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ABSTRACT Matrix-assisted laser desorption ionization-time of flight mass spectrom-
etry (MALDI-TOF MS)-based species identification has found its place in many clinical
routine diagnostic laboratories over the past years, allowing significantly reduced
turnaround times and high-precision results. With regard to MALDI-TOF MS for fila-
mentous fungi, here, we discuss different approaches for sample processing and
growth conditions before analysis. In particular, we review the performances of dif-
ferent commercially available databases as well as the potential of complementary
(self-constructed) in-house databases.
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ast and reliable identification of fungal pathogens is crucial for the initiation of

appropriate antifungal treatment of patients with fungal diseases. Commonly, mold
identification is based on micro- and macroscopic characteristics of cultured colonies in
clinical microbiology laboratories. This requires time to obtain mature growth and
technicians who are highly skilled in mycology. Furthermore, identification to the
species sensu stricto level cannot be obtained using phenotypic methods alone and
requires DNA sequencing (1). Overall, phenotypic and molecular methods for the
identification of molds are time-consuming and not widely available.

In the last few years, proteomics has emerged as a potent method for the identi-
fication of microorganisms, which is based on MALDI-TOF MS analysis. The acronym
MALDI-TOF MS stands for matrix-assisted laser desorption ionization-time of flight
mass spectrometry. Microorganisms of interest are transferred to a target plate, and an
organic matrix is placed on top. They are then ionized with a nitrogen laser. To separate
the ionized molecules, they are accelerated through a magnetic field and migrate with
a velocity according to their mass-to-charge ratio (m/z). At the end of the vacuum tube,
a detector measures their time of flight and abundance over time. With these data, a
raw spectrum is created and compared with a database of reference spectra. The
identification is then based on the similarity of the sample spectrum to the reference
spectrum (2). MALDI-TOF MS is currently replacing traditional microbiological identifi-
cation methods, especially in the field of bacteriology, and the technique is highly
reliable, fast, and easy to perform.

Although the use of MALDI-TOF MS is highly accepted for identifying yeasts, there
are still some problems when it comes to filamentous fungi. First, identification may be
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hampered by the presence of a more robust cell wall (mostly being composed of
glucans and chitin) than that of bacteria (3). Second, fungi have a fast-changing
morphology (mycelium/conidia), which also results in different spectra (4). Third,
commercially available fungal reference libraries are currently not as comprehensive as
the bacterial ones. In this review, we provide an overview of the MALDI-TOF MS system,
sample preparation, databases, cutoff levels, and the potential use of MALDI-TOF MS for
antifungal resistance testing.

Four different MALDI-TOF MS benchtop platforms are currently approved and
commercialized in Europe for the routine identification of fungi in clinical microbiology
laboratories: the Bruker Biotyper (Bruker Daltonics, Bremen, Germany), Vitek MS (bio-
Mérieux, Marcy I'Etoile, France), Axima@Saramis (Shimadzu/AnagnosTec, Duisburg,
Germany), and the Andromas system (Andromas SAS, Paris, France) (5). The first two
systems are also approved in the United States, but the Bruker system is limited to the
clinical identification of bacteria and yeasts (3), while the Vitek MS system is also
approved for the identification of fungi (6). Each manufacturer has developed a
peak-matching algorithm to compare an unknown spectrum to its database (2).

MALDI-TOF MS-BASED IDENTIFICATION OF FILAMENTOUS FUNGI

Sample preparation. There are two main methods to obtain a spectrum by
MALDI-TOF MS. The basic method is the direct deposition of cells onto a target plate,
fixated with a suitable matrix. This method is called the intact-cell (IC) method because
the cells remain intact (although mold cells need to be inactivated with ethanol first)
(5). To enhance the spectrum quality, a short target extraction step may be beneficial
(3). However, the IC method may be hampered by the presence of a more robust cell
wall in fungi (3). The second method, which counteracts this, is a complete extraction
(complete lysis [CL]) method. Here, the cells are lysed using an ethanol-formic acid (FA)
procedure to allow complete protein extraction. Direct colony deposition is faster than
the CL method, but it has a lower discriminatory power because the spectra are more
influenced by the culture media, and identification problems can occur with melanized
fungi (7).

