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Matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) was evaluated for testing sus-
ceptibility to caspofungin of wild-type and fks mutant isolates of Candida and Aspergillus. Complete essential agreement was
observed with the CLSI reference method, with categorical agreement for 94.1% of the Candida isolates tested. Thus, MALDI-
TOF MS is a reliable and accurate method to detect fungal isolates with reduced caspofungin susceptibility.

Echinocandin drugs represent the newest class of antifungal
agents. They act by inhibition of the 1,3-�-D-glucan synthase

complex, which catalyzes the synthesis of 1,3-�-D-glucan in the
fungal cell walls (5). All three available echinocandins—anidula-
fungin, caspofungin, and micafungin—are presumed to bind to
the catalytic subunit of the enzyme complex, Fks, which is en-
coded by three related genes, FKS1, FKS2, and FKS3 (18). As echi-
nocandins are not active at clinically relevant concentrations
against Cryptococcus neoformans or non-Aspergillus molds, their
clinical utility is largely restricted to the treatment of candidiasis
and aspergillosis (9). Particularly, caspofungin was shown to be
effective for treating esophageal candidiasis, candidemia, and in-
vasive candidiasis (5). The drug is also effective as an empirical
treatment of febrile neutropenia and as salvage therapy for inva-
sive aspergillosis (3, 31), and it is the only echinocandin FDA
approved for use in pediatric patients (29).

Resistance to caspofungin, as mediated by fks1 and/or fks2 en-
zyme modifications, has been described for Candida clinical iso-
lates displaying high MICs (20), and, recently, breakthrough in-
fections caused by Aspergillus fumigatus isolates with elevated
minimum effective concentrations (MECs) have been reported
(1, 15, 16). Clinical breakpoints for echinocandins and Candida
have now been established by the Clinical and Laboratory Stan-
dards Institute (CLSI) Subcommittee for Antifungal Testing (23)
and the European Committee on Antibiotic Susceptibility Testing
(EUCAST) (“Anidulafungin: Rationale for the Clinical Break-
points,” version 1.0, 2010; freely available from the EUCAST web-
site at http://www.eucast.org), which serve as a more sensitive
means of detecting isolates with acquired resistance mechanisms.
EUCAST and CLSI have developed and standardized in vitro sus-
ceptibility testing methods (6, 7, 27, 28) to detect fungal strains
with high MICs (or MECs) and fks mutations (10, 11, 24). How-
ever, the CLSI method is mainly restricted by the visual (and sub-
jective) determination of yeast susceptibility endpoints (6), as well
as are both the CLSI and EUCAST methods with regard to fila-
mentous fungi (7, 28). Indeed, evaluation of the MEC when test-
ing nonyeast fungi against echinocandins should provide more
consistent and reproducible susceptibility data than the conven-
tional MIC reading (7), although MEC determination remains
technically troublesome.

The aim of the present study was to evaluate the matrix-as-

sisted laser desorption ionization–time of flight mass spectrome-
try (MALDI-TOF MS) methodology—recently introduced in
clinical microbiology laboratories— by using a composite corre-
lation index (CCI) approach for testing caspofungin susceptibility
of wild-type and fks mutant isolates of Candida and Aspergillus
species.

A panel of 44 fungal isolates with and without known resis-
tance-associated fks mutations were used throughout this work
(Table 1). They included 34 Candida (14 Candida albicans, 12
Candida glabrata, 4 Candida parapsilosis, and 4 Candida krusei)
isolates and 10 Aspergillus (6 Aspergillus fumigatus and 4 Aspergil-
lus flavus) isolates. C. parapsilosis ATCC 22019 and C. krusei
ATCC 6258 were used as control strains. Among the clinical iso-
lates studied (n � 40), all isolates were referred to the authors’
laboratories (UCSC or DSP), with the exception of isolates desig-
nated CP and CG, which were provided by A. Tavanti and C.
Girmenia, respectively (Table 1). One FKS-containing A. fumiga-
tus isolate was a laboratory mutant engineered in strain
KU80�akuB (26). Isolate identification was performed by con-
ventional microbiologic methods and, only for Aspergillus iso-
lates, was confirmed by gene sequencing analyses (4). For all iso-
lates, caspofungin susceptibility testing was performed by the
broth microdilution method following the CLSI M27-A3 and
M38-A2 guidelines (6, 7), and the MIC and MEC were determined
using prominent (corresponding to 50%) growth inhibition or
aberrant growth as the respective endpoint. For all isolates, FKS
gene sequence analysis was performed as described elsewhere (12,
13, 26).

