ARSEF 5691 (EF468819)
_r[sariafumosorosea ATCC MYA-4887 (JQ906768)
Isaria tenuipes ARSEF 5135AYT (JF415980)
98— Ascopolyporus polychrous P.C. 546 (DQ

IAsco,m)lyporus villosus ARSEF 6355 (AY886544)
Ascopolyporus philodendrus ARSEF 7354 (AY886545)
Hyperdermium bertonii (AF242354)

iyp
Akanthomyces aculeatus BCC 17075 (GQ249983)

99 E Akanthomyces cinereus
78

Akanthomyces websteri

0.02

Figure 4. Continued.

Parengyodontium album Subclades 1 & 2

Parengyodontium album Subclade 3

74 Simplicillium lanosoniveum CBS 704.86 (AF339553)
95|—|:implicillium obclavatum CBS 311.74T (HQ232175)

Simplicillium lamellicola CBS 116.25T (AF339552)

Engyodontium Clade

118737)

BCC 02191 (GQ249971)
BCC 23860 (GQ249979)

kanthomyces arachnophilus BCC 17655 (GQ249977)
99 Akanthomyces novoguineensis BCC 22910 (GQ249974)
Hypocrea lutea ATCC 208838 (AF543791)

99 AI——‘_ Torrubiella ratticaudata ARSEF 1915 (DQ518777)
A

Antifungal susceptibilities of clinical E. album
strains

The in vitro susceptibilities of the clinical E. album strains
to nine different antifungal agents are listed in Table 2.
All of the clinical strains have high MICs to flucytosine

and fluconazole, and most clinical strains have low MICs
to posaconazole and voriconazole. Most clinical strains of
subclade 1 of E. album have high MICs to itraconazole. In
the contrary, all clinical strains of subclades 2 and 3 of E.
album have low MICs to itraconazole.
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Parengyodontium album UAMH 1441 (LC092884/L.C092903/LC092922)
62 Parengyodontium album UAMH 10043 (LC092885/LC092904/LC092923)
Parengyodontium album CBS 836.71 (LC092882/LC092901/LC092920)
Parengyodontium album CBS 121919 (LC092883/LC092902/L.C092921)
9 Parengyodontium album CBS 504.83ET (LC092880/LC092899/LC092918)
Parengyodontium album HKU48 (LC092879/LC092898/LC092917)

Parengyodontium album CBS 570.71 (LC092881/LC092900/LC092919)
100

Pareng ium album NRRL 2312 (LC092886/LC092905/L.C092924)

100 - Parengyodontium album CBS 368.72 (LC092891/LC092910/LC092929)
Parengyodontium album UAMH 9836 (LC092892/LC092911/LC092930)
Parengyodontium album UAMH 4512 (LC092888/LC092907/LC092926)
Parengyodontium album UAMH 8313 (LC092889/L.C092908/LC092927)

99 t Parengyodontium album IHEM 4198 (LC092887/LC092906/LC092925)
Parengyodontium album UAMH 11234 (LC092890/LC092909/LC092928)
Lecanicillium tenuipes CBS 658.80 (LC092897/LC092916/LC092934)

Engyodontium parvisporum IHEM 22910 (LC092896/LC092915/LC092933)

Engyodontium rectidentatum CBS 206.74 (LC092893/LC092912/LC092931)

86 L Engyodontium rectidentatum CBS 547.82 (LC092894/LC092913/LC092932)

P. album
Subclade 1

P. album

Subclade 3

P. album
Subclade 2

0.01

Isaria coleopterorum CBS 110.73 (AY624177/JF415988/AY624216)

Figure 5. Phylogenetic tree showing the relationship of Parengyodontium album to Engyodontium and other closely related species. The tree was
inferred from the concatenated ITS, partial 28S nrDNA, and partial g-tubulin sequence data by the maximum likelihood method with the substitution
model TN93 (Tamura-Nei model) + G. The scale bar indicates the estimated number of substitutions per base. Numbers at nodes indicate levels of
bootstrap support calculated from 1,000 trees and bootstrap values lower than 60 are not shown. All names and accession numbers are given as

cited in the DDBJ/ENA/GenBank databases.

4{

1 1 1 1 1 1 I

Lecanicillium tenuipes CBS 658.80
— Engyodontium rectidentatum CBS 641.74
Engyodontium rectidentatum CBS 547.82
Engyodontium parvisporum IHEM 22910
Engyodontium rectidentatum CBS 206.74
[ UAMH 9836 | Parengyodontium album
L |cBS368.72 Subclade 3
HKU48
{ UAMH 1441
NRRL 2312
CBS570.71 Parengyodontium album
CBS 836.71 Subclade 1
E UAMH 10043
CBS 504.83¢T
CBS 121919
T UAMH 11234
UAMH 8313 Parengyodontium album
% UAMH 4512 Subclade 2
IHEM 4198
1 L

1000 900 800 700 600 500 400

Distance level (Arbitrary unit)

300 200 100 0

Figure 6. Dendrogram generated from hierarchical cluster analysis of MALDI-TOF mass spectra of Parengyodontium album, Engyodontium species,

and related species.

