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The widespread use of antifungal agents, which is likely to expand with their enhanced availability, has promoted the emergence
of drug-resistant strains. Antifungal susceptibility testing (AFST) is now an essential procedure for guiding appropriate antifun-
gal therapy. Recently, we developed a matrix-assisted laser desorption ionization—time of flight mass spectrometry (MALDI-TOF
MS)-based method that enables the detection of fungal isolates with reduced echinocandin susceptibility, relying on the pro-
teome changes that are detectable after a 15-h exposure of fungal cells to serial drug concentrations. Here, we describe a simpli-
fied version of this approach that facilitates discrimination of the susceptible and resistant isolates of Candida albicans after a
3-h incubation in the presence of “breakpoint” level drug concentrations of the echinocandin caspofungin (CSF). Spectra at con-
centrations of 0 (null), 0.03 (intermediate), and 32 (maximal) pg/ml of CSF were used to create individual composite correlation
index (CCI) matrices for 65 C. albicans isolates, including 13 fksI mutants. Isolates are then classified as susceptible or resistant
to CSF if the CCI values of spectra at 0.03 and 32 pg/ml are higher or lower, respectively, than the CCI values of spectra at 0.03
and 0 pg/ml. In this way, the drug resistance of C. albicans isolates to echinocandin antifungals can be quickly assessed. Further-
more, the isolate categorizations determined using MALDI-TOF MS-based AFST (ms-AFST) were consistent with the wild-type

and mutant FKSI genotypes and the AFST reference methodology. The ms-AFST approach may provide a rapid and reliable
means of detecting emerging antifungal resistance and accelerating the initiation of appropriate antifungal treatment.

ntifungal resistance has emerged prominently over the past
few decades and continues to increase (1), posing a growing
concern for the management of patients with invasive fungal in-
fections, especially those caused by Candida species (1). Despite
the advent of antifungal agents, such as the highly active triazoles
(2) and the newest drugs, the echinocandins (3), invasive candi-
diasis is associated with excessive morbidity, mortality, and costs
(4), particularly for critically ill patients (5). The general consen-
sus is that clinical outcomes are improved when treatments are
started early (6). Yet, concomitant with more antifungal drugs
being available in clinical practice (7), the use of empirical or
preemptive antifungal therapy leads undesirably to higher selec-
tive pressure toward species developing secondary resistance or
intrinsically resistant species replacing susceptible ones (8). While
Candida albicans is still the major infecting species (9, 10), de-
creased antifungal susceptibility has been increasingly observed in
Candida species which are normally drug susceptible (11), thus
reinforcing the importance of performing routine Candida sus-
ceptibility tests (12). Antifungal susceptibility testing (AFST) is
important not only for optimal selection of the most appropriate
antifungal agents, i.e., “likely to be active for a given infection” (1),
but also, and perhaps more importantly, for the detection of re-
sistance, i.e., “to determine which agents will not work” (1).
Although various standardized microdilution-based proce-
dures are currently approved for AFST of fungal species by the
Clinical and Laboratory Standards Institute (CLSI) and the Euro-
pean Committee on Antibiotic Susceptibility Testing (EUCAST)
(13, 14), the role of these procedures is often restricted to special-
ized mycology laboratories which contribute to the setting of in-
terpretive AFST breakpoints (14). To facilitate standardized de-
tection of antifungal drug resistance, commercial MIC methods
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(e.g., the Sensititre YeastOne colorimetric plate [TREK Diagnostic
Systems, Cleveland, OH] and the Etest [bioMérieux, Marcy
I’Etoile, France)) for in vitro Candida AFST have been developed
as modifications of broth or agar microdilution methods that con-
form to the CLSI standards (15) and validated by comparison with
the CLSI reference method using the interpretive CLSI break-
points (1). In spite of their ease of use, standardization, and flex-
ibility (1), some of these methods, which are approved by the U.S.
Food and Drug Administration for clinical testing, are generally
limited by visual (and subjective) MIC endpoint determination
and slow turnaround times (the endpoint is achieved at 24 to 48 h).
As a simple and fast technique for the analysis of large biomol-
ecules, matrix-assisted laser desorption ionization—time of flight
mass spectrometry (MALDI-TOF MS) of whole microbial cells or
their extracts recently evolved from a niche research procedure to
a widely used practical application that has revolutionized the
manner of classifying and identifying microbial species (16) and
now represents an excellent alternative to traditional clinical lab-
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oratory procedures (17, 18). Recently, we developed a MALDI-
TOF MS-based assay for testing antifungal susceptibilities of clin-
ically relevant Candida and Aspergillus species to the echinocandin
caspofungin (CSF) (19) by means of a composite correlation in-
dex (CCI)-based approach (20). The method reliably and accu-
rately allows a determination of the minimal profile change con-
centration (MPCC) (21), an endpoint value that is an alternative
to the classical MIC, for CSF by relying on the proteome changes
which are detectable after a 15-h exposure of fungal cells to serial
drug concentrations (19). Endpoint readings by MALDI-TOF MS
provide a clear time savings (15 h versus 24 h) over the CLSI- or
EUCAST-based methods, but implementing MALDI-TOF MS
into the daily workflow appears to offer only a subtle advantage to
clinicians compared to that for recent strategies aimed at speeding
up AFST (22, 23).

