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Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) has emerged as a
reliable tool for fast identification and classification of microorganisms. In this regard, it represents a strong chal-
lenge to microscopic and molecular biology methods. Nowadays, commercial MALDI systems are accessible for
biological research work as well as for diagnostic applications in clinical medicine, biotechnology and industry.
They are employed namely in bacterial biotyping but numerous experimental strategies have also been devel-
oped for the analysis of fungi, which is the topic of the present review. Members of many fungal genera such
as Aspergillus, Fusarium, Penicillium or Trichoderma and also various yeasts from clinical samples (e.g. Candida
albicans) have been successfully identified by MALDI-TOF MS. However, there is no versatile method for fungi

2@;::! currently available even though the use of only a limited number of matrix compounds has been reported. Either
Protein intact cell/spore MALDI-TOF MS is chosen or an extraction of surface proteins is performed and then the resulting
Taxonomy extract is measured. Biotrophic fungal phytopathogens can be identified via a direct acquisition of MALDI-TOF
Yeasts mass spectra e.g. from infected plant organs contaminated by fungal spores. Mass spectrometric peptide/protein
profiles of fungi display peaks in the m/z region of 1000-20 000, where a unique set of biomarker ions may ap-
pear facilitating a differentiation of samples at the level of genus, species or strain. This is done with the help of a
processing software and spectral database of reference strains, which should preferably be constructed under the

same standardized experimental conditions.
© 2013 Published by Elsevier Inc.
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1. Introduction

Microfungi are described as a group of eukaryotic organisms such as
molds, rusts and yeasts plus fungi-like microorganisms (belonging to
the taxonomic ranks Protista, Chromista and Myxomycota), which are
no longer classified in the kingdom Fungi. A broad spectrum of these mi-
croorganisms with miscellaneous ecology, physiology and morphology
covers important producers of enzymes, organic acids, pharmaceuticals,
alcohols or antibiotics. Many of them also synthesize harmful toxins caus-
ing human and animal diseases. As natural recyclers of organic plant ma-
terial, fungal plant pathogens have a negative impact on agriculture
(Bennett, 1998; Cannon and Sutton, 2004; Santos et al., 2010). Studies
on fungal organisms are complicated because of an inadequate compre-
hension of the whole fungal speciation connected with population biolo-
gy, ecology, evolution and phylogeny. As regards to the detection of
human/animal and plant mycoses and identification of the causal agents,
standard biological methods become insufficient in many cases. They are
often time consuming and tend to fail.

Since the advent of mass spectrometry (MS), numerous identifica-
tion methods for microorganisms based on profiling of cell surface
proteins have been described. They include namely the intact cell or
intact spore mass spectrometry (IC/IS MS), but also rely on an initial
extraction of proteins by acidified solvents (Welham et al., 2000) or
with the help of a bead beating prior to the MS analysis (Hettick
et al., 2008a,2008b). MS measurements with bacterial cells evolved
hand in hand with the development of MS itself (Meuzelaar and
Kistemaker, 1973). Matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) has emerged as one of
the most reliable tools for fast and easy identification, differentiation
and classification of microorganisms. IC/IS MALDI-TOF MS operates
with unique mass spectrometric profiles (fingerprints) acquired by the
desorption of specific peptide/protein biomarkers from the cell/spore
surface of a particular pathogen (Fenselau and Demirev, 2001). Based
on results and experience gained in bacterial identification, IC/IS
MALDI-TOF MS has also been introduced for a differentiation of micro-
scopic fungi. Contrary to bacteria, fungal cells are larger in size and their
cell wall is more rigid. It is usually based on glucans and chitin, rarely
on glucans and cellulose (in the distinct phylogenetic lineage of
fungi-like Oomycota). Mannoproteins are also major cell wall com-
ponents, especially in yeasts (Carlile et al., 2001). Taking this into
consideration, modified approaches had to be developed as regards
to the procedure of sample preparation, selection of a proper matrix
compound, sample deposition techniques etc.

A review article describing characterization of filamentous fungi by
MALDI-TOF MS appeared in 2010 (Santos et al.,, 2010) but the text natu-
rally does not cover yeast analysis. More recently, Havlicek et al. (2013)
summarized current trends in MS-based microbial diagnostics with a spe-
cial focus on the instrumentation (fungi were included but only marginal-
ly). In 2013, two comprehensive reviews appeared (Clark et al., 2013;
Posteraro et al., 2013), which emphasized the use of MALDI-TOF MS for
the analysis of fungi in clinical microbiology laboratories. However,
other applications than those related to medicine were not included.
The present review deals with MALDI-based identification of fungi in var-
ious branches of science and diagnostics. Standard biological methods of
determining fungal species are briefly discussed together with their limi-
tations, which provide a space to be filled up with mass spectrometric
strategies. There are first attempts of fungal identification mentioned to-
gether with a further progress illustrated on specific examples. A special
attention has been paid to potential applications in biotechnology, medi-
cine and phytopathology.

2. Biological methods of fungal strains identification
The main goal in all fields of diagnostics is to identify the origin of a

human, animal or plant disease in such a way, which is fast, reliable and
effective. Basic methods for the detection of fungal pathogens are based

on host specificity, disease symptoms and microscopic characters. Al-
though the host specificity and disease symptoms can preliminary
help to estimate a causal agent, signs usually change during the disease
progression and thus they can give unclear information (Carlile et al.,
2001; Doohan, 2005). Because of considerable variability in fungal
morphology, microscopy still remains an indispensable tool for identi-
fying individual species. Microscopic techniques, which are commonly
used for this purpose, include observation and evaluation of different in-
fectious structures and reproductive organs (sexual and asexual spores)
as regards to the color, shape and surface. Together with light microscopy,
scanning electron microscopy can be used to reduce the rate of misdiag-
nose. Evaluation of different shapes of spores (e.g. spherical, oval, ovate,
with or without papillae) or various branching of spore-carrying struc-
tures (monopodial, sympodial, dichotomous) requires experts and spe-
cialists with a practice in identification of fungal agents (Sedlar et al.,
2009). In certain cases, fungi are isolated and grown in culture media,
which brings the possibility of evaluating physiological characteristics
such as colony color or growth rate (Santos et al., 2010). For example,
yeasts show a limited morphology, which complicates their identifica-
tion. On the other hand, yeast cells produce many metabolites, which
can be used for biochemical tests and metabolomic profiling. Immuno-
logical aspects are taken into account in many cases when no morpholog-
ical characters are visible. Pathogens can be identified and quantified
using species-specific antibodies coupled with a fluorescent dye or
enzyme. Enzyme-linked immunosorbent assay was applied for the detec-
tion of mycelium of a rice spoilage agent Humicola lanuginosa. Similarly,
Botrytis cinerea was found in grape juice (Carlile et al., 2001). However,
immunological methods work reliably only at the genus level and
sometimes it may be difficult and expensive to generate the required
antibodies.