Taxonomy

Parengyodontium C.-C. Tsang, J.EW. Chan,
W.-M. Pong, J.H.K. Chen, A.H.Y. Ngan, M.
Cheung, C.K.C. Lai, D.N.C. Tsang, S.K.P. Lau,
P.C.Y. Woo, gen. nov.

Mycobank accession number: MB 815049. Type species:
Parengyodontium album. Etymology: name refers to the
Engyodontium-like morphology of this group of fungi.

Colonies white, cobweb-like, lanose to floccose, vel-
vety to downy, without diffusing pigment. Hyphae sep-
tate. Conidiophores erect or procumbent, bearing numer-
ous whorls of conidiogenous cells. Basal part of conidio-
genous cells elongated and tapering, and terminal fertile
region zigzag in shape. Conidia smooth, hyaline, globose to
subglobose, apiculate, and produced at each bent point of
the zigzag rachides.
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Table 2. Minimum inhibitory concentrations of different antifungal agents against clinical Parengyodontium album isolates.

MICs (ug/ml)

Subclade (Incubation

temperature) Strain AND CAS MF FC FZ 1z Pz VO AB

Subclade 1 (30 °C) HKU48 1 1 2 >64 >256 >16 0.25 0.5 2
CBS 504.83FT 0.5 0.5 4 >64 >256 >16 0.5 1 >8
CBS 570.71 1 1 2 >64 >256 >16 0.5 2 4
CBS 121919 2 2 4 >64 64 0.12 0.12 0.25 4
UAMH 1441 1 1 2 >64 >256 >16 2 4 8
UAMH 10043 2 2 8 >64 >256 >16 2 4 4

Subclade 2 (35 °C) IHEM 4198 2 2 8 >64 32 0.25 0.12 0.06 4
UAMH 4512 4 4 8 >64 128 0.25 0.25 0.12 2
UAMH 8313 2 2 4 >64 8 0.03 0.03 0.03 2
UAMH 11234 >8 8 >8 >64 128 0.25 0.06 0.06 <0.12

Subclade 3 (30 °C) UAMH 9836 2 2 4 >64 4 <0.015 0.015 0.03 1

Note: AND, anidulafungin; CAS, caspofungin, MF, micafungin, FC, flucytosine; FZ, fluconazole; IZ, itraconazole; PZ, posaconazole, VO, voriconazole; AB,

amphotericin B.

Parengyodontium album (Limber) C.-C. Tsang,
J.EW. Chan, W.-M. Pong, J.H.K. Chen,

A.H.Y. Ngan, M. Cheung, C.K.C. Lai, D.N.C. Tsang,
S.K.P. Lau, PC.Y. Woo, comb. nov.

Mycobank accession number: MB 815050.

= Tritirachium album Limber, Mycologia 32 : 27. 1940
(basionym).

= Beauveria alba (Limber) Saccas, Revue de Mycologie
13 : 64. 1948.

= Engyodontium album (Limber) de Hoog, Persoonia 10 :
53.1978.

The species description is emended from those given by
Limber (1940),3” de Hoog (1972),'¢ Matsushima (1975),38
de Hoog (1978),! and de Hoog et al (2000).3° Colonies
white, cobweb-like, lanose to floccose, velvety to downy,
without diffusing pigment. On PDA, colony reverse white
to orange-brown to dark brown in colour. Hyphae septate.
Conidiophores erect or procumbent, occasionally biverti-
cillate, bearing numerous (one to seven) whorls of coni-
diogenous cells at wide, often right, angles. Basal part of
conidiogenous cells elongated and tapering (10-24 x 1.5-
2.5 pm), and terminal fertile region zigzag in shape. Whole
conidiogenous cell up to 35 um long. Conidia smooth, hya-
line, globose to subglobose (1.1-2.5 x 1.4-3.2 um), apicu-
late, and produced at each bent point of the zigzag rachides.

