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ABSTRACT Candida glabrata is one of the most common causes of systemic candidiasis, 
often resistant to antifungal medications. To describe the genomic context of emerging 
resistance, we conducted a retrospective analysis of 82 serially collected isolates from 33 
patients from population-based candidemia surveillance in the United States. We used 
whole-genome sequencing to determine the genetic relationships between isolates 
obtained from the same patient. Phylogenetic analysis demonstrated that isolates from 
29 patients were clustered by patient. The median SNPs between isolates from the 
same patient was 30 (range: 7–96 SNPs), while unrelated strains infected four patients. 
Twenty-one isolates were resistant to echinocandins, and 24 were resistant to flucona­
zole. All echinocandin-resistant isolates carried a mutation either in the FKS1 or FKS2 
HS1 region. Of the 24 fluconazole­resistant isolates, 17 (71%) had non-synonymous 
polymorphisms in the PDR1 gene, which were absent in susceptible isolates. In 11 
patients, a genetically related resistant isolate was collected after recovering suscepti­
ble isolates, indicating in vivo acquisition of resistance. These findings allowed us to 
estimate the intra-host diversity of C. glabrata and propose an upper boundary of 96 
SNPs for defining genetically related isolates, which can be used to assess donor-to-host 
transmission, nosocomial transmission, or acquired resistance.

IMPORTANCE In our study, mutations associated to azole resistance and echinocandin 
resistance were detected in Candida glabrata isolates using a whole-genome sequence. 
C. glabrata is the second most common cause of candidemia in the United States, which 
rapidly acquires resistance to antifungals, in vitro and in vivo.
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C andida glabrata is a yeast normally found in commensal microbial communities in 
the human gastrointestinal tract (1, 2), and it is also an opportunistic pathogen (3) 

that has become the second most common cause of invasive candidiasis in the United 
States, followed by C. albicans (4). The rise of C. glabrata and other non-Candida albicans 
Candida (NCAC) species is concerning due to their increased resistance to antifungal 
medications (5–7).

Currently, only three major classes of medications (polyenes, azoles, and echinocan­
dins) are approved for treating invasive fungal infections. Amphotericin B is a polyene 
antifungal agent with a broad range of activity against yeasts and mold. Toxicity remains 
a drawback, despite the development of novel, less-toxic, lipid-based polyene formula­
tions. Azoles are active against Candida spp., with fluconazole being the most widely 
prescribed antifungal in the class, but fluconazole often has reduced activity against 
C. glabrata (8, 9). Treatments with echinocandins have shown improved survival and 
greater clinical success (10), and their fungicidal activity makes them the first choice 
against Candida species (11).
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Approximately 10% of C. glabrata isolates are resistant to azoles (6). The predominant 
mechanism of azole resistance in this pathogen is overexpression of genes such as 
CgCDR1, CgCDR2, and CgSNQ2 that encode ATP-binding cassette (ABC) efflux pumps (7, 
12). In addition, azole resistance is associated with mutations in the PDR1 gene, which is a 
transcription factor for ABC-transporter expression (13, 14).

Resistance to echinocandins is due to substitutions in the FKS1 and FKS2 genes 
that encode subunits of the β-(1,3)-D-glucan synthase enzyme complex. This enzyme 
catalyzes the production of glucan, the major component in Candida cell walls (15). In 
these proteins, two hotspots for mutation, HS1 and HS2, located in the regions of the 
enzymes that form a binding pocket for echinocandins, are most frequently associated 
with resistance in Candida species. In C. glabrata, mutations in the HS1 hotspot of FKS2 
are the most common mutations (16) and occur at nearly three times the rate of FKS1 
mutations; S663 (FKS2) and equivalent residue S629 (FKS1) are the most predominant 
HS1 hotspot mutations (17).

The emergence of echinocandin resistance in C. glabrata in response to treatment 
has been well-documented (18–20). Numerous in vitro (21) and in vivo (2, 18, 19, 22) 
studies have confirmed the ability of C .glabrata to develop resistance in the presence 
of echinocandins. Acquired resistance to fluconazole is well-documented (23), and 
multidrug resistance (MDR), understood here as resistance to at least two classes of 
antifungal drugs, has been recorded in numerous clinical cases (22, 24, 25). In addition, 
acquired MDR in isolates of C. glabrata has been reported in studies in vitro (26).

