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A novel and highly accurate diagnostic assay platform was established for rapid identification of FKS mutations associated with
echinocandin resistance in Candida glabrata. The assay platform uses allele-specific molecular beacon and DNA melt analysis
following asymmetric PCR. A dual assay for FKS1 and FKS2 was developed to identify within 3 h the most common and clini-
cally relevant resistance-associated mutations, including 8 FKS1 HS1 (wild type [WT], S629P, F625S, D632Y, D632E [T1896G],
D632E [T1896A], I634V, and F625F) and 7 FKS2 HS1 (WT, F659del, F659S, F659V, F659L, S663P, and S663F) genotypes. A
blinded panel of 188 C. glabrata clinical isolates was tested by both assays. The molecular diagnostic results from the dual assay
were 100% concordant with data obtained from DNA sequencing. This platform has the potential to overcome the deficiencies of
existing in vitro susceptibility-based assays to identify echinocandin-resistant C. glabrata and holds promise as a surrogate diag-
nostic method to better direct echinocandin therapy.

Candida glabrata is the second leading cause of candidemia in
the United States, as well as in northern and eastern areas of

Europe (1–3). With rapidly expanded usage of echinocandins, the
first-line therapy for invasive candidiasis, an alarming trend of
rising echinocandin resistance in C. glabrata has posed a serious
clinical challenge (4–6). Detection of echinocandin resistance can
be assessed phenotypically, using either microdilution or disc dif-
fusion MIC assays performed in accordance with guidance of the
Clinical and Laboratory Standards Institute (CLSI) M27-A3 stan-
dard (7) and European Committee on Antimicrobial Susceptibil-
ity Testing (EUCAST) Definitive Document Edef 7.2 (8). Current
echinocandin clinical breakpoints for C. glabrata were established
by the CLSI for all echinocandins and by EUCAST for micafungin
and anidulafungin. Breakpoints were specifically developed to
identify C. glabrata harboring FKS mutations by considering mul-
tiple factors, such as �-1,3-D-glucan synthase enzyme kinetics and
echinocandin pharmacokinetic and pharmacodynamic data (6,
9). However, despite standardized methodologies, important lim-
itations with the in vitro susceptibility testing cannot be ignored:
first, the assay has a time-consuming setup and intrinsically slow
turnaround time, requiring 24 to 48 h after isolate recovery; sec-
ond, interlaboratory variability of caspofungin MICs has limited
direct testing of this drug (10); and third, susceptible and resistant
populations overlap (11).

Clinical echinocandin resistance in C. glabrata is associated
with amino acid substitutions caused by mutations in specific hot-
spot (HS) regions of FKS1 and FKS2, which encode the drug target
�-1,3-D-glucan synthase. A recent study performed among pa-
tients with invasive candidiasis due to C. glabrata has shown that
the FKS genotype is a better indicator of echinocandin therapeutic
failure than MIC (12).

To date, DNA sequencing is the only means to identify muta-
tions within FKS1 and FKS2 genes. Sequence data are highly in-
formative and accurate. However, targeted gene sequencing is
impractical for the regular workflow of clinical microbiology lab-
oratories. It is also costly and time-consuming. There is an emerg-
ing need for an alternative molecular tool which allows rapid and

accurate discrimination of various FKS mutations in C. glabrata
and thereafter has the potential to become part of clinical labora-
tory routine tests to direct echinocandin therapy.

