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ABSTRACT Echinocandins are front-line agents for treatment of invasive candidi-
asis. There are no reported agent-specific differences in Candida mutational fre-
quency of resistance or propensity to develop FKS mutations. The objective of
this study was to measure spontaneous and FKS mutation rates among Candida
glabrata strains. Twenty bloodstream isolates from patients with or without prior
echinocandin exposure were included. Minimum inhibitory concentrations (MICs),
minimum fungicidal concentrations (MFCs), and mutation prevention concentra-
tions were higher for caspofungin than for anidulafungin (P < 0.0001) and mica-
fungin (P < 0.0001). Mutational frequencies of resistance at 3X the baseline MIC
were highest for caspofungin and lowest for micafungin. A total of 247 isolates
were recovered at or above the MFC for caspofungin (n = 159), anidulafungin
(n = 74), or micafungin (n = 14). Agent-specific MIC increases were noted for
anidulafungin and caspofungin, but not micafungin. Thirty-three percent of iso-
lates harbored hot spot mutations in FKS7 (n = 6) or FKS2 (n = 76). Mutations at
the Ser629 (Fks1) or Ser663 (Fks2) loci were more common after selection with
anidulafungin or micafungin than with caspofungin (P = 0.003). Four isolates
demonstrated >4-fold increases in MICs without FKS hot spot mutations; three
of these harbored Fks2 mutations upstream of hot spot 1. The final isolate was
FKS1 and FKS2 wild-type, but the 50% inhibitory concentrations of caspofungin
and micafungin were increased 2.7- and 8-fold, respectively. In conclusion, mica-
fungin may be superior in vitro to the other agents in limiting the emergence of
resistance among C. glabrata. Caspofungin exposure may be most likely to pro-
mote resistance development. These data provide a foundation for future investi-
gations of newly developed echinocandin agents.

KEYWORDS Candida glabrata, FKS, anidulafungin, caspofungin, echinocandin,
micafungin, mutational frequency

chinocandins are the agents of choice for the treatment of invasive candidiasis (1).

There are some pharmacokinetic (PK) differences between echinocandins (2), but
no conclusive therapeutic differences in efficacy have been reported (3). Accordingly,
anidulafungin, caspofungin, and micafungin are considered interchangeable by con-
sensus guidelines (1). Widespread echinocandin usage has been accompanied by
reports of emerging drug resistance among clinical isolates, particularly those of the
haploid species Candida glabrata (4). Resistance is mediated by point mutations in FKST
(all Candida species) or FKS2 (C. glabrata) hot spots that result in attenuated echino-
candin activity (5). Most FKS mutations confer resistance to the entire echinocandin
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TABLE 1 MICs, MFCs, and MPCs by echinocandin for 20 C. glabrata clinical isolates

Antimicrobial Agents and Chemotherapy

MIC (pg/ml) MFC (pg/ml) MPC (pg/ml)
Echinocandin MIC,, MIC,, Range MFC,, MFC,, Range MPC,, MPC,, Range
Anidulafungin 0.06 0.06 0.03-0.12 0.25 0.25 0.12-0.5 0.5 1 0.25-1
Caspofungin 0.185 0.275 0.06-1 1 2 0.25-4 4 32 1-32
Micafungin 0.03 0.03 0.015-0.03 0.06 0.06 0.015-0.12 0.06 0.12 0.03-0.12
class, but some agent-specific mutations have been reported (6). Non-FKS mediated
echinocandin resistance is uncommon but has been reported (7, 8).
Caspofungin resistance rates among C. glabrata are higher than anidulafungin or
micafungin resistance rates (9, 10). At least in part, this reflects methodological issues
with caspofungin susceptibility testing (11), and recently revised susceptibility break-
points (4). It is unknown whether there are agent-specific differences in Candida
mutational frequency rates or propensity to develop FKS mutations. As new echino-
candin agents with unique PK characteristics and novel mechanisms of action enter late
stages of clinical development, it is important to understand the limitations of currently
available therapies. The objective of this study was to measure mutational frequency
and FKS mutation rates among C. glabrata clinical isolates exposed to each echinocan-
din agent in vitro.
RESULTS
MICs, MFCs, MPCs, and spontaneous mutation frequencies for different echi-
nocandins. Echinocandin minimal inhibitory concentrations (MICs), minimum fungi-
cidal concentrations (MFCs), and mutation prevention concentrations (MPCs) against
parental C. glabrata isolates are listed in Table 1 and Table S1 in the supplemental
material. The geometric mean MICs, MFCs, and MPCs were higher for caspofungin than
for anidulafungin (P < 0.0001 for each) or micafungin (P < 0.0001 for each). The median
fold differences between the MICs and MFCs or MPCs were significantly lower for
micafungin (2-fold for both) than they were for anidulafungin (4.17- and 16.67-fold,
respectively; P < 0.0001 for each) or caspofungin (4.17- and 16.67-fold, respectively;
P < 0.0001 for each, Fig. 1).
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FIG 1 Comparison of minimum fungicidal (MFC, top row) and mutation prevention (MPC, bottom row) concentrations for each echinocandin agent stratified

