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ABSTRACT Candida glabrata is a major cause of candidemia in immunocompromised patients and is characterized by a high-level of ﬂuconazole resistance. In the
present study, the acquisition of antifungal resistance and potential clonal spread of
C. glabrata were explored at a single center over a 12-year period by analyzing 187
independent clinical C. glabrata bloodstream isolates. One strain was found to be
micafungin resistant due to a mutation in the FKS2 gene. Fluconazole resistance remained stable throughout the period and was observed in 20 (10.7%) of the isolates. An analysis of the antifungal consumption data revealed that recent prior exposure to ﬂuconazole increased the risk to be infected by a resistant strain. In
particular, the duration of the treatment was signiﬁcantly longer for patients infected by a resistant isolate, while the total and mean daily doses received did not
impact the acquisition of resistance in C. glabrata. No link between genotype and
resistance was found. However, multilocus variable-number tandem-repeat analyses
indicated a potential intrahospital spread of some isolates between patients. These
isolates shared the same genetic proﬁles, and infected patients were hospitalized in
the same unit during an overlapping period. Finally, quantitative real-time PCR analyses showed that, unlike that for other ABC efﬂux pumps, the expression of CgCDR1
was signiﬁcantly greater in resistant strains, suggesting that it would be more involved in ﬂuconazole (FLC) resistance. Our study provides additional evidence that
the proper administration of ﬂuconazole is required to limit resistance and that strict
hand hygiene is necessary to avoid the possible spreading of C. glabrata isolates between patients.
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C

andida bloodstream infection (BSI) caused by Candida spp. (i.e., candidemia) is the
most frequent invasive fungal infection, at least in the Western world. While
Candida albicans remains the most common cause of candidemia in the United States
and Europe, Candida glabrata has emerged as a major pathogen during the last
decades following higher azole consumption (1–5). This species is indeed less susceptible to azole drugs, while resistance to echinocandins is also increasingly reported for
C. glabrata, narrowing the range of available agents for treatment (6–8).
Although various mechanisms involved in azole resistance in C. glabrata have been
identiﬁed, it results mostly from the overexpression of efﬂux pumps that enhance the
transport of azoles out of the fungal cell. These efﬂux pumps are notably encoded by
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TABLE 1 Antifungal susceptibility of 187 independent Candida glabrata bloodstream infection isolates from the University Hospitals
Leuven, July 2004 to December 2015
No. of isolates with MIC (g/ml) ofb:
a

Antifungal
AMB
FLC
ITC
VRC
AFG
CAS
MFG
aAFG,

0.0039

0.0078
2

0.0156
8

1
1
1
2

147

19

170

14

0.0313
14

0.0625
32

0.125
38

0.25
54

0.5
38

9
1
15
80

26
10
5

45
53

53
58

30
38

96

10
1

1
1
1
6
10

2

4

8

16

32

64

128

256

512

1
2
4

41

76
15
8

31

17

8

5

6

1

5

anidulafungin; AMB, amphotericin B; CAS, caspofungin; FLC, ﬂuconazole; ITC, itraconazole; MFG, micafungin; VRC, voriconazole.
type indicates MIC levels above the EUCAST breakpoints for FLC and MFG.

bBoldface
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C. glabrata ABC transporter genes CgCDR1, CgPDH1, and CgSNQ2, of which the expression is mediated by the transcription factor CgPDR1 (9–13). The target of echinocandins
is the enzyme synthesizing ␤-1,3-glucan, an important component of the fungal cell
wall. A diminished echinocandin susceptibility in C. glabrata is caused by amino acid
changes in the hot spot regions of FKS genes (i.e., FKS1 and FKS2) encoding subunits of
␤-1,3-glucan synthase (14).
Tracing the origin of an infection is of high value for its prevention and control.
Candidemia can be acquired externally, since Candida spp. are ubiquitous in the
environment and disturbed anatomic barriers in patients may facilitate the invasion of
fungal pathogens via health care workers’ hands and via catheters. For C. glabrata, it is
generally believed that the patient’s own intestinal ﬂora is the source of infection
following the translocation from a previous colonization (15, 16). However, very few
data are available to support this statement. Moreover, the asexual reproduction of C.
glabrata enables clones to expand in the hospital, making some genotypes better
adapted to the environment and more predominant in the population than others (17).
Moreover, Healey et al. mention that a mutator phenotype caused by a mismatch repair
defect is prevalent in C. glabrata clinical isolates (18).
The ﬁrst aim of this study was to determine antifungal susceptibility among a set of
clinical C. glabrata BSI isolates. In combination with patient antifungal exposure, the
acquisition of resistance was investigated. The phylogenetic relationships between
these isolates were then analyzed to reveal the possible spreading of infectious strains.
Finally, the relative importance of different molecular resistance mechanisms was also
estimated.
RESULTS
The characteristics of the 187 independent C. glabrata BSI isolates, retrospectively
obtained from patients hospitalized at a 1,900-bed tertiary care center in Belgium over
a 12-year period, are listed in Table S1 in the supplemental material. We noticed a
signiﬁcant increase in terms of annual incidence (P ⬍ 0.05), ranging from 0.08 episodes
per 10,000 patient days (2005) to 0.53 episodes per 10,000 patient days (2013), with a
mean of 0.28 per 10,000 patient days. The median age for all patients was 65 years
(range, 0 to 100 years), and isolates were equally collected between male (n ⫽ 93) and
female (n ⫽ 94) patients. Most isolates were obtained from patients hospitalized in the
intensive care units (ICUs) (n ⫽ 62, 33.2%), 33 (17.6%) came from gastroenterology
units, 18 (9.6%) from the emergency department, 9 (4.8%) from the burn wound unit,
9 (4.8%) from hematology units, 9 (4.8%) from the geriatric department, 9 (4.8%) from
internal medicine, 6 (3.2%) from pulmonology units, 4 (2.1%) from cardiology units, 4
(2.1%) from abdominal surgery, and 24 (12.8%) from other non-ICUs.
Antifungal susceptibility and consumption. As shown in Table S1 and summarized in Table 1, the C. glabrata BSI isolates exhibited different levels of susceptibility to
triazoles and echinocandins. The susceptibility tests revealed resistance to ﬂuconazole
(FLC) in 20 (10.7%) of the 187 isolates, while the other 167 were FLC intermediate,
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TABLE 2 Candida glabrata bloodstream infection isolates from the University Hospitals
Leuven, July 2004 to December 2015, by patient age group and frequency of ﬂuconazole
resistance
No. (%) of BSIa isolates
Totalb
1 (0.5)
2 (1.1)
4 (2.1)
13 (7)
28 (15)
47 (25.1)
53 (28.3)
25 (13.4)
14 (7.5)
187 (100)