For MALDI-TOF MS-based caspofungin susceptibility assays,
we adopted the protocol developed by Marinach et al. (17), with
some modifications. Briefly, aliquots of conidial inoculum sus-
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pensions of approximately 1 � 106 cells per milliliter, as deter-
mined by a hemocytometric method (14), were added to RPMI,
with serial dilutions (64 to 0.008 �g/ml) of caspofungin (pure
substance provided by Merck), or to RPMI alone as a negative

control, into 24-well plates and kept at 37°C under agitation for 15
h. The cells then were washed twice with sterile water and resus-
pended in 10% formic acid. One microliter of each fungal suspen-
sion was directly spotted, in duplicate, onto a polished steel target

TABLE 1 In vitro caspofungin susceptibilities of 44 isolates of Candida and Aspergillus species as determined by the CLSI reference test and MALDI-
TOF MS methoda

Species (nb) Strain designationc

Phenotyped

MIC (or MEC)
(�g/ml)e MPCCeFks1 Fks2

C. albicans (14) UCSC13 WT 0.12 0.12
UCSC69 WT 0.06 0.12
UCSC70 WT 0.12 0.12
UCSC131 WT 0.12 0.12
DSP1012 D648Y 2.67 1
DSP1006 F641L 2 2
DSP1007 F641S 4 4
DSP1010 S645F 4 1
DSP1011 S645F � R1361R/H 4 4
DSP21 S645P 8 4
DSP1009 S645F 4 8
DSP1013 P649H 4 1
DSP1040 R1361H 2 1
DSP1014 R1361R/H 1 1

C. glabrata (12) UCSC91 WT WT 0.03 0.03
UCSC92B WT WT 0.03 0.03
UCSC103 WT WT 0.06 0.06
UCSC104 WT WT 0.06 0.06
DSP38 F625S WT 8 2
DSP155 WT F659V 4 4
DSP41 D632G WT 4 16
DSP33 WT D666E 4 2
DSP32 WT D666G 4 8
DSP34 WT P667T 2 2
DSP39 S629P WT 8 16
DSP30 WT S663P 16 4

C. parapsilosis (4) ATCC 22019 WT 0.25 0.25
CP14 WT 0.5 1
CP18 WT 0.25 0.5
CP147 WT 0.5 0.5

C. krusei (4) ATCC 6258 WT 0.125 0.5
UCSC28 WT 0.25 0.5
DSP45 F655F/C 8 4
DSP1023 R361G (T657I � L660I) 16 32

A. fumigatus (6) UCSC593 WT 0.06 0.125
CG221 WT 0.06 0.125
CG277 WT 0.125 0.5
CG295 WT 0.125 0.125
DSPCEA17 WT 0.25 0.5
DSPEMFR S678P/S678P 32 16

