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Abstract

Purpose of Review The diagnosis of invasive fungal disease
remains challenging in the clinical laboratory. In this paper,
the use of matrix-assisted laser desorption/ionization-time of
flight mass spectrometry (MALDI-TOF MS) for the identifi-
cation of filamentous fungi as well as its application for anti-
fungal resistance testing and strain typing is evaluated.
Recent Findings Most studies report very high accuracy for
the identification of filamentous fungi by MALDI-TOF MS.
Its cost effectiveness, short analysis time, and low error rate
and the fact that it can also discriminate between closely re-
lated and cryptic species make it appropriate for implementa-
tion in the clinical routine. Two drawbacks remain in the avail-
ability of extended reference spectra databases and the fact
that this technique can only be applied on isolates.

Summary More work on (simultaneous) antifungal suscepti-
bility testing and strain typing is needed. The application of
MALDI-TOF MS directly on clinical specimens would fur-
ther improve the diagnosis of invasive fungal disease and
improve its successful management.
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Introduction

Fungi play an important role in a variety of ecosystems and are
widely and abundantly present in the human environment.
Some of these naturally occurring fungi are able to cause
opportunistic invasive fungal disease (IFD) in immunocom-
promised hosts. With the growing number of these patients at
risk, IFD represent a real challenge in the clinical laboratory,
as moreover, the mortality rates linked to IFD are particularly
high. Yet, IFD are still underrepresented in research projects
and surveillance programs, and epidemiological data that
could give an idea of the prevalence of these infections is very
poor. However, Brown and his colleagues have estimated
from extrapolated data that more people die from IFD than
from tuberculosis or malaria worldwide [1]. More innocent
fungal infections, that are however much more prevalent, are
superficial infections of skin and nails. These infections, most-
ly caused by dermatophytes, are estimated to affect 25% of the
world’s population [2]. Species-level identification is critical
for correct patient treatment, and it is generally accepted that a
rapid diagnosis, coupled to the early onset of the appropriate
treatment, leads to a better patient outcome [3].

Though important advances have been made over the past
decades at the level of identification of filamentous fungi, it
remains quite a challenge. Whereas historically, strains have
been classified based upon their morphological characteris-
tics, the implementation of molecular methods have unraveled
an important genetic variability within the sometimes very
homomorphic groups. Multi-locus gene sequencing is indeed
now considered as the gold standard for the identification of
filamentous fungi. This costly and time-consuming approach
is not always realistic in the clinical laboratory setting, and as
it did for the identification of bacteria and yeasts, matrix-
assisted laser desorption/ionization-time of flight mass
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spectroscopy (MALDI-TOF MS) is now doing its entry for
the identification of filamentous fungi in the clinical routine.

The MALDI-TOF MS Technology

MALDI-TOF MS exists already for over three decades and
was developed initially as a soft ionization mass spectrometry
approach for the analysis of large biomolecules in 1987. It was
even honored with a Nobel prize in 2002 for John B. Fenn and
Koichi Tanaka. The technology has since then been evolving
and is used since the beginning of this century for the identi-
fication of micro-organisms [4]. Whereas the identification of
bacteria and also yeasts by MALDI-TOF MS is getting widely
integrated in the clinical routine since over a decade, it is now
becoming more and more accepted that MALDI-TOF MS
could also be a powerful alternative for the identification of
filamentous fungi [4, 5e, 6, 7]. The principle is quite simple: a
protein extract of the micro-organism is deposited on a metal
plate together with a matrix solution. Irradiation with a laser
beam leads to the ionization of the material, which is subse-
quently accelerated through an electric field, allowing the sep-
aration of the molecules according to their mass to charge ratio
(m/z) in a vacuum tube. The whole process generates a spec-
trum, reflecting the protein content of the sample, and in the
case of micro-organisms, this spectrum is shown to be species-
specific. A comparison of the obtained spectrum with a refer-
ence spectra database eventually allows the identification of
the micro-organism [4]. The obtained spectrum should be
considered as a fingerprint of the strain, but the peaks in the
spectrum remain unidentified. Different MALDI-TOF MS
platforms for microbial identification are currently available:
the Bruker BioTyper (Bruker Daltonics GmbH, Bremen,
Germany), the Andromas (Andromas SAS, Paris, France),
the Axima-iD Plus (Shimadzu/AgnosTec, Duisburg,
Germany), and the Vitek MS system in combination with
the SARAMIS database (bioMérieux, Marcy 1’Etoile,
France). Though the technology is similar in all four plat-
forms, the data processing and the algorithms used for the
comparison to the database are quite different and often re-
main a black box for the user [4, 5S¢, 8].