Molecular biology methods are highly specific. They benefit from a
variability in DNA sequences, which allows determining and differentiat-
ing closely related species or strains and detect pathogens at early stages
of host infection with no visible signs. Specific genetic features such as
host resistance can also be recognized (McCartney et al., 2003). In con-
trast to the morphology-based examinations, these methods are inde-
pendent of operator's experience. The existence of conserved genes on
one side and different DNA sequence regions, which are unique for indi-
viduals, on the other side makes this approach suitable for analyzing both
common and different phylogenetic features. Data derived from ribosom-
al DNA (rDNA) sequences are often used for classification and identifica-
tion of fungi. From this point of view, 18S (“small subunit”, SSU), 5.8S and
28S (“large subunit”, LSU) gene sequences coding for ribosomal RNA are
interesting (Martin and Rygiewicz, 2005). Their significance for fungal
identification can be summarized as follows: 1) the 18S gene has varied
enough during evolution and can help to determine the taxonomic king-
dom and reveal the phylogenetic aspects and relationships of fungal clas-
ses; 2) the 28S gene is more variable and it has been used in classification
at levels from genus to phylum; 3) the 5.8S gene does not contain much
information but is still useful, e.g. for the identification of ascomycetes, ba-
sidiomycetes and zygomycetes. The regions between the 18S, 5.8S and
28S genes on rDNA are not highly conserved and constitute internally
transcribed spacers 1 and 2 (ITS1 and 2), respectively, while regions be-
yond the rDNA genes are known as externally transcribed spacer and
intergenic spacer (IGS), the latter separating rDNA copies. By ampli-
fication of the ITS regions, different fungal species can be recognized.
IGS has been used at the subspecific level to recognize races and pop-
ulations (Carlile et al., 2001; Mitchell and Zuccaro, 2006). Interest-
ingly, it has been shown that the ITS2 region is highly conserved
between Aspergillus and Penicillium and thus namely the ITS1 region
is promising for the development of specific probes to distinguish
between the genera (Gaskell et al., 1997). Mitochondrial DNA
genes can also be utilized for fungal identification. The cox2 locus
coding for subunit 2 of cytochrome c oxidase was employed in a phy-
logenetic analysis of Peronosporomycetes (Hudspeth et al., 2000). A
gene coding for cytochrome b allowed discrimination of Aspergillus
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species (Wang et al., 1998). Other genes are also becoming used as
targets for diagnostic purposes and pathogen characterization: e.g.
p-tubulin, calmodulin, actin, hydrophobins and ascomycete
mating-type genes (Balajee et al., 2009; Geiser et al., 1998; Hong
et al., 2005; McCartney et al., 2003).

Although the identification procedures involving molecular tools
are shortened by avoiding a culture cultivation, the whole process
of molecular analysis of target genes remains time consuming and
costly. Thus, looking for a more rapid and reliable way for determin-
ing causal agents is still the main challenge in the diagnostics of
fungi.

3. Mass spectrometry of peptides and proteins

Detailed analyses of all proteins from an organism (= proteome)
fall into the scope of proteomics. The discipline is built on high-
resolution separation methods for proteins plus MS with electrospray
ionization or MALDI (Aebersold, 2003). There are three common strat-
egies for protein identification: 1) “classical” bottom-up strategys; it re-
lies on separation of protein mixtures, proteolytic digestion of
individual separated proteins and mass spectrometric analysis of the
resulting peptides allowing the determination of a peptide mass fin-
gerprint (PMF) and/or of sequence tags; 2) shotgun proteomics; this
approach involves proteolytic digestion of unseparated complex pro-
tein mixtures, which is followed by capillary chromatographic or elec-
trophoretic separation of peptides from the digests and tandem MS
(MS/MS) allowing the determination of sequence tags, and 3) top-
down proteomics; here isolated proteins are obtained by complex pu-
rification procedures as intact molecules and they are subjected to
fragmentation in the mass spectrometer (Domon and Aebersold,
2006). In both latter cases, sequencing by tandem or multistage MS al-
lows identifying the protein unambiguously. Mass spectrometry of
peptides for protein identification is generally performed using two
approaches: 1) PMF and peptide sequencing with database search
and 2) de novo peptide sequencing plus sequence-similarity search
for proteins which sequences are not yet present in protein databases
(Shevchenko et al., 1997).

Besides, MS of intact proteins has been frequently used in experi-
ments performed for diagnostic purposes and protein characterization.
A comparison of protein species and levels among individual organisms
with and without a disease can be used for diagnosis and prognosis
based on biomarker discovery (Minerva et al., 2012). The related
technique MALDI imaging has been introduced for the laser ablation of
proteins or other biomolecules (e.g. lipids) of interest directly from
cryo-sliced tissue samples with the subsequent MS or even MS/MS anal-
ysis (Cazares et al., 2011; McDonnell and Heeren, 2007). MALDI-TOF MS
was shown to be a reliable approach for solving some clinical as well as
food microbiology problems such as rapid and accurate identification
and strain differentiation of microorganisms, overcoming the existing
limitations of classical cultivation methods (Sedo et al,, 2011). The most
important advantages of the MALDI mass spectrometric approach are:
1) only small amount of biological material is required (i.e. less than
100 ng); 2) both measurement and data interpretation processes are
very fast and relatively easy. MALDI-TOF MS of surface peptides/proteins
released from microorganisms by an acidic sample treatment provides
singly charged ions covering a broad range of m/z values of 1000-
20 000 (Sedo et al., 2011). This means there is enough peptide/protein
signals to generate a high-quality peptide/protein fingerprint mass spec-
trum. Database searches with a comparison of typical and unknown mass
spectra then allow identification and taxonomical classification of micro-
organisms (Sedo et al., 2011; Seng et al., 2009). MALDI MS offers relative-
ly high tolerance against sample impurities (salts and detergents), as well
as fast and accurate molecular mass determination and the possibility of
automation, which makes it a powerful alternative to classical biological
methods.

4. The dawn of MALDI-TOF MS of intact fungal microorganisms

The development of intact cell/intact spore matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (IC/IS MALDI-
TOF MS) of fungal microorganisms began around the year 2000 by first
experiments with Penicillium spp., Scytalidium dimidiatum, Trichophyton
rubrum and Aspergillus niger (Li et al., 2000; Welham et al.,, 2000). The ex-
perimental approaches used at that time were adopted from initial proto-
cols for MALDI-TOF MS measurements with whole bacterial cells
(Holland et al., 1996; Jarman et al., 1999; Welham et al., 1998). Fungal
cells are larger in size than bacterial cells and possess a rigid cell wall,
which is similar by its arrangement (but not by composition) to that of
plant cells. The cell walls of fungi are mainly composed of different poly-
saccharides according to taxonomic group (either chitin, glucans,
mannoproteins, chitosan, chitin, polyglucuronic acid or cellulose), togeth-
er with smaller quantities of proteins, lipids and polyphosphates. The veg-
etative part of a fungus, the mycelium, consists of branching hyphae.
Spores (Fig. 1) are produced on the tips of hyphae (Valentine et al., 2002).

During measurements on a MALDI instrument, mass spectra are ob-
tained by the laser ablation of cell wall structures of spores because of
their erosion due to the acidity of the matrix solution (Li et al., 2000).
Penicillium spp. spores were washed with 0.1% trifluoroacetic acid (TFA)
and, after collecting by a centrifugation, resuspended in methanol. Prior
application to the target plate, the suspension was mixed in a volume
ratio of 1:1 with matrix in the form of a saturated solution (in a suit-
able solvent). Welham et al. (2000) examined in their pioneering
work 9 different matrix compounds including for example a-cyano-
4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (DHB),
[2-(4-hydroxyphenylazo)]benzoic acid (HABA), 3,5-dimethoxy-4-
hydroxycinnamic acid (sinapinic acid, SA), 2-amino-4-methyl-5-
nitropyridine and trans-3-indoleacrylic acid. From those, the latter
two were shown to provide peaks of similar intensities up to a mo-
lecular mass limit of 8 kDa, which was extended up to 12 kDa using
DHB, HABA and SA. At the experimental conditions used, the mass
spectra were found relatively simple. In a similar study from that
time (Li et al., 2000), intact spores of several strains of four Aspergillus
species (Aspergillus flavus, Aspergillus oryzae, Aspergillus parasiticus
and Aspergillus sojae) were analyzed by MALDI-TOF MS. The aim was
to investigate whether the mass spectra of aflatoxigenic and non-
aflatoxigenic spores are similar to each other as well as to evaluate
the relationships between individual species. The spores were obtain-
ed by washing out from cultivation agar plates with 0.1% Tween 20.
After centrifugation, aliquots of spore pellets were mixed with matrix
solutions (30 mg ml~ ! in 0.1% TFA/acetonitrile, 1:2, v/v) on the sam-
ple plate. The best results were obtained with CHCA, SA and 3,4-
dihydroxycinnamic acid (caffeic acid, CA) as matrices (chemical for-
mulas are given in Fig. 2). The mass spectra were simple again: only
a few characteristic peaks were observed in the mass range of m/z
3800-8000. A peak with m/z 7292 appeared typical for all studied
Aspergillus strains. It has been shown that aflatoxigenic and non-
aflatoxigenic strains have different peak profiles. Furthermore, the an-
alyzed spores of non-aflatoxigenic strains of A. flavus and A. parasiticus
displayed mass spectra similar to closely related non-aflatoxigenic
species A. oryzae and A. sojae, respectively. Both studies from the
year 2000 indicated a potential of MALDI-TOF MS to be a rapid screen-
ing tool for monitoring spore-like contaminations.