FLC resistantc
0 (0)
2 (100)
2 (50)
1 (7.7)
3 (10.7)
6 (12.8)
5 (9.4)
1 (4)
0
20 (10.7)
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Patient age group (yrs)
ⱕ1
2–20
21–25
26–45
46–55
56–65
66–75
76–85
⬎85
All ages
aBSI,

bloodstream infection.
to the total number of Candida glabrata bloodstream infection isolates, July 2004 to December
2015.
cProportion to the total number of isolates in that age group. FLC, ﬂuconazole.
bProportion

denoting strains with MIC values between 0.002 and 32 g/ml and which are considered neither susceptible nor resistant. Details on FLC resistance as a function of
patients’ ages are shown in Table 2. Almost 15% of patients younger than 65 years were
infected with an FLC-resistant strain, in contrast to 6.5% of patients older than 65 years
(P ⬍ 0.05). No signiﬁcant increase or decrease in the trend of FLC resistance was
observed (P ⬎ 0.05), but almost one-third (n ⫽ 6) of all FLC-resistant isolates were
found in 2010 (Table S1). A total of 11 FLC-resistant isolates was obtained from patients
who had been hospitalized in hematology units. All FLC-resistant strains showed
elevated MICs for voriconazole (VRC), i.e., above the epidemiological cutoff, and 15
FLC-resistant strains had elevated MICs for itraconazole (ITC). Amphotericin B (AMB)
resistance was not observed within the study population, and none of the strains
exhibited multidrug resistance (Table 1 and Table S1).
Antifungal consumption data were available for 165 patients (i.e., excluding patients
hospitalized at the psychiatric sites). In this group of patients, 19 patients were infected
with an FLC-resistant C. glabrata strain, of which 15 (79%) received FLC prior to the
onset of candidemia (Table S1), 1 received VRC for 23 days, and 3 were not exposed to
azoles. In comparison, only 13% (19 of 146) of patients infected by an FLC-intermediate
strain were previously exposed to FLC (P ⬍ 0.05) (Table S1), while 4 patients received
VRC for 3 to 6 days. Considering the 34 patients recently exposed to FLC, the mean total
doses of FLC were 10,360 mg and 7,716 mg for patients who had candidemia due to
an FLC-resistant and -intermediate strain, respectively (P ⬎ 0.05). The difference in
mean daily doses was also not signiﬁcant with 659 mg and 769 mg for patients infected
with an FLC-resistant strain and -intermediate strain, respectively (P ⬎ 0.05). However,
the mean duration of recent FLC consumption (21 days) was signiﬁcantly longer for
patients infected with an FLC-resistant strain than for patients with candidemia due to
an FLC-intermediate strain (11 days) (P ⬍ 0.05). After controlling for the variables with
a P value of ⬍0.2 on univariate analysis, the duration of recent FLC consumption was
identiﬁed as the only signiﬁcant predictor for the isolation of an FLC-resistant strain
(odds ratio, 1.126496; 95% conﬁdence interval, 1.005109 to 1.262543; P ⫽ 0.041).
Eighteen patients received echinocandins recently before the onset of candidemia,
but the single C. glabrata strain (IHEM 26116) that was resistant to micafungin (MFG),
isolated in 2013, was recovered from a patient that was not previously exposed to
echinocandins or to any other antifungal (Table S1). Moreover, this isolate showed an
atypical growth form (relatively slow growth and small colonies).
Genotyping. The loci Cg4, Cg6, Cg10, VNTR6, and VNTR8 appeared to be polymorphic: 11 distinct alleles were found for the Cg4 locus, 9 for Cg6, 13 for Cg10, 9 for VNTR6,
and 9 for VNTR8. A cluster analysis of all 187 C. glabrata BSI isolates with each allele of
August 2018 Volume 62 Issue 8 e00591-18
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the ﬁve microsatellite markers revealed a total of 37 different genotypes, numbered
MP1 to MP37 (see Table S2). The discriminatory power was calculated between them
and reached 0.82. Overall, a total of 8 distinct multilocus variable-number tandemrepeat analysis (MLVA) proﬁles were represented by more than one isolate. Genotype
MP1 was overrepresented and occurred in 69 (36.9%) isolates. The second most
frequent genotype (MP2) was distributed among 28 isolates, MP3 and MP4 occurred
both in 15 isolates, followed by MP5, MP6, MP7, and MP8, shared by 13, 10, 6, and 2
isolates, respectively. The 29 remaining isolates had unique MLVA patterns (MP9 to
MP37). The genetic distance between all isolates is represented by a minimumspanning tree (MStree) (Fig. 1). By mapping the FLC susceptibility, resistant strains
appeared to be scattered across the tree, indicating an absence of a genetic link
between them, as conﬁrmed by statistical analyses (P ⬎ 0.05). Moreover, no correlation
was found between the different genotypes and one of the following characteristics:
patient age, unit and year of isolation, and recent FLC consumption (P ⬎ 0.05).
However, 3 different clusters, each sharing the same genotype, were observed in
patients with an overlapping period and hospitalization unit. In 2010, patients 66, 67,
76, 81, and 82 were admitted to the same ICU between July and September, and C.
glabrata strains with the same MLVA proﬁle (MP1) were found in their blood. Three of
those ﬁve patients were infected with an FLC-resistant C. glabrata strain. During the
same year, patients 73 and 80 were hospitalized in the same hematology unit during
an overlapping stay and were infected with an FLC-resistant C. glabrata strain with
genotype MP3. A similar situation occurred in 2013, when two patients (patients 136
and 146), admitted to the same ICU in September, were infected by C. glabrata strains
with MLVA proﬁle MP1 and similar antifungal susceptibility levels (Table S1 and S2).
FKS gene sequence analysis. The single MFG-resistant C. glabrata strain (IHEM
26116) was analyzed for the presence of mutations in the two hot spot regions of the
August 2018 Volume 62 Issue 8 e00591-18
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FIG 1 Minimum spanning tree. The tree displays the different genotypes (MP1 to MP37) of 187 Candida glabrata bloodstream infection isolates based on 5
variable-number tandem-repeat loci. The genotypes are represented by circles. The size of the circles reﬂects the number of isolates with that particular
genotype. The length and thickness of the connecting lines between the circles show the similarity between the proﬁles. The ﬂuconazole susceptibility is
indicated as follows: white, intermediate; and grey, resistant.
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FIG 2 Gene expression. Boxplots of the fold increase in expression of CgCDR1, CgPDH1, CgSNQ2, and CgPDR1 separated
on the basis of ﬂuconazole susceptibility level: ﬂuconazole (FLC)-intermediate Candida glabrata bloodstream infection
isolates (n ⫽ 167) and ﬂuconazole-resistant isolates (n ⫽ 20). The analyses were performed in triplicates and results were
subjected to the Mann-Whitney U test. *, P ⬍ 0.05.