Molecular beacons (MBs) are small stem-loop-structured
DNA oligonucleotides that are ideal for typing single-nucleotide
polymorphisms (13). In a classical way, MBs are utilized as ampli-
fication reporters in real-time PCR where each probe is specific for
a defined genotype and labeled with a differently colored fluoro-
phore. By the same token, a comprehensive FKS genotyping assay
will require a large number of probes to cover the full spectrum of
nucleic acid variations within the target region. Multiple PCR as-
says will therefore be needed, and optimization of assay condi-
tions is extremely demanding due to complex oligonucleotide in-
teractions in a multiplex format. In contrast, a more desirable and
feasible approach to distinguish between closely related genotypes
is to use asymmetric PCR in conjunction with MB probe-based
melting curve analysis (14, 15). During asymmetric PCR, a single-
stranded amplicon is produced, allowing the probe to anneal and
generate fluorescence at low temperature. The fluorescence inten-
sity decreases when the probe slowly dissociates from the target as
a result of gradually increased temperature in the subsequent
melting analysis. The temperature at which the probe-target hy-
brids melt apart (Tm) is determined on the curve plotted by the
fluorescence intensity change as a function of temperature. The Tm

value varies when the target changes from perfectly matched se-

Received 19 July 2016 Returned for modification 4 August 2016
Accepted 12 August 2016

Accepted manuscript posted online 22 August 2016

Citation Zhao Y, Nagasaki Y, Kordalewska M, Press EG, Shields RK, Nguyen MH,
Clancy CJ, Perlin DS. 2016. Rapid detection of FKS-associated echinocandin
resistance in Candida glabrata. Antimicrob Agents Chemother 60:6573– 6577.
doi:10.1128/AAC.01574-16.

Address correspondence to Yanan Zhao, zhaoy1@njms.rutgers.edu, or
David S. Perlin, perlinds@njms.rutgers.edu.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

November 2016 Volume 60 Number 11 aac.asm.org 6573Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1128/AAC.01574-16
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.01574-16&domain=pdf&date_stamp=2016-8-22
http://aac.asm.org


quence to mismatched sequence in the testing system, thereby pro-
viding a solid basis for wild-type (WT)/non-WT discrimination.

Based on these physiochemical properties of nucleic acids, we
have established a molecular diagnostic assay platform for rapid
genotyping of FKS1 HS1 and FKS2 HS1 of C. glabrata. Assay per-
formance was evaluated on a blinded panel of clinical C. glabrata
isolates representing a full spectrum of FKS1 and FKS2 genotype
varieties in the fungal pathogen repository at the University of
Pittsburgh Medical Center (UPMC).

MATERIALS AND METHODS
Candida glabrata strains and culture conditions. A total of 262 C.
glabrata strains were included in the present study. Seventy-four echino-
candin-susceptible and -resistant strains stocked in the Perlin laboratory
collection at the Public Health Research Institute were used for assay
development and reference library establishment, and 188 C. glabrata
isolates recovered from patients at UPMC were used for the validation
study in a blind fashion. Strains were grown on yeast extract peptone
dextrose (YPD) agar plates prior to testing.

Echinocandin susceptibility testing. Echinocandin (caspofungin,
micafungin, and anidulafungin) MICs were determined for reference
strains in the Perlin collection according to CLSI protocol M27-A3 (Table
1) (7).

DNA extraction. C. glabrata DNA was prepared by incubating a single
colony of a strain in 100 �l of extraction buffer (60 mM NaHCO3, 250
mM KCl, 50 mM Tris, pH 9.5) at 95°C for 10 min followed by an addition
of 100 �l of 2% bovine serum albumin (16).

Primers and probe design. Two sets of asymmetric PCR primers were
designed to amplify the FKS1 HS1 and FKS2 HS1 regions of C. glabrata.
The excess primer for FKS1 HS1 amplification was CgF1H1-X (5=-GGG
TTACTGTTTTTGCTGCT-3=), and the limiting primer was CgF1H1-L
(5=-GAACCCCACCAGTATTCACCAGTACA-3=). The FKS2 HS1 region
was amplified by using excess primer CgF2H1-X (5=-TGGGTTACAGTT
TTTGCTGC-3=) and limiting primer CgF2H1-L (5=-AACCCCACCAAT
ACTCACCAGTACATC-3=). Two molecular beacons were designed tar-
geting the WT sequences of FKS1 HS1 and FKS2 HS1. The sequences of
the two WT MBs were CgF1H1-RWT (5=-6-carboxyfluorescein [FAM]-