In this proof-of-concept study, we used a MALDI-TOF MS-
based assay (ms-AFST) to assess the susceptibility of C. albicans
isolates to CSF after a short time of exposure (3 h) to the drug.
ms-AFST was modified using “breakpoint” drug concentrations
in order to allow easy and labor-saving discrimination between
CSF-susceptible and CSF-resistant C. albicans isolates, catego-
rized according to the absence or presence, respectively, of hot
spot mutations in the echinocandin target FKSI gene.

(This study was presented in part as a poster at the 18th Con-
gress of the International Society for Human and Animal Mycol-
ogy 2012, Berlin, Germany, 11 to 15 June 2012 [24].)

MATERIALS AND METHODS

Fungal culture and sample preparation. A panel of 65 C. albicans isolates
with and without FKS! gene (which encodes B-1,3-glucan synthase [GS],
the echinocandin target) mutations that are known to be associated with
resistance to CSF (25, 26) were included in the study (see Table S1 in the
supplemental material). Ten fksI mutant isolates were previously investi-
gated (19). Before testing, each isolate was subcultured onto Sabouraud
dextrose agar to ensure its purity and viability and reidentified by standard
methods. For all isolates, FKSI gene sequencing was performed as de-
scribed elsewhere (27). AFST was performed by the broth microdilution
method following the CLSI guidelines, and the MICs were determined
using prominent growth inhibition as an endpoint (15). The CLSI-rec-
ommended quality control strains (Candida parapsilosis ATCC 22019 and
Candida krusei ATCC 6258) were included in each set of experiments
(15). Isolates were categorized as susceptible, intermediate, or resistant on
the basis of the new CLSI breakpoints for CSF and C. albicans that were set
at =0.25 pg/ml (susceptible), 0.5 pg/ml (intermediate), and =1 g/ml
(resistant) (26). AFST by MALDI-TOF MS (ms-AFST) was performed
according to our published method (19). Briefly, protein extracts were
prepared from fungal isolates (starting from an inoculum of 1 X 107
CFU/ml) grown in RPMI broth containing serial dilutions (ranging from
0.5 to 0.004 pg/ml) or a breakpoint concentration (intermediate, 0.03
pg/ml) of CSF (pure substance provided by Merck, Milan, Italy) at 37°C
under agitation for 15 or 3 h, respectively. Growth in RPMI broth with 32
pg/ml CSF (maximal concentration) or 0 pg/ml CSF (null concentration)
was included in the two experimental runs. For the MALDI-TOF sample
preparation, fungal cells were washed twice with sterile water and resus-
pended in 10% (vol/vol) formic acid. One microliter of each cell suspen-
sion was directly spotted in triplicate onto a polished steel target plate
(Bruker Daltonik, Bremen, Germany), covered with 1 pl of absolute eth-
anol and 1 pl of a saturated solution of a-cyano-4-hydroxycinnamic acid
in 50% acetonitrile-2.5% trifluoroacetic acid (Bruker Daltonik), and air
dried completely before the MALDI-TOF MS measurement.
MALDI-TOF MS measurements. The MALDI-TOF MS was carried
out with a microflex LT mass spectrometer (Bruker Daltonik). A Bruker
Daltonik bacterial test standard (BTS255343) was used for calibration of
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the instrument. The protein mass spectra were acquired in the positive
linear mode at a laser frequency of 20 Hz and analyzed in the mass range
of 3,000 to 8,000 m/z, starting from measuring a larger mass range (2,000
to 20,000 m/z). The main instrument parameter settings were as follows:
ion source 1 at 20 kV; ion source 2, 16.7 kV; and lens, 8.5 kV. For each
spectrum, 240 laser shots (40 laser shots at 6 different spot positions) were
automatically acquired with Bruker Daltonik MALDI Biotyper 3.0 soft-
ware. For the experimental condition testing, 9 drug concentrations and 1
no-drug (null concentration) control, spectra were collected from 3 bio-
logical replicates (prepared from repeated cultivations on different days)
and were automatically imported as raw data.