A. flavus (4) CBS 110.45 WT 0.03 0.125
CG192 WT 0.06 0.25
CG196 WT 0.03 0.125
CG217 WT 0.06 0.25

a Isolates include clinical (n � 40), reference (n � 3), and laboratory mutant (n � 1) strains.
b n, number of isolates tested.
c Isolates are designated by source as follows: ATCC, American Type Culture Collection, Manassas, VA; CBS, Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands;
CG, culture strain collection of the Università La Sapienza, Rome, Italy; CP, culture strain collection of the Università of Pisa, Pisa, Italy; DSP, culture strain collection of the
UMDNJ—New Jersey Medical School, Newark, NJ; and UCSC, culture strain collection of the Università Cattolica del Sacro Cuore (Rome, Italy).
d WT, wild type at mutational hot spot regions of Fks1 and Fks2. Otherwise, the specific amino acid substitutions harbored by mutant strains are indicated.
e Shown are geometric mean values (three repetitions from separate preparations) for MICs, MECs, and minimal profile change concentrations (MPCCs).
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plate (Bruker Daltonics, Bremen, Germany), covered with 1 �l of
absolute ethanol and 1 �l of a saturated solution of �-cyano-4-
hydroxycinnamic acid in 50% acetonitrile–2.5% trifluoroacetic
acid (Bruker Daltonics), and allowed to air dry. Measurements
were performed with a microflex LT mass spectrometer (Bruker
Daltonics) within a mass range of 3,000 to 8,000 Da (2), and spec-
tra were recorded in the positive linear mode as described previ-
ously (8). For each experimental condition (a total of 14 drug
concentrations and 1 drug-free control), spectra were collected
from 3 biological replicates (prepared from repeated cultivations
on different days) and were automatically imported into the
MALDI Biotyper 3.0 software (Bruker Daltonics) as raw data. We
then used the CCI tool of MALDI Biotyper, a statistical method
for analyzing the relationships between spectra according to Ar-
nold and Reilly (2). The raw spectra were divided into 12 intervals
of the same size (417 Da each), and the composition of cross-
correlations and autocorrelations of all intervals (in terms of geo-
metric mean) was used as a distance parameter between the spec-
tra. CCI values around 1 represent a high conformance of spectra,
while CCI values near 0 indicate a clear diversity of the spectra.
The results were automatically viewed in a correlation matrix view
and translated into a heat map, where closely related spectra are
marked in hot colors and unrelated ones in cold colors, based on
their respective high or low CCI values (Fig. 1). Thus, we matched
for each concentration its spectrum similarity against each of the
two extreme concentrations (null or maximum) of the drug ac-
cording to Marinach et al. (17). This allowed determination of the
minimal profile change concentration (MPCC) for caspofungin, a
value defined as the lowest drug concentration at which a spec-
trum is more similar to the one observed at the maximum con-
centration than the spectrum observed at the null concentration
(Fig. 1).

The new, CLSI species-specific clinical breakpoints for Can-
dida caspofungin susceptibility (�0.25 �g/ml for C. albicans, C.
tropicalis, and C. krusei; �0.125 �g/ml for C. glabrata; and �2
�g/ml for C. parapsilosis) (23) were used to obtain the percentage
of categorical agreement between the MALDI-TOF MS (MPCC)
and reference (MIC) endpoints, while discrepancies among MPCCs
and MICs (or MECs) of more than 2 dilutions (two wells) were
used to calculate the percentage of essential agreement (25).

Table 1 shows the susceptibility of the studied isolates (wild-
type and fks mutants) to the echinocandin caspofungin, as ob-
tained with the CLSI and MALDI-TOF MS methods of testing.
A high level of concordance between the values of MPCC and
MIC (or MEC) was found, with full essential agreement
(within 2 dilutions) for 100% of the isolates (both Candida and
Aspergillus) tested. By applying the clinical breakpoints for
caspofungin susceptibility/resistance recently proposed for the
major species of Candida, such as C. albicans, C. glabrata, Can-
dida tropicalis, C. krusei, and C. parapsilosis (23), all but two of
our Candida isolates were correctly identified as susceptible
(n � 12) or resistant (n � 20) by MALDI-TOF MS, leading to
a categorical agreement of 94.1% with the reference CLSI
method. Two C. krusei isolates were misclassified (minor er-
rors) as intermediate by MALDI-TOF MS.

When the results were analyzed according to the type of fks
mutation possessed, we found, interestingly, that two (DSP1012
and DSP1013) of five resistant C. albicans isolates (MICs of 2.67
and 4 �g/ml, respectively) that had an MPCC of 1 �g/ml harbored
an Fks1 substitution, which belongs to those alterations (D648Y
and P649H) shown to confer the lowest inhibition constant (Ki)
values, compared to ones resulting in amino acid changes at
Ser645 (S645P, S645F, and S645Y) (13). Similarly, the two (DSP33
and DSP38) of the three resistant C. glabrata isolates (MICs of 4

