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The MICs of echinocandins against Candida isolates with fks mutations are higher than those for wild-type
(WT) isolates. However, the MIC ranges for susceptible and mutant populations overlap or are poorly
separated. It was recently reported that a greater separation could be achieved in the presence of serum. To
more fully explore this possibility, we compared the performances of the reference microdilution methods by
using standard and bovine serum albumin (BSA)-supplemented growth medium. Anidulafungin, caspofungin,
and micafungin MICs were determined according to EUCAST and CLSI methods and with 50% BSA in the
medium for 93 clinical isolates, including Candida albicans (20/10 [number of isolates/number of mutants]), C.
glabrata (19/10), C. dubliniensis (2/1), C. krusei (16/3), C. parapsilosis (19), and C. tropicalis (19/4) isolates.
Stability of the plates was tested after storage at �80°C for 2 and 6 months, and the performance of two
different lots of caspofungin was investigated. The addition of BSA to the medium resulted in higher MICs (1
to 9 2-fold dilution steps) for all isolates and compounds. The increases were greatest for anidulafungin and
micafungin and, among WT isolates, for C. parapsilosis. The number of very major errors (VMEs) was reduced
(24% [20/84 isolates] versus <7% [6/84 isolates]) using BSA-supplemented EUCAST medium but not using
BSA-supplemented CLSI medium (6% versus 9%). MIC results were unchanged after 6 months of storage of
test plates. The two lots of caspofungin yielded identical results. Addition of BSA to the EUCAST medium
increases the ability to differentiate between WT isolates and isolates harboring resistance mutations.

Three echinocandin class drugs, anidulafungin, caspofungin,
and micafungin, are licensed for the treatment of invasive
candidiasis. Following increased use, sporadic cases of failures
associated with elevated MICs have been reported. In the
majority of cases, these failures have been associated with
mutations in two hot spot regions of the FKS genes, which
encode the target and major subunit of the 1,3-�-D-glucan
synthase complex (4, 6, 18, 21, 22, 28, 29). Consequently, close
monitoring and robust susceptibility testing methods have be-
come increasingly important. For both CLSI and EUCAST
reference methods, the MICs of the three echinocandins
against isolates with fks mutations are higher than those for
wild-type (WT) isolates, but the ranges for these susceptible
and mutant populations either overlap one another or are
separated by only 1 or 2 dilution steps, making correct identi-
fication of hot spot mutant isolates challenging (5). Since re-
producibility as well as appropriate classification of suscepti-
bility end points into susceptible (S), intermediate (I), and
resistant (R) categories is highly correlated with the distance
between MIC ranges for WT and mutant isolates, a modifica-

tion of the reference methods achieving more separation
would be a major step forward.

Earlier studies demonstrated that the addition of human serum
to MIC assay media neutralizes differences between the in vitro
properties of the echinocandin drugs (24, 26, 38). A recent pre-
liminary study (14) reported that the addition of 50 mg/ml bovine
serum albumin (BSA) to the growth medium leads to more sep-
aration between WT and fks mutant isolates. We therefore un-
dertook the present study to investigate in a systematic manner if
the addition of 50 mg/ml BSA to the growth medium would alter
the discriminatory potential of the CLSI and EUCAST microdi-
lution methods. Furthermore, we evaluated the robustness of the
EUCAST assay by examining the stability of EUCAST suscepti-
bility plates stored for up to half a year at �80°C.

We previously reported that while microdilution testing for
anidulafungin and caspofungin performed equally well with
respect to separation between WT and fks mutant isolates,
caspofungin MIC distributions appear to be variable due to
unknown factors (4). For this reason, we included two different
lots of pure caspofungin in the study and retrospectively re-
trieved repeated MIC values for eight control strains repre-
senting different species.