by baseline MIC. Horizontal lines indicate the median value for each group.
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TABLE 2 Rates of spontaneous mutation frequency by echinocandin agent®

Median mutation frequency rate Median mutation frequency rate

Prior EC exposure No prior EC exposure CAS susceptible CAS nonsusceptible
Echinocandin agent (n=10) (n =10) P (n=10) (n=10) P
Anidulafungin 3.002 X 10~7 5.869 X 10~7 0.85 2.875 X 1077 3.952 X 1077 0.60
Caspofungin 1.096 X 10> 1.022 X 10> 0.91 1.787 X 10> 3.038 X 107> 0.28
Micafungin 5777 X 107° 2.465 X 10~° 0.79 5.777 X 107° 2465 X 10~° 0.91

aEC, echinocandin; CAS, caspofungin.

In rank order, the median spontaneous mutation frequency of resistance of C.
glabrata isolates at 3X the baseline MIC was 3.08 X 10~° for micafungin, 3.54 X 10~7
for anidulafungin, and 1.02 X 10~> for caspofungin. Twenty-five percent (5/20) of the
isolates did not yield colonies on Sabouraud dextrose agar (SDA) plates containing 3X
the MIC of micafungin. The mutation frequency rates did not differ among isolates from
patients with or without prior echinocandin exposure or among isolates susceptible or
not susceptible to caspofungin (Table 2).

Characterization of spontaneous mutants. A total of 247 C. glabrata isolates were
recovered from echinocandin-containing agar plates at concentrations at or above the
MFC (see Table S2 in the supplemental material). Echinocandin MICs were not increased
(=2-fold change) against 20% (50/247) of the corresponding isolates compared to
parent isolates. For the remaining 80% (197/247) of isolates, >2-fold increases in the
MIC of at least one agent were observed. By agent, >2-fold increases in caspofungin,
anidulafungin, and micafungin MICs were noted against 72% (178/247), 48% (119/247),
and 35% (87/247) of isolates, respectively. Isolates from anidulafungin-containing plates
were more likely to exhibit >2-fold increases in anidulafungin MIC than >2-fold
increases in caspofungin (P = 0.002) or micafungin (P = 0.0001) MICs. Similar results
were noted for caspofungin MICs against isolates recovered from caspofungin-
containing plates (P < 0.0001 versus anidulafungin or micafungin) (Table 3). In contrast,
all isolates from micafungin-containing plates demonstrated a >2-fold increase in MIC
of each agent. Using CLSI interpretive criteria, 68% (168/247), 40% (100/247), and 31%
(76/247) of the isolates were resistant to caspofungin, anidulafungin, and micafungin,
respectively.

Thirty-three percent (82/247) of breakthrough isolates harbored FKS hot spot mu-
tations in FKS1 (n = 6) or FKS2 (n = 76) (Tables 3 and 4). All FKST mutations were within
hot spot 1; 82% (62/76) and 18% (14/76) of the FKS2 mutations were identified in hot
spots 1 and 2, respectively. The most common amino acid mutation was a deletion of
Phe659 within the HS1 region of Fks2 (F659del). Eighty-three percent (5/6) of the FKST
mutant isolates were selected from anidulafungin-containing agar plates compared to
23% (18/76) of the FKS2 mutant isolates (P = 0.006). Substitutions at amino acids
Ser629 (Fks1; serine to phenylalanine or proline) or Ser663 (Fks2; serine to proline)

TABLE 3 Characteristics of selected isolates by echinocandin agent

Echinocandin selection plate

Factor Anidulafungin (n = 74) Caspofungin (n = 159) Micafungin (n = 14)
Median drug concn (range) for selection 0.5 (0.25-8) 2 (0.5-8) 0.25 (0.25-4)
No. (%)