CGCGACTGGATCTCTTAGAGATAGAATCAAGAAGGTCGCG-
DABCYL-3=) and CgF2H1-RWT (5=-FAM-CGCGACAGGGTCTCTTA
GAGACAAAATCAAGAAGTCGCG-DABCYL-3=) (underlining signifies
the stem portion of the molecular beacon). It was noticed that some sus-
ceptible strains carrying a silent mutation (C1875T) at codon F625 in
FKS1 HS1 generated melting profiles very similar to that produced by a
rare D632E-resistant mutant carrying a T1896A mutation. To differenti-
ate between susceptible strains carrying the silent mutation and D632E
(T1896A) mutants, we designed an F625F silent mutation-specific MB
labeled with a different fluorophore, Cg-F1H1-RF625F (5=-HEX-CGCGC
AAAAAGTAGTATGATTCACGCG-DABCYL-3=). This probe can be sim-
ply added to reactions with “unresolved F625F/D632E (T1896A) classifica-
tions” as a post-FKS1 HS1 test to quickly rule out that the T1896A mutation
caused D632E.

Asymmetric PCR and molecular beacon-based melting curve anal-
ysis. Asymmetric PCR was carried out on the AriaMx real-time PCR sys-
tem (Agilent Technologies, CA) in a 20-�l reaction volume using Choice
Taq Mastermix (Denville Scientific Inc.). FKS1 HS1 assay contains 30 �M
CgF1H1-X, 1 �M CgF1H1-L, 50 nM CgF1H1-RWT MB, and 10 to 25 ng
of DNA template. When discriminating F625F and D632E (T1896A), the
CgF1H1-RF625F MB was added to the FKS1 HS1 reaction mixture at 25
nM. FKS2 HS1 assay contains 50 �M CgF2H1-X, 1 �M CgF2H1-L, and 50
nM CgF2H1-RWT MB. FKS1 HS1 PCR thermal cycling consisted of 3
min of incubation at 95°C; 45 cycles of 30 s at 95°C, 30 s at 57°C, and 1 min
at 72°C; and then incubation at 72°C for 5 min. FKS2 HS1 PCR conditions
were 95°C for 3 min; 40 cycles of 30 s at 95°C, 30 s at 60°C, and 1 min at
72°C; and 5 min at 72°C. Immediately after amplification, melting curve
analysis was performed at 95°C for 3 min and then 40°C for 30 s, after
which it was melted from 40°C to 70°C with a ramp rate of 0.2°C/s.

Colony PCR genotyping. To further reduce the time to diagnosis, we
introduced colony PCR into our diagnostic platform. Instead of using
DNA extracts, a sterile toothpick with a touch of testing single colony was
dipped into the PCR reaction medium, and then asymmetric PCR and the
following melting analysis were performed as described above. At least
three representative strains for each FKS genotype (8 FKS1 HS1 genotypes
and 7 FKS2 HS1 genotypes) were tested for the efficiency of colony PCR
genotyping.

DNA sequencing. FKS1 HS1 and FKS2 HS1 regions were amplified
and sequenced in both directions as previously described (17).

Statistical analysis. Tm values for each FKS genotype were determined
by melting curve analysis using the AriaMx software (version 1.0) (Agilent
Technologies). Blind genotyping results by rapid molecular diagnostic
assays were compared with DNA sequencing. The Tm distribution of clin-
ical isolates was analyzed by GraphPad Prism 7.01 software. The accuracy
of the novel assays discriminating WT from mutated fks genotypes was
evaluated by calculating sensitivity and specificity for each assay.