MATERIALS AND METHODS

Isolates. A well-characterized set of WT and fks hot spot mutant isolates was
used (5), including 93 clinical isolates and two reference strains (Candida parap-

* Corresponding author. Mailing address: Unit of Mycology and
Parasitology (43/117), Statens Serum Institut, Artillerivej 5, DK-2300
Copenhagen S, Denmark. Phone: 45 3268 3223. Fax: 45 3268 8180.
E-mail: mad@ssi.dk.

� Published ahead of print on 18 January 2011.

1580



silosis ATCC 22019 and C. krusei ATCC 6258). Clinical isolates included 10 FKS
WT and 10 fks hot spot mutant C. albicans isolates, 9 FKS WT and 10 fks hot spot
mutant C. glabrata isolates, 1 FKS WT and 1 fks hot spot mutant C. dubliniensis
isolate, 13 FKS hot spot WT and 3 fks hot spot mutant C. krusei isolates, 19 FKS
WT C. parapsilosis isolates, and 15 FKS hot spot WT and 4 fks hot spot mutant
C. tropicalis isolates. Three isolates were found to harbor mutations outside the
resistance hot spots and were regarded as WT concerning echinocandin suscep-
tibility because of their normal kinetic inhibition properties (D. S. Perlin, un-
published data). Thus, a total of 28 isolates with characteristic echinocandin
resistance mutations in the FKS hot spot regions were included. All isolates were
coded, and tests were performed blinded for susceptibility patterns.

Compounds. Pure substances were provided by the manufacturers (one lot of
anidulafungin by Pfizer, two lots of caspofungin by Merck [TEK0010 and
VEK0090], and one lot of micafungin by Astellas). Stock solutions were prepared
in water (for CLSI testing) or in dimethyl sulfoxide (DMSO; Sigma) (for
EUCAST testing), taking into account the potencies of the powders.

Retrospective comparison of pure caspofungin batches. Caspofungin MIC results
were retrieved retrospectively for four different caspofungin lots (NEK0040,
TEK0010, LEK0030, and an unnamed batch received from Merck) and the
following reference strains used routinely as quality controls: C. krusei ATCC
6258, C. parapsilosis ATCC 22019, C. albicans ATCC 64548, C. tropicalis CL-
3412REX, C. glabrata ATCC 90030, Saccharomyces cerevisiae ATCC 9763, and
C. lusitaniae CL-3408REX. The number of repetitions performed with these
strains ranged from 7 to 21 times per caspofungin lot.

EUCAST microdilution. EUCAST microdilution was performed strictly ac-
cording to the standard (EDef 7.1) (35) and additionally using medium supple-
mented with 50 mg/ml BSA (BAH66-0500; Equitech Bio, Inc., Kerrville, TX).
Three hundred fifty plates were prepared in one batch, sealed in aluminum foil,
and stored at �80°C for 2 weeks, 2 months, and 6 months before susceptibility
testing was performed. Microtiter plates were read spectrophotometrically at 490
nm after 24 h, and MICs were determined using 50% growth inhibition. C. krusei
ATCC 6258 and C. parapsilosis ATCC 22019 were used as quality control strains
throughout all experiments. In addition to the wild-type upper limit (WT-UL)
values generated in the current study (see below), the following tentative
EUCAST anidulafungin breakpoints were applied: for C. albicans, S break-
point of �0.03 �g/ml; and for C. glabrata, C. krusei, and C. tropicalis, S
breakpoint of �0.06 �g/ml.

CLSI microdilution. CLSI microdilution was performed strictly according to
the CLSI M27-A3 standard (9) and additionally using medium supplemented
with 50 mg/ml BSA. Plates were stored at �86°C for a maximum of 15 days
before use. Microtiter plates were read visually, and the MICs were determined
using prominent inhibition (corresponding to 50%) as the end point. C. krusei
ATCC 6258 and C. parapsilosis ATCC 22019 were used as quality control strains
in all experiments. In addition to the upper limit values generated in the current
study, the following revised echinocandin breakpoints for C. albicans, C. glabrata,
C. krusei, and C. tropicalis were applied: S breakpoint of �0.25 �g/ml, except for
micafungin and C. glabrata, in which case the S breakpoint was �0.06 �g/ml
(33a).