MALDI-TOF MS data analysis. Since visual inspection of the mass
spectra revealed qualitative peak differences not easily appreciable, as pre-
viously noted (19), the raw spectra generated as described above were
divided into intervals of the same size, and the compositions of cross-
correlations and autocorrelations of all intervals were used to obtain the
CCl values through a specific tool of the MALDI Biotyper software, which
is a modification of the mathematical algorithm for analyzing the rela-
tionships between the spectra of whole microbial cells (20). CCI values
around 1 represent high conformance of spectra, while CCI values near 0
indicate clear diversity of the spectra. By comparing the spectra with one
another at the drug concentrations tested, numerical correlation indices
were obtained and automatically visualized in a CCI matrix view, which
was translated into a heat map where closely related spectra are marked in
“hot” (yellow to red) colors and unrelated ones in “cold” (green to blue)
colors (19). In addition, spectra from the aforementioned biological rep-
licates were related through cluster analysis by applying the hierarchical
algorithm of the MALDI Biotyper software to assess the reproducibility of
spectral changes.

ms-AFST performance calculation. By ms-AFST analysis, each C. al-
bicans isolate was arbitrarily classified as susceptible or resistant to CSF if
the mean CCI value derived from the correlation of replicate spectra at
0.03 and 32 wg/ml was, respectively, higher or lower than the mean CCI
value derived from the correlation of replicate spectra at 0.03 and 0 pg/ml
(unpaired ¢ test; P < 0.05), as exemplified in Fig. 1. The FKSI genotype
was used as a gold standard to evaluate ms-AFST performance in discrim-
inating between fksI mutant and wild-type (WT) isolates in order to ob-
tain the percent categorical agreement. Very major errors were recorded
when fksI mutant isolates were classified as susceptible by ms-AFST, and
major errors were recorded when WT isolates were classified as resistant
by ms-AFST. As our method did not allow isolates to be categorized as
intermediate, minor errors were identified only when the CLSI MIC indicated
an intermediate result for either fksI mutant or WT isolates (Table 1).

RESULTS

As reported in our previous work (19), the MALDI-TOF MS-
based approach assesses the minimal profile change concentration
(MPCC) for CSF, which is defined as the CCI value at which a
fungal spectrum is more similar to the one observed at the maxi-
mal effective drug concentration (32 pg/ml) than to the fungal
spectrum observed at the null drug concentration (0 pg/ml). To
determine this, for each concentration tested (32 to 0.004 pg/ml),
the correlation of the corresponding mass spectrum with the spec-
tra at the two extreme concentrations (null or maximal) is calcu-
lated after the spectra are obtained following a 15-h incubation of
a C. albicans isolate with CSF (19). Here, our intention was to
simplify and then convert the aforementioned MALDI-TOF MS
assay into a rapid drug susceptibility test, namely, ms-AFST.
First, we conducted pilot experiments in which 11 randomly
selected C. albicans isolates from a well-characterized set of sus-
ceptible WT isolates and fksI hot spot mutant isolates (see Table
S1 in the supplemental material) were exposed for 3 h to CSF
concentrations ranging from 0.5 to 0.004 pg/ml (samples from
three repeated independent fungal cultures were evaluated). This
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FIG 1 Representative examples of susceptibility categorization by MALDI-TOF MS-based analysis for two C. albicans isolates, according to the FKS1 genotype.
The composite correlation index (CCI)-derived matrices from each isolate’s MALDI-TOF mass spectra and the corresponding CCI values are depicted in the top
and bottom panels, respectively. (a) The isolate UCSC52-030412 (WT) was defined as susceptible, as the CCI values of the spectra at 0.03 and 32 pg/ml were
higher than the CCI values of the spectra at 0.03 and 0 pg/ml (i.e., CCI for 0.03 versus 32 pg/ml > CCI for 0.03 versus 0 pg/ml). (b) The isolate UCSC78-270612
(fks1 mutant) was defined as resistant, as the CCI values of the spectra at 0.03 and 32 pg/ml were lower than the CCI values of the spectra at 0.03 and 0 pg/ml (i.e.,