RESULTS
Melting curve analysis-based FKS1/FSK2 HS1 genotyping. To
distinguish echinocandin resistance-associated mutations from
the WT in the FKS1/FSK2 HS1 region, we designed two discrim-
ination probes, CgF1H1-RWT and CgF2H1-RWT. Both probes
were designed to complement the WT genotype in the target re-
gion but possess various energies of binding to non-WT se-
quences, which reflect mutation and temperature. To enable effi-
cient dissociation of probe-target hybrids for rapid genotyping,
asymmetric PCR amplifications were optimized to generate an
excess of the sense strand for both targets. Due to the stability
difference of the probe-target hybrids, characteristic profiles were
produced for different FKS genotypes in the subsequent melting
curve analysis. Figure 1A shows melting curves of representative
FKS1 HS1 genotypes, including WT, S629P, F625S, D632Y,
D632E (T1896G), D632E (T1896A), I634V (just outside the hot-
spot region yet not associated with resistance [6, 18, 19]), and

TABLE 1 MIC distributions for reference C. glabrata strains used for
assay development

HS1 genotype (no. of isolates)

MIC range (�g/ml)

Anidulafungin Caspofungin Micafungin

FKS1
WT (15) 0.06–0.25 0.06–0.25 0.06–0.12
S629P (4) 4–8 8–32 2–8
F625S (3) 2 2 0.5
D632E (T1896G) (2) 2 2 2
D632E (T1896A) (2) 1 0.5–1 0.25
D632Y (1) 4 4 1
I634Va (4) 0.06 0.06 0.03
F625F (6) 0.06–0.12 0.06–0.25 0.03

FKS2
WT (15) 0.06–0.25 0.06–0.25 0.06–0.12
F659del (3) 2 8 4
F659S (3) 1–4 1–32 0.12–4
F659V (4) 1 4 0.25–1
F659L (1) 1 2 0.12
S663P (8) 1–8 4–32 0.5–32
S663F (3) 4 4 4

a Mutation I634V is just outside the FKS1 HS1 region, and it was not yet found to be
associated with echinocandin resistance in C. glabrata (6, 18, 19).
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F625F (C1875T). Melting curves of mutated genotypes were re-
markably different from that of the WT, and the Tm values of
mutations were also distinguishable from each other, except for
the F625F silent mutation and D632E (T1896A) (Table 2). In the
FKS2 HS1 assay, a melting curve with the Tm at 61°C � 0.2°C was
the signature for the WT, and unique melting profiles were also
obtained for all mutations tested (F659del, F659S, F659V, F659L,
and S663P/F) (Fig. 1B and Table 2).

To resolve indistinguishable melting signatures between F625F

and D632E (T1896A) in the FKS1 HS1 assay, an F625F-specific
MB probe was added to the reaction mixture following FKS1 HS1
assay analysis. A second round of melting analysis was then per-
formed on the HEX channel, during which D632E (T1896A)
(Tm � 45.4°C � 0.1°C) was widely separated from the silent mu-
tation (Tm � 51.2°C � 0.1°C) by an approximately 6°C Tm differ-
ence (Fig. 1C).

Direct colony FKS genotyping. By replacing DNA extracts
with direct single-colony picking in the established assay system,
we successfully detected all representative strains (Table 1) and
generated robust melting profiles for all testing genotypes consis-
tent with those produced by DNA samples. Most importantly,
direct genotyping from a colony was completed within 3 h, short-
ening the turnaround time by 30 min.