Growth conditions and extraction methods. Different growth conditions as well
as extraction methods are used to extract all fungal proteins. This is mainly because the
MALDI-TOF MS platform providers recommend different growth methods (Sabouraud
broth for Bruker and solid plates for Vitek), while growth on (selective) Sabouraud agar,
oatmeal agar, or other agars is generally preferred by clinical laboratories. This prefer-
ence is because growth on agar allows the evaluation of the morphological character-
istics of the isolates. To optimize existing protocols, different growth conditions and
extraction methods were tested on different molds by Cassagne et al. (1). They
compared spectra after a standard FA extraction step, a centrifugation step followed by
FA extraction, or a lysing step with microbeads followed by FA extraction. These three
different procedures gave no significant difference in spectra, which led to the recom-
mendation to use the simplest extraction methods to save time and resources. In their
favored method, the fungi of interest were grown for 72 h on Sabouraud gentamicin-
chloramphenicol agar plates followed by formic acid-acetonitrile extraction (1). How-
ever, Coulibaly et al. studied the Pseudallescheria-Scedosporium species complex by
extracting mycelia grown on malt agar with trifluoracetic acid (TFA) and on Sabouraud
agar with FA extraction. Both methods gave no significant difference in correct iden-
tifications, but this study revealed that a longer incubation probably leads to better
identification results (8). For Fusarium species, a 72-h incubation at 27°C on malt agar
gave more distinguishable peaks than Sabouraud gentamicin-chloramphenicol agar or
potato dextrose agar, but these small differences did not prevent correct identifications
on the three different agar plates (9). An overview of the sample preparation methods
resulting in the most distinguishable spectra for different fungi is provided in Table 1.
Nevertheless, if the extraction protocol differs from the one used to build the reference
library, different spectra might be obtained, and the fungi might not be correctly
identified.
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TABLE 1 Growth conditions for filamentous fungi generating the most distinguishable peaks®

Method for harvest of

Growth conditions material Extraction step(s) Species (no. of isolates) Reference
72 h at 27°C on Sabouraud  Harvested by scraping FA extraction Aspergillus spp. (43), Penicillium spp. (16), 1
gentamicin- with a sterile plastic Scedosporium spp. (18), Fusarium spp.
chloramphenicol agar device (11), other (68)
plates
24 h at 27°C in Sabouraud 10-min centrifugation at  Pellet washed 3 times with 1 ml  Aspergillus spp. (43), Penicillium spp. (16), 1
broth 13,000 X g of sterile water and Scedosporium spp. (18), Fusarium spp.
suspended with 300 ul of (11), other (68)

HPLC sterile water and 900 ul
of anhydrous ethyl alcohol;
FA extraction
72 h at 27°C on Sabouraud  Harvested by scraping Hydroalcoholic suspension of Aspergillus spp. (43), Penicillium spp. (16), 1

gentamicin- with a sterile plastic fungal material lysed by 3 Scedosporium spp. (18), Fusarium spp.
chloramphenicol agar device cycles of microbeads with a (11), other (68)
plates FastPrep-24 instrument; FA
extraction
72 h at 27°C on Sabouraud FA extraction Pseudallescheria-Scedosporium species 8
dextrose agar with complex
antibiotics
72 h at 27°C on malt agar TFA extraction Pseudallescheria-Scedosporium species 8
complex
72 h at 27°C on malt agar ~ Surfaces scraped using a TFA extraction Clinical Fusarium isolates 9

sterile scalpel

aAbbreviations: FA, formic acid; HPLC, high-performance liquid chromatography; TFA, trifluoroacetic acid.

Although the use of mycelia is recommended for the Bruker Biotyper system, studies
are focusing on the identification of fungi just by using spores. Welham et al. (10)
demonstrated that relatively simple spectra can be obtained from spores of Penicillium
spp. These spectra could then be distinguished from different Aspergillus species
spores. Discrimination between aflatoxic and nonaflatoxic strains was also possible (11).

Melanized fungi are a group of fungi that are difficult to discriminate morphologi-
cally as well as by MALDI-TOF MS analysis. This is mostly because the dark fungal
pigments of melanized fungi may inhibit the formation of distinguishable spectra (12).
This can be overcome by growth in liquid media that suppress pigment formation (12)
or by preanalytical washing steps (13). Furthermore, they are underrepresented in
commercial databases; thus, better database representation will likely improve the
percentage of correct identifications of melanized fungi (14, 15).