Most previous studies showing the acquisition of resistance in C. glabrata have 
relied on multilocus sequence typing (MLST), which incorporates only a small fraction 
of the genome in the analysis to identify isolates with the same genotype (27). A few 
whole-genome sequencing (WGS) studies have been performed on serial isolates of C. 
glabrata (28) to investigate the acquisition of echinocandin (29) and azole (30) resistance 
during therapy. However, these previous studies included few patients (28–30) and did 
not evaluate the genetic relationships among isolates in a systematic way by using a 
larger collection of serially collected isolates with different genetic backgrounds. Here, 
we conducted a retrospective analysis of serially collected clinical isolates of C. glabrata 
among patients with >1 case of candidemia as part of the Emerging Infections Program 
(EIP) population-based candidemia surveillance by the Centers for Disease Control and 
Prevention (CDC) in the United States. We used WGS to describe the genetic relationships 
between resistant and susceptible isolates from the same patient, proposed an SNP 
threshold for defining the clonal relationship between isolates, and demonstrated the 
acquisition of resistance in response to treatment. These results provide a genomic 
framework for future outbreak investigations and for studies investigating the nosoco­
mial transmission of C. glabrata.

MATERIALS AND METHODS

Isolate collection

Since 2008, the CDC has conducted active, population-based surveillance for candidemia 
through the Emerging Infections Program in select counties within the United States 
(https://www.cdc.gov/ncezid/dpei/eip/index.html). For surveillance purposes, a case was 
defined as a positive blood culture for any Candida species collected from a patient 
who resided within the surveillance areas. If collected at autopsy, cultures must have 
been collected ≤12 hours from death. A patient with a positive Candida blood culture 
collected >30 days after the initial positive culture was considered to have a new case. 
Cases were identified through the inpatient and outpatient laboratories serving the 
surveillance population. For each case, a trained surveillance officer reviewed medical 
records to gather demographic information and clinical characteristic data. Candida 
isolates collected from the incident culture for the cases were sent to the CDC for species 
confirmation and antifungal drug susceptibility testing. For C. glabrata, subsequent 
isolates within the 30-day case period were also collected.
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Human subjects

This activity was reviewed by the CDC and was conducted consistent with the applicable 
federal law and CDC policy (see, e.g., 45 CFR part 46, 21 CFR part 56; 42 USC §241(d); 5 
USC §552 a; 44 USC §3501 et seq).

Antifungal susceptibility testing

Antifungal susceptibility testing (AFST) was performed by broth microdilution as 
described in Clinical and Laboratory Standards (CLSI) M27 ed3 (31). Microdilution plates 
were custom-made by ThermoFisher and were stored frozen until use. Breakpoints for 
resistance for Candida glabrata were defined according to CLSI as follows: the breakpoint 
for anidulafungin was ≥0.5 µg/mL, that for caspofungin was ≥0.5 µg/mL, and that for 
micafungin was ≥0.25 µg/mL. For fluconazole, the breakpoint was ≥64 µg/mL.

WGS prioritization

Patients with the >1 C. glabrata case (as defined above) between 2008 and 2015 
were identified through a CDC candidemia surveillance database query. Using incident 
isolates only (i.e., only the first isolate for each case), isolates for patients of which at least 
one was found to be resistant to fluconazole or an echinocandin with MIC values above 
the defined breakpoints were submitted for whole-genome sequencing to determine 
the relatedness of strains across cases within each patient. Fourteen patients (42%) with 
all incident-susceptible isolates were submitted for WGS. Following WGS, patients with 
unrelated C. glabrata strains were excluded (criteria for relatedness among isolates are 
defined in the results). For patients with >2 cases, if at least two isolates were related, the 
patient was included based on only the related isolates (Fig. 1).

We also defined a subgroup of patients with susceptible isolates followed by at least 
one resistant isolate, referred to as “patient with susceptible-to-resistant pattern.” This 
sub-dataset of 11 patients with related isolates serves to assess if resistance was acquired 
after treatment with antifungal drugs.

WGS library preparation

DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen, Gaithersburg, MD, 
USA) according to the manufacturer’s recommendations. Genomic libraries were 
constructed using the NEBNext Ultra DNA Library Prep kit (New England Biolabs, Ipswich, 
MA, USA) for Illumina sequencing. They were sequenced on either the Illumina HiSeq 
2500 platform using the HiSeq Rapid SBS kit v2 (500 cycles) or the NovaSeq platform 
using Illumina Nova-Seq using the 6000 Sp reagent kit (500 cycles). Read data were 
deposited into the Sequence Read Archive (SRA) database from the National Center for 
Biotechnology Information (NCBI), BioProject PRJNA1009065.

SNP calling and phylogenetic reconstruction

An assembly of C. glabrata CBS138 comprising 14 chromosomes, including the mito­
chondrial chromosome, was used as the reference for read mapping and SNP calling. This 
reference sequence had a length of 12.3 Mb, GC content of 38.6%, and N50 of 1.1 Mb. For 
the whole-genome SNP analysis, the MycoSNP workflow (v 0.21) was used (32).