FKS gene sequence analysis. FKS gene sequence analysis was performed
previously for all isolates (5).

Evaluation of test performance. For each of the drug-bug combinations, the
following parameters were used to evaluate and compare the test performances.
The distance between end-point ranges (MICs) for fks hot spot mutant isolates
and WT isolates was calculated as the number of 2-fold dilution steps. Negative
values indicate the degree of overlap, expressed as the number of dilution steps
involved in the overlap. Overlap was defined as the number of end points for the
fks hot spot mutant isolates that overlapped with the end-point range for the WT
populations. The WT-UL was defined as two 2-fold dilution steps higher than the
MIC50. If the population was truncated, with all MIC values at or below the
lowest concentration tested, the WT-UL was defined as two times the lowest
dilution tested. The number of very major errors (VMEs) was the number of fks
hot spot mutant isolates with MICs lower than or equal to the WT-UL. Finally,
the number of very major errors was evaluated by applying the tentative
EUCAST and revised CLSI breakpoints for susceptibility as mentioned above.

RESULTS

EUCAST microdilution testing performed according to the
EUCAST Edef 7.1 method but using medium supplemented
with 50 mg/ml BSA resulted in higher MIC values for all
drug-bug combinations (Fig. 1). Overall, WT and fks hot spot

mutant populations were separated by 1 to 8 dilution steps, and
no overlap was observed between WT and fks hot spot mutant
isolates for any of the drug-Candida sp. combinations (mica-
fungin MICs for C. krusei extended above the tested range for
WT as well as mutant populations and thus could not be
evaluated for potential overlap). Using the WT-UL as a break-
point for susceptibility, 1 (4%) VME was observed for anidu-
lafungin (1/3 C. krusei mutants with a heterozygous F655F/C
substitution in Fks1p), none were observed for caspofungin,
and 2 (7%) VMEs were observed for micafungin (2/11 C.
glabrata mutants, one with a D632G Fks1p substitution and
one with a D666E Fks2p substitution) (Table 1).

In comparison, WT and fks hot spot mutant MIC popula-
tions were separated by �1 to 6 dilution steps with the refer-
ence EUCAST method, with the MIC range for C. krusei
overlapping those for the WT population for anidulafungin
and caspofungin (in both cases involving the isolate with the
F655F/C substitution in Fks1p) (Fig. 1). For 4 drug-bug com-
binations, potential overlap could not be excluded, as MICs for
the WT as well as fks mutant isolates were below the lowest
dilution tested (anidulafungin with C. albicans and mica-
fungin with C. albicans, C. glabrata, and C. tropicalis). Using
the WT-UL as a breakpoint for susceptibility, four VMEs were
observed for the reference method: these were for all three
echinocandins and 1/3 C. krusei mutants with the F655F/C
substitution in Fks1p and for caspofungin and 1/4 C. tropicalis
mutants with an F76S substitution in Fks1p (Table 1). Finally,
applying the tentative EUCAST breakpoints for anidulafun-
gin, VMEs were observed for 3/28 (11%) mutants.

CLSI microdilution testing. The influence of using BSA-
supplemented growth medium was less uniform for the CLSI
method. For C. albicans, no overlap or misclassifications from
applying the WT-UL were observed, and WT and fks mutant
populations were separated by four, four, and two 2-fold dilu-
tion steps for anidulafungin, caspofungin, and micafungin, re-
spectively, in contrast to two, at least four, and two dilution
steps for the reference method (Fig. 2). For the other species,
overlap was observed for anidulafungin (1 C. krusei isolate with
the F655F/C mutation) and micafungin (2 C. glabrata isolates,
with Fks1p D632G and Fks2p F659V mutations, 1 C. krusei
isolate with the F655F/C mutation, and 1 C. tropicalis isolate
with the F76S mutation) with BSA-supplemented medium and
for anidulafungin (1 C. glabrata isolate with the Fks2p P667T
mutation) and micafungin (4 C. glabrata isolates, with Fks2p
P667T and D632G, Fks2p F659V, and Fks2p D666G muta-
tions) with the reference medium. Using the WT-UL as a
breakpoint for susceptibility, seven VMEs were observed for
the BSA-modified test, compared to five for the reference
method (for two C. krusei isolates with MICs of �16 �g/ml,
potential VMEs could not be evaluated) (Table 1). Most VMEs
involved micafungin (5 VMEs) and C. glabrata (3 VMEs). Nota-
bly, no VMEs were observed for caspofungin and any of the
species or CLSI-based methods (Table 1). Finally, applying the
recently revised CLSI breakpoints for echinocandins, six VMEs
were observed for anidulafungin (22%), three for caspofungin
(11%), and eight for micafungin (30%) (Table 1).