Databases. The species coverage in the database might be the greatest drawback
of each available MALDI-TOF MS system. The Bruker Filamentous Fungi Library contains
just 127 species (V1) or 152 species (V2) (Bruker Daltonics, Bremen, Germany), while
Vitek MS Knowledge Base version 3.0 contains only 79 clinically relevant mold strains
(16). This results in low identification rates when only the manufacturer’s database is
used. When the Bruker database (version 3.3.1.0) was used, Lau et al. (14) identified only
1.9% of fungal isolates correctly to the species level, while Stein et al. (17) identified
13.6%, Normand et al. (18) identified 23.9%, Schulthess et al. (19) identified 54.2%, and
Sleiman et al. (20) identified 63% of fungal isolates correctly to the species level with
Bruker Filamentous Fungi Library V. 1.0. When Vitek MS Knowledge Base version 3.0
was used, Rychert et al. (16) identified 91%, McMullen et al. (21) identified 68.8%, and
Pinheiro et al. (22) identified 52% of fungal isolates correctly to the species level.
However, the identification rate is highly influenced by the fungal isolates used in the
study, and no direct comparison was performed.

One way to avoid the limitations of the commercial databases from the manufac-
turers is to build an in-house reference database with well-characterized clinical iso-
lates. Therefore, several spectra must be combined with a reference metaspectrum
(MSP) using the software provided with the system. In most cases, spectra from 4
biological and 10 technical replicates are used (1, 23, 24). Additionally, the quality of
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each spectrum should be assessed beforehand. It should contain at least 25 peaks with
a resolution of >400 and 2 peaks with a resolution of >500 (14).

Many laboratories have established their in-house databases to complement the
manufacturers’ ones. The most extensive, publicly available databases established by
Lau et al. (also known as the NIH mold database), Gautier et al., and Becker et al. contain
152, 347, and 472 fungal species, respectively (14, 23, 24). In tests with clinical isolates,
these databases yielded 87.9%, 98.8%, and 95.5% correct identifications. The in-house
database of the BCCM/IHEM culture collection and the Mycology Laboratory of Mar-
seille Hospital comprises 1,913 strains, representing 938 fungal species and 246 fungal
genera, and is linked to a Web application to compare it to the obtained spectra. This
new algorithm (in combination with the database) outcompeted the Bruker system in
both identification time and accuracy. The only misidentifications concerned closely
related species or Basidiomycetes, which were not present in the reference database
(18). The BCCM/IHEM reference database and MSI software are publicly available at
https://biological-mass-spectrometry-identification.com/msi/ and are updated con-
stantly. Smaller in-house reference databases often focus on increasing the reference
spectra of different species within a few fungal genera (Table 2). Nevertheless, they
achieved identification rates ranging from 82.1% (25) to 100% (26-29) for the studied
species. This shows that a small-scale expansion of manufacturers’ databases can
significantly increase the number of correct identifications, especially when a clinical
laboratory frequently encounters samples of the same species. The accuracy of the
identification of the isolates included in the in-house database is of utmost importance,
as false identifications of these isolates may automatically result in false identifications
of clinical isolates that are compared to the database. The isolates included in the NIH
mold database were identified using sequencing of the internal transcribed spacer (ITS)
with additional loci (D1/D2 domains of the 23S ribosomal DNA [rDNA] complex,
B-tubulin, and elongation factor la) if needed (14). The isolates included in the database
by Gautier et al. were identified morphologically in combination with multilocus
sequencing of both the D1-D2 variable region of the 28S gene and the ITS2 region (24).
For the construction of the BCCM/IHEM reference database, sequencing was also used
to confirm the identifications of the isolates, and the internal transcribed spacer,
beta-tubulin, actin, translation elongation factor 1 alpha, or large-subunit ribosomal
DNA was used when required (23). As fungal taxonomy rapidly changes, in-house
databases should be reviewed regularly and should be updated if needed to ensure
correct identification based on recent literature.

