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ABSTRACT Infections caused by Candida glabrata have caused worldwide concern,
especially when they are associated with increasing echinocandin and azole resis-
tance. In this study, we analyzed the molecular mechanisms of azole and echinocan-
din resistance in C. glabrata isolates obtained from hospitalized patients in Japan
from 1997 to 2019. All isolates were checked phenotypically for resistance and geno-
typically for mutations in PDR1, ERG11, hot spot 1 (HS1), HS2, and HS3 of FKS1, and
HS1 and HS2 of FKS2, and all isolates were genotyped by multilocus sequence typ-
ing (MLST). Interestingly, 32.6% of the isolates were resistant to caspofungin, and
4.7% were resistant to micafungin. The isolates showed low rates of resistance to
azoles, ranging from 2.3% to 9.3%, and only 4.7% of the isolates were non-wild type
for flucytosine susceptibility. For the first time in Japan, 4.7% of the isolates were
identified as multidrug-resistant strains. Nonsynonymous mutations in PDR1, includ-
ing two novel mutations associated with azole resistance, were identified in 39.5%
of the isolates, and a single nonsynonymous mutation was identified in ERG71. Nine
isolates from the same patient harbored nonsynonymous mutations in HS1 of FKS2,
and a single isolate harbored a single nonsynonymous mutation in HS1 of FKST.
MLST genotyping revealed 13 different sequence types (STs), with 3 new STs, and
ST7 was the most prevalent among the patients (35%) and was associated with high
resistance rates. Our results are of crucial clinical concern, since understanding the
molecular mechanisms underlying fungal resistance is imperative for guiding specific
therapy for efficient patient treatment and promoting strategies to prevent epidemic
spread.

KEYWORDS C. glabrata, azole resistance, echinocandin resistance, multidrug
resistance, Japan
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TABLE 1 Summary of antifungal susceptibilities of C. glabrata isolates

MIC (pg/ml) of quality
No. of isolates at the following determined MIC (ug/ml): MIC (png/ml): control strain:

C. parapsilosis  C. krusei
Drug =0.015 0.03 0.06 0.12 025 0.5 1 2 4 8 16 32 =64 Range GMe ATCC 22019 ATCC 6258

MFG 39 15 1 1 2 0.015-2 0.02 05 0.25
CAS 1 31 18 5 1 2 0.12-8 040 0.25 0.25
AMB 13 45 0.5-1 086 1 1
5FC 55 1 2 0.12-64 0.15 0.12 4
FLC 3 14 10 22 5 2 2 1-64 546 2 16
ITC 8 35 12 2 1 0.12-4 029 0.25 0.25
VRC 7 17 19 8 3 2 1 1 0.03-8 0.12  0.06 0.12
Mz 19 8 1 17 2 1 0.03-1 0.09 0.06 0.25

aGM, geometric mean.

Azole resistance in C. glabrata is mediated mainly by functional mutations in the
transcriptional regulator PDR1, which is responsible for the overexpression of multidrug
transporters (5, 9). However, other mechanisms might be involved, such as mutations
in the ERG11 gene, which is also associated with amphotericin B (AMB) resistance (10).
Echinocandin resistance in C. glabrata has been basically attributed to functional
mutations in the hot spot (HS) regions of both the FKST and FKS2 genes (9).

The worldwide emergence and spread of azole and echinocandin resistance, espe-
cially in C. glabrata, which is innately less susceptible to azoles than other species and
exhibits cross-resistance to azoles, are issues of grave concern (5, 7, 11) in view of the
limited antifungal options and the possibility of high mortality rates associated with
infection. In Japan, little is known about the prevalence and the genetic basis of azole
and echinocandin resistance in C. glabrata. Therefore, the present study was designed
to elucidate the genetic mechanisms responsible for resistance in C. glabrata. In
addition, the genetic relationships between the isolates were examined by multilocus
sequence typing (MLST).