CClI for 0.03 versus 32 pg/ml < CCI for 0.03 versus 0 pg/ml).

interval was chosen with the aim of identifying a breakpoint con-
centration at just below 0.25 pg/ml—the newly revisited CLSI
clinical breakpoint (CBP) for C. albicans—to be utilized as an
intermediate point and the corresponding spectrum to be com-
pared with the spectra obtained at 0 and 32 pg/ml. Thus, by gen-
erating individual correlation matrices using the spectra from all
11 isolates, we found that the CCI values obtained by matching
each breakpoint spectrum with the spectrum at 32 pg/ml (maxi-
mal concentration) were, respectively, higher (for WT isolates) or
lower (for fksI mutant isolates) than the CCI values obtained
when the same breakpoint spectrum was matched with the spec-
trum at 0 pug/ml (null concentration) (see Table S2 in the supple-
mental material). Overall, the CCI values from the biological rep-

TABLE 1 Performances of ms-AFST and the CLSI method for 62
clinical C. albicans isolates according to the presence or absence of FKSI
hot spot mutations”

Total no. of No. (%) of misclassified isolates

isolates
Method (fksI/WT) CA VMEs MEs  mEs
ms-AFST 62 (11/51) 61/62 (98.4) 1/62 (1.6) 0/62  NA?
CLSI 62 (11/51)  61/62 (98.4)  0/62 0/62  1/62 (1.6)

@ Very major errors (VMEs) were identified when fksI mutant isolates were classified as
absent by ms-AFST or the CLSI method. Major errors (MEs) were identified when
wild-type (WT) isolates were classified as present by ms-AFST or the CLSI method.
Minor errors (mEs) were identified when fksI mutant and WT isolates were classified as
intermediate by the CLSI method only. CA, categorical agreement.

Y NA, not applicable.
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licates, prepared from three repeated cultivations of the 11
isolates, differ uniformly (P < 0.05, unpaired ¢ test), in spite of the
unexplained variations in CCI values that apparently did not fol-
low a linear trend in decreases or increases toward the null or
maximal drug concentrations (data not shown). Although all the
CSF concentrations within the 0.5- to 0.04-jg/ml range can be
regarded as evaluable, we selected the 0.03-pg/ml concentration
as the breakpoint to be used in a “three-point” AFST assay. In
support of that, this concentration represents the upper limit of
our 24-h WT MIC distribution, and notably, it is lower than the
CLSI-established epidemiological cutoff value (ECV) for C. albi-
cans and CSF (13). The MIC distribution of the WT fungal popu-
lations provides a measure of the ECVs (14). By differentiating the
WT strains (those without mutational or acquired resistance
mechanisms) from the non-WT strains (those having mutational
or acquired resistance mechanisms), ECVs may effectively serve to
monitor the emergence of resistant isolates harboring fks muta-
tions, which are associated with reduced therapeutic responses.
Likewise, the revisited species-specific CBPs for Candida and the
echinocandins more efficiently detect resistance associated with
fks mutations and optimize the clinical usefulness of in vitro AFST
for the echinocandins (26), although CBPs often divide the WT
distributions of the important target species (28, 29), running the
risk of artificial categorizations of isolates with identical suscepti-
bilities that lead to very major (false-susceptible) and major (false-
resistant) reporting errors (1).