The Andromas system expresses the similarity of the un-
known spectra with the reference spectra as a percentage. The
results are subdivided in three categories: “good identifica-
tion” when the similarity is over 65%, “identification to be
confirmed” when between 60 and 64%, and “no identifica-
tion” when under 60%. In the Biotyper software, similarity of
the spectra with reference spectra of the database is expressed
as log scores between 0 and 3. A log score above 2.3 indicates
“highly probable species-level identification,” while a log
score between 2 and 2.299 indicates secure genus level iden-
tification and probable species level identification. When the
log score is between 1.7 and 1.99, a “probable genus level

identification” is indicated, and with a score below 1.7, the
identification should be interpreted as not reliable. However, it
is not clear whether these guidelines apply for all types of
micro-organisms, as in different reports, deviations of these
guidelines did not seem to have an effect on the sensitivity and
specificity of the results. The SARAMIS database was initial-
ly developed by AgnosTec but was then purchased by
Biomérieux and incorporated in the Vitek MS platform.
Also in this system, the similarity of the spectra is expressed
as a percentage, and a value over 60% is considered reliable
[4, 8]. Several studies have attempted to compare the perfor-
mance of the available MALDI-TOF MS diagnostic plat-
forms, either focusing on one type of pathogen or on a variety
of less commonly encountered organisms, and the main con-
clusion seems to be that all systems perform quite well and
that they all have advantages and disadvantages, depending on
the type of organism studied [5e, 9, 10, 11, 12¢].

MALDI-TOF MS for the Identification
of Filamentous Fungi

The application of MALDI-TOF MS for the identification of
filamentous fungi in the clinical routine has been hampered by
several factors. Firstly, though some studies reported the suc-
cessful use of the “direct deposit” method, a specific sample
preparation procedure is recommended to obtain high quality
and reproducible spectra, mainly due to the fact that fungi
have a thorough cell wall [13, 14]. Secondly, fungal cultures
are heterogenic. Not only do they consist of different cell types
such as mycelium, spores, and fructification organs, there is
also a significant difference between the center of a colony
and the periphery. At the center, older cells produce secondary
metabolites and pigments, while the younger undifferentiated
mycelium is at the periphery of the colony. This age effect was
very nicely demonstrated by Coulibaly et al. in a study on
PseudallescherialScedosporium spp. where it was shown that
the spectra of the same colony varied in function of age [15].
To minimize the effect of growth conditions, Bruker Daltonics
proposed a protein extraction protocol from 24 to 48 h old
liquid and rotating cultures and dedicated a special database
to it. This database and the procedure based upon liquid cul-
tures were evaluated by the group of Michael Hombach in
Zurich. Though the reported correct species identification
levels of 54.2 and 79% (using collection material and clinical
isolates respectively) seem not convincing, the authors attrib-
uted this to the limitation of the database, as the majority of the
unidentified strains were not recognized because the species
was lacking from the database and only a little amount of false
identifications were encountered [16]. This brings us to the
third and major drawback for fungal identification by
MALDI-TOF MS, namely, the lack of extended reference
spectra databases. Whereas the commercially available
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databases are quite elaborate for bacteria and yeasts, they are
very limited for fungi, which explains why the vast majority of
the publications on fungal identifications use an in-house cre-
ated database [5¢].

Performance of MALDI-TOF MS for Fungal
Identification

First of all, many reports are available on the performance
level of MALDI-TOF MS for the identification of filamentous
dermatophyte and non-dermatophyte fungi. The success rate
of the fungal identification has been extensively reviewed by
Cassagne et al. [5¢].

Though the percentages of correct identifications are gen-
erally high and the amount of false identifications are often
close to zero, they can vary between the different reports,
depending mainly on the used method, the database, and on
the variety of the test panel evaluated, making it difficult to
compare the results. For instance, Nenoff et al. have reported
the very successful identification of dermatophytes by
MALDI-TOF MS using the Saramis software. The success
rate of 98.8% correct identifications seems convincingly high,
but this may be explained by the fact that the authors have
used the same strains for constructing the database as for chal-
lenging it [17].