C. parapsilosis. The EUCAST MIC50 (1 �g/ml) and WT-UL
(4 �g/ml) for C. parapsilosis and all three echinocandins were
considerably higher than those for the other species. Addition
of 50 mg/ml BSA elevated the MIC ranges, particularly for
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anidulafungin and micafungin (MIC50 � 32 �g/ml) (Fig. 1).
The same was true for the CLSI-based methods, as MIC50

values for anidulafungin, caspofungin, and micafungin were 1,
0.25, and 1 �g/ml, respectively, for the standard method and
16, 2, and �32 �g/ml, respectively, for the BSA-modified
method (Fig. 2).

Stability of plates stored at �80°C. Storage of EUCAST
plates with and without BSA for up to 6 months did not affect
the performance of the susceptibility plates for any of the three
echinocandins or either of the two media (Table 2). Overall,
95.4% of the results were either identical (69.2%) or within
one dilution step after 2 months of storage, and the same was
true for 94.6% (65.5%) of the results after 6 months, with
equal distributions above and below the mean for the few
isolates differing by two or more 2-fold dilutions for both time
points (Table 2).

Batch-to-batch variation of caspofungin. A retrospective
compilation of MIC values for eight reference strains and four
lots of caspofungin is shown in Fig. 3. One lot, TEK0010,
consistently yielded higher modal MICs for all eight reference
strains. The difference was less pronounced for C. parapsilosis
ATCC 22019 and C. krusei ATCC 6258 than for the two C.
albicans control strains. The 93 isolates were tested against the
two available and most recently produced caspofungin batches,
TEK0010 and VEK0090. The MICs were in 100% agreement,
within 2 MIC steps, with identical MICs for the vast majority of
the isolates (Table 2).

DISCUSSION

A direct comparison of MIC values obtained by EUCAST
and CLSI methods with and without BSA supplementation was
used to evaluate the discriminatory potential for differentiating
fks hot spot mutants from WT isolates and then to compare the
performances of the individual tests with respect to this pa-
rameter, expressed as distance between the populations, num-
ber of overlaps, and number of VMEs according to WT upper
limits and proposed breakpoints.

BSA supplementation of the growth medium improved the
discriminatory potential of the EUCAST test in terms of more
separation of the WT and fks mutant populations leading to
fewer overlaps and fewer fks mutants classified as susceptible
by application of a WT upper limit as the breakpoint for
susceptibility. The greater degree of separation was due to a
more pronounced increase in MICs for fks mutants than for
WT isolates. The distance between the WT population of each
species and the individual mutants depended on the location of
the mutation. Thus, the echinocandin MICs were consistently
lower for one C. krusei mutant, leading to this isolate being
misclassified by the majority of tests. This isolate had a
heterozygous substitution in Fks1p at position F655 and may
represent a less-resistant phenotype. For C. albicans, substitu-
tions at Fks1p D648 and Fks1p P649 were associated with the
lowest MICs, and similarly, C. glabrata isolates with amino acid
substitutions at Fks1p D632 and Fks2p S663 and higher were