Holotype: BPI 414591, from cover of book, Woods
Hole, MA, USA; the specimen is historical and no ex-type
culture or DNA material is available (not examined in this
study). Epitype designated here that supports the holotype
cited above: CBS H-22418 (MBT 203989), from human
brain abscess, Germany. Ex-epitype culture: CBS 504.83FT

(= ATCC 56482FT). Other materials examined: HKU48
(= NBRC 111624 = NCPF 7880), from the biopsy spec-
imen of a crusted skin lesion at the right shin of a hu-
man, Hong Kong; CBS 368.72, from fresco, Romania;
CBS 570.71, from human, the Netherlands; CBS 836.71,
from Pisum sativum (pea), Israel; CBS 121919, from an
uncontrolled diabetic patient with conjunctivitis, India;
IHEM 4198, from human ear secretions, Italy; NRRL 2312,
from dismal swamp soil, USA; UAMH 1441, from human
skin, the Netherlands; UAMH 4512, from a human eye
wound, USA; UAMH 8313, from human blood, Canada;
UAMH 9836, from a human bronchoscopy specimen,
Canada; UAMH 10043, from broodmare pleural fluid,
USA; UAMH 11234, from human bioprosthetic valve,
USA.

Parengyodontium represents a distinct phylogenetic lin-
eage within the family Cordycipitaceae. At the present
time this genus only accommodates one single species, P.
album. Parengyodontium differs from the phylogenetically
most closely related species L. kalimantanense and L. wal-
lacei by having zigzag-shaped ends of conidiogenous cells,
and globose to subglobose, apiculate conidia. Parengy-
odontium also differs from Engyodontium phylogeneti-
cally and chemotaxonomically. Given the historical na-
ture of the holotype specimen and the unavailability of
ex-holotype culture or holotypic DNA material, the des-
ignation of an epitype for this species is necessary. The
strain CBS 504.83%T, belonging to subclade 1, exhibited
features which closely resembled the cultural characters
of the holotype of P. album as described by Limber,3”
and is therefore designated here as the ex-epitype of this
species.
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Discussion

We report the recovery of the isolate HKU48 in pure cul-
ture from the biopsied specimen of a crusted skin lesion
at the right shin of a patient. The clinical importance of
the fungus was demonstrated by the invasion of the fungus
into the skin tissue of the patient and also the inflamma-
tory responses in the biopsied specimen as observed under
histological examination. In addition, mycological culture
of the biopsied specimen yielded fungal colonies at the pri-
mary inoculation sites on all agar plates, which supported
that the isolate was originated from the clinical specimen,
rather than being a mere contaminant. Although there have
only been six reported cases of E. album infection in hu-
mans, infectious diseases due to E. album are emerging,
with more than half of these cases reported within the past
ten years (Table 3).12:1415:17-20 Among the six reported
cases, two patients died of E. album infection, one with
brain abscess, !’ and the other with infective endocarditis.!”

Molecular characterisation suggested a new taxonomic
position for E. album. Sequencing and phylogenetic anal-
yses based on three different DNA regions showed that
HKU48 belonged to “E. album” (Figs. 4 and 5, Suppl.
Fig. S1). Although “E. album” was classified in the genus
Engyodontium based on morphological characterization, it
formed a distinct phylogenetic lineage from other members
of Engyodontium, being most closely related to L. kaliman-
tanense and L. wallacei (Fig. 4). Phylogenetic analyses also
showed that the genus Lecanicillium is polyphyletic, and
the type species of this genus, L. lecanii, is distantly related
to “E. album”, L. kalimantanense, and L. wallacei (Fig. 4).
This suggested that “E. album” should be transferred to a
novel genus within the family Cordycipitaceae, for which
the name Parengyodontium album gen. et comb. nov. is
proposed. Within the species P. album, cryptic species may
also exist. In the phylogenetic trees inferred from the ITS,
partial 285 nrDNA, and partial B-tubulin gene sequence
data, different strains of P. album were grouped into three
different subclades (Fig. 5 and Suppl. Fig. S1). Similarly,
this clustering could also be clearly observed in the den-
drogram generated from the HCA of protein mass spectra
of the P. album strains and related species (Fig. 6). Inter-
estingly, it was also noted that only strains belonging to
subclade 2 of P. album could grow at and beyond 35 °C;
while those of subclades 1 and 3 did not grow beyond
31 °C. The results suggested that P. album may actually
represent a species complex containing three cryptic species.
Moreover, in general the colony reverses of the three P. al-
bum subclades exhibited different colours when cultured
on PDA (Fig. 3). The colony reverses of most subclade 1
strains were orange-brown in colour, all subclade 2 strains

were dark brown in colour, and all subclade 3 strains were
white in colour. Although phylogenetic studies showed that
the case isolate HKU48 belonged to subclade 1 of P. album,
the reverse of its colony on PDA was white. Therefore, it
was not sure whether the colour of colony reverse was a
subclade-specific trait for P. album. Nevertheless, in the
original species description of P. album (then Tritirachium
album) by Limber the colour of substrate on PDA was said
to be orange,’” suggesting that the holotype of P. album
may be a member of subclade 1. On the other hand, al-
though Limber also mentioned that for the ex-holotype the
colour of substrate on CZA was also orange,?” none of the
P. album strains characterised in this study exhibited such
trait on this medium. Further characterisation is warranted
to determine the subclade specificity for this colour trait of
colony reverse and if it is necessary to change the ranks of
the other two P. album subclades to species level.