FKS1 and FKS2 genes. An amino acid mutation was found in the hot spot 1 region of
FKS2 and resulted in a substitution of arginine to glycine at position 665.
Gene expression analyses. Table S3 shows the results of the gene expression
analyses. Eighteen of the twenty FLC-resistant isolates expressed all four efﬂux pumprelated genes at higher levels than the FLC-intermediate control isolate IHEM 09556.
The levels of expression in these isolates varied from 1.12- to 10.12-fold for CgCDR1,
1.24- to 8.5-fold for CgPDH1, 1.1- to 9.8-fold for CgSNQ2, and 1.2- to 13.1-fold for
CgPDR1. Gene expression was not elevated for the 2 remaining FLC-resistant isolates,
except CgCDR1 for one of them. Considering the 167 FLC-intermediate isolates, the
expression levels were as follows: 156 isolates expressed CgCDR1 at elevated levels
ranging from 1.02- to 12.79-fold, 162 raised their CgPDH1 expression (1.03- to 17.98fold), while CgSNQ2 and CgPDR1 were elevated in 158 (1.01- to 14.4-fold) and in 156
(1.01- to 15.31-fold) isolates, respectively. A simultaneous elevated expression of all four
genes was observed in 149 (89.2%) of all FLC-intermediate strains. Only 2 (1.2%) FLC
intermediate strains (IHEM 26411 and IHEM 26773) did not show any elevated gene
expression (Table S3).
Figure 2 compares the relative expression of the four genes between the FLCresistant and the FLC-intermediate strains. A signiﬁcant difference was observed in the
expression levels of CgCDR1 between the two groups (P ⬍ 0.05). Moreover, CgCDR1
expression was also signiﬁcantly higher in isolates with MICs above the epidemiological
cutoffs for VRC and ITC in comparison to those with lower MIC values (P ⬍ 0.05). In
contrast, the levels of CgPDH1, CgSNQ2, and CgPDR1 were not signiﬁcantly higher for
the FLC-resistant isolates than for the FLC-intermediate isolates (P ⬎ 0.05).
DISCUSSION
This study evaluated how C. glabrata candidemia is acquired and how resistance is
correlated with antifungal consumption at the individual patient level by investigating
the relationship within a population of C. glabrata BSI isolates and related patient data.
August 2018 Volume 62 Issue 8 e00591-18
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To our knowledge, this is the ﬁrst time that these parameters have been analyzed in a
large population (187 C. glabrata BSI isolates from different patients) obtained from a
single hospital setting over a long-term period (12 years).
Previously, we examined the incidence of candidemia at the same center between
2004 and 2015 and reported that C. glabrata was responsible for almost one-fourth of
infections, making it the second most common cause of candidemia, after C. albicans
(19). Thereby, a relatively large sample size was obtained and further analyzed in this
study. With the exception of one neonate patient, C. glabrata candidemia was absent
in children less than 11 years of age, whereas half of the patients with candidemia were
elderly (ⱖ65 years). However, only a small proportion of the elderly patients was
infected with an FLC-resistant strain. These results are in agreement with previous
studies, conﬁrming the high abundance but low FLC resistance of C. glabrata candidemia in elderly immunocompromised patients (20).
Echinocandin resistance in C. glabrata remains rather stable in Europe with a limited
number of cases reported (21–23); this is conﬁrmed at our center with only one case
reported between 2004 and 2015. Considering FLC susceptibility, only 10% of isolates
were FLC resistant, and no increase could be shown over time. This is contrary to many
European and American centers where FLC resistance is increasing and can reach up to
30% (22–25). The relatively low level of FLC resistance at our center can be explained,
in part, by the limited application of FLC as a prophylaxis therapy, since the latter is only
provided in patients undergoing hematopoietic stem cell transplantation. Interestingly,
these patients accounted for more than half of all FLC-resistant C. glabrata strains. FLC
exposure prior to candidemia was demonstrated to select for less-susceptible species
such as C. glabrata and to be associated with FLC resistance, especially when given at
low doses (19, 26–34). Our results indicate an association between the duration of prior
FLC exposure and resistance, as the mean duration of recent FLC consumption was
signiﬁcantly higher for patients infected with a resistant strain. This study suggests
shortening, whenever possible, the duration of FLC use in order to prevent C. glabrata
from acquiring FLC resistance.
The mutation R665G was earlier detected in a C. glabrata BSI isolate from a hospital
in Baltimore, USA. Interestingly, this isolate was also MFG resistant but susceptible to
anidulafungin (AFG) (35). Although AFG, caspofungin (CAS), and MFG belong to the
same class of antifungals, it is possible that they bind to different sites on the glucan
synthase complex, reﬂected by unique resistance mutations (14).
Multiple sources of infection have been proposed for C. glabrata candidemia,
although the endogenous ﬂora of the host is often considered the main source (15, 16,
36). This variability is reﬂected in the high number of different genotypes found in our
analyses, including 29 unique proﬁles. However, an independent acquisition of C.
glabrata candidemia should not be considered the only possibility. Indeed, our data
conﬁrm recent studies suggesting an epidemiological link between certain BSI isolates
and indicate that infection can occasionally spread among patients. Shin et al. reported
two DNA types that were shared by isolates from two patients, suggesting nosocomial
transmission (37). In a Tunisian university hospital, more than one-third of C. glabrata
invasive isolates had the same genotype, and a less common genotype was shared by
4 patients during their hospitalization in the same ICU during an overlapping time
period, both indicating transmission between patients (38). Resistant C. glabrata strains
can also be exchanged between patients as reported in other studies (8, 25). However,
in our population, evidence is lacking for this type of transmission to explain the
occurrence of candidemia caused by a resistant C. glabrata strain in the 3 patients who
were not recently exposed to azoles. Disturbed anatomic barriers due to medical
devices such as vascular catheters can facilitate the invasion of pathogens, and the
hands of health care workers can serve as a vector of transmission. Although C. albicans
and Candida parapsilosis are most frequently involved in catheter-related candidemia,
these medical devices also appeared to be a possible source of infection for C. glabrata
candidemia (39–41).
FLC resistance in C. glabrata is generally associated with an elevated expression of
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genes encoding ABC efﬂux pumps (10–13, 42, 43). Previous studies investigated the
importance of these molecular mechanisms but were generally limited to a set of
related isolates sequentially obtained from the same patient (13, 29, 44). In contrast, we
examined in a large set of independent BSI isolates whether the level of FLC susceptibility could be correlated to the expression of efﬂux pumps and if the latter could be
associated with a speciﬁc genotype. Our results indicate the coexpression of CgCDR1,
CgPDH1, and CgSNQ2 in most of the isolates, previously attributed to their common
transcription factor, CgPDR1 (11, 12, 43, 45). However, only CgCDR1 was expressed at a
signiﬁcantly higher level in the FLC-resistant C. glabrata BSI isolates, indicating that it
is the major FLC efﬂux pump in C. glabrata, consistent with previous studies (10, 41–43,
45). Although signiﬁcant, the higher expression of CgCDR1 in resistant strains was not
marked and was generally lower than in previous reports (41, 42, 44), suggesting that
other mechanisms are involved in FLC resistance in our set of isolates. Indeed, gainof-function mutations in CgPDR1 were earlier reported to mediate azole resistance in C.
glabrata (11–13, 45), and genes other than those encoding ABC efﬂux pumps were
shown to play a role in FLC resistance in C. glabrata. The latter include the ERG11 gene,
genes that belong to the major facilitator superfamily and to the aldo-keto-reductase
superfamily, together with various complex interactions between different molecular
mechanisms (43, 44, 46–50). Moreover, C. glabrata can be involved in breakthrough
infections due to its capacity to exhibit inducible resistance (51). However, no signiﬁcant differences in gene expression were observed in the present study between
patients with a breakthrough infection and patients who did not receive azoles at the
time of C. glabrata BSI (data not shown). Finally, no correlation was found between the
level of expression and the different genotypes, suggesting that some genotypes are
not prone to higher expression than others (data not shown).
Limitations of this study include the fact that it is a retrospective single-center study,
although a very large sample size of 187 C. glabrata isolates was covered. Detailed data
regarding antifungal consumption of patients during their stay at the University
Hospitals Leuven between 2004 and 2015 were included, but antifungal consumption
in ambulatory care was not available. Moreover, clinical information of the patients,
including the type and severity of their illnesses, was not accessible. Ideally, the latter
could be included in the multivariable model to know if factors other than FLC duration
increase the risk of FLC-resistant C. glabrata candidemia. The transmission of strains
suggested by MLVA could be conﬁrmed by applying whole-genome sequencing.