In the clinical setting, it is challenging, but crucial, to identify cryptic fungal species
for the correct treatment. Cryptic Aspergillus species of the same section are indistin-
guishable by morphological characteristics. The in-house reference database of Vidal-
Acuna et al. (30) includes 19 cryptic Aspergillus species, resulting in a rate of correct
identifications to the species level of 70.7%. The MSI online platform was also evaluated
for the identification of cryptic Aspergillus species in a multicentric study. In this study,
5,108 isolates were identified as Aspergillus species, of which 1,477 (28.9%) belonged to
cryptic Aspergillus species. Of the 1,477 cryptic Aspergillus isolates, 245 were additionally
identified by DNA sequencing. The agreement between sequencing and MSI-based
identification was 99.6% (244/245 species) (31). This indicates that the correct distinc-
tion of cryptic Aspergillus isolates at the sectional level is possible with MALDI-TOF MS.

Furthermore, melanized fungi are currently still underrepresented in commercially
available databases (15), but recent studies have shown that the addition of melanized
fungi to an in-house database increased the number of correct identifications (15, 32).

Cutoff levels. The manufacturer-recommended cutoff levels, in terms of the Bruker
Biotyper identification score, are =2.0 for a correct species-level and =1.7 for a correct
genus-level identification. Several studies analyzed the impact of lowering the cutoff
level on the number of correct identifications (19, 30, 33-36). Lowering the cutoff levels
to =1.7 for species-level and =1.5 for genus-level identifications resulted in an increase
in accurate species-level identifications of 9.55% on average (range, 4% to 16.9%;
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median, 7.2%). Surprisingly, no increase in the number of misidentifications was
reported even when cryptic Aspergillus species were studied (30). These results show
that reliable species identification using MALDI-TOF MS can also be achieved by using
a log score of 1.7.

OUTLOOK

MALDI-TOF MS has already changed the routine of fungal identification in many
clinical laboratories due to its fast identification process. However, the species coverage
of the reference databases is still the most significant drawback for the identification of
fungi using MALDI-TOF MS systems. Manufacturers and researchers should continue to
expand and update the various available reference databases. When different species
within a section have distinguishable susceptibility patterns (e.g., Aspergillus species) or
when it is important to differentiate between pathogenic and nonpathogenic species
(e.g., Talaromyces species), the method should be able to identify the isolates to the
species level using the reference database. Additionally, the databases should keep
track of the fast-changing fungal nomenclature.

There may be new MALDI-TOF systems available in Europe soon. In China, the
Xiamen MALDI-TOF MS system is already available. In a comparative study, Xiamen
MALDI-TOF MS showed a performance nearly identical to that of the Bruker Daltonics
system (37).

The MALDI-TOF MS system may also be able to differentiate azole-resistant Asper-
gillus fumigatus isolates. A proof-of-concept proteomic study of azole-susceptible and
-resistant A. fumigatus strains revealed proteomic differences in proteins associated
with resistance, virulence, and the host response. However, only previously identified
strains were used in this study, and the isolates were not exposed to antifungal drugs
(38). Another method that was used to detect caspofungin resistance in Aspergillus
species relies on the assumption that the protein composition of a microorganism will
vary at different drug concentrations. Therefore, the minimal profile change concen-
tration (MPPC) was defined as the value where the lowest drug concentration resulting
in a profile change can be detected. To determine the MPCC, MALDI-TOF MS spectra of
isolates were collected after exposure to high, intermediate, or null drug concentrations
used to generate a composite correlation index (CCl) (39, 40).

In a recent publication, Lau et al. (46) demonstrated that the optimization of
acquisition parameters (e.g., peak selection, minimum intensity threshold, and sum of
acquired shots) significantly decreased intercenter variability in their study. This implies
that the acquisition parameters as well as the state and maintenance of the MALDI-TOF
MS instrument play an important part in the identification of fungi using MALDI-TOF
MS. However, there is currently no calibration standard for molds that could be tested
during maintenance to ensure reproducibility.

Furthermore, there may be a simpler sample processing option. The French com-
pany Conidia (Quincieux, France) recently developed new agar plates, called ID Fungi
plates, which are designed specifically for the identification of fungi by MALDI-TOF MS
(http://conidia.fr/en/id-fungi-plates/). With these plates, enough mycelia for MALDI-TOF
MS should be grown within 24 h, and the direct transfer of fungal material, followed by
TFA extraction on the target, should be sufficient to obtain high-quality spectra. One
study showed that the identification score values were higher after fungal culture on ID
Fungi plates than after culture on Sabouraud dextrose agar (41).
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