>2-Fold anidulafungin MIC increase 62 (84) 43 (27) 14 (100)

>2-Fold caspofungin MIC increase 48 (65) 116 (73)b 14 (100)

>2-Fold micafungin MIC increase 30 (41) 43 (27) 14 (100)

FKS hot spot mutation 23 (31)¢ 47 (30) 12 (86)9

aColonies selected from anidulafungin-containing agar were more likely to have >2-fold MIC increases to anidulafungin than >2-fold MIC increases to caspofungin
(P = 0.002) or micafungin (P = 0.0001).

bColonies selected from caspofungin-containing agar were more likely to have >2-fold MIC increases to caspofungin than >2-fold MIC increases to anidulafungin or
micafungin (P < 0.0001 for both).

“One additional isolate harbored a non-hot spot mutation in FKS2 (E655K).

dAll 14 isolates harbored mutations in FKS; two isolates harbored mutations outside the hot spot region (E655G and E655K) in FKS2.
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TABLE 4 FKS mutations in C. glabrata recovered from in vitro selection

Antimicrobial Agents and Chemotherapy

No. of FKS mutant isolates selected
from each echinocandin plate

No. of FKS

Median (range) echinocandin
MIC (pg/ml)

FKS mutation (gene)

mutant isolates  Anidulafungin  Caspofungin  Micafungin  Anidulafungin Caspofungin  Micafungin

F659del (FKS2) 54 12 36
R1378S or R1378G (FKS2) 14 3

S663P or S663F (FKS2) 6
S629P (FKST) 6
P667H or P667T (FKS2) 2
E655G or E655K (FKS2)@ 3

—_—_ ;N
_ -

o

2 (0.015- 32) 16 (0.25-32) 4 (0.015-32)
0.75 (0.06-4) 16 (2-32) 1.5 (0.015-32)
1.5 (1-4) 2 (1-32) 1(0.5-8)

0.75 (0.12-1) 2 (0.25-2) 0.25 (0.06-1)
0.19 (0.12-0.25) 2.5 (1-4) 0.06 (0.06)

8 (4-32) 8 (4-32) 32 (2-32)

N OO WNN

9Noted for being outside hot spot regions in FKS2.

were more frequent following selection with anidulafungin or micafungin (29%
[10/35] of mutants) than with caspofungin (4% [2/47]; P = 0.003). Median echino-
candin MICs were higher against FKS2 mutant isolates than against FKST mutants

(P < 0.01 for each agent; Table 4).

Two percent (4/247) of isolates demonstrated >4-fold increases in MICs of each
echinocandin but did not exhibit FKS hot spot mutations. Interestingly, three of these
isolates harbored Fks2 mutations at Glu655 (glutamic acid to glycine [Gly; n = 1] or
lysine [Lys; n = 2]), which is upstream of hot spot 1. The final isolate exhibited increased
MICs of all three agents but lacked a mutation in either FKST or FKS2. The 50% inhibitory
concentrations (IC5ys) of caspofungin and micafungin with -(1,3)-p-glucan synthase
from this isolate were increased 2.7- and 8-fold, respectively, relative to the enzyme
isolated from the parental isolate (Fig. 2A). Moreover, the caspofungin and micafungin
IC50s with the enzyme from a non-HS FKS2 mutant isolate (Glu655Lys) were 2.9- and
131-fold higher, respectively, in comparison to its parent isolate (Fig. 2B).

The FKS mutational frequency rates at concentrations greater than or equal to the
MFC were 3.36 X 10~2 for micafungin, 9.72 X 10~° for anidulafungin, and 2.04 X 10—8
for caspofungin. The sensitivities of caspofungin, anidulafungin, and micafungin MICs
in identifying a FKS mutant isolates as resistant were 98% (83/85), 87% (74/85), and 87%
(74/85), respectively. The corresponding specificities were 48% (77/162), 84% (136/162),

and 99% (160/162), respectively.

DISCUSSION

To our knowledge, this is the first study to compare the spontaneous mutational
frequency and emergence of in vitro resistance for the three commercially available
echinocandin agents. Our data provide new insights into the phenotypic and molecular
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against parental (4) and passage (4-4A-1) isolates.