FIG 1 Representative composite correlation index (CCI) matrix derived from selected mass spectra, which correspond to those for C. glabrata DSP155 cells
(MIC of 4 �g/ml) exposed for 15 h at 37°C to serial caspofungin concentrations (including the null one), ranging from 0.5 to 64 �g/ml. By comparing spectra with
one another at the indicated drug concentrations, numerical correlation indices were obtained, automatically visualized in a CCI matrix view, and translated into
a heat map (on the left) in which closely related spectra are marked in hot colors and unrelated ones in cold colors. After matching for each concentration and
its spectrum similarity against each of the two extreme concentrations (null or maximum) of the drug, the minimal profile change concentration (MPCC) was
assessed as the CCI value at which a spectrum is more similar to the one observed at the maximum caspofungin concentration (maximum CCI) than the spectrum
observed at the null caspofungin concentration (null CCI). The MPCC (4 �g/ml) and its relative null and maximum CCI values are shown on the right in the
red box.
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and 8 �g/ml, respectively) having the lowest MPCC value (2 �g/
ml) did not harbor mutations at Ser629 (Fks1) or Ser663 (Fks2),
which were indeed seen to display the highest 50% inhibitory con-
centration (IC50) values for all echinocandin drugs (12). This
would add further support to the notion that an elevated MIC may
be a result not only of characteristic mutations in FKS but also of
other compensatory mechanisms (18). Therefore, it is possible
that other cell-response/adaptive mechanisms (e.g., increase in
cell wall chitin content) (30) have led to the high MIC values in at
least some of our Candida isolates displaying low MPCCs, when
they were tested using the CLSI reference method. Nonetheless,
the MPCC values we obtained for the same isolates using the
MALDI-TOF MS method might be a reflection of changes in the
1,3-�-D-glucan synthase affinity for caspofungin without strongly
impacting relative susceptibility in the in vitro growth.

Thus, the MALDI-TOF MS-based susceptibility testing assay
appears to correctly identify isolates of Candida with fks mutations
and/or modification of the echinocandin sensitivity of the 1,3-�-
D-glucan synthase enzyme complex, which would result in fungal
cell glucan depletion. In this context, a prominent variation of
protein composition induced by caspofungin to which fungal cells
are subjected could be a predictor of resistance as valid as the
prominent-inhibition endpoint currently used. In the absence of
clinical breakpoints, recently Espinell-Ingroff et al. (11) proposed
epidemiological cutoff values for six Aspergillus species, including
A. fumigatus, and caspofungin to determine the relationship be-
tween resistant molecular mechanisms and non-wild-type MEC
values. However, while it is uncommon to detect Aspergillus iso-
lates with reduced caspofungin susceptibility or non-wild-type
strains (11, 21), high caspofungin MECs (�1 �g/ml) or FKS mu-
tations for A. fumigatus were obtained from breakthrough infec-
tions in patients on caspofungin therapy (1, 16). In agreement
with the MEC values observed here, MPCC values of 0.5 and 0.25
�g/ml captured, respectively, all of the clinical A. fumigatus and A.
flavus isolates tested.

In summary, our data confirm previous findings showing that
MALDI-TOF MS-based technology is a reliable and reproducible
tool for antifungal susceptibility testing (17). Due to the paucity of
isolates tested, especially resistant A. fumigatus, further studies will
be required to establish whether MPCC will generally overesti-
mate or underestimate caspofungin susceptibility of pathogenic
fungi, in order to include it in a new generation of susceptibility
tests (19). In practice, numerous strains per fungal species will
need to be tested to show that MALDI-TOF MS produces the same
wild-type MIC distributions as the CLSI method (21, 22) and,
ultimately, to validate that the newly proposed method is equiva-
lent to the reference one. To date, while the endpoint readings
achievable with MALDI-TOF MS represent a slight time savings
(15 h versus 24 h) over the CLSI method, MALDI-TOF MS has
great advantage of eliminating subjective read-outs, which occur
with the CLSI (and EUCAST) method when filamentous fungi are
tested. A cost comparison of the MALDI-TOF MS with the refer-
ence method appears to show an economic disadvantage. How-
ever, if compared with commercial CLSI- or EUCAST-based
methods that are currently used for antifungal susceptibility test-
ing, MALDI-TOF MS is surely cost-effective for those mycology
laboratories (nowadays ever numerous) that routinely use
MALDI-TOF MS for species identification of clinical isolates. As
shown with the use for identification purposes, it is plausible that
interlaboratory comparisons using the same instrument, as well as

comparisons of spectral data from different instruments (i.e.,
Saramis or Bruker Daltonics), will prove that MALDI-TOF MS is
a widely exportable technology even when applied to antifungal
susceptibility testing assays.

In conclusion, we propose MALDI-TOF MS as an alternative
method that may aid in effective detection of fungal isolates with
reduced caspofungin susceptibility, particularly for diagnostic mi-
crobiology laboratories equipped with MALDI-TOF MS instru-
ments.
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