There are three major groups of fungi: yeasts, molds and mushrooms
(Welham et al., 2000). For the first time, the yeasts Candida albicans and
Saccharomyces cerevisiae were studied by IC/IS MALDI-TOF together
with the ascomycete Epidermophyton floccosum (Amiri-Eliasi and
Fenselau, 2001). Several lysis methods were examined for on-target dis-
ruption of S. cerevisiae cells from which 25% formic acid was found the
best as regards to the number of peaks and signal-to-noise-ratio ob-
served in the resulting mass spectra. SA was the matrix of choice in
this case. Many of the peaks in the MALDI spectrum of S. cerevisiae cor-
related with molecular masses predicted from its genome, including the
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Fig. 1. Optical microscopy of Bremia lactucae spores. Panel A) a suspension containing
1 x 10° spores in 1 ml of water was mixed in a volume ratio of 1:1 with matrix solution con-
taining FA and SA (5:15 mg ml~ " in acetonitrile/0.5% v/v TFA, 7:3, v/v) on a cover slide. This
was done to simulate the conditions on a MALDI target, which occur when the spores are de-
posited by the dried droplet technique. A matrix crystal is also clearly visible. Panel B) a co-
nidiophore of B. lactucae, which is a specialized tree-like hypha bearing fresh conidia.
Asexual fructification of lettuce downy mildew occurs 1-2 weeks after conidia germination.
In both panels, magnification is shown by a bar in the right bottom corner.

eukaryotic marker ubiquitin, ribosomal and mitochondrial proteins
(Amiri-Eliasi and Fenselau, 2001).

5. MALDI-TOF MS analysis of Aspergillus species

Concerning Aspergilli molds, they belong to the most common and
widely distributed fungi (Gugnani, 2003). Certain representatives of
this group are important in brewing and food industry as well as in the
biotechnological production of industrial enzymes (A. niger, A. oryzae).
Other species are known to produce toxic aflatoxins in infected crops.
Many species have been found as causative agents of opportunistic infec-
tions in humans — Aspergillus fumigatus, A. flavus, A. niger (Gugnani,
2003). Thus it is not surprising that various species of the genus were sub-
jected to IC/IS-MALDI-TOF MS in order to generate fingerprint mass spec-
tra for a rapid differentiation of isolates.

A double-stick tape was used by Valentine et al. (2002) to collect hy-
phae and mycelia of A. niger, Rhizopus oryzae, Trichoderma reesei and
Phanerochaete chrysosporium and transfer them to the target plate. In
parallel, ammonium chloride was used for a standard wash of the spores

o} o}
X OH HCcO X" 0oH
HO eN HO
CHCA ocH, SA
0 o]
HO o o
OH HO
OCHj
DHB FA
o}
" 0H
HO
OH
CA

Fig. 2. Chemical formulas of matrix compounds that are commonly used in MALDI-TOF MS
analyses of fungi.

and/or hyphae. Ferulic acid (FA) was found to be the matrix of choice in
this work but SA was also efficient (chemical formulas are given in
Fig. 2). The analysis of A. niger was challenging as the authors met diffi-
culties in the detection of biomarkers for this species. Kalow et al.
(2006) transferred freeze-dried mycelia of Aspergilli grown in liquid
medium onto a MALDI target in the form of a thin layer, where they
were mixed with a DHB matrix for crystallization. A newly recognized
species Aspergillus ibericus was clearly distinguished from the others
based on mass spectra clustering and shown to be related to Aspergillus
carbonarius.

Hettick et al. (2008b) described MALDI-TOF measurements with 12
species and 5 strains of A. flavus. After cultivation, conidia and hyphae
were collected and pretreated by beating with zirconium beads to ex-
tract surface molecules. When CHCA was used as matrix, highly repro-
ducible fingerprints were acquired with abundant peaks in the m/z
region of 1 to 20 000. As an exception, two of the analyzed species,
Aspergillus chevalieri and A. niger, provided only a few low-abundance
peaks and they were not fully resolved in a cluster analysis of MS data.
A more recent MS-based work by Sulc et al. (2009) investigated numer-
ous strains of A. fumigatus, A. flavus, A. niger and some other Aspergilli to
find biomarkers for discrimination analysis. The experimental protocol
was optimized with several variable parameters such as amount of
spores, extraction solvent, conditions of a sonication treatment and ma-
trix selection for the subsequent preparation of MALDI probes (CHCA
was finally chosen). Despite well pronounced peak characteristic for
individual species, no general and specific marker was registered. The dif-
ficulties in recording mass spectra of intact A. niger have been rationalized
in terms of the presence of low-molecular-weight black pigments, which
possibly interfere with the ionization of biomolecules (Hettick et al.,
2008b; Sulc et al. 2009).

In a recent study by Cassagne et al. (2011) aiming at the develop-
ment of a standardized procedure for identification of molds in clinical
isolates, a database was built using MALDI-TOF MS and reference strains
belonging not only to the genus Aspergillus but also to the genera
Penicillium, Rhizopus, Trichoderma and others were represented. Sample
preparation was optimized by involving extraction of the fungi with
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formic acid and acetonitrile. The extract was then measured using CHCA
as a matrix. With the help of the reference database, almost 200 isolates
were analyzed from which 87% were correctly identified at the species
level. It has been shown that invasive aspergillosis may be caused by pre-
viously unrecognized Aspergilli. To consider this fact in routine species
identification by MALDI-TOF MS, a database including reference spectra
of 23 unusual species was engineered (Alanio et al.,, 2011). Both young
and mature colonies were analyzed to cover possible differences. The da-
tabase was validated with numerous clinical and environmental Aspergil-
lus isolates and 98.6% of them were correctly identified.

Lau et al. (2013) developed a comprehensive database for the identi-
fication of molds by MALDI-TOF MS (294 isolates were used comprising
58 reference strains from several well-maintained collections and 236
clinical strains). When published, the NIH mold database included 76
genera and a total of 152 species. Aspergilli represented a majority of da-
tabase entries. For protein extraction, a mold sample was picked up from
the culture plate and placed into absolute ethanol mixed with zirconium-
silica beads. The sample was emulsified by repeated squeezing with a
sterile wooden stick against the tube wall, vortexed and centrifuged.
The remaining pellet was resuspended in 70% formic acid and processed
by a repeated centrifugation with the addition of acetonitrile in the mid-
dle step. Then the supernatant was either directly measured or stored fro-
zen. When challenged against 421 isolates, the database allowed
obtaining an accurate species identification rate of around 90%.