RESULTS

Clinical features of isolates. Clinical information for the isolates tested in this study
is listed in Table S1 in the supplemental material. In total, 58 clinical isolates of C.
glabrata were recovered from 43 patients, and the median age of the 31 patients of
known age was 67 years. Among the patients, 62.8% (27/43) were female, 27.9% (12/43)
were male, and the sex of 9.3% (4/43) was unknown. The majority of the isolates were
recovered from patients in Chiba prefecture (65.1% [28/43]), followed by Hyogo
prefecture (7% [3/43]), Hokkaido prefecture (7% [3/43]), Okayama prefecture (4.7%
[2/43]), and Fukuoka, Osaka, and Tokyo prefectures at 2.3% (1/43) each. Four isolates
were from unconfirmed prefectures. The isolates were recovered mainly from blood
(50% [29/58]), followed by catheter backflow blood (20.7% [12/58]), sputum (8.6%
[5/58]), the oral cavity, urine, and vagina (3.4% [2/58] each), and the nasal cavity, skin,
pleural effusion, an abdominal abscess, the cornea, and an unknown site at 1.7% (1/58)
each. The majority of the isolates (39.5% [17/43]) were recovered from patients suffer-
ing from underlying diseases, including neoplasms, hematologic malignancies, and
diabetes mellitus, followed by unknown conditions (25.6% [11/43]), conditions related
to blood-associated diseases, congenital conditions, and genetic disorders (7% [3/43]
each), oral candidiasis and respiratory disorders at 4.7% (2/43) each, and hepatic and
gastric disorders at 2.3% (1/43) each. Five patients were treated with micafungin (MFG),
while the antifungal treatment of the other patients is unknown.

Antifungal susceptibility profiling. For azoles, only two isolates (4.7% [2/43]) showed
resistance to fluconazole (FLC) (MIC, =64 ug/ml), and the rest were susceptible-dose
dependent (SDD), while four isolates (9.3% [4/43]) and one isolate (2.3% [1/43]) were
noted to have MIC values higher than the epidemiological cutoff values (ECVs) for
voriconazole (VRC) (MIC, =1 pg/ml) and itraconazole (ITC) (MIC, =4 ug/ml), respectively
(Table 1; Table S2). Resistance to MFG (MIC, =0.25 ug/ml) was noted only in three
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TABLE 2 FKS HS mutations in relation to caspofungin and micafungin MIC distribution

% of isolates in the

following MIC
category“: No. of isolates at the following determined MIC value (ug/ml): Total no.
Drug and polymorphism S | R =0.015 0.03 0.06 0.12 025 05 1 2 4 8 =16 ofisolates
Caspofungin
No HS mutations 2.1 64.6 333 1 31 16 48
FKS1 S629P 0 0 100 1 1
FKS2 S663P 0 0 100 2 5 1 1 9
Micafungin
No HS mutations 100 0 0 34 14 48
FKS1 S629P 0 0 100 1 1
FKS2 S663P 66.7 1.1 222 5 1 1 2 9

as, susceptible; I, intermediate; R, resistant.

isolates recovered from two patients (4.7% [2/43]), while one isolate (2.3% [1/43]) was
intermediate (MIC, 0.12 ug/ml) and the rest were susceptible (Table 1; Table S2).
Interestingly, 26 isolates recovered from 14 patients (32.6% [14/43]) were resistant to
caspofungin (CAS) (MIC, =0.5 ug/ml), while 31 isolates recovered from 28 patients
(65.1% [28/43]) were intermediate, and only 1 isolate (2.3% [1/43]) was susceptible
(Table 1; Table S2). Resistance to flucytosine (5FC) (MIC, =1 ug/ml) was confirmed in
two isolates (4.7%). All isolates showed the wild-type (WT) phenotype for amphotericin
B (AMB). The miconazole (MZ) MIC ranged from 0.03 to 1 ng/ml (Table 1; Table S2).
Cross-resistance among echinocandin drugs was observed in three isolates recovered
from two patients (4.7% [2/43]), and one isolate (2.3% [1/43]) was cross-resistant to all
azoles. The multidrug resistance (MDR) phenotype, which confers resistance to at least
two antifungal drug classes, was noted in two isolates (4.7% [2/43]). Fluconazole
showed the highest geometric mean MIC value (5.46), followed by AMB (0.86), CAS
(0.40), ITC (0.29), 5FC (0.15), VRC (0.12), MZ (0.09), and MFG (0.02) (Table 1).