In summary, our study highlights the impact of the duration of prior antifungal
administration on the acquisition of FLC resistance in C. glabrata, emphasizing the
importance of antifungal stewardship. Since isolates can be transmitted from patient to
patient, the implementation of preventive strategies, such as strict hand hygiene
protocols and a correct catheter care policy, is necessary to limit the potential risk of
spreading. Our results favor the hypothesis that CgCDR1 is more involved than other
ABC efﬂux pumps in FLC resistance, although it is not the only underlying molecular
mechanism of FLC resistance in C. glabrata.
MATERIALS AND METHODS
Study population and patient data. A collection of 187 independent (i.e., originating from different
patients; ﬁrst isolate per episode) C. glabrata isolates, derived from patients suffering from candidemia
at the University Hospitals Leuven over a 12-year period (July 2004 to December 2015) was obtained
retrospectively. Clinical identiﬁcation was conﬁrmed by sequencing the internal transcribed spacer
region. The C. glabrata BSI isolates were maintained at ⫺70°C in a 10% (vol/vol) glycerol solution at the
Department of Laboratory Medicine at the University Hospitals Leuven until analysis. All strains were
preserved at the BCCM/IHEM culture collection (see Table S1 in the supplemental material for IHEM
accession numbers). Annual and overall C. glabrata candidemia incidence rates were calculated on the
basis of the yearly and total number of patient days, respectively (excluding patients hospitalized at
psychiatric sites). The following demographic and clinical data of the patients with a C. glabrata
candidemia were evaluated: sex, age, date at the onset of candidemia, history of hospitalization, and
antifungal consumption (the latter excluding patients hospitalized at psychiatric sites).
Susceptibility testing. In vitro antifungal susceptibilities to the following agents were determined by
applying the European Committee on Antimicrobial Susceptibility Testing (EUCAST) E.Def 7.2 guidelines:
AMB, FLC, ITC, VRC, AFG, CAS, and MFG (52, 53). The concentrations of the antifungal agents ranged from
August 2018 Volume 62 Issue 8 e00591-18
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0.0078 to 16 g/ml (AMB), 0.0313 to 1024 g/ml (FLC), and 0.0039 to 8 g/ml (ITC, VRC, AFG, CAS, and
MFG). For FLC, C. glabrata BSI isolates with an MIC of ⬎32 g/ml were deﬁned as resistant, while for AFG
and MFG, breakpoint values were ⬎0.06 g/ml and ⬎0.03 g/ml, respectively. No breakpoint values
exist for ITC, VRC, and CAS, but epidemiological cutoff values for ITC and VRC are an MIC of ⱖ1 g/ml
and an MIC of ⱖ2 g/ml, respectively. Concerning CAS, isolates categorized as AFG susceptible can be
regarded as susceptible to CAS until drug-speciﬁc breakpoints are available for CAS.
Antifungal consumption. Fluconazole and echinocandin exposure prior to the onset of candidemia
was based on data extracted from the pharmacy data warehouse and considered to be any dose
administered on at least 3 consecutive days within a period of 3 months before the day on which a blood
sample positive for C. glabrata was collected. The duration of prior exposure was expressed in number
of consecutive days on which any dose was given to the patient. Both the total cumulative dose (in mg)
and the mean daily dose (in mg, deﬁned as the ratio of the cumulative dose and the duration) of prior
therapy were evaluated.
DNA extraction. Cultures were ﬁrst freeze-dried and mechanically broken by bead-beating, followed
by enzymatic digestion using proteinase K. DNA was then extracted with the Invisorb Spin Plant Minikit
(Invitek) according to the manufacturer’s instructions.
Genotyping. The relationship between strains was determined using MLVA. Discrimination between
the isolates was obtained by using ﬁve microsatellite markers, on the basis of their high performance for
studying the genetic diversity of C. glabrata strains, resulting in a high discriminatory power and
reproducibility (17, 54–57). Each PCR was performed using 1 l of DNA, 0.25 M each primer, 200 M
deoxynucleoside triphosphate (dNTP) mix, 2 l of 10⫻ PCR buffer, 1 U of Taq DNA polymerase, and
distilled water to a ﬁnal volume of 20 l. Cg4, Cg6, and Cg10 were ampliﬁed by multiplex PCR using a
5=-dye-labeled primer (see Table S4). The ampliﬁcation conditions were 5 min at 95°C, followed by 35
cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 45 s, and a ﬁnal step of 72°C for 10 min. For VNTR6
and VNTR8, singleplex touchdown PCR was performed under the following conditions: after an initial
denaturation step of 7 min at 94°C, the annealing temperature was decreased from 64 to 49°C within 15
cycles (⫺1°C every cycle). The cycles consisted of a 30-s denaturing step at 94°C, a 30-s annealing step
(from 64°C to 49°C), and a 30-s elongation step at 72°C. After reaching a temperature of 49°C, 25
additional cycles were performed with an annealing temperature of 49°C. A dye-labeled size standard
(GeneScan 400HD ROX; Applied Biosystems[ABI]) was loaded into each well along with the PCR products.
The amplicon size was determined with an ABI 3130xl genetic analyzer and used to determine the
number of repeats per locus. The relatedness of the strains was analyzed by an MStree analysis in
Bionumerics 7.5. The discriminatory power was calculated using the Simpson index of diversity (58).
FKS sequencing. The primers used for sequencing FKS hot spot regions are listed in Table S5 (35,
59). PCR was performed with reaction mixtures containing the following reagents: 10 ng of DNA, 0.2 M
each primer, 200 M dNTP mix, 5 l of 10⫻ PCR buffer, 0.5 U Taq DNA polymerase, and distilled water
to a ﬁnal volume of 50 l (35). PCR products were puriﬁed using the Wizard PCR Preps DNA puriﬁcation
system kit (Promega) and sequenced with an ABI 3130xl genetic analyzer using the BigDye Terminator
v3.1 sequencing kit. Nucleotide sequences were translated into amino acids with SeqMan Pro (DNAstar,
Madison, WI) and aligned to detect possible mutations with BioEdit sequence alignment editor (60).
RNA extraction. Each C. glabrata isolate was grown on Sabouraud agar, and cells were suspended
in saltwater (0.85% NaCl) to obtain a turbidity of 75%. After centrifugation, the pellets were suspended in
3 ml of liquid Sabouraud containing 1.6 g/ml of FLC. Cultures were incubated at 37°C for 18 to 20 h,
corresponding to the late-logarithmic phase as determined by growth standard curve analysis. Total RNA
was extracted in triplicates using the RiboPure yeast kit (Ambion) according to the manufacturer’s
instructions. RNA yield and integrity were assessed by spectrophotometry and agarose gel electrophoresis. RNA samples were stored at ⫺80°C. RNA extracts were transcribed into cDNA according to the
manufacturer’s instructions of the Transcriptor First Strand cDNA synthesis kit (Roche).
Quantitative real-time PCR. Quantitative real-time PCR analyses were performed to measure the
expression levels of four target genes: CgCDR1, CgPDH1, CgSNQ2, and CgPDR1 (see Table S6). Reactions
were performed on an AriaMx real-time PCR system (Agilent Technologies) with the following reagents:
25 ng cDNA sample, 0.3 M each primer, 12.5 l Power SYBR green PCR master mix (ABI), and distilled
water to a ﬁnal volume of 25 l. The efﬁciency of each PCR was determined by standard curve analysis
using ﬁve 10-fold dilutions. The ampliﬁcation conditions were as follows: initial denaturation at 95°C for
10 min, followed by 40 cycles of denaturation at 95°C for 15 s, and primer annealing and elongation for
1 min at 60°C, with a melting curve analysis during the last cycle. Each experiment was carried out in
triplicates, and negative controls were included in each run. The RDN5.8 housekeeping gene was used
as a reference gene to normalize the data (Table S6) (61). Comparative quantitation analyses were
performed using the 2⫺ΔΔCT method. The fold changes were determined from the mean normalized
expression of isolates relative to the mean normalized expression of a control FLC-intermediate C.
glabrata strain (IHEM 9556) (62).
Statistical Analyses. The Mann-Kendall test was applied to investigate the trend in incidence and
FLC resistance over time. A 2 test compared the difference between the FLC-intermediate and
FLC-resistant strains concerning prior FLC exposure. Spearman’s rank correlation coefﬁcients were
calculated to assess correlations between genotypes and demographic parameters and FLC susceptibility. Differences in gene expression levels between the FLC-intermediate and -resistant group and
between strains with VRC and ITC MIC levels below and above cutoff values were compared with the
Mann-Whitney U test.
Additional analyses were performed on patients who received FLC prior to the onset of candidemia
(n ⫽ 34). Therefore, differences in sex, age, hospital unit, year of isolation, total dose, daily dose, and
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duration of recent FLC exposure between the FLC-intermediate and -resistant groups were investigated
with 2 tests (categorical data) and Mann-Whitney U tests (continuous data). To control for the
signiﬁcance of the risk factors identiﬁed in the univariate analyses, a multivariable logistic regression
analysis was performed. Variables with a P value of ⬍0.2 were considered for inclusion in the multivariable logistic regression analysis.
All analyses were conducted with Stata software (StataSE 14, 2013; StataCorp, College Station, TX,
USA). P values of less than 0.05 were considered statistically signiﬁcant.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00591-18.
SUPPLEMENTAL FILE 1, PDF ﬁle, 0.7 MB.