6. MALDI-TOF MS analysis of Penicillium, Trichoderma and wood
decaying fungi

Penicillium is a large group of ubiquitous fungi with representatives
that are important for various biotechnological and health applications
(Paterson et al., 2004). Among others, Penicillium expansum is well
known for the production of patulin, a mycotoxin which spoils for
example apple juices (Andersen et al., 2004). Penicillium citrinum,
Penicillium italicum and Penicillium digitatum (contaminating frequently
citrus fruits) together with P. expansum and Penicillium pinophilum
(contaminating apples) were subjected to IC/IS MALDI-TOF MS analysis
in order to differentiate them and to compare various strains within
each individual species (Chen and Chen, 2005). Fungal spores were
scratched from agar media plates by a pipette tip and washed off by a ma-
trix solution based on DHB (30 mg ml~!). The mixture containing spores
and matrix was then deposited on a MALDI target and left to dry. In the
observed mass spectrometric profiles, characteristic (= biomarker) ions
for each of the six species were found to appear in the m/z region of
2500-7500. The method was successfully evaluated when measuring
with rotten fruits obtained in a local supermarket, where P. citrinum
and P. digitatum were identified (Chen and Chen, 2005). In another
study, twelve Penicillium species were analyzed by MALDI-TOF MS. After
collecting from culture media, conidia and hyphae were subjected to
three 1-min-long bead-beating cycles (zirconium beads) in acetonitrile/
4% TFA, 1:1, v/v. The resulting extract was premixed with a CHCA matrix
solution and spotted on the target. Following disruption, fungal isolates
provided spectra exhibiting significantly higher number of peaks than un-
treated samples. Characteristic peaks appeared in the m/z region of 5000-
20 000, where a signal with m/z 13 900 was found in all spectra as a
potential biomarker. Both discriminant and cluster analyses confirmed
high reproducibility of the acquired data (Hettick et al., 2008a).

The dual modality of fungal propagation, i.e., sexual (teleomorph)
and asexual (anamorph) has been reflected in a dual nomenclature.
The anamorph and teleomorph generally develop at different times
and on different substrates (Guarro et al., 1999). For example Hypocrea
and Trichoderma are the names for the teleo- and anamorph forms, re-
spectively, of the same taxon from the phylum Ascomycota. IC/IS
MALDI-TOF MS analysis of Hypocrea and Trichoderma strains comprising
29 different species was performed to investigate their diversity as
regards to metabolite production and low-mass proteomics. Around
10° cells were used per spot on the target, DHB served as a matrix.

Characteristic peaks appeared in the m/z range of 5000-10 000. They
were assigned to hydrophobins, small proteins from the outer surfaces
of cell walls of hyphae and conidia, whereas ribosomal proteins (typical
for a MALDI profiling of bacteria) were not identified (Neuhof et al.,
2007b). Hydrophobin patterns were found diverse due to post-
translational N- and C-terminal processing. It has been shown that spor-
ulating and nonsporulating mycelia of several species differ in their
hydrophobin composition. In a similar study, 129 morphologically and
genetically well characterized strains of Hypocrea and Trichoderma be-
longing to 25 species were analyzed by IC/IS MALDI-TOF MS using
growing mycelia and DHB as a matrix (De Respinis et al,, 2010). In a tax-
onomic tree analysis, the results accurately reflected previous phyloge-
netic classifications derived from DNA sequence analysis of ITS regions
and specific genes such as tef1 (translation elongation factor 1 gene).
Hydrophobins were also detected by IC/IS MALDI-TOF MS of Trichoderma
species from the Brevicompactum clade demonstrating the value of the
method in taxonomic studies (Degenkolb et al., 2008). In their enormous
work, the authors have analyzed numerous Trichoderma/Hypocrea iso-
lates using a battery of experimental methods (microscopy and morpho-
logical characterization; DNA-based phylogenetic analyses; analytical
profiling of secondary metabolites — except for hydrophobins, also
peptaibiotics and mycotoxins were studied) to reexamine phylogenetic
lineages.

IC/IS MALDI-TOF MS of Hypocrea/Trichoderma has also been per-
formed with a special focus on the detection of peptaibol profiles for
studying phylogenetic relationships (Neuhof et al., 2007c). Peptaibols
are antibiotic peptides, which contain a non-proteinogenic acid alpha-
aminoisobutyrate and a hydroxylation of the C-terminus, which are
produced by certain ascomycetes. Their name is derived from the chem-
ical composition: linear peptides containing ac-aminoisobutyric acid
(Aib) and ending with an alcohol (Chugh and Wallace, 2001). Spectral
data were acquired with a DHB matrix in a peptide mass range up to
m/z 2000. Peptaibols were detected in all strains. In some cases, up to
five families of the compounds were found differing in size. But there
was no strict correlation between the phylogeny based on peptaibol
masses and phylogenies derived from rDNA spacer regions and RNA po-
lymerase (subunit B) gene sequences (Neuhof et al., 2007c). Peptaibol
production was also analyzed in Sepedonium strains infecting fruiting
bodies of Boletales. Neuhof et al. (2007a) used IC/IS MALDI-TOF MS
for monitoring of chrysospermin and chrysospermin-related peptaibols
in the mycelia of Sepedonium strains. Peptaibol patterns alone were not
sufficient for unambiguous taxonomic identification. Yet, the microor-
ganisms could be readily assigned from fingerprint spectra by recogniz-
ing biomarker ions in the m/z range of 4000-8000.

Species of the genera Serpula, Coniophora and Antrodia represent com-
mon wood decay fungi in Europe. Wet mycelia of the basidiomycetes
(three pairs of similar but different species that were undistinguishable
from each other by traditional methods) were subjected to IC/IS MALDI-
TOF MS analysis (e.g. Serpula lacrymans and Serpula himantioides). A
rapid and clear differentiation was achieved by unique peak patterns
(Schmidt and Kalow, 2005).

7. MALDI-TOF MS analysis of Fusarium species

Fusarium is a genus of numerous filamentous fungi, which are widely
distributed in soil and in association with plants. Most species are harm-
less, but there are others, which produce mycotoxins. The myco-
toxigenic Fusarium species become problematic when for example
ripening cereals (wheat, maize, rice etc.) are infected by them and the
mycotoxins may consequently enter the food chains of humans and an-
imals (Bennett and Klich, 2003). Toxins of Fusarium moniliforme are
known to be cancerogenic (Nelson et al., 1992). In rare case, Fusarium
may cause human infections with the most severe manifestations in im-
munocompromised patients.

Fusarium species differentiation by IC/IS MALDI-TOF MS has been
attempted for many times. Fusariosis in clinical diagnostics is confirmed
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for example by conventional methods such as positive cultures from
blood, sputum and skin. Polymerase-chain reaction and nucleotide se-
quence analysis represent typical molecular biology methods. A high-
specificity is achieved by analysis of ribosomal DNA (Abd-Elsalam
et al., 2003; Ninet et al., 2005). In a comparative study (Seyfarth et al.
2008), a patient suffering from acute lymphoblastic leukemia had a
mortal fungal infection. To determine the infectious species, the ITS re-
gion of rDNA from cultured cells was sequenced and the cells were also
directly analyzed by MALDI-TOF MS using DHB as a matrix. All results
were consistent with the presence of Fusarium proliferatum despite
false-positive serologic indications for an Aspergillus. For MS-based
identification, multiple mass spectra were used to compute a consensus
spectrum containing mass signals that were present in more than half of
the individual spectra, which was then used for software comparison
with data from reference strains.