Validation experiments. As a proof of concept, we evaluated
the diagnostic performance of this novel FKS genotyping platform
using a panel of 188 C. glabrata clinical isolates collected at
UPMC. Information on FKS sequences and echinocandin suscep-
tibility was unknown at the time of molecular diagnosis. All iso-
lates were tested in duplicate for the dual assay, and reference
strains representing all genotypes used for platform establishment
were tested in parallel in every single run. Inclusion of reference
strains in each test run was important, as they served as systematic
quality controls to ensure the assay’s accuracy and reproducibility.
It was noted that two isolates repeatedly failed in both assays and
were identified subsequently by internal transcribed spacer se-
quencing as non-C. glabrata (1 Saccharomyces cerevisiae isolate
and 1 Candida guilliermondii isolate). Robust and reproducible
melting profiles were observed for all other isolates. Compared
with Tm values generated by reference strains of various FKS HS1
genotypes, the FKS1 HS1 assay identified 138 WT sequences
(Tm � 58.7°C � 0.2°C), 45 F625F silent mutations (54.3°C �
0.3°C), and 3 D632 alterations (51.3°C � 0.5°C) (Fig. 2A). DNA
sequencing results confirmed all predicted genotypes and further
identified the 3 D632 alterations as 2 D632Y and 1 D632H altera-
tion. The FKS2 HS1 assay detected 176 WT sequences (Tm � 61°C �
0.2°C) as well as 2 F659del (Tm � 62.7°C � 0°C), 2 F659S (Tm �
58.4°C � 0.1°C), 2 F659L (Tm � 57.8°C � 0°C), and 4 S663P/F
(Tm � 56.4°C � 0.2°C) alterations (Fig. 2B). Molecular typing
results were 100% accurate on the F659 codon, and the 4 predicted
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FIG 1 Representative melting profiles for C. glabrata FKS1 HS1 genotypes,
including WT, S629P, F625S, D632Y, D632E (T1896G), D632E (T1896A),
I634V (not associated with resistance), and F625F (C1875T) (A), and FKS2
HS1 genotypes, including F659del, F659S, F659V, F659L, and S663P (B). (C)
Differentiation between F625F and D632E (T1896A) by an F625F-specific MB
probe.

TABLE 2 Tm values for C. glabrata FKS1 HS1 and FKS2 HS1

HS1 variant Tm (°C) SD (°C)

FKS1
WT 58.7 0.2
I634V (A1900G) 62 0.2
F625S (T1874C) 55.2 0.2
D632E (T1896A); F625F (C1875T)a 54.2 0.4
S629P (T1885C) 52.8 0.2
D632Y (G1894T); D632H (G1894C) 51.3 0.5

FKS2
WT 61 0.2
F659del (del1957-1977) 62.7 0.1
F659V (T1975G) 59.4 0.1
F659S (T1976C) 58.4 0.1
F659L (C1977A) 57.8 0
S663P (T1987C); S663F (C1988T) 56.4 0.2

a Silent mutation can be differentiated from the “true” resistance-associated mutation
D632E (T1896A) with the second-tier assay using the F625F-specific MB probe.
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S663 alterations were identified as 3 S663P and 1 S663F alteration by
sequencing. In summary, both FKS1 HS1 and FKS2 HS1 assays have
demonstrated very promising diagnostic value for WT/non-WT dis-
crimination with 100% specificity and 100% sensitivity.

DISCUSSION

FKS HS mutation is the major mechanism of echinocandin resis-
tance in C. glabrata, providing an underlying rationale for devel-
oping rapid molecular detection of FKS genotypes. The goal of
current echinocandin breakpoints is to distinguish C. glabrata iso-
lates with a WT FKS from those containing FKS mutations that are
unlikely to respond to echinocandin therapy (9). While mutations
at almost every amino acid position within the FKS hot spot 1 and
2 regions confer some degree of resistance (20), recent studies
have shown that the majority of mutations that affect C. glabrata
susceptibility to the echinocandins are located within FKS1 and
FKS2 HS1 regions. Accordingly, these regions are the primary
targets for molecular assays to detect drug resistance (6, 21).

Given this goal, we have developed a novel diagnostic platform
for rapid FKS genotyping of C. glabrata isolates. This platform,
taking advantage of the strong single-nucleotide polymorphism
recognition capability of molecular beacons and incorporating
asymmetric PCR, accurately discriminated WT from various mu-
tated FKS genes within 3 h. Using reference strains in our in-house
collection, signature melting profiles and corresponding Tm val-
ues were generated for both WT and non-WT populations. Spe-
cific mutations are identified either individually or in a small clus-
ter with distinguishable and consistent Tm values, demonstrating
the robust discrimination power of this novel platform. Further-

more, with the adaptation of colony PCR in the testing system, the
turnaround time was reduced by 30 min without losing the discrim-
ination power. In the subsequent proof-of-concept clinical perfor-
mance evaluation study, all blinded C. glabrata clinical isolates were
successfully identified as either WT or mutated FKS genotypes, with
100% accuracy compared to DNA sequencing results.