REFERENCES
1. Alangaden GJ. 2011. Nosocomial fungal infections: epidemiology, infection control, and prevention. Infect Dis Clin North Am 25:201–225.
https://doi.org/10.1016/j.idc.2010.11.003.
2. Bille J, Marchetti O, Calandra T. 2005. Changing face of health-care
associated fungal infections. Curr Opin Infect Dis 18:314 –319. https://
doi.org/10.1097/01.qco.0000171924.39828.fb.
3. Tortorano AM, Kibbler C, Peman J, Bernardt H, Klingspor L, Grillot R.
2006. Candidaemia in Europe: epidemiology and resistance. Int J
Antimicrob Agents 27:359 –366. https://doi.org/10.1016/j.ijantimicag
.2006.01.002.
4. Pfaller MA, Diekema DJ. 2007. Epidemiology of invasive candidiasis: a
persistent public health problem. Clin Microbiol Rev 20:133–163. https://
doi.org/10.1128/CMR.00029-06.
5. Arendrup MC. 2010. Epidemiology of invasive candidiasis. Curr Opin Crit
Care 16:445– 452. https://doi.org/10.1097/MCC.0b013e32833e84d2.
6. Pfaller MA, Castanheira M, Lockhart SR, Ahlquist AM, Messer SA, Jones
RN. 2012. Frequency of decreased susceptibility and resistance to echinocandins among ﬂuconazole-resistant bloodstream isolates of Candida
glabrata. J Clin Microbiol 50:1199 –1203. https://doi.org/10.1128/JCM
.06112-11.
7. Pham CD, Iqbal N, Bolden CB, Kuykendall RJ, Harrison LH, Farley MM,
Schaffner W, Beldavs ZG, Chiller TM, Park BJ, Cleveland AA, Lockhart SR.
2014. Role of FKS mutations in Candida glabrata: MIC values, echinocandin resistance, and multidrug resistance. Antimicrob Agents Chemother 58:4690 – 4696. https://doi.org/10.1128/AAC.03255-14.
8. Vallabhaneni S, Cleveland AA, Farley MM, Harrison LH, Schaffner W,
Beldavs ZG, Derado G, Pham CD, Lockhart SR, Smith RM. 2015. Epidemiology and risk factors for echinocandin nonsusceptible Candida
glabrata bloodstream infections: data from a large multisite populationbased candidemia surveillance program, 2008 –2014. Open Forum Infect
Dis 2:ofv163. https://doi.org/10.1093/oﬁd/ofv163.
9. Miyazaki H, Miyazaki Y, Geber A, Parkinson T, Hitchcock C, Falconer
DJ, Ward DJ, Marsden K, Bennett JE. 1998. Fluconazole resistance
associated with drug efﬂux and increased transcription of a drug
August 2018 Volume 62 Issue 8 e00591-18