Aspects of Fusarium species identification by MALDI-TOF MS were
explored in several recent studies. Conventional identifications of
fungi based on morphological traits are hampered by phenotypic poly-
morphism. Marinach-Patrice et al. (2009) performed an extensive study
with 62 strains belonging to nine species (isolated mostly from human
infection sites) and compared the MS results with sequencing of a char-
acteristic gene coding of the translation elongation factor 1-o (tef1). In
this case, samples for MALDI-TOF MS were obtained by an extraction
of mycelia with 80% TFA. Prior to measurements, CHCA matrix was spot-
ted on the target over the dried sample. Spectral data were processed by
commercial software when a database was constructed comprising pro-
files of five species that are most frequently isolated in human infections
(including e.g. Fusarium solani, Fusarium oxysporum and F. proliferatum)
and the procedure of strain identification was shown reliable. Another
investigation involving fungal biotyping used strains of Aspergillus,
Fusarium and Mucorales (De Carolis et al., 2012). First a reference data-
base was built with spectra of 55 species and then 103 isolates from a
microbiological laboratory were measured by IC/IS MALDI-TOF MS
and their profiles searched over the database. As comparative methods,
ITS region nucleotide sequencing was carried out together with se-
quencing of specific genes. Mycelium/spore samples (water suspen-
sions) for MS were dried on the target plate, wetted with ethanol and,
after drying on air, overlaid with a CHCA matrix. Length of incubation
of the fungal cultures was shown to influence significantly spectral fea-
tures. For that reason, both young and mature colonies were included
into the database. MS experiments allowed achieving an identification
rate of 96.8% with respect to the species level.

Researchers from the Vienna University of Technology, Austria,
have been concerned in studying fundamental tasks of IC/IS MALDI-
TOF MS of Fusarium species. Kemptner et al. (2009b) optimized sample
preparation techniques for plant pathogenic Fusaria (e.g. Fusarium
graminearum, Fusarium poae, Fusarium cerealis). The optimization
involved testing of a panel of matrix compounds (CHCA; DHB; FA;
SA; 2,4,6-trihydroxyacetophenone; 5-methoxysalicylic acid), which
were used individually, in certain mixtures, or after adding additives
(butylamine, aniline). The matrices were dissolved at various concen-
trations (10, 20 or 30 mg ml™ ). Solvent mixtures used were also var-
iable and consisted of 0.1% TFA or water plus and organic component
(acetonitrile, isopropanol, acetone or methanol). Major peaks in
acquired mass spectrometric profiles were shown to be peptides or
proteins by post-source decay on the MALDI instrument and the sub-
sequent reading amino acid sequence tags. FA was found to be the
most suitable matrix for a direct measurement with Fusarium spores
as regards to information provided (number of ion species, signal
intensities). Another crucial point was the content of organics in the
matrix solvent: a final ratio of acetonitrile/0.1% TFA of 7:3 was found
optimal. The dried droplet sample preparation technique was superior
over the others bringing highly reproducible spectra. In a continuation
study (Kemptner et al., 2009a), a mixed volume sample preparation
technique was introduced as the most effective, where a spore suspen-
sion sample is first premixed with a FA matrix solution and then

aliquots are deposited on the target plate. This procedure ensures
even better reproducibility of results. IC/IS MALDI-TOF MS has not
only a potential to differentiate Fusarium species from each other but
may also serve for a classification according to the location of
collecting isolates (Marchetti-Deschmann et al., 2012). Except for the
importance of sample preparation protocol, the necessity of automatic
data acquisition (i.e. a consistent way of peak picking) for reproduc-
ibility and precision of detected m/z values was recognized.

Because of the complexity of microorganisms, there is no standard-
ized protocol available with a broad applicability. Colored Fusaria repre-
sent a challenge for IC/IS MALDI-TOF MS as the presence of pigments of
slightly orange to deep brown color hinders on-target crystallization
with matrix and the subsequent measurements of mass spectrometric
peptide/protein profiles. Dong et al. (2009) investigated the use of
washing steps prior to the sample preparation of conidia spores of
F. graminearum and F. poae. Several solvent systems composed of
water, acetonitrile, methanol, ethanol, isopropanol, organic acids and
the detergent n-octylglucoside were used for that purpose (each alone
or in mixtures). The presence of an acid such as formic acid or TFA in
the washing solution brought about lighter co-crystals with FA matrix
and then high-quality spectra could be generated. The best results were
achieved after the washing with acetonitrile/0.5% formic acid (7:3, v/v)
when a two-layer volume technique for sample preparation was
employed, which is similar to the above mentioned mixed volume tech-
nique. The difference resides in adding a matrix solution drop onto al-
ready dried sample/matrix spot.

8. MALDI-TOF MS analysis of fungal phytopathogens

Plants are exposed to interactions with many organisms and envi-
ronmental stress conditions. Phytopathogens disturb plant metabolism
resulting in a disease, manifested by characteristic symptoms. The
major part of economically important plant diseases are represented
by mycoses, i.e. diseases caused by fungi and fungi-like organisms
(Bennett and Klich, 2003). Chalupova et al. (2012) performed develop-
ment and evaluation of a methodology for IC/IS MALDI TOF MS of fungal
and fungal-like pathogens representing obligate biotrophic parasites of
crop plants. Typical examples of the phytopathogens belong to two
rather distant taxonomic groups: downy mildews are classified in the
kingdom Chromista, class Oomycota, order Peronosporales, whereas
powdery mildews appear in the kingdom Fungi, class Leotiomycetes,
order Erysiphales. Experimental approaches for the MS analyses were
elaborated with Bremia lactucae, cause of lettuce downy mildew, and
Oidium neolycopersici, cause of tomato powdery mildew. This was
based on determining a suitable concentration of spores in the analyzed
suspension (2-5 x 10° per ml), selection of a proper MALDI matrix
compound (CA, CHCA, DHB, FA, norharman and SA were tested),
looking for the optimal solvent composition (acid concentration,
additives etc.) and comparison of different sample preparation methods
(dried droplet, double layer, mixed volume) as regards to the sample
amount applied, using different MALDI targets (stainless steel,
polymer-based) and various conditions for sample exposure to the
acidic matrix system. The dried droplet method involving solvent
evaporation at room temperature was found the most suitable for the
deposition of spores and matrix on the target and the subsequent crys-
tallization. The best peptide/protein profiles were obtained by combin-
ing FA and SA as a mixed matrix (FA:SA, 5:15 mg ml~', in acetonitrile/
2.5% TFA, 7:3, v/v). A pretreatment of the cell wall with hydrolytic en-
zymes such as cellulases and chitinases prior to MS measurements
was successfully introduced.

Following the described experimental procedure, mass spectromet-
ric peptide/protein profiles of numerous reference phytopathogenic mi-
croorganisms were acquired (Chalupova ]. et al., Palacky University,
unpublished data) and, in consequence, a database has been con-
structed for the identification of new field isolates (Fig. 3). The species
characterized in this way belonged to the genera Bremia, Peronospora,
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Pseudoperonospora and Plasmopara (all downy mildews), Oidium,
Erysiphe and Blumeria (all powdery mildews) and Botrytis including
the gray mold (B. cinerea). To perform database searches with new
spectral data, home-made software Biospean (Raus M. et al., Palacky
University, unpublished results) was developed. The software is a
web program application and utilizes Linux as an operating system
on the physical server, Apache as web server software, MySQL as a da-
tabase engine and PHP as a scripting language. Biospean allows detec-
tion of peaks in a mass spectrum and is able to evaluate its similarity
with other spectra when searching over a spectral database (Fig. 4).
The principle of peak detection resides in a local scanning of intensity
values around a particular m/z position taking the level of noise into con-
sideration by adjusting signal-to-noise (S/N) ratio. The score value
(expressed as a percentage) for a comparison of an inspected spectrum
with another spectrum is derived from the number of identical peak po-
sitions found (assigned with an adjustable mass tolerance with the corre-
sponding penalization) divided by the total number of detected peaks in
the inspected spectrum. The two spectra may optionally be compared
also in the opposite way and the score values obtained are then averaged.