Al 65 C. albicans study isolates were challenged with the estab-
lished CSF concentrations (0, 0.03, and 32 pg/ml) and were pro-
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FIG 2 MALDI-TOF mass spectra and relative gel MALDI views of the mass profiles obtained from a WT (UCSC52-030412) C. albicans isolate (a) and an fksI
mutant (UCSC78-270612) C. albicans isolate (b), under different caspofungin (CSF) treatment conditions (0, 0.03, or 32 pg/ml); minimal alterations following
exposure to CSF are visible for both isolates. The bottom panels show hierarchical cluster analyses of spectra derived from biological replicates of each isolate.
Replicate spectra of the WT and fksI mutant isolates form separate clusters according to the three CSF concentrations used, thus indicating the reproducibility

of ms-AFST. Distance is displayed in relative units.

cessed for the MALDI-TOF MS analysis, as described above.
Figure 2 shows the MALDI-TOF MS signatures for two represen-
tative WT and fksI mutant isolates, illustrating alterations in the
mass spectra according to the different drug conditions employed.
Cluster analysis of the MALDI-TOF MS spectra derived from bi-
ological replicates of the two isolates exposed at the three CSF
concentrations showed that replicate spectra at 0, 0.03, and 32
pg/ml were grouped, for each isolate, in separate clusters, thus
confirming the reproducibility and reliability of the spectral
changes obtained (Fig. 2). As shown in Table S1 in the supplemen-
tal material, the overall mean CCI values obtained from the
matching of spectra at 0.03 pg/ml with those at 0 pg/ml were
significantly higher or lower than the mean CCI values obtained
from the matching of spectra at 0.03 pg/ml with those at 32 pg/ml.
Differences between the mean CCI values did not reach statistical
significance for only three isolates, UCSC64-150512, DSP1040,
and DSP1014, and these isolates were then excluded from the
analysis. Table 1 shows the results obtained with ms-AFST and
CLSI reference methods for 62 of the 65 isolates tested. Using the
FKSI genotype as a gold standard, we correctly classified 51 of 51
(100%) isolates as CSF susceptible, and we correctly classified 10
of 11 (90.9%) as CSF resistant. Overall, excellent agreement
(98.4%) was observed with one very major categorical error. This
error related to the isolate DSP1012 (see Table S1 in the supple-
mental material) that, as it harbors a D648Y FKSI genotype, be-
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longs to those isolates with lower levels of echinocandin resistance
and then to isolates most challenging to identify with conven-
tional microbial susceptibility testing (30). Also in this evaluation,
the CLSI reference method results were comparable to those by
ms-AFST (Table 1).

DISCUSSION

As amember of the echinocandin class of antifungal agents, CSF is
presumed to bind and inhibit the catalytic subunit of the GS en-
zyme complex, Fksp, encoded by three related genes, FKS1, FKS2,
and FKS3 (25). Resistance in susceptible species such as C. albicans
is uncommon (26) but has been attributed to mutations in the
FKSI gene within two hot spot regions (25). These mutations
result in elevated MICs, although the most significant MIC in-
creases have been shown to be related to amino acid changes at
Ser-645 (S645P, S645F, and S645Y) within hot spot region 1,
which are consistent with the most prominent decreases in the
drug sensitivity of the GS enzyme (27). The inhibition of GS by
echinocandins blocks the biosynthesis of 3-1,3-glucan, a critical
cell wall component of many pathogenic fungi, which compro-
mises the integrity of the growing cell wall, leading to osmotic
instability and the death of susceptible Candida cells (31). Accord-
ingly, exposure of C. albicans to CSF (0.0075 pg/ml for 6 h) was
observed to induce an increase in the abundance of several pro-
teins associated with cell wall biosynthesis and integrity, including
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Rholp, which is a low-molecular-weight GTPase that regulates
the activity of the GS enzyme, in addition to the proteins involved
in oxidative and osmotic stress (32).

Although resistance to CSF in C. albicans may be monitored by
MALDI-TOF MS through Fks1p and/or Fks2p enzyme modifica-
tion (33), the specific adaptive proteomic changes in response to
drug exposure have not been well characterized. In particular, the
nature of biomarkers utilized for the differentiation of truly resis-
tant (fksI-containing) isolates from those of the WT genotype has
not been adequately evaluated. To this point, our proof-of-con-
cept study provides strong evidence that minimal drug-induced
alterations in protein expression and thus of the mass spectrum of
C. albicans can be exploited as rapid and sensitive markers for the
emergence of decreased CSF susceptibility in this species. Analo-
gously, in the bacterial field, MALDI-TOF MS has been used for
fast and accurate identification of methicillin-resistant and van-
comycin-intermediate Staphylococcus aureus strains (34) and has
been shown to discriminate between cfiA-negative and cfiA-posi-
tive Bacteroides fragilis isolates and then predict carbapenem resis-
tance in a routine laboratory setting (35).