Lau et al. constructed a reference spectra database based on
249 reference isolates, and challenged this database with a test
panel of 421 clinical isolates. 88.9% of the isolates were cor-
rectly identified up to the species level, whereas no false iden-
tifications were encountered [18]. Cassagne et al. developed a
database of 143 reference spectra, and their evaluation of 177
isolates led to an 87% accuracy rate and only two misidenti-
fications [19]. Both studies used an extraction protocol and the
Bruker BioTyper. Other reports using the Bruker BioTyper
system reported success rates in the same range of 89 and
87% when looking at a variety of species [20, 21]. Becker
et al. have evaluated the performance of their in-house created
database with a test panel of 490 clinical isolates, leading to a
success rate of 95.4% [22]. For this study, the authors did not
use the cut-off values as recommended by the manufacturer,
instead they considered the result valid if three out of the four
technical repeats (i.e., spots) gave the same identification.
With only one false identification, the specificity in this study
remained very high [22]. Indeed, several studies have reported
deviations from the cut-off values in the manufacturer’s in-
structions without impacting the specificity of the method,
underlining the robustness of the technology [22-23].

In other reports, several groups have focused on specific
types or genera of (closely related) organisms, and most of
them have focused on Aspergillus spp. Iriart et al. evaluated
the use of the Vitek MS system, without applying a protein
extraction protocol, for the identification of Aspergillus
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strains. Out of the 44 Aspergillus isolates, 36 were correctly
identified (81.8%) and eight remained unidentified. Though in
this study, the percentage of correct species identifications was
even lower than in their routine identification test, it is worth-
while mentioning that also in this case, none of the strains
were misidentified [24]. Oliveira et al. have reported the
100% successful distinction of Sporothrix species using an
in-house created database with the SARAMIS software [25].
Two studies have evaluated the performance of the Andromas
system for Aspergillus identification. Bille et al. have tested a
panel of 64 Aspergillus strains and achieved an overall success
rate of 98.4%, using a formic acid extraction procedure, but
they only looked at a limited number of different species (6)
and the vast majority were Aspergillus fumigatus [26]. In the
study by Alanio et al., the test panel included 24 different
Aspergillus species, but no protein extraction protocol was
applied and 98.6% of correct identifications up to the species
level were obtained and no false identifications were encoun-
tered [13].

Whereas for evaluating the performance of the Bruker
BioTyper system for fungal identification, most of the studies
have reported a full extraction protocol; De Carolis et al. have
shown that Aspergillus, Fuisarium, and Mucorales species
were successfully identified using a direct deposit method
(96.8% correct identifications when present in the database)
[14, 18-22]. Triest et al. have reported a success rate of 91%
for the identification of a wide variety of closely related
Fusarium species using an in-house created database and a
formic acid extraction procedure [23]. Dolatabadi et al. have
reported the successful distinction of Mucorales species by
MALDI-TOF MS using 38 isolates and a formic acid extrac-
tion procedure. Though generating distinct clades using a
PCA dendrogram, the identification performance was not re-
ported by the authors [27]. Also for dermatophytes, which
usually represent an even higher diagnostic challenge as the
taxonomy of this group is very complex and the isolates are
often atypical, MALDI-TOF MS seems to perform very well
in the clinical setting. Identification rates reported are very
high, up to 100% using in-house created databases [5, 28-30].

It is clear from these reports that the good performance of
MALDI-TOF MS, and more specifically, the very limited
amount of false identifications that are encountered, makes
this technique suitable for the clinical laboratory, also for fil-
amentous fungi, and CLSI guidelines (CLSI M-58 Edl) are
now available for its implementation in the medical laborato-
ry. MALDI-TOF MS is more effective for species identifica-
tion as compared to the classical microscopic approaches and
is a cost-effective alternative for multi-locus gene-sequencing
[22]. However, it is also important to strive for standardized
cultivation and sample preparation methods when
implementing the method in a clinical laboratory, i.e., one
approach for all types of filamentous fungi. To improve iden-
tification scores, the sample preparation procedure of the
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unknown sample are preferably the same as the method used
to generate the spectra of the database. Lastly, making the
generated spectra publically available would be an important
step forward to overcome the problem of the availability of the
databases. However, taken the previous point into consider-
ation, for the successful use of such publically available data-
bases, complete transparency about the used protocols to con-
struct the spectra is a prerequisite.