A novel procedure was also introduced for direct spectra acquisition
from infected plant leaves (Chalupova et al., 2012). For this purpose, a
special MALDI target was made using a milling machine, which had
rectangular grooves of different depths on its surface. Infected leaves
were cut in a size that fitted the target grooves, then fixed there by a
double-stick tape and sprayed with the FA/SA matrix solution. External
calibration was made by depositing peptide/protein standards at sever-
al places of the leaf surface using the dried droplet method. After desic-
cation, mass spectrometric peptide/protein profiles were obtained for
0. neolycopersici (from tomato leaves) or B. lactucae (from lettuce
leaves), which correlated well with spectra originating from harvested
spores. In an alternative way (Chalupova J. et al., Palacky University, un-
published results), spores of O. neolycopersici were imprinted from in-
fected tomato leaves onto a conductive double-stick tape and
transferred to a MALDI target. After matrix deposition by a pipette, reli-
able mass spectra were acquired.

Pathogenic fungi of the genus Verticillium, namely Verticillium dahliae
and Verticillium alboatrum, cause wilt diseases in economically important
plants such as tomato and cotton. In 2009, a method was developed for
rapid identification of six Verticillium species using MALDI-TOF MS (Tao
et al,, 2009). The described workflow involved fungi growth and sam-
pling, protein extraction, measurements of mass spectra and data analy-
sis. Harvested mycelia were washed with distilled water, fixed in 75%
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Fig. 3. Positive ion MALDI linear TOF mass spectra of intact spores of Plasmopara halstedii,
Plasmopara viticola, Peronospora rubi and Pseudoperonospora cubensis. The microorganisms
were used in a concentration of 2-5 x 10° spores per ml. All experiments were performed
on a Microflex LRF20 MALDI-TOF mass spectrometer (Bruker Daltonik, Bremen, Germany).
The matrix solution used was composed of a mixture of FA and SA (5:15 mg ml~! in
acetonitrile/2.5% v/v TFA, 7:3, v/v).

ethanol and extracted with 70% formic acid/acetonitrile (1:1, v/v). The
extracted proteins were deposited on a polished-steel MALDI target
and, on drying a CHCA matrix solution was added.

A group of filamentous fungi from the genus Monilinia, which repre-
sent important fruit pathogens responsible for major losses in fruit pro-
duction, have been analyzed by capillary electrophoresis, isoelectric
focusing, polyacrylamide gel electrophoresis and MALDI-TOF MS to eval-
uate the applicability of these methods for identification of isolates
collected from infected fruits (Horka et al., 2012). The high resolution
and discriminative power of MALDI-TOF MS facilitated differentiation of
closely related species or even different strains of the same fungal species
(SA was used as a matrix). However, when applied for infected fruits, the
MALDI analysis was negatively influenced by sample complexity (various
strains of different fungal species seemed to be present).

MALDI-TOF MS has also been shown a powerful tool for the identifi-
cation of ascomycete phytopathogenic fungi from the genus Alternaria
(Brun et al., 2013). Alternaria dauci, Alternaria porri, Alternaria solani and
Alternaria tomatophila cause blight diseases of carrots, onions, potatoes
and tomatoes, respectively. Their traditional diagnostics by morphologi-
cal characterization may become hampered by sterility in cultures or
formation of species-complexes of similar taxa. For that reason, a second-
ary metabolite profiling was found more reliable (Andersen et al., 2008).
When the MALDI-TOF MS results obtained with a set of 37 strains
(proteins were extracted using 70% formic acid) were compared with
combined DNA-based data (sequencing of ITS and two marker genes), a
partial difference in clustering was found, which was attributed to differ-
ent chemical profiles that are needed for the pathogenicity in different
host groups (Brun et al., 2013). The major benefit of MALDI-TOF MS in
this case resided in applicability for much younger cultures (3 days)
than the profiling of metabolites (7-14 days), which is advantageous
for an early detection.

9. Applications of MALDI-TOF MS of fungi in biotechnology and
clinical diagnostics

IC/IS MALDI-TOF MS analysis was successfully employed for the
characterization of Penicillium chrysogenum cells growing in a bioreac-
tor for penicillin production (Posch et al., 2013). The reason was to
look at the outer proteins of the cells providing a characteristic pattern
in specific physiological and morphological states with the aim of de-
termining biomarkers of highest penicillin productivity. A mixture of
SA and FA of 1:4 in acetonitrile/0.1% TFA, 7:3, v/v was used as a matrix
for co-crystallization with biomass samples on disposable nano-coated
polymer-based targets. Statistically significant biomarker ions were
found for pellet growth morphology as well as for the state of high pro-
ductivity (Posch et al., 2013).

The thermophilic fungus Malbranchea sulfurea produces photosensi-
tive polyketides, malbranpyrroles, as secondary metabolites. Interest-
ingly, its ethyl acetate extract showed strong cytotoxicity against
various cancer cell lines. Yang et al. (2009) demonstrated the use of
intact cell/spore desorption/ionization on silicon (a matrix-free ioniza-
tion technique performed on a standard MALDI-TOF instrument) for
the detection of malbranpyrroles A-F in the m/z region of 300-400.
The study showed that only brown (not white) hyphae of M. sulfurea
can produce malbranpyrroles.

An early and accurate diagnostic is required to tackle serious and
life-threatening infections in humans. Pathogenic fungi from the genera
Candida, Cryptococcus or Aspergillus represent typical infectious agents
causing diseases in immunocompromised hosts including patient with
immunosuppressive therapy. IC/IS MALDI-TOF MS was shown to be
useful for a rapid identification of yeast cells. Five species of the genus
Candida (i.e. C. albicans, Candida glabrata, Candida krusei, Candida kefyr
and Candida dubliniensis) were analyzed together with Cryptococcus
neoformans, S. cerevisiae and Rhodotorula sp. as well as with three
Aspergillus mold species (Aspergillus terreus, A. fumigatus and Aspergil-
lus syndowii; cultured as a yeast-like fungi) in a study, which
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Fig. 4. A comparison of mass spectrometric peptide/protein profiles of Plasmopara halstedii and Plasmopara viticola. This is a graphical window, which appears as a result of data evaluation by
the software Biospean (Martin Raus, Palacky University in Olomouc, Czech Republic). All detected peaks (ions) are highlighted in blue, whereas red color indicates the matching of peak po-

sitions between both spectra. For experimental details, see Fig. 3.

demonstrated the advantage of a fixation by 50% (v/v) methanol prior
to the deposition of yeast samples on MALDI target (Qian et al., 2008).
SA was found to be the most suitable matrix and was applied using the
dried-droplet technique. Besides differentiation of yeast species, mor-
phogenetic forms (germinated vs. non-germinated cells) of C. albicans
could also be distinguished.