FIG. 1. MIC distributions obtained following EUCAST methodology but supplementing the medium with 50% BSA (above the x axis) and
obtained by the standard procedure (below the x axis) for susceptible isolates (white bars) and FKS mutant isolates (black bars). (C. dubliniensis
isolates are indicated with dotted bars.) (a) MICs of anidulafungin. (b) MICs of caspofungin. (c) MICs of micafungin.
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the least-resistant mutants in vitro, with and without BSA in the
medium. This is in agreement with differences in susceptibility
based on the glucan synthase enzyme complex, which are de-
pendent on the position of the amino acid substitution (13). It
remains to be assessed if these in vitro observations translate
into a differential susceptibility in vivo and thus if the chal-
lenges associated with the discrimination of these isolates from
the wild-type isolates by in vitro susceptibility testing are less
crucial.

The least separation between WT and fks hot spot mutant
populations was observed for micafungin and C. glabrata, and
although EUCAST testing with BSA eliminated overlap be-
tween the two populations, VMEs were still observed. Hypo-
thetically, the more discrete micafungin MIC elevation may
reflect better activity than that of the other two echinocandins
against fks hot spot mutants of C. glabrata. However, C.
glabrata breakthrough infections during micafungin therapy
were recently described, involving isolates with mutations at
Fks1p S629 or Fks2p S663 (34). In that study, the CLSI MICs
for mutant isolates were 4 to 8 �g/ml and thus higher than
those seen for similar fks1 and fks2 mutants in our study. Thus,
the in vivo activity of micafungin in comparison with those of
the other echinocandins in the treatment of C. glabrata fks hot
spot mutants deserves further study.

CLSI testing with BSA-supplemented medium performed
less well than expected for the species other than C. albicans.
This is in contrast with the initial findings in the previous pilot

study that prompted this investigation (14). The reason behind
the apparent differential impact on the different methods and
species is not understood, but it may partially reflect the fact
that the tests were performed in different laboratories. One
limitation associated with this study, however, is that the echi-
nocandin concentration range in this study resulted in trunca-
tion of some of the distributions. Future studies with wider
concentration ranges are needed to explore if the performance
of CLSI testing with BSA-supplemented medium was under-
estimated in our study.

The MICs of all three echinocandins were higher for C.
parapsilosis than for the other species, as previously described
(10, 25, 31, 33). C. parapsilosis has a naturally occurring mu-
tation at FKS1 hot spot 1, accounting for the elevated MIC
levels (12). However, the overall clinical response for invasive
C. parapsilosis infections treated with echinocandins is compa-
rable to that for infections with the other Candida species (19,
23, 27, 33), which may be due in part to C. parapsilosis being
less virulent (2, 3, 15–17, 37). Interestingly, the MIC increases
for anidulafungin and micafungin tested in the presence of
BSA were more pronounced than that for caspofungin, leading
to MIC values that were notably higher than the peak concen-
trations obtained during treatment. This observation might
suggest that these two compounds are less active against C.
parapsilosis infections. So far, one study has compared the
clinical outcomes for two echinocandins head to head, without
demonstrating a difference in outcome between micafungin

FIG. 2. MIC distributions obtained following CLSI methodology but supplementing the medium with 50% BSA (above the x axis) and obtained
by the standard procedure (below the x axis) for susceptible isolates (white bars) and FKS mutant isolates (black bars). (C. dubliniensis isolates are
indicated with dotted bars.) (a) MICs of anidulafungin. (b) MICs of caspofungin. (c) MICs of micafungin.
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and caspofungin for C. parapsilosis (27). Thus, the potential
implications of the observed differences in MICs in the pres-
ence of BSA remain uncertain.