Promising Perspectives for the Future

One limitation of the MALDI-TOF MS technology remains
the fact that it is only applicable on isolates. This is inherent to
the technology that produces a spectrum reflecting the com-
plete content of the sample, a fingerprint, but that is not de-
tecting any specific molecules. It is well known that cultures
are often false negative and it has been estimated that positive
blood cultures are only obtained in about 50% of the cases of
invasive candidiasis and that the success rate is even lower in
invasive infections with filamentous fungi [31]. For bacteria
and yeasts, several reports have shown the MALDI-TOF MS
based identification of pathogens directly on clinical speci-
mens or blood cultures [4]. The direct identification of fila-
mentous fungi such as Fusarium spp. from positive blood
cultures has also been recently described for the first time,
but further work is needed [32¢¢]. Alternative MS approaches
targeting specific molecules have been evaluated. Triest et al.
have developed a method using LC-ESI-MS/MS to detect
species-specific peptides in mixed cultures. This could be a
promising approach to detect the organisms directly in clinical
specimens [33¢¢]. In another attempt, serum disaccharide has
been targeted as an early but pan-fungal marker to diagnose
invasive candidiasis, aspergillosis, and mucormycosis [31].
Indeed, the detection of species-specific molecules using spe-
cialized mass spectrometers can overcome certain limitations
of MALDI-TOF MS, as these specific molecules could theo-
retically be detected in any matrix and independently of cul-
ture conditions. However, this highly specialized equipment
currently requires specialized analysts and is not accessible in
the clinical microbiology laboratory.

Several studies have also been undertaken to use MALDI-
TOF MS for antifungal susceptibility testing in yeasts and for
susceptibility to caspofungin in Candida and Aspergillus, a
proof of concept delivered by De Carolis et al. [34-36]. A
combined approach for identification and simultaneous anti-
fungal susceptibility testing as it was described for
Mpycobacteria could indeed significantly decrease turnaround
time in the clinical routine [37¢¢]. Decreasing the turnaround
time will positively affect patient outcome as it allows an
evidence-based treatment strategy. Shorter hospital stays and
improved prognosis will in its turn also have financial
implications.

As MALDI-TOF MS differentiates closely related species
that are not picked up by the conventional methods, it repre-
sents a true added value in evaluating the real species diversity
and appearance of emerging species in the clinical routine and
to help us to generate epidemiological insights. Gautier et al.
showed that the number of species encountered in the clinical
routine increased from 16 to 42 different species of filamen-
tous fungi [38]. Strain typing is another promising possibility
of the technology that could be of major importance in out-
break prevention and management. Currently used typing
methods are complex and often not available in routine clini-
cal laboratories, leading to a delay in the appropriate manage-
ment of hospital-acquired fungal infections. The report of
Dhieb et al. on the typing of Candida glabrata seemed prom-
ising; other attempts have failed to cluster genetically related
isolates [39—40]. In a recent report, the successful identifica-
tion and clustering of the emerging and particularly important
pathogen Candida auris has been shown using the VITEK
MS [41].

Conclusion

MALDI-TOF MS has revolutionized the clinical laboratory,
and its successful application for the identification of filamen-
tous fungi has numerously been reported. What is particularly
interesting when looking at the different reports is that the
level of false identifications is close to zero, making it a robust
and reliable technology. The true added value lies in the fact
that MALDI-TOF MS can differentiate closely related species
that are missed by conventional methods, creating new epide-
miological insights and a better view on the emerging prob-
lems. Promising future developments include antifungal resis-
tance testing and strain typing, but the developments in these
fields are delayed as compared to their advances for bacteria
and yeasts and more work is needed. One disadvantage of the
technique remains the fact that it can only be applied on iso-
lates, and different strategies are investigated to overcome
this, though it needs to be seen whether MALDI-TOF MS will
turn out to be the appropriate method for this, or whether more
specialized MS approaches will need to come into play. Either
way, the future is challenging.
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