Detection of mutations in the PDR1 and ERG11 genes. PCR testing and sequenc-
ing for the PDR1 gene revealed that 39.5% (17/43) of patients harbored isolates with
nonsynonymous mutations relative to the sequence of the reference strain (GenBank
accession number FJ550269.1) (Table S2 and Fig. S1), and all the isolates contained
silent mutations (Table S3). With regard to the association between PDRT mutations
and azole resistance, one isolate with a nonsynonymous mutation (T370I) located in the
middle homology domain showed cross-resistance to fluconazole and voriconazole
(Fig. ST and Table S2). Another nonsynonymous mutation, located in the activation
domain (F817S), showed a non-WT phenotype for voriconazole, with a MIC value of
1 ng/ml (Fig. S1 and Table S2). Interestingly, one isolate (IFM 52011) without nonsyn-
onymous mutations showed cross-resistance to three azoles (Table S2). With regard to
ERG11, only one isolate (IFM 61014) harbored a nonsynonymous mutation, and all the
isolates harbored silent mutations (Tables S2 and S3). The isolate with the nonsynony-
mous mutation in ERG11 neither harbored a PDRT mutation nor showed a high MIC
value of any azole drug.

Detection of mutations in FKST and FKS2 hot spot regions. Screening of hot spot
regions of the FKST and FKS2 genes revealed that one isolate harbored a nonsynony-
mous mutation (S629P) in the FKST HS1 region and nine isolates from the same patient
harbored nonsynonymous mutations (S663P) in the FKS2 HS1 region (Table 2; Table S2).
No mutations were detected in the HS2 regions of the FKST and FKS2 genes or the HS3
region of the FKS1 gene. Seven isolates with S663P were resistant to caspofungin only
(MIC range, 0.5 to 1 ug/ml), while three isolates (two isolates with S663P and one isolate
with S629P) were resistant to both caspofungin (MIC range, 2 to 8 wg/ml) and mica-
fungin (MIC range, 1 to 2 ug/ml) (Table 2; Table S2).

Genotyping of isolates using MLST. MLST analysis was performed to elucidate the
putative genetic relationships among the clinical C. glabrata isolates examined. Thir-
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teen different sequence types (STs) were identified among the isolates, including three
new STs (ST196, ST197, and ST198) identified in four isolates (Tables S2, S4, and S5). The
most common ST was ST7 (15/43 [35%)]), followed by ST10 (8/43 [18.6%]) and ST19
(5/43 [11.6%)]). Five STs (ST3, ST4, ST8, ST43, and ST83) were identified in two patients
each, and five STs (ST26, ST55, ST196, ST197, and ST198) were identified in only a single
patient each. All isolates from the same patient, recovered from different specimens or
at different times, had the same ST. In order to determine the relationships between the
STs of the isolates and gene mutations, phylogenetic analysis of the isolates was
conducted by the clustering method and construction of an unrooted dendrogram
using BioNumerics software, v7.6. Sequence similarity (80%) among the STs was
observed only between ST43 and ST4, ST3 and ST196, and ST197 and ST198, with high
diversity among the other STs identified (Fig. 1).

DISCUSSION

The emergence and spread of infections caused by C. glabrata, especially those
associated with resistance to echinocandins and azoles, have become a major world-
wide threat and have rekindled interest in revealing their prevalence, the molecular
mechanisms responsible for the resistance, and their genotypes (3-8). Previous studies
of C. glabrata isolates from different countries have revealed high variability in their
resistance rates as well as their resistance mechanisms (5-7, 11). In Japan, rare inde-
pendent studies of C. glabrata resistance have been reported (8, 12, 13), but data
regarding their molecular mechanisms, as well as their genotyping, have been insuf-
ficient.

Our results demonstrated that C. glabrata infections are observed mainly in elderly
people, which is in agreement with previous reports (5, 14). However, in contrast to the
previous reports finding no difference between males and females in C. glabrata
infections (5), our results showed a significant prevalence in females. Furthermore, in
agreement with the previous reports, C. glabrata infections were observed mainly in
patients suffering from underlying diseases (5, 15).