A large MALDI-based study with collection strains and many clinical
isolates of Candida (n = 250), Cryptococcus, Saccharomyces, Trichosporon,
Geotrichum, Pichia and Blastoschizomyces was performed by Marklein
et al. (2009). Prior to measurements, yeast cells from up to five represen-
tative colonies were transferred to a tube and treated with 75% ethanol.
After centrifugation, the pellet was extracted with 70% formic acid and
acetonitrile, 1:1, v/v and centrifuged. An aliquot of the supernatant was
applied onto a MALDI target and on drying it was overlaid with a CHCA
matrix solution for crystallization. One measurement was generally com-
pleted within 10 min per isolate and within 3 h for 96 samples starting
from single colonies on agar plates. With an incomplete database of refer-
ence strains, 92.5% of the clinical isolates were identified. No false-
positive identifications occurred as the non-identified isolates provided
low score values due to missing references in the database (Marklein
et al., 2009). Another study compared results of bacteria and yeast iden-
tification (980 clinical isolates) using conventional techniques (Vitek 2
colorimetric system, API strips and biochemical tests) and MALDI-TOF
MS. Correct species identification by the MALDI analysis was observed
in 85.2% of yeasts (61 isolates were inspected encompassing 12 different
species). As regards to yeasts and on the species level, MALDI-TOF MS had
higher performance than conventional biochemical systems. Failed iden-
tifications were clearly associated with the absence of reference spectra
in the database (van Veen et al,, 2010). For different sets of yeast isolates
of similar taxonomic composition (with various species of the genera
Candida, Cryptococcus, Trichosporon, etc.), higher identification rates of
more than 96% were obtained by other groups (Dhiman et al., 2011;
Stevenson et al., 2010). To speed up the process of sample preparation,
Candida or Aspergillus cells collected from culture media were transferred
on a disposable MALDI target and overlaid with 25% formic acid for cell
lysis. Upon drying, a CHCA matrix solution was applied to the spot for
crystallization (Iriart et al., 2012). Using this approach, a high perfor-
mance of correct identifications of yeasts and Aspergilli was achieved
(92.3%).

Two pathogenic basidiomycetous yeasts, C. neoformans and
Cryptococcus gattii, are known to cause meningoencephalitis in im-
munocompromised and apparently immunocompetent human

hosts, respectively. The C. neoformans/C. gattii group comprises two
sibling species that are divided into eight major molecular types,
C. neoformans VNI to VNIV and C. gattii VGI to VGIV, which differ in
host range, epidemiology, virulence, antifungal susceptibility and
geographic distribution. MALDI-TOF MS of protein extracts obtained
via the formic acid extraction allowed 100% identification of all
Cryptococcus isolates. No spectra were obtained from intact yeast
cells (Firacative et al., 2012). In another study, an in-house reference
database of MALDI-TOF MS spectra was constructed and used for a
highly reliable species identification of C. neoformans and C. gattii iso-
lates, which had previously been characterized by DNA-based
methods. Prior to spectra acquisition, proteins were extracted by
suspending cells in 10% formic acid. The suspension was deposited
on the target, air dried, overlaid with absolute ethanol and air dried
again. Then a saturated CHCA matrix solution was added for crystal-
lization (Posteraro et al., 2012).

MALDI-TOF MS has been frequently used in screening studies of
yeast-containing positive blood cultures (Marinach-Patrice et al.,
2010; Ferreira et al., 2011; Ferroni et al.,, 2010; Yan et al,, 2011; Spanu
et al., 2012). Prior to measurements on a mass spectrometer, blood cul-
ture broth samples were processed by washings and centrifugation
(pelleting) followed by protein extraction with 70% formic acid and ace-
tonitrile, 1:1, v/v. It has been shown that a complete removal of blood
cells by a lysis solution was essential for obtaining a high accuracy in
identification (Spanu et al., 2012). Candida-specific spectral differences
were found namely in the m/z range of 5000-7400 (Marinach-Patrice
et al., 2010). The whole procedure was characterized as fast (a single
MS analysis is done within minutes) and economical (calculated costs
of less than 1 USD per an isolate). On the other hand, the method's
main weakness is its poor performance in the presence of polyfungal
bloodstream infections. Fortunately, such infections occur only rarely
(Spanu et al., 2012). A very recent IC/IS MALDI-TOF MS study on blood
culture isolates of yeasts using commercial instrumentation showed
an overall identification performance of more than 90%, which was su-
perior to conventional procedures. Here a formic acid solution (70%)
was used to treat yeast samples deposited on the target. After evapora-
tion, CHCA was spotted for crystallization (Rosevinge et al., 2013).

Dermatophyte fungi isolates originating from skin and nail samples
of patients (including T. rubrum, Trichophyton interdigitale, Arthroderma
benhamiae and Microsporum canis) were first identified by morpholog-
ical treats and by sequencing rDNA cluster regions including ITS1 and 2.
Then they were subjected to a comparative analysis by IC/IS MALDI-TOF

http://dx.doi.org/10.1016/j.biotechadv.2013.11.002

Please cite this article as: Chalupova ], et al, Identification of fungal microorganisms by MALDI-TOF mass spectrometry, Biotechnol Adv (2013),



http://dx.doi.org/10.1016/j.biotechadv.2013.11.002

J. Chalupovad et al. / Biotechnology Advances xxx (2013) xXx—-xXXx 9

MS (Erhard et al., 2008). All isolates produced mass spectra with 60 to
120 signals in the m/z range of 2000-20 000 (using DHB as a matrix)
and the results obtained were consistent with the ITS and 5.8S rDNA
sequencing. Moreover, the method proved to be robust enough with re-
spect to growing the same sample on different media. Dermatophytes
from the genera Trichophyton, Epidermophyton, Microsporum and
Arthroderma were also subjects of several recent studies employing
MALDI-TOF MS (Nenoff et al., 2013; Packeu et al., 2013; Theel et al.,
2011). Their identification to the species level is often needed for the ac-
curate treatment of dermatophytoses. Common species are relatively
easy to identify by standard morphological methods but others may be-
come a diagnostic challenge. Cells from cultures were either extracted
by 70% formic acid and the extracts crystallized with a CHCA matrix
prior to spectra acquisition (Packeu et al., 2013; Theel et al., 2011) or
transferred directly to the target plate and measured using DHB as a ma-
trix (Nenoff et al,, 2013). At the species level, MALDI-TOF MS and DNA-
based sequencing strategies were largely consistent and superior to the
morphological identifications (Packeu et al., 2013; Theel et al., 2011).
Infectious zygomycetes of the clinically important genera Mucor,
Rhizopus and Lichtheimia (order Mucorales) show variable resistance
to antimycotic substances. An accurate diagnosis before onset of
antimycotic therapy is therefore desirable. MALDI-TOF MS was investi-
gated for a rapid identification of Lichtheimia strains on the species level
(Schrédl et al., 2012). A total of 53 fungal strains were available for cul-
tivation in that study, from which 46 belonged to the genus Lichtheimia
(distributed within five species). After washing and resuspending of
post-centrifugation pellets from the cultures, mass spectra were acquired
with formic acid/acetonitrile extracts using CHCA as a matrix when the
dried-droplet technique was employed for sample preparation. First a da-
tabase was created using peptide/protein profiles (m/z 2000-20 000) ob-
tained for well-characterized strains. All five species of Lichtheimia could
be easily distinguished in this way. Then the other isolates were mea-
sured and their mass spectrometric data searched against the database:
77% of all tested strains were identified with the highest probability
(95% were at the level of a probable identification). The phylogenetic
tree constructed from the MS data was almost identical with that coming
from multigene genealogy results (including rDNA spacer regions).