January 2019 Volume 63 Issue 1 e01692-18

aac.asm.org 4


https://aac.asm.org

C. glabrata Mutation Rates Vary by Echinocandin Agent

characteristics of echinocandin resistance among C. glabrata, the Candida species most
often responsible for resistance in the clinic (4, 12). Micafungin MICs, MFCs, and MPCs
were lowest among the three agents, followed in escalating order by those of anidu-
lafungin and caspofungin. The rates of spontaneous and FKS mutational frequency
followed the same order and did not differ for isolates collected from patients with
prior echinocandin exposure or by the baseline echinocandin MIC. Likewise, fewer
spontaneous and FKS mutants arose following micafungin selection compared to
anidulafungin or caspofungin selection. Taken together, the data suggest that mica-
fungin may be superior in vitro to the other agents in preventing the emergence of
resistance among C. glabrata and that caspofungin may be most prone to induce
resistance and FKS mutations. It is unclear whether these findings hold clinical rele-
vance and worth noting that in the presence of human serum the heightened potency
of anidulafungin and micafungin, relative to caspofungin, is largely mitigated (13).
Nevertheless, they provide a foundation for further investigations, particularly as points
of reference for the newly developed B-(1,3)-p-glucan synthase inhibitors rezafungin
(Cidara, San Diego, CA) and ibrexafungerp (Scynexis, Jersey City, NJ).

Our data support the hypothesis that different FKS mutations are selected for after
exposure to specific echinocandin agents. Some FKS variants differentially affect anidu-
lafungin and caspofungin efficacy in vivo relative to micafungin (5, 6). In the present
study, few breakthrough isolates were selected after micafungin exposure, but each
harbored an FKS mutation, including two isolates with mutations upstream of FKS2 hot
spot 1. By comparison, 32 and 30% of isolates selected following anidulafungin and
caspofungin exposure, respectively, harbored FKS mutations. FKS mutations at hot spot
loci Ser629 (Fks1) or Ser663 (Fks2) were more common following exposure to anidu-
lafungin or micafungin than caspofungin. Mutations at these loci are associated with
the highest echinocandin IC5,s (14). It is important to note that we only assessed the
presence of FKS mutations among isolates with >2-fold increases in MIC; thus, other
mutations could have developed that were not associated with MIC changes. Future
studies may indicate whether our laboratory observations are recapitulated in clinical
practice. To this end, the most frequent mutation following caspofungin exposure in
vitro was an amino acid deletion at Phe659, which is analogous to our clinical experi-
ence with this agent (12, 15). In contrast, Fks2 mutations at Ser663 were the most
common mutations encountered at two centers using micafungin (16, 17).

Among C. glabrata clinical isolates, resistance to all three echinocandin agents is rare
in the absence of FKS mutations. In this study, only four breakthrough isolates dem-
onstrated >4-fold increases in MICs of all echinocandins without developing an FKS hot
spot mutation. Sensitivity to the echinocandin class of the 1,3-B-p-glucan synthase
enzyme was decreased in one of these isolates but not as substantially as in an E655K
FKS2 mutant isolate; the latter mutation is upstream of previously defined hot spots
(Fig. 2A and B). There are few studies that have investigated echinocandin resistance
mechanisms other than FKS mutations. Caspofungin reduced susceptibility due to
dysregulation of membrane sphingolipid biosynthesis was described in C. glabrata
following in vitro exposure to the agent (8, 18). In addition to exhibiting 4- to 32-fold
reductions in caspofungin susceptibility, these isolates had heightened susceptibility to
micafungin (CRS-MIS phenotype) (8). Of note, the majority (55%) of breakthrough
isolates with >2-fold increases in caspofungin MICs in the present study had micafun-
gin MICs of =<0.015 pg/ml. A mutator genotype in C. glabrata mediated by mutations
in the mismatch repair gene MSH2, which is associated with multidrug resistance in
vitro, has been described previously (19). Among clinical isolates, MSH2 polymorphisms
did not correlate with echinocandin resistance in low-resistance settings (20). MSH2
polymorphisms were not evaluated in the present study; however, a prior report did
not find a correlation with selection of micafungin resistance and MSH2 genotype (21).
In patients, resistance is most commonly encountered following echinocandin expo-
sure, which can serve as a useful Bayesian indicator for clinical decision making before
susceptibility test results are available (4).