The high percentage of caspofungin-resistant isolates (32.6%) (Table 2) was aston-
ishing. This finding poses a major clinical concern, especially considering that echino-
candins are the first-line therapy for C. glabrata (5, 7). The level of caspofungin
resistance in our study was much higher than the levels described previously in
Germany (1.5%) (7), China (1.9%) (11), Turkey (2%) (16), and Switzerland (9.4%) (17). On
the other hand, our results are in line with a previous report from Iran, where 57.7% of
the isolates were non-WT for caspofungin susceptibility (5). However, caspofungin MIC
values are unreliable for the determination of echinocandin resistance (18), which
basically depends on the presence of nonsynonymous mutations in FKS gene hot spots
(19) and noted when the isolate is resistant to at least two echinocandins (5). Our results
are consistent with the previous findings (5, 18, 19), where only 4.7% of the isolates
were resistant to both micafungin and caspofungin, and isolates harboring nonsyn-
onymous FKS gene HS1 mutations were recovered from only two patients (4.7%). The
low levels of FKS HST mutations detected in our study are in line with those detected
previously in other Asian countries, including Iran and India (0%) (5, 20), in European
countries, including France (1%) (21) and Germany (2.2%) (7), and in the United States
(7.9%) (22). This finding is of serious clinical concern, since it has been elucidated that
FKS mutation is linked with high therapeutic failure rates (7, 22). The variation in
therapeutic regimens and the genetic diversity of C. glabrata isolates could explain the
variation in their echinocandin resistance rates among different countries (5, 20, 23).

Our results support the previous finding that FKS mutations did not always cause the
same resistance levels (24). It was also noted that both FKST S629P and FKS2 S663P,
reported in this study, had been reported previously to be functionally equivalent and
to be associated with either the low or the high end of the resistant MIC category. For
instance, in our study, FKS7 S629P was associated with elevations of both micafungin
and caspofungin MICs (Table 2). On the other hand, FKS2 S663P was associated with
elevations of both micafungin and caspofungin MICs in two isolates and with resistance
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8 g & 2 § Key ST FKS LEU NMT TRP UGP URA Specimen Prefecture PDR1 ERG11 FKS1 FKS2
54355 ST10 8 4 3 5 1 2 Urine Hokkaido
54361 ST10 8 4 3 5 1 2 Skin Hokkaido
61004 ST10 8 4 3 5 1 2 Blood Chiba
61017 ST10 8 4 3 5 1 2 Blood Chiba
61183 ST10 8 4 3 5 1 2 Blood Chiba
64525 ST10 8 4 3 5 1 2 Urine Fukuka
64652 ST10 8 4 3 5 1 2 Blood Chiba
64727 ST10 8 4 3 5 1 2 Blood Chiba H384Y
65028 ST26 7 4 3 4 1 8 Blood Chiba
61169 ST4 7 3 9 8 1 5 Blood Chiba G493D
61186 ST4 7 3 9 8 1 5 Blood Chiba G493D
61000 ST43 10 5 19 19 1 17 Blood Chiba E555D
63381 ST43 10 5 19 19 1 17 Blood Chiba E555D
56530 ST3 5 7 8 7 3 6 Abdominal abscess Chiba P76S, P143T, D243N
4‘:{ 61752 ST3 5 7 8 7 3 6 Blood Chiba P76S, P143T, D243N
52011 ST196 3 4 4 3 1 4 Blood UN
52009 ST7 3 4 4 3 3 4 Blood UN F817S
52015  ST7 3 4 4 3 3 4 Blood UN Y1094H
54350 ST7 3 4 4 3 3 4 Sputum Hokkaido
54638 ST7 3 4 4 3 3 4 Sputum Okayama
| 56373 ST7 3 4 4 3 3 4 Vagina Chiba
58451  ST7 3 4 4 3 3 4 UN Hyogo
| 61743 ST7 3 4 4 3 3 4 Blood Chiba
61756 ST7 3 4 4 3 3 4 Blood Chiba T3701
62339 ST7 3 4 4 3 3 4 Blood Chiba
63679  ST7 3 4 4 3 3 4 Blood Chiba R410Del
63846  ST7 3 4 4 3 3 4 Blood Chiba
= 64557  ST7 3 4 4 3 3 4 Oral cavity Chiba
64679 ST7 3 4 4 3 3 4 Catheter backflow Chiba S663P
65171 ST7 3 4 4 3 3 4 Blood Chiba L925P
65907 ST7 3 4 4 3 3 4 Sputum Tokyo
64903 ST83 10 9 19 5 1 2 Blood Hyogo L139l
64905 ST83 10 9 19 5 1 2 Nasal cavity Hyogo L1391
64554 ST55 3 6 22 2 3 9 Oral cavity Chiba E259G
54635 ST19 6 6 5 2 3 4 Pleural effusion Okayama
57351 ST19 6 6 5 2 3 4 Sputum Chiba
60089 ST19 6 6 5 2 3 4 Blood Chiba S629P
61016 ST19 6 6 5 2 3 4 Blood Chiba
65828 ST19 6 6 5 2 3 4 Cornea Osaka 7TA
52014 ST198 3 4 4 3 23 4 Blood UN
—1_ 56380 ST197 8 5 14 5 22 2  Blood Chiba
61014 ST8 1 2 2 1 2 1 Blood Chiba Y50C
61193  ST8 1 2 2 1 2 1 Blood Chiba W1098C