Not surprisingly, the accuracy of ms-AFST for identifying C.
albicans isolates with an Fksl-mediated resistance mechanism
parallels that displayed by the new species-specific CBPs or, for
those species where clinical data are lacking, the efficacy of ECVs
in separating non-WT from WT strains, as recently documented
(13). Only one isolate was misclassified by ms-AFST, but interest-
ingly, it possesses an atypical fksI mutation. However, despite the
progress in the CLSI AFST of Candida species (13), including
validation of 24-h reading times for all antifungal agents (15),
MIC determination using the CLSI microdilution reference meth-
odology or its surrogates (36) remains a labor-intensive procedure
that requires expertise. This poses a compelling necessity for new,
simpler approaches as valid alternatives to the currently available
AFST methods. The MALDI-TOF MS-based assay described here
may provide such an approach, as it complements the growing use
of MS technology for microbial identification in clinical laborato-
ries and has the potential for automated high-throughout use in
the near future.

Nonetheless, further experiments are required to assess the
scale and range of ms-AFST to facilitate routine adoption by clin-
ical laboratories. First, our method was evaluated with only one
Candida species and one drug, and it will be necessary to extend its
application to species other than C. albicans, such as Candida
glabrata (the other major clinically important Candida species),
and to anidulafungin, micafungin, and other classes of antifungal
drugs. In this regard, our preliminary results indicate that ms-
AFST works well also with C. glabrata (i.e., WT and fksI mutant
isolates) and CSF (data not shown). Second, until it is possible to
test several drug classes simultaneously and with all Candida spe-
cies, ms-AFST in its present state requires laboratories to utilize
two AFST methods (i.e., MALDI-TOF MS and the CLSI method),
and personnel require training on software algorithms such as
CClI-based matching. Finally, the cost benefit of saving 21 h of a
patient’s initial therapy with CSF, which may not be appropriate if
the ms-AFST result indicates that the infecting Candida isolate is
resistant, would be counterbalanced only partly by the additional
expenses when MALDI-TOF MS, as currently described, is used
instead of the CLSI method by which AFST results are available 21
h later.

However, the key to successful therapies and outcomes of pa-
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tients with invasive Candida infections is prompt initiation of an
appropriate antifungal treatment, as antifungal resistance is asso-
ciated with poorer outcomes (37, 38). In the case of CSF resis-
tance, the occurrence of mutations in the FKS gene is an estab-
lished important event for both increases in MICs and clinical
failures, i.e., breakthrough infections (39). Given that all three of
the echinocandins are considered the agents of first choice for the
initial treatment of most episodes of invasive candidiasis (40), it is
clear that routine AFST can aid not only in the selection of agents
for primary therapy but also in a deescalating strategy in order to
optimize the effectiveness of antifungal therapy (13).

AFST continues to be a very dynamic field of medical mycology
(41), since modifications of the available methods as well as other
methodologies are increasingly being investigated (29, 30, 36). In
this context, the recent appearance of biophysical methods, such
as MALDI-TOF MS, in routine diagnostic microbiology labora-
tories holds the promise of significantly accelerating the detection
of infections caused by fungal pathogens that are resistant to one
or more antifungals (19, 21). We have already witnessed the use of
MALDI-TOF MS being expanded from fungal identification to
antifungal susceptibility testing (19, 42—44). Thus, the present
study extends our previous observations by demonstrating that
the proposed simplified procedure, i.e., ms-AFST, can be used
reliably for the accurate detection of CSF-resistant and CSF-sus-
ceptible C. albicans.

In conclusion, as ms-AFST provides useful information sooner
than conventional AFST methods, it may be successfully adapted
to clinical mycology, especially in those institutions that have ac-
quired MALDI-TOF MS technology for species-level identifica-
tion purposes. In that case, when applied to the direct analysis of
positive blood cultures (43), our approach can provide clinicians
with “real-time” identification and AFST results simultaneously
to help them in the care of patients with invasive candidiasis. De-
spite the great potential of ms-AFST, further study is required to
better define its reproducibility and standardization.
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