Anidulafungin and micafungin antifungal susceptibility testing has been advocated
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as surrogate markers of echinocandin resistance against C. glabrata given the inter-
laboratory and methodological variability associated with caspofungin susceptibility
testing (4, 9-11, 22). The data presented here support this approach. Using the current
CLSI interpretive criteria, caspofungin resistance was highly sensitive (98%) for identi-
fying laboratory-generated FKS mutant isolates but poorly specific (48%). The corre-
sponding sensitivities/specificities for anidulafungin and micafungin resistance were
87%/84% and 87%/99%, respectively. Moreover, changes in caspofungin MICs were
often nonspecific. Indeed, relative to parent isolates, >2-fold MIC increases for caspo-
fungin were associated with FKS hot spot mutations in 46% of isolates compared to 69
and 94% of isolates showing the same MIC increases for anidulafungin and micafungin,
respectively (Table 3). Spontaneous and FKS mutation rates did not vary by baseline
caspofungin MIC, including isolates below, at, or above the CLSI caspofungin suscep-
tibility breakpoint. Taking these data together with our previous clinical findings (4, 9,
10, 12, 22), it is important to recognize that the use of CLSI breakpoints results in
disproportionately high rates of caspofungin resistance among C. glabrata clinical and
laboratory isolates. These data support the CLSI recommendation to perform confir-
matory testing with anidulafungin or micafungin, or FKS genotyping when caspofungin
nonsusceptible isolates are identified (23). On balance, caspofungin resistance (or
nonsusceptibility if intermediate criteria are considered) is likely to be the most
sensitive marker of FKS mutations, particularly for mutations that confer minimal
changes to anidulafungin or micafungin MICs (6, 8). Ongoing challenges in interpreting
caspofungin susceptibility testing results speak to the importance of optimizing testing
methods and breakpoints for newly developed echinocandin agents.

Echinocandins are now endorsed broadly as the front-line agents for treatment of
invasive candidiasis (1), which places increased importance on understanding of resis-
tance mechanisms and potential differences between agents. As evidenced by a prior
randomized clinical trial, differences between agents are not likely to be evident upon
initial treatment courses (3). Rather, differential treatment success and resistance rates
are more likely to become unmasked following prolonged courses of therapy for
deep-seated infections. Indeed, infections such as intra-abdominal candidiasis (IAC)
may represent hidden reservoirs for echinocandin resistance (24). Echinocandin
pharmacokinetics-pharmacodynamics have not been evaluated systematically at deep-
seated sites of infection, such as within intra-abdominal abscesses or tissues. Our data
suggest that caspofungin MPCs exceed clinically achievable levels at these sites,
whereas anidulafungin and micafungin MPCs are lower. New technology such as
matrix-assisted laser desorption/ionization mass spectrometry imaging now allow the
visualization of drug disposition within target organs (25). Using a murine model of IAC,
we demonstrated that micafungin is quickly distributed into liver and kidney tissue, but
the drug concentrates around the outer rim, rather than inside, fungal lesions. In
contrast, a new second-generation echinocandin, rezafungin, is distributed at high
concentrations throughout lesions (25). As agents like rezafungin and ibrexafungerp
enter the clinic, it will be imperative to identify therapeutic advantages of each. An
understanding of site-specific PKs and the propensity of various agents to induce
resistance could be incorporated into novel treatment paradigms that improve clinical
response rates and limit the emergence of echinocandin resistance.

In conclusion, the present study indicates that currently available echinocandins
have differences in in vitro propensity for the emergence of resistance in C. glabrata and
may select for agent-specific FKS mutations. Anidulafungin and caspofungin MICs can
be selectively increased following exposure to the respective agents. Future studies are
needed to determine whether these in vitro findings are relevant clinically and to devise
echinocandin dosing regimens that durably suppress the emergence of resistance. It is
possible that investigational agents with improved pharmacokinetics (such as rezafun-
gin) or stability against some FKS variants (such as ibrexafungerp) will prove to be
valuable additions to the antifungal armamentarium. As echinocandin utilization con-
tinues to grow, active surveillance for FKS and non-FKS mechanisms of resistance is
needed.
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MATERIALS AND METHODS

Isolates. Twenty C. glabrata bloodstream isolates from unique patients at the University of Pitts-
burgh Medical Center were included in the study. Isolates were selected from patients with and without
prior echinocandin exposure (n = 10 each), and they demonstrated a range of caspofungin MICs (n =
10 each demonstrated MICs above and at or below the Clinical and Laboratory Standards Institute [CLSI]
susceptibility breakpoint). All isolates harbored wild-type FKS genes at baseline. Prior to testing, isolates
were retrieved from —80°C stock, subcultured onto SDA plates, grown at 35°C for 24 to 48 h, and
subcultured again for 24 h.