Promising data were achieved from both assay development
and clinical validation, but we did notice a minor issue with the
FKS1 HS1 assay. Tm values were indistinguishable between the
silent mutation F625F and a weakly resistant genotype, D632E
(T1896A). In theory, such unresolved susceptible/resistant classi-
fication is a concern for directing antifungal therapy. In reality,
however, it may be only trivial to the diagnostic value of this FKS
genotyping method, because the frequency of T1896A mutation-
caused D632E is very low (estimated as �0.5% of all FKS HS
mutations) based on several large-scale epidemiological studies
on FKS mutations (6, 12, 18, 19, 22, 23). Nevertheless, an F625F
silent mutation-specific MB probe was designed to address this
susceptible/resistant uncertainty. This silent mutation probe was
added to the reaction mixture following FKS1 HS1 analysis and
used as a second-tier assay. Using this method, all reactions with
the F625F/D632E (T1896A) Tm values in the clinical isolate blind
testing were subjected to a second melting analysis, and a unani-
mous F625F genotype which has no influence on susceptibility
was identified for all suspected isolates, concordant with DNA
sequencing results. It should be pointed out that the second-tier
assay does require opening reaction tubes for the addition of the
second beacon, which may carry the risk of contamination. How-
ever, this risk is relatively low, since the second-tier assay only
involves a melting curve analysis without an amplification proce-
dure. Technically, a duplex assay combining both FKS1 HS1 WT
probe with the F625F probe is the best option for high-throughput
genotyping, but the melting curve resolution of the original WT
probe was noticeably decreased with the addition of the F625F probe
(data not shown). Presumably, the majority of unresolved strains in
the primary FKS1 HS1 test are susceptible strains harboring F625F
silent mutation as a result of the very low frequency of D632E
(T1896A); therefore, the need for a definite discrimination between
these two genotypes is low. The two-tier assay strategy is currently
recommended for comprehensive FKS1 HS1 genotyping.

DNA sequencing has been the only technique available for def-
inite identification of FKS mutations. Thus far, only two studies
have reported development of rapid FKS genotyping assays (21, 24).
Despite good diagnostic performance, both assays suffer from com-
plicated assay design and setup. Compared to these assays, advantages
of the present platform include (i) simple design modality, where a
single MB probe and one set of primers allow the detection of a wide
spectrum of mutations in the target region; (ii) ease of data interpre-
tation, as the FKS genotype of the testing strain can be easily identified
by comparing the Tm value with those generated by reference strains
representing various mutations in the target region; (iii) multiplex
potential, because the simple design modality allows probe build-up
and the high specificity of each assay (no cross-reactivity) allows for
probe combination; and (iv) expandable readiness for novel/unre-
ported mutation detection, because the assay will be able to pick up a
novel mutation by simply incorporating the corresponding genotype
into the library without the need for assay redesign.

We acknowledge a minor limitation of our assay. Since the refer-
ence strains used for assay development do not cover the full FKS
mutation spectrum, there is a chance that the Tm values of untested
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mutation genotypes are not distinguishable from other mutations
already included in our reference library. However, this will only have
minimal impact on our platform, because the uncovered mutations
account for only �10% of the mutants and would be �1% of the
entire C. glabrata population. Furthermore, no cross-reaction be-
tween untested mutations and the WT is expected, because probes
were designed to have complete sequence match only with the WT.

In summary, we have developed a rapid and accurate diagnos-
tic platform that has the potential to overcome the deficiencies of
existing MIC-based assays to identify echinocandin-resistant C.
glabrata, and it holds the promise to be a surrogate diagnostic
method to better direct echinocandin therapy.
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