FIG 1 UPGMA dendrogram showing the similarities among 43 C. glabrata isolates (a single isolate for each patient) based on MLST of six housekeeping gene
loci. The groups are identified by a sequence similarity of 80%. With the exception of the similarity of three groups, consisting of ST43 and ST4, ST3 and ST196,
and ST197 and ST198, all the STs identified showed high diversity. UN, unknown.

to caspofungin (MIC range, 0.5 to 1 ug/ml) in seven isolates (Table 2; Table S2). These
findings clarify the complicated mechanism of echinocandin resistance and the signif-
icant roles of both phenotypic and genotypic methods in detection. The variation in
MIC values among isolates with the same FKS mutations from the same patient could
be attributed to variation in the relative expression of redundant FKS genes (25).

In contrast to the high caspofungin resistance level, our study confirmed the low
azole resistance level, ranging from 2.3% to 9.3%. Similar results were also reported
from other Asian countries, including Iran, China, India, and Korea, where azole resis-
tance ranged from 0 to 9% (5, 11, 20, 23). Previous studies reported that some amino
acid mutations in PDR1 and ERG11 are responsible for azole resistance in C. glabrata (5,
9-11). Interestingly, one novel mutation (F817S) described here, located in the activa-
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tion domain and associated with a non-WT voriconazole phenotype, was recently
laboratory-evolved in the presence of FLC in C. glabrata (26), supporting its significant
role in azole resistance. Furthermore, we identified, for the first time, another novel
PDRT mutation associated with fluconazole resistance and a non-WT voriconazole
phenotype (T3701) (Table S2). However, the association between this novel mutation
and azole resistance needs to be confirmed, since the mutation appeared in a single
isolate. Two fluconazole SDD isolates harboring three PDRT mutations (P76S, P145T,
D243N), previously described in fluconazole-resistant and SDD isolates in Iran and
China (5, 11), were identified (Table S2). Since different strains harbored mutations in
PDR1 and did not exhibit higher MIC values of azole drugs (Table S2), one could
speculate that those mutations are not involved in resistance.

For ERGT11, only a single fluconazole SDD isolate harbored s nonsynonymous mu-
tation (Y50Q) (Table S2). Our finding that ERG17 mutation did not induce resistance to
fluconazole in C. glabrata was in agreement with a result from Iran (5) and confirms the
low tendency of ERGT1 mutation to induce azole resistance. A previous homology
modeling study of C. glabrata showed that nonsynonymous mutations in residues 146,
243, and 246 are correlated with azole resistance (27). However, none of the azole-
resistant isolates in our study harbored mutations in the neighborhood of those
residues. In this study, one isolate showed cross-resistance to three azoles, and another
isolate with a non-WT voriconazole phenotype did not harbor any nonsynonymous
mutations in PDR1 and ERG11. Therefore, other mechanisms might be involved in their
resistance (9, 10).

MDR C. glabrata is rare compared with MDR bacteria (9). In our study, 4.7% of the
isolates were MDR, and to the best of our knowledge, this the first report of MDR C.
glabrata in Japan. The emergence and increase of C. glabrata caspofungin resistance
coupled with azole resistance could explain the increasing isolation of the MDR strains
(9). The emergence of such MDR strains represents a great therapeutic challenge due
to the limited antifungal options.