10.

11.

12.

13.

14.

15.
16.

17.

transporter gene, PDH1, in Candida glabrata. Antimicrob Agents
Chemother 42:1695–1701.
Sanglard D, Ischer F, Calabrese D, Majcherczyk PA, Bille J. 1999. The ATP
binding cassette transporter gene CgCDR1 from Candida glabrata is
involved in the resistance of clinical isolates to azole antifungal agents.
Antimicrob Agents Chemother 43:2753–2765.
Torelli R, Posteraro B, Ferrari S, La Sorda M, Fadda G, Sanglard D,
Sanguinetti M. 2008. The ATP-binding cassette transporter-encoding
gene CgSNQ2 is contributing to the CgPDR1-dependent azole resistance
of Candida glabrata. Mol Microbiol 68:186 –201. https://doi.org/10.1111/
j.1365-2958.2008.06143.x.
Vermitsky JP, Earhart KD, Smith WL, Homayouni R, Edlind TD, Rogers PD.
2006. Pdr1 regulates multidrug resistance in Candida glabrata: gene
disruption and genome-wide expression studies. Mol Microbiol 61:
704 –722. https://doi.org/10.1111/j.1365-2958.2006.05235.x.
Tsai HF, Krol AA, Sarti KE, Bennett JE. 2006. Candida glabrata PDR1, a
transcriptional regulator of a pleiotropic drug resistance network,
mediates azole resistance in clinical isolates and petite mutants.
Antimicrob Agents Chemother 50:1384 –1392. https://doi.org/10
.1128/AAC.50.4.1384-1392.2006.
Garcia-Effron G, Lee S, Park S, Cleary JD, Perlin DS. 2009. Effect of
Candida glabrata FKS1 and FKS2 mutations on echinocandin sensitivity
and kinetics of 1,3-beta-D-glucan synthase: implication for the existing
susceptibility breakpoint. Antimicrob Agents Chemother 53:3690 –3699.
https://doi.org/10.1128/AAC.00443-09.
Nucci M, Anaissie E. 2001. Revisiting the source of candidemia: skin or
gut? Clin Infect Dis 33:1959 –1967. https://doi.org/10.1086/323759.
Miranda LN, van der Heijden IM, Costa SF, Sousa AP, Sienra RA, Gobara
S, Santos CR, Lobo RD, Pessoa VP, Jr, Levin AS. 2009. Candida colonisation as a source for candidaemia. J Hosp Infect 72:9 –16. https://doi.org/
10.1016/j.jhin.2009.02.009.
Foulet F, Nicolas N, Eloy O, Botterel F, Gantier JC, Costa JM, Bretagne S.
2005. Microsatellite marker analysis as a typing system for Candida
aac.asm.org 9

Downloaded from http://aac.asm.org/ on October 13, 2019 by guest

ACKNOWLEDGMENTS
We thank J. Claessens, S. Roesems, and M. Bausart for their help with the molecular
work, the services Biotechnology & Molecular Biology and Food Pathogens at Sciensano
for providing their equipment, Pﬁzer, Merck, and Astellas and Co. for kindly providing
us with the pure substances for susceptibility testing, and L. Van der Linden from the
University Hospitals Leuven for supplying details on patient speciﬁc hospitalization and
the antifungal consumption data.
This study was supported by a grant provided by the Scientiﬁc Institute of Public
Health, Brussels, Belgium.
Katrien Lagrou has received research grants, travel support, and lecture honoraria
from Gilead, MSD, and Pﬁzer.
Isabel Spriet has received research grants from MSD and Pﬁzer and travel support
and lecture honoraria from MSD, Gilead, and Pﬁzer. Isabel Spriet is supported by the
clinical research fund, University Hospitals Leuven.
Berdieke Goemaere, Marijke Hendrickx, and Pierre Becker declare no conﬂicts of
interest.

Goemaere et al.

18.