Despite the fact that many P. album isolates (subclades
1 and 3) did not grow beyond 31 °C, the pathogenicity of
P. album should not be underestimated. Quite a number of
P. album isolates actually came from clinical or veterinary
specimens (Table 1). Although such isolates have been ques-
tioned to be merely culture contamination rather than being
the real aetiological agent, and they were shown to be avir-
ulent using a murine model,'® histological examination as
reported by Seeliger et al.>® and in this study showed clearly
that the cultivated fungi have invaded the biopsied tissues.
The absence of growth of certain fungi at 37 °C in vitro does
not rule out their possibilities as disease-causing agents since
infection may take place at the surface of the human body,
where the temperature is usually lower than the core body
temperature.*’ For example, Auxarthron ostraviense and

42

A. umbrinum,*' Microsporum aenigmaticum,* as well as

Trichophyton eboreum,*3~* which do not grow at 37 °C,
were reported as causes of infections at superficial body
sites, such as nails or the skin. This phenomenon could also
be observed for P. album. Many clinical strains of subclades
1 and 3 of P. album were isolated from specimens from
superficial body sites including the skin (HKU48, UAMH
1441) and the eyes (CBS 121919), while only subclade 2 of
P. album, which could grow at or beyond 35 °C, is able to
cause deep-seated infection, such as endocarditis (UAMH
11234) and fungaemia (UAMH 8313) (Table 3). Although
the strain CBS 504.83FT (subclade 1) was isolated from
brain abscess, it belonged to subclade 1 of P. album, and it
did not grow beyond 31 °C. A review of this case revealed
that the patient first suffered from fungal granulomatous
breast parenchymal lesions and subsequently due to un-
known reason, the fungus somehow was able to invade the
brain and caused death.'*1
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In vitro antifungal susceptibility test suggested that
posaconazole and voriconazole may be better choices when
treating infection caused by P. album, while fluconazole
and flucytosine should be avoided. Although all the clinical
P. album isolates characterised in this study possessed high
MICs (4 to >256 pg/ml) for fluconazole (Table 2), in a pre-
vious case of fungaemia'? and a case of keratitis,'® the pa-
tients recovered after receiving treatment with fluconazole.
This showed that more clinical data have to be obtained
before any correlation between the in vitro susceptibility
data for fluconazole and clinical outcome could be estab-
lished. As for posaconazole and voriconazole, most clinical
P. album isolates, especially those belonging to subclades 2
and 3, had low MICs (<1 pg/ml) (Table 2), indicating these
two antifungal agents may be the drugs of choice for the
treatment of P. album infections. On the other hand, the
use of itraconazole should be cautioned because its antifun-
gal activity was totally different against strains belonging to
subclade 1 (high MICs) and strains belonging to subclades
2 and 3 (low MICs) of P. album (Table 2). Unfortunately,
for the present case the patient was treated with itracona-
zole before the susceptibility results were obtained, and
he finally succumbed due to nosocomial pneumonia with
acute respiratory failure. This highlighted the clinical im-
portance of accurate identification of P. album strains down
to the level of cryptic taxa since the antifungal susceptibility
patterns differ among the different subclades.

DNA sequencing is by far the most reliable way to distin-
guish between P. album and other morphologically similar
fungi. As revealed in the molecular analyses of this study,
all the three DNA loci characterised, including the ITS,
28S nrDNA, and B-tubulin gene, are good DNA mark-
ers for identification. In addition, the ITS and B-tubulin
gene could be used to identify P. album strains down to
the level of cryptic taxa (Suppl. Fig. S1). As for the poten-
tial use of MALDI-TOF MS for P. album identification,
although none of the fungal strains characterised in this
study could be identified, HCA of the protein mass spec-
tra of these fungal strains showed that genetically similar
strains possessed similar MALDI-TOF protein mass spec-
tra also (Fig. 6). Therefore, theoretically if sufficient protein
mass spectra of the three subclades of P. album are included
in the MALDI-TOF MS database and if the database is up-
to-date, P. album isolates could be identified down to the
level of cryptic taxa using MALDI-TOF MS.
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