10. Discussion and perspectives

Since the middle of the 1990s, a methodology has been continually
developed for the use of MALDI-TOF MS in microbial identification
and characterization. Numerous original research papers have been
published on this topic so far. However, compared with bacteria,
much less attention has been paid to mass spectrometric analysis of
fungi (Kallow et al., 2010). Similarly to bacterial analysis, IC/IS MALDI-
TOF MS of fungi provides fast and reliable experimental data. However,
because of the rigidity of the fungal cell wall, sample preparation tech-
niques including a mechanical or chemical pretreatment of harvested
cells or spores have been introduced to increase the release of surface
proteins for their subsequent extraction followed by MS analysis
(Hettick et al., 2008a,2008b; Marklein et al., 2009; Sulc et al., 2009).
The additional protein extraction step can be beneficial in terms of
obtaining a higher amount of characteristic peptide or protein ions in
mass spectrometric profiles, which is definitely useful for sample iden-
tification, but on the other hand, the whole sample preparation proce-
dure is then more time consuming and less efficient than those
involving direct measurements with intact cells or spores. As regards
to the time scale of experiments, requirements for chemicals and con-
sumables and demands on a skillful and experienced technical assistance,
MS-based identifications of fungi provide many advantages in contrast to
biological and biochemical methods such as morphological studies under
microscope, rDNA-based biotyping or using colorimetric identification
systems. In addition, MALDI-TOF MS shows an accuracy, which is equal
or even outperforms routine diagnostic systems (Rosevinge et al.,

2013). MS may fail in identifications when there is no reference spectrum
available in the database; misidentifications are rare.

No versatile method for MALDI-TOF MS of fungal microorganisms
has been described up to now. Thus, both the selection of a proper ma-
trix compound and choice of an optimal sample preparation technique
are still rather empiric. But there are some rules, which may be follow-
ed. DHB, FA and SA are used as typical matrices in IC/IS MALDI-TOF MS
of fungi, the latter two may also be combined into a mixture and then
used to facilitate sample desorption and ionization. When measuring
with mycelia or spore extracts containing peptides and proteins, CHCA
is the matrix of choice. The dried-droplet technique remains preferred
for sample deposition. Mixed-volume techniques (Kemptner et al.,
2009a,2009b) are less frequent and associated with a longer exposure
of the material to solvents, which may be undesirable. Common fungi,
such as members of the genera Aspergillus, Fusarium, Penicillium or var-
ious yeasts, can be cultured on nutrient media. When pure colony mate-
rial cannot be obtained, it is possible to make a subculture (Rosevinge
etal,, 2013). Conversely, obligate biotrophs such as downy and powdery
mildews are usually grown on host plants, which makes their analysis
more difficult. However, recent experiments by Chalupova et al.
(2012) suggested the possibility of a direct identification of mildews
from infected plant leaves without the need of an isolation step.

From the above literature survey it becomes clear that both refer-
ence strains and studied isolates have to be analyzed by MALDI-TOF
MS under the same experimental conditions (Posteraro et al., 2013).
This means that not only the culture growth and sample preparation
steps but also the instrumental setup for spectra acquisition should bet-
ter be optimized and standardized. Nevertheless, different culture con-
ditions including media composition (Sabouraud dextrose, Candida
chromogenic agar or others) and temperatures of incubation may not
necessarily affect obtaining good identification results (Lau et al.,
2013). On the contrary, both pigment production and variability in
age of colonies may cause troubles. It has repeatedly been shown that
pigments interfere with the ionization of biomolecules (Dong et al.,
2009; Sulc et al., 2009). Thus it is recommended here to avoid their pres-
ence especially when pigment formation is related to the composition
of a selective medium e.g. for the cultivation of B. cinerea (Gielen et al.,
2003). Possible differences between the mass spectra from young and
mature colonies have to be taken into account and preferably handled
by uploading two different reference spectra into the database: one ac-
quired from young colonies and the other from mature colonies (Alanio
et al,, 2011). The sample preparation step is probably the most impor-
tant in the whole analytical procedure. For filamentous fungi such
Aspergillus, Penicillium and Fusarium, the “intact cell” approach is fre-
quently used (prewashed spores are mixed on the MALDI target with
a proper matrix solution) and seems to be very effective with respect
to the time consumption for analysis of each sample. But yeasts have a
rigid cell wall that needs to be disrupted to release more proteins for
ionization. The “complete extraction” approach, typically used for
Candida or Cryptococcus, consists of an ethanol fixation step for inactiva-
tion and reducing cell aggregation, which is followed by a treatment of
the cells with 70% formic acid. Then acetonitrile is added to increase
protein solubility and the extract is spotted on the target prior to the
matrix application. To make the extraction procedure shorter, cells de-
posited on the target are extracted with 25-70% formic acid
(Posteraro et al., 2013). To achieve reliable results, it is also necessary
to use an updated commercial spectral database or a custom database
engineered with the highest care. Lau et al. (2013) demonstrated the
necessity of introducing less common or uncommon species into the da-
tabase otherwise low identification rates can be expected for real samples
such as clinical mold isolates. As regards to MALDI-TOF instruments,
those that are equipped with a linear flight tube allow obtaining a suffi-
cient resolution for constructing reference databases and routine analy-
ses. The presence of a reflector analyzer is not needed.

The data, which came out from MALDI-TOF MS of fungi in the course
of previous 20 years, clearly indicated a big potential of the method for
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1) diagnostics in human or veterinary medicine, 2) phytopathology and
experimental botany, 3) monitoring of environmental contamination
and industrial processes, and 4) microbial biotechnology. Most of the
mentioned spheres of potential application will rely on identification
i.e. distinguishing fungi at the level of species or strains. In a fundamen-
tal phylogenetic research, MS experiments followed by bioinformatics
tools such as hierarchical cluster analysis are able to provide strong re-
sults, which may end up with discoveries of new species and reassign-
ment of taxonomic affiliations based on classical biological methods
(Kallow et al., 2006).

MALDI-based identification and classification of fungal microorgan-
isms utilize peptide/protein profiles containing characteristic biomarker
peaks in the m/z region of 1000-20 000. Their presence is important for
the subsequent database searches and comparison of experimental data
with those for reference strains. For that reason, a future development
of MALDI-TOF MS methodology for fungal analyses will definitely involve
a continuous updating of current commercial databases provided by
vendors together with the instrumentation as well as building up new
databases for specialized research purposes. Hand in hand with this, im-
proved software solutions will appear for data processing and manage-
ment. There is still a big gap in linking MALDI-TOF MS peptide/protein
profiles with proteomic identification of individual biomarker molecules,
which needs to be expanded. The outer surface proteins named hydro-
phobins have been recognized as the cause of predominant ions during
MALDI-TOF MS profiling of Hypocrea and Trichoderma strains (Neuhof
et al., 2007b). Interestingly, spores of downy and powdery mildews
release ribosomal proteins when treated with acidic matrix solutions
(Chalupova J. et al., Palacky University, unpublished results), which is
similar to the behavior of bacteria and yeasts (Fenselau and Demirev,
2001).

Both selection and spread of drug resistant pathogens represent a se-
rious public health problem in current medicine. In this context, recent
papers have shown a big potential of MALDI-TOF MS for antifungal sus-
ceptibility testing (AFST), which represents a prerequisite for efficient
antifungal therapy (Marinach et al.,, 2009; Vella et al., 2013). Standard
susceptibility tests are based on measuring of microbial growth under
different drug concentrations in order to determine the minimal inhibi-
tion concentration for a given isolate. Many different methods including
colorimetric tests are used for that purpose but they may provide unsat-
isfactory correlations with reference data because of subjectivity in
reading results (Morace et al., 2002). MALDI-based approaches offer
the possibility of finding the lowest drug concentration at which a
change in the fingerprint spectrum, reflecting proteome alterations,
can be detected. Then a susceptibility or resistance behavior can be dis-
criminated fast and objectively using a statistical analysis. Interesting
AFST data have been published for C. albicans (Marinach et al., 2009;
Vella et al,, 2013).
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