19.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

August 2018 Volume 62 Issue 8 e00591-18

34. Shah DN, Yau R, Lasco TM, Weston J, Salazar M, Palmer HR, Garey KW.
2012. Impact of prior inappropriate ﬂuconazole dosing on isolation of
ﬂuconazole-nonsusceptible Candida species in hospitalized patients
with candidemia. Antimicrob Agents Chemother 56:3239 –3243. https://
doi.org/10.1128/AAC.00019-12.
35. Zimbeck AJ, Iqbal N, Ahlquist AM, Farley MM, Harrison LH, Chiller T,
Lockhart SR. 2010. FKS mutations and elevated echinocandin MIC values
among Candida glabrata isolates from U.S. population-based surveillance. Antimicrob Agents Chemother 54:5042–5047. https://doi.org/10
.1128/AAC.00836-10.
36. Fidel PL, Vazquez JA, Sobel JD. 1999. Candida glabrata: review of epidemiology, pathogenesis, and clinical disease with comparison to C.
albicans. Clin Microbiol Rev 12:80 –96.
37. Shin JH, Chae MJ, Song JW, Jung SI, Cho D, Kee SJ, Kim SH, Shin MG, Suh
SP, Ryang DW. 2007. Changes in karyotype and azole susceptibility of
sequential bloodstream isolates from patients with Candida glabrata
candidemia. J Clin Microbiol 45:2385–2391. https://doi.org/10.1128/JCM
.00381-07.
38. Abbes S, Sellami H, Sellami A, Makni F, Mahfoudh N, Makni H, Khaled S,
Ayadi A. 2011. Microsatellite analysis and susceptibility to FCZ of Candida glabrata invasive isolates in Sfax Hospital, Tunisia. Med Mycol
49:10 –15. https://doi.org/10.3109/13693786.2010.493561.
39. Sheng WH, Ko WJ, Wang JT, Chang SC, Hsueh PR, Luh KT. 2000.
Evaluation of antiseptic-impregnated central venous catheters for
prevention of catheter-related infection in intensive care unit patients. Diagn Microbiol Infect Dis 38:1–5. https://doi.org/10.1016/
S0732-8893(00)00166-8.
40. Escribano P, Guinea J, Marcos-Zambrano L, Martin-Rabadán P,
Fernández-Cruz A, Sánchez-Carrillo C, Muñoz P, Bouza E. 2014. Is
catheter-related candidemia a polyclonal infection? Med Mycol 52:
411– 416. https://doi.org/10.1093/mmy/myt018.
41. Stempel JM, Farmakiotis D, Tarrand JJ, Kontoyiannis DP. 2016. Time-toreporting of blood culture positivity and central venous catheterassociated Candida glabrata fungemia in cancer patients. Diagn Microbiol Infect Dis 85:391–393. https://doi.org/10.1016/j.diagmicrobio.2016
.04.001.
42. Szweda P, Gucwa K, Romanowska E, Dzierzanowska-Fangrat K, Naumiuk
L, Brillowska-Dabrowska A, Wojciechowska-Koszko I, Milewski S. 2015.
Mechanisms of azole resistance among clinical isolates of Candida
glabrata in Poland. J Med Microbiol 64:610 – 619. https://doi.org/10
.1099/jmm.0.000062.
43. Sanguinetti M, Posteraro B, Fiori B, Ranno S, Torelli R, Fadda G. 2005.
Mechanisms of azole resistance in clinical isolates of Candida glabrata
collected during a hospital survey of antifungal resistance. Antimicrob
Agents Chemother 49:668 – 679. https://doi.org/10.1128/AAC.49.2.668
-679.2005.
44. Abbes S, Mary C, Sellami H, Michel-Nguyen A, Ayadi A, Ranque S. 2013.
Interactions between copy number and expression level of genes involved in ﬂuconazole resistance in Candida glabrata. Front Cell Infect
Microbiol 3:74. https://doi.org/10.3389/fcimb.2013.00074.
45. Vermitsky JP, Edlind TD. 2004. Azole resistance in Candida glabrata:
coordinate upregulation of multidrug transporters and evidence for a
Pdr1-like transcription factor. Antimicrob Agents Chemother 48:
3773–3781. https://doi.org/10.1128/AAC.48.10.3773-3781.2004.
46. Yoo JI, Choi CW, Lee KM, Lee YS. 2010. Gene expression and identiﬁcation related to ﬂuconazole resistance of Candida glabrata strains. Osong
Public Health Res Perspect 1:36 – 41. https://doi.org/10.1016/j.phrp.2010
.12.009.
47. Marichal P, Vanden Bossche H, Odds FC, Nobels G, Warnock DW, Timmerman V, Van Broeckhoven C, Fay S, Mose-Larsen P. 1997. Molecular
biological characterization of an azole-resistant Candida glabrata isolate.
Antimicrob Agents Chemother 41:2229 –2237.
48. Henry KW, Nickels JT, Edlind TD. 2000. Upregulation of ERG genes in
Candida species by azoles and other sterol biosynthesis inhibitors. Antimicrob Agents Chemother 44:2693–2700. https://doi.org/10.1128/AAC
.44.10.2693-2700.2000.
49. Farahyar S, Zaini F, Kordbacheh P, Rezaie S, Safara M, Raooﬁan R, Heidari
M. 2013. Overexpression of aldo-keto-reductase in azole-resistant clinical
isolates of Candida glabrata determined by cDNA-AFLP. Daru 21:1.
https://doi.org/10.1186/2008-2231-21-1.
50. Vu BG, Moye-Rowley WS. 2018. Construction and use of a recyclable
marker to examine the role of major facilitator superfamily protein
members in Candida glabrata drug resistance phenotypes. mSphere
3:e00099-18. https://doi.org/10.1128/mSphere.00099-18.
aac.asm.org 10

Downloaded from http://aac.asm.org/ on October 13, 2019 by guest

21.

glabrata. J Clin Microbiol 43:4574 – 4579. https://doi.org/10.1128/JCM.43
.9.4574-4579.2005.
Healey KR, Zhao Y, Perez WB, Lockhart SR, Sobel JD, Farmakiotis D,
Kontoyiannis DP, Sanglard D, Taj-Aldeen SJ, Alexander BD, JimenezOrtigosa C, Shor E, Perlin DS. 2016. Prevalent mutator genotype identiﬁed in fungal pathogen Candida glabrata promotes multi-drug resistance. Nat Commun 7:11128. https://doi.org/10.1038/ncomms11128.
Goemaere B, Becker P, Van Wijngaerden E, Maertens J, Spriet I, Hendrickx M, Lagrou K. 2018. Increasing candidaemia incidence from 2004
to 2015 with a shift in epidemiology in patients preexposed to antifungals. Mycoses 61:127–133. https://doi.org/10.1111/myc.12714.
Pfaller MA, Messer SA, Hollis RJ, Boyken L, Tendolkar S, Kroeger J,
Diekema DJ. 2009. Variation in susceptibility of bloodstream isolates of
Candida glabrata to ﬂuconazole according to patient age and geographic location. J Clin Microbiol 47:3185–3190. https://doi.org/10.1128/
JCM.00946-09.
Pfaller MA, Moet GJ, Messer SA, Jones RN, Castanheira M. 2011. Variations in species distribution and echinocandin and azole antifungal
resistance rates among Candida bloodstream infection isolates: report
from the SENTRY antimicrobial surveillance program (2008 to 2009). J
Clin Microbiol 49:396 –399. https://doi.org/10.1128/JCM.01398-10.
Tortorano AM, Prigitano A, Lazzarini C, Passera M, Deiana ML, Cavinato
S, De Luca C, Grancini A, Lo Cascio G, Ossi C, Sala E, Montagna MT. 2013.
A 1-year prospective survey of candidemia in Italy and changing epidemiology over one decade. Infection 41:655– 662. https://doi.org/10
.1007/s15010-013-0455-6.
Klotz U, Schmidt D, Willinger B, Steinmann E, Buer J, Rath PM, Steinmann
J. 2016. Echinocandin resistance and population structure of invasive
Candida glabrata isolates from two university hospitals in Germany and
Austria. Mycoses 59:312–318. https://doi.org/10.1111/myc.12472.
Alexander BD, Johnson MD, Pfeiffer CD, Jiménez-Ortigosa C, Catania J,
Booker R, Castanheira M, Messer SA, Perlin DS, Pfaller MA. 2013. Increasing echinocandin resistance in Candida glabrata: clinical failure correlates with presence of FKS mutations and elevated minimum inhibitory
concentrations. Clin Infect Dis 56:1724 –1732. https://doi.org/10.1093/
cid/cit136.
Farmakiotis D, Tarrand JJ, Kontoyiannis DP. 2014. Drug-resistant Candida
glabrata infection in cancer patients. Emerg Infect Dis 20:1833–1840.
https://doi.org/10.3201/eid2011.140685.
Blot S, Janssens R, Claeys G, Hoste E, Buyle F, De Waele JJ, Peleman R,
Vogelaers D, Vandewoude K. 2006. Effect of ﬂuconazole consumption on
long-term trends in candidal ecology. J Antimicrob Chemother 58:
474 – 477. https://doi.org/10.1093/jac/dkl241.
Chow JK, Golan Y, Ruthazer R, Karchmer AW, Carmeli Y, Lichtenberg D,
Chawla V, Young J, Hadley S. 2008. Factors associated with candidemia
caused by non-albicans Candida species versus Candida albicans in the
intensive care unit. Clin Infect 46:1206 –1213. https://doi.org/10.1086/
529435.
Lortholary O, Desnos-Ollivier M, Sitbon K, Fontanet A, Bretagne S, Dromer F. 2011. Recent exposure to caspofungin or ﬂuconazole inﬂuences
the epidemiology of candidemia: a prospective multicenter study involving 2,441 patients. Antimicrob Agents Chemother 55:532–538.
https://doi.org/10.1128/AAC.01128-10.
Bennett JE, Izumikawa K, Marr KA. 2004. Mechanism of increased
ﬂuconazole resistance in Candida glabrata during prophylaxis. Antimicrob Agents Chemother 48:1773–1777. https://doi.org/10.1128/
AAC.48.5.1773-1777.2004.
Borst A, Raimer MT, Warnock DW, Morrison CJ, Arthington-Skaggs BA.
2005. Rapid acquisition of stable azole resistance by Candida glabrata
isolates obtained before the clinical introduction of ﬂuconazole. Antimicrob Agents Chemother 49:783–787. https://doi.org/10.1128/AAC.49.2
.783-787.2005.
Lee I, Fishman NO, Zaoutis TE, Morales KH, Weiner MG, Synnestvedt M,
Nachamkin I, Lautenbach E. 2009. Risk factors for ﬂuconazole-resistant
Candida glabrata bloodstream infections. Arch Intern Med 169:379 –383.
https://doi.org/10.1001/archinte.169.4.379.
Chen TC, Chen YH, Chen YC, Lu PL. 2012. Fluconazole exposure rather
than clonal spreading is correlated with the emergence of Candida
glabrata with cross-resistance to triazole antifungal agents. Kaohsiung J
Med Sci 28:306 –315. https://doi.org/10.1016/j.kjms.2011.11.011.
Garey KW, Pai MP, Suda KJ, Turpin RS, Rege MD, Mingo DE, Bearden DT.
2007. Inadequacy of ﬂuconazole dosing in patients with candidemia
based on Infectious Diseases Society of America (IDSA) guidelines. Pharmacoepidemiol Drug Saf 16:919 –927. https://doi.org/10.1002/pds.1365.