Echinocandin susceptibility testing. Anidulafungin, caspofungin, and micafungin MICs were de-
termined in triplicate according to CLSI document M27-A3 using a 50% turbidity endpoint at 24 h.
Standard powders of anidulafungin (Pfizer, New York, NY), caspofungin (Merck, Rahway, NJ), and
micafungin (Astellas Pharma, Japan) were obtained from the manufacturers. When insufficient growth
was identified at 24 h, the endpoint was determined at 48 h. Candida krusei ATCC 6258 and Candida
parapsilosis ATCC 22019 were used as quality controls. The quality control strains were incorporated into
each set of experiments, and MICs were within the expected range (23).

Spontaneous mutant frequency. C. glabrata isolates were grown overnight in 15ml of yeast
extract-peptone-dextrose (YPD) broth. One hundred microliters of overnight cultures (5 X 108 to 1 X 10°
CFU/ml) were streaked in duplicate onto SDA plates with or without echinocandins. Each agent was
added to SDA plates at a concentration of 3X the MIC of each isolate. Plates were incubated at 35°C for
5 days. The spontaneous mutation frequency rate was calculated as the ratio of viable colonies growing
on drug-containing plates over the starting inoculum. Experiments were performed in triplicate, and the
average mutation frequency rate was used for further analysis. Consistent with prior reports in bacteria
(26, 27) and yeasts (28), we have referred to the spontaneous mutational frequency rate as a resistance
rate of colonies selected by drug-containing agar; however, genomic mutations were only assessed for
isolates exhibiting >2-fold MIC increases.

Minimum fungicidal and mutation prevention concentrations. Echinocandin MFCs and MPCs
were determined in duplicate by streaking 200 ul of overnight culture onto SDA plates containing
echinocandin agents at concentrations ranging from 0.015 to 16 ug/ml. Plates were incubated at 35°C
for 5 days and inspected daily. Echinocandin MFCs and MPCs were defined as the lowest concentrations
to inhibit >99.9 and 100% of fungal growth, respectively (28-31). Colonies growing at or above the MFC
were saved at —80°C for subsequent analysis.

Determination of FKS mutations. Echinocandin MICs were determined against colonies growing at
or above the MFC of any agent. FKS hot spots were sequenced for colonies demonstrating a >2-fold MIC
increase (relative to the parent isolate). FKS genes were sequenced outside hot spot regions for any
isolate with elevated MICs not harboring FKS hot spot mutations. Briefly, C. glabrata genomic DNA was
extracted from yeast cells grown overnight in YPD broth and purified using an ExoSAP-IT genomic DNA
purification kit (Affymetrix, Santa Clara, CA). Hot spots 1 and 2 of FKST and FKS2 were amplified using PCR
as previously described (4, 32). Standard Sanger DNA sequencing of purified PCR amplicons was
performed with a 3130 DNA analyzer (Applied Biosystems, Carlsbad, CA). DNA sequences were analyzed
with a sequence scanner (Applied Biosystems), and the corresponding amino acid sequences were
compared to sequences in C. glabrata databases (https://www.ncbi.nlm.nih.gov/blast/).

Glucan synthase assay. Candida glabrata isolates were grown with vigorous shaking at 37°C to early
stationary phase in YPD broth and then cells were collected by centrifugation. Cell disruption, membrane
protein extraction and partial 1,3-B-p-glucan synthase purification by product entrapment were per-
formed as previously described (14). Reactions were initiated by the addition of product-entrapped
glucan synthase. Sensitivity to caspofungin and micafungin was measured in a polymerization assay
using a 96-well 0.65-pum-pore size multiscreen HTS filtration system (Millipore Corporation, Bedford, MA)
in a final volume of 100 wl, as previously described (32). Serial dilutions of the drugs (0.01 to 10,000 ng/
ml) were used as calibration standards. Caspofungin and micafungin were dissolved in water. Inhibition
profiles and half-maximal inhibitory concentration (IC,,) values were determined using a normalized
response (variable-slope) curve-fitting algorithm with Prism software (version 6.05; GraphPad, Irvine, CA).
The kinetic data are the result of experiments performed in triplicate (14).

Statistical analysis. Categorical and continuous variables were compared using chi-square or
Mann-Whitney U tests, respectively. McNemar’s chi-square test was used to compare echinocandin-
specific MIC differences between agents. All tests were two tailed, and a P value of <0.05 was considered
significant.
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