C. glabrata genotyping has a significant role in detecting emerging clones and in
determining the correlations between certain genotypes and gene polymorphisms,
mortality rates, and virulence characteristics (5, 11, 23). Based on previous findings,
MLST was performed on the C. glabrata isolates. As far as we know, this is the first
genotyping study of C. glabrata in Japan. Our results demonstrated that ST7 and ST10
were the most abundant STs, at 35%, and 18.6%, respectively. Furthermore, ST7 was the
most prevalent ST among patients with resistant isolates; it was identified in 75% (3/4)
of voriconazole-resistant isolates, 50% (1/2) each of micafungin-, fluconazole-, and
5FC-resistant isolates, and 28.6% (4/14) of caspofungin-resistant isolates (Table S6). This
is the first report to confirm the important role of ST7 in resistance dissemination in C.
glabrata. In agreement with our finding, ST7 was the most common ST in other Asian
countries, including China (65.8%) (11) and Korea (47.8%), and was also associated with
high mortality (23). These findings confirm that ST7 is the major ST circulating in the
Northeast Asia region and support previous reports that STs are geographically depen-
dent (11). For instance, ST16, ST19, and ST3 were the most prevalent STs in the United
States (28).

Although this is the first study to elucidate the prevalence and molecular mecha-
nisms of echinocandin and azole resistance in C. glabrata isolates from Japan, as well
as to analyze this resistance by genotyping, it has some limitations. For instance, a small
number of isolates was included in this study, and most of the isolates were recovered
from a single prefecture. Therefore, other large-scale nationwide studies are needed to
investigate the molecular mechanisms responsible for echinocandin and azole resis-
tance in C. glabrata throughout Japan.

In summary, our results indicated high caspofungin resistance and low azole resis-
tance in clinical C. glabrata isolates in Japan. Furthermore, we identified the molecular
mechanisms to which their resistance could be attributed. Our results confirm that ST7
and ST10 were the most prevalent genotypes, and 11 other genotypes were also
identified. The high caspofungin resistance detected in this study, together with the
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unique genetic characteristics of C. glabrata, is alarming and further limits therapeutic
choices. Undoubtedly, higher mortality rates are very much expected for C. glabrata
infections.

MATERIALS AND METHODS

C. glabrata isolate collection and identification. A total of 58 C. glabrata isolates were provided
through the National BioResource Project (NBRP), Japan (http://www.nbrp.jp/). Isolates were recovered
from clinical samples of blood (n = 29), catheter backflow blood (n = 12), sputum (n = 5), urine (n = 2),
the vagina (n = 2), the oral cavity (n = 2), the nasal cavity (n = 1), the cornea (n = 1), the skin (n =1),
abdominal abscess (n = 1), pleural effusion (n = 1), and unknown (n = 1) during the 23-year period from
1997 to 2019 (Table S1). Isolates were obtained from 43 patients hospitalized in different hospitals in
seven prefectures across Japan (Fig. S2). The procedures of this study, including the availability of
patients’ clinical data, were approved by the Medical Mycology Research Center, Chiba University Ethical
Committee (approval number MMRC-REC 20-19).The isolates were identified by DNA sequence analysis
of the internal transcribed spacer 1 (ITS1)-5.8S rRNA-ITS2 region as described previously (29).

Antifungal susceptibility testing. MIC values were determined by broth microdilution assays for
fluconazole (FLC), itraconazole (ITC), voriconazole (VRC), miconazole (MZ), micafungin (MFG), caspofun-
gin (CAS), amphotericin B (AMB), and flucytosine (5FC) using dried Yeast-like Fungal DP Eiken plates
(Eiken Chemicals, Tokyo, Japan) as recommended in CLSI document M27-Ed4 (30). C. parapsilosis ATCC
22019 and C. krusei ATCC 6258 were used as quality control strains, and the breakpoints were interpreted
according to CLSI document M60 (31). MICs were determined visually after 24 h, with the exception of
a single isolate, and were interpreted after 48 h due to the absence of growth after 24 h (31). The MIC
was estimated as the lowest concentration of the antifungal inducing at least a 50% reduction (for all
antifungals) or a 100% reduction (for AMB) in fungal growth from that of the control. Resistance to FLC,
MFG, and CAS was observed when the MIC values were =64 pug/ml, =0.25 png/ml, and =0.5 ug/ml,
respectively (31). The MIC values of ITC (>2), VRC (>0.5), AMB (>2), and 5FC (>0.5) were adopted
according to ECVs (32). There are neither breakpoints nor ECVs for MZ (30, 31).