Antimicrobial Agents and Chemotherapy

Clonal Spread and Resistance in Candida glabrata

August 2018 Volume 62 Issue 8 e00591-18

56. Abbes S, Sellami H, Sellami A, Hadrich I, Amouri I, Mahfoudh N, Neji S,
Makni F, Makni H, Ayadi A. 2012. Candida glabrata strain relatedness by
new microsatellite markers. Eur J Clin Microbiol Infect Dis 31:83–91.
https://doi.org/10.1007/s10096-011-1280-4.
57. Brisse S, Pannier C, Angoulvant A, de Meeus T, Diancourt L, Faure O,
Muller H, Peman J, Viviani MA, Grillot R, Dujon B, Fairhead C, Hennequin
C. 2009. Uneven distribution of mating types among genotypes of
Candida glabrata isolates from clinical samples. Eukaryot Cell 8:287–295.
https://doi.org/10.1128/EC.00215-08.
58. Hunter PR. 1990. Reproducibility and indices of discriminatory power of
microbial typing methods. J Clin Microbiol 28:1903–1905.
59. Thompson GR, Wiederhold NP, Vallor AC, Villareal NC, Lewis JS, Patterson TF. 2008. Development of caspofungin resistance following prolonged therapy for invasive candidiasis secondary to Candida glabrata
infection. Antimicrob Agents Chemother 52:3783–3785. https://doi.org/
10.1128/AAC.00473-08.
60. Hall TA. 1999. BioEdit: a user-friendly biological sequence alignment
editor and analysis program for Windows 95/98/NT. Nucleic Acids Symp
Ser (Oxf) 41:95–98.
61. Li QQ, Skinner J, Bennett JE. 2012. Evaluation of reference genes for
real-time quantitative PCR studies in Candida glabrata following
azole treatment. BMC Mol Biol 13:22. https://doi.org/10.1186/1471
-2199-13-22.
62. Livak K, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 2⫺ΔΔCT method. Methods
25:402– 408. https://doi.org/10.1006/meth.2001.1262.

aac.asm.org 11

Downloaded from http://aac.asm.org/ on October 13, 2019 by guest

51. Krcmery V, Demitrovicova A, Kisac P. 2011. Breakthrough fungemia due
to Candida glabrata during posaconazole prophylaxis in hematology
patients treated with anidulafungin - report of 5 cases. J Chemother
23:310 –311.
52. Rodriguez-Tudela JL, Arendrup MC, Barchiesi F, Bille J, Chryssanthou E,
Cuenca-Estrella M, Dannaoui E, Denning DW, Donnelly JP, Dromer F,
Fegeler W, Lass-Flörl C, Moore C, Richardson M, Sandven P, Velegraki A,
Verweij P. 2008. EUCAST deﬁnitive document EDef 7.1: method for the
determination of broth dilution MICs of antifungal agents for fermentative yeasts. Clin Microbiol Infect 14:398 – 405. https://doi.org/10.1111/
j.1469-0691.2007.01935.x.
53. Arendrup MC, Cuenca-Estrella M, Lass-Florl C, Hope W. 2012. EUCAST
technical note on the EUCAST deﬁnitive document EDef 7.2: method for
the determination of broth dilution minimum inhibitory concentrations
of antifungal agents for yeasts EDef 7.2 (EUCAST-AFST). Clin Microbiol
Infect 18:E246 –E247. https://doi.org/10.1111/j.1469-0691.2012.03880.x.
54. Grenouillet F, Millon L, Bart JM, Roussel S, Biot I, Didier E, Ong AS,
Piarroux R. 2007. Multiple-locus variable-number tandem-repeat analysis
for rapid typing of Candida glabrata. J Clin Microbiol 45:3781–3784.
https://doi.org/10.1128/JCM.01603-07.
55. Enache-Angoulvant A, Bourget M, Brisse S, Stockman-Pannier C, Diancourt L, François N, Rimek D, Fairhead C, Poulain D, Hennequin C. 2010.
Multilocus microsatellite markers for molecular typing of Candida
glabrata: application to analysis of genetic relationships between bloodstream and digestive system isolates. J Clin Microbiol 48:4028 – 4034.
https://doi.org/10.1128/JCM.02140-09.

Antimicrobial Agents and Chemotherapy