We previously reported variability associated with caspo-
fungin susceptibility testing, despite tests being performed in

reference laboratories and correcting for potency, and showed
that caspofungin values obtained following the EUCAST
methodology are typically higher than those obtained following
the CLSI standard (4, 5). Here we demonstrated that the
variability was more pronounced for the C. albicans reference
strains than for the most frequently used control strains, C.
krusei ATCC 6258 and C. parapsilosis ATCC 22019. This ob-
servation is in line with the fact that variability between MIC
ranges is most pronounced for species other than C. parapsi-
losis when comparing MIC ranges reported in different studies
(1, 4, 7, 8, 20, 30–33) and indicates that variability may go
unnoticed when C. krusei ATCC 6258 or C. parapsilosis ATCC
22019 is used as a quality control strain. One hypothesis has
been that the higher glucose concentration in the EUCAST
medium might affect potency, particularly if the plates are not
used immediately. We found no change in MIC results after up
to 6 months of storage, and a head-to-head comparison with
0.2 and 2% glucose in the growth medium was performed
recently, without revealing any difference between the two
(36). Another possibility is that potency may be affected by the
choice of solvent for stock solutions of caspofungin. Water is
recommended by both EUCAST and CLSI standards, but
from a chemical point of view, the substance is more soluble in
DMSO. In this study, we replaced water with DMSO for the
stock preparation of caspofungin for the EUCAST plates and
obtained systematically lower MIC values than those obtained
by running the same strain collection in a previous study using
water as the solvent (5).

In conclusion, this study demonstrates for the first time that
the addition of BSA to the test medium improves the ability of
the EUCAST reference method to separate fks hot spot mu-
tants from WT isolates, that susceptibility plates are stable for
up to 6 months of storage, and that variability of caspofungin
MIC values is observed by systematically comparing different
lots of caspofungin. For the CLSI method, however, a benefit
of adding BSA to the medium was seen only for C. albicans,
and correct classification of fks hot spot mutants is still chal-
lenging, even after the revision of the CLSI echinocandin
breakpoints. Therefore, mutational analysis is currently the
most precise way to detect echinocandin resistance. However,
this approach may not yet be applicable for every isolate and

TABLE 2. Influence of storage of prepared susceptibility plates on
susceptibility results and comparison of two different lots of

pure caspofungina

Method and storage time or
lots of drug

No. of isolates with MIC change
(no. of 2-fold dilutions)

�3 �2 �1 0 1 2 3

Two months of storage
EUCAST Edef 7.1

Anidulafungin 7 69 12
Caspofungin TEK0010 4 20 51 18 1
Caspofungin VEK0090 4 20 50 13 1
Micafungin 4 5 68 9 5

BSA-modified EUCAST
Anidulafungin 10 70 9
Caspofungin TEK0010 2 11 60 13 2 1
Caspofungin VEK0090 2 9 63 11 3 1
Micafungin 1 1 11 66 10 1

Six months of storage
EUCAST Edef 7.1

Anidulafungin 11 68 8 1
Caspofungin TEK0010 3 19 50 20 3
Caspofungin VEK0090 5 16 40 26 2
Micafungin 1 8 66 12 2

BSA-modified EUCAST
Anidulafungin 2 6 62 16 2 1
Caspofungin TEK0010 3 2 18 57 8 1
Caspofungin VEK0090 2 4 10 61 10 2
Micafungin 1 1 11 66 10 1

Two lots of caspofungin
EUCAST Edef 7.1 1 11 64 13
BSA-modified EUCAST 8 47 7

a Susceptibility plates were stored for 2 and 6 months, and MIC results were
compared with the results obtained after less than 1 week of freezing.

FIG. 3. MIC variation among four different lots of caspofungin. Eight reference strains were tested according to the EUCAST methodology
and using the following four different lots of caspofungin: NEK0040 (white bars; 7 repetitions), TEK0010 (black bars; 6 repetitions) (the batch also
used in this study), LEK0030 (hatched bars; 18 repetitions), and unknown (checkerboard bars; 21 repetitions). Ca, C. albicans; Ct, C. tropicalis;
Cg, C. glabrata; Sc, S. cerevisiae; Cl, C. lusitaniae; Cp, C. parapsilosis; Ck, C. krusei.
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routine laboratory and has the limitation of not detecting re-
sistance due to other resistance mechanisms, should they exist.
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