DNA extraction for PCR. DNA was extracted as described previously with minor modifications (33).
Briefly, 1 to 2 loopfuls of a 24-h-to-48-h yeast culture grown on Sabouraud dextrose agar were mixed
with 100 ul of lysis buffer (200 mM Tris-HCI [pH 8.0], 0.5% [wt/vol] sodium dodecyl sulfate, 30 mM EDTA).
After vigorous vortexing, the solution was incubated at 100°C for 15 min, followed by mixing with an
equal volume of phenol-chloroform-isoamyl alcohol (25:24:1 [vol/vol/vol]) and centrifugation at
12,000 rpm for 5 min. The supernatant was transferred to a fresh tube and was mixed with 250 ul of
100% ethanol previously chilled at —20°C. After 10 min of incubation on ice, DNA was precipitated by
centrifugation at 12,000 rpm for 20 min at 4°C. The DNA pellet was obtained after washing in cold 70%
ethanol, dried, suspended in 100 wl of sterile Tris-EDTA (TE) buffer, and preserved at -20°C. One microliter
of the resulting diluted solution (1:10) was used as a template for PCR experiments.

Detection of mutations associated with azole resistance. All isolates were screened by PCR for
detection of mutations in the PDRT and ERG11 genes. GenBank sequences with accession numbers
FJ550269.1 and XM_445876 were used as references for the PDR1 and ERGT1 sequences, respectively (5).
Seven and four primers were used for the PCR and sequencing of PDRT and ERGT1, respectively (Table
S7). PCR was performed using KOD One PCR master mix (Toyobo, Osaka, Japan) as described in the
manufacturer’s protocol. A PCR thermal cycler (Bio-Rad, Tokyo, Japan) was used at 98°C for 3 min,
followed by 35 cycles, each consisting of 10's at 98°C, 5 s at 53°C, and 30's at 68°C, followed by a final
step at 68°C for 2 min.

Detection of mutations associated with echinocandin resistance. All isolates were screened by
PCR for the detection of mutations in the FKST (HS1, HS2, HS3) and FKS2 (HS1, HS2) genes. Sequences
in GenBank with accession numbers XM_446406 and XM_448401 were used for primer design and as
references for the FKST and FKS2 sequences, respectively (34). Four primers were used for PCR and
sequencing of FKS1, and four other primers were used for PCR and sequencing of FKS2 (Table S7 and Fig.
S3). PCR was performed using KOD One PCR master mix at 98°C for 3 min, followed by 35 cycles, each
consisting of 98°C for 10's, 56°C for 5s, and 68°C for 30s, followed by a final step at 68°C for 2 min.

Sequencing and data analysis. PCR products were purified using a FastGene Gel/PCR extraction kit
(Nippon Genetics Co., Tokyo, Japan). The DNA of the PCR products was sequenced using an ABI 3130xI
genetic analyzer (Thermo Fisher Scientific, Tokyo, Japan) and the BigDye Terminator cycle sequencing kit,
v3.1 (Thermo Fisher Scientific), according to the manufacturer’s instructions. The sequences were
assembled, aligned, and compared with the reference for mutation detection using the Benchling
platform, Genetyx-win, v12 (Genetyx, Tokyo, Japan), and ATGC, v.6.0 (Genetyx).

MLST. Genotyping of C. glabrata isolates was performed by multilocus sequence typing (MLST) using
six_housekeeping gene loci (FKS, LEU2, NMT1, TRP1, UGP1, URA3) (35). C. glabrata STs were identified
according to the sequence-typing website (https://pubmlst.org/cglabrata/). Phylogenetic analysis of
MLST results based on each of the gene variants was conducted by a clustering method using the
unweighted pair group method using average linkages (UPGMA) and the minimum spanning tree
algorithm of BioNumerics software, v7.6 (Applied Maths Inc., Austin, TX, USA).

Data availability. All sequences obtained in this study for PDR1, ERG11, FKST HS1 and HS3, FKST HS2,
FKS2 HS1, and FKS2 HS2 have been deposited in GenBank under accession numbers MT332856 to
MT332913, MT332914 to MT332971, MT332972 to MT333029, MT333030 to MT333087, MT333088 to
MT333145, and MT333146 to MT333203, respectively.
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