A masked reference was used for phylogenetic reconstruction, and an unmasked 
reference was used for SNP annotations. The reference genome was masked for repeats 
using the nucmer command from MUMmer (v 4.0) (33) and Bedtools (v 2.29.2) (34). The 
reference genome was indexed for read alignment using the BWA index command and 
for variant calling using Samtools (v 1.10) (35) faidx and Picards GATK (v 2.22.9) [http://
broadinstitute.github.io/picard/]. Trimming and filtering of low-quality data were 
performed using FaQCs (v 2.10) (36). The trimmed reads were used for alignment using 
the BWA (0.7.17) MEM command (37). Furthermore, the aligned BAM files from each 
sample were pre-processed using Samtools and Picard commands and made ready for 
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variant calling. The Genome Analysis Toolkit (GATK) (v 4.1.4.1) (38) was used for variant 
calling using the haploid mode. The GATK VariantFiltration tool was used to filter sites 
based on the filtering expressions “QD <2.0,” “FS >60.0,” and “MQ <40.0.” Using a 
customized script, genotypes were filtered if the minimum genotype quality was <50, 
the percentage alternate allele was <0.80, or the depth was <10.

Variable positions in FASTA format were recovered from the VCF files using a Python 
script “vcfSnpsToFasta.py” (https://github.com/broadinstitute/broad-fungalgroup/tree/
master/scripts/SNPs). For the phylogenetic analysis, 243,415 sites were concatenated. All 
positions containing gaps and missing data were eliminated. For the resulting sequen­
ces, the pairwise distance, neighbor-joining tree (NJ), and an additional phylogenetic 
tree with bootstrapping were calculated with the MEGA-X program (39). Parameters 
for the NJ tree were 1) 1,000 bootstraps, 2) nucleotide substitution transversion model, 
and 3) unequal base frequency (TVM). For tree visualization, we used the web-based 
JavaScript application, Microreact (40).

The median SNP differences were calculated for all pairwise comparisons between 
isolates from the same patient and among different patients using the MEGA-X pairwise 
distance matrix (39) and in-house R scripts (v 4.0.3) (41).

SNP annotations

The regular VCF output from MycoSNP did not allow us to identify all the mutations in 
the FKS2 gene since the gene sequence was masked. To address this issue, the MycoSNP 
code was modified not to execute the masking step on the reference genome. The VCF 
file obtained with the modified MycoSNP workflow was used by SnpEff (v 5.0) to predict 
the effects of associated mutations within genes (42) (Fig. S4). The SNPs were anno­
tated using the database available in SnpEff for C. glabrata GCA 000002545. To iden­
tify mutations only in the coding regions, we used the parameters “-no-downstream,” 

FIG 1 Inclusion chart
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“-no-upstream,” and “-no-intergenic.” Several filters were applied to the annotated VCF 
to identify the mutations present in some protein-encoded genes associated with 
resistance to echinocandins (FKS1 and FKS2) and a gene associated with resistance to 
fluconazole (PDR1) at specific positions previously reported in the literature. R in-house 
scripts were used to compare groups of samples, perform a Wilcoxon statistic test, and 
construct all R plots.

For the sub-dataset of patients with the susceptible-to-resistant pattern, we used R 
data frame filters to combine information on susceptibility profile, presence of mutations, 
collection dates, and clinical data on the treatment with antifungals to identify potential 
patients with acquired resistance.

RESULTS

Specimen collection and antifungal susceptibility testing

Initially, 246 C. glabrata isolates were available from 106 patients. Of those, 82 isolates 
from 33 patients were prioritized for WGS using the prioritization methods previously 
described (Fig. 1). The included isolates were obtained from surveillance sites across four 
states, mainly from Georgia (n = 33 isolates) and Maryland (n = 45 isolates), plus one 
more patient from Oregon (n = 2 isolates) and another from Tennessee (n = 2 isolates). 
Most (78%) of these 33 patients had two isolates, but two patients had a maximum of 
five isolates (Table S1).

SNP calling and phylogenetic reconstruction

Phylogenetic analysis revealed that most isolates were clustered by patient (Fig. 2). A 
total of 243,415 nucleotide positions were used for the neighbor-joining tree method, 
and the median SNP difference observed between isolates from the same patient was 30 
SNPs (range 7–96 SNPs), which was significantly lower than the median SNP difference 
observed between isolates from different patients (70,448 SNPs; P-value < 0.001; Fig. 3).

Genetic clustering by patient was confirmed using a maximum likelihood tree with 
1,000 bootstraps (Fig. S1). Isolates from Patient 12 and Patient 18 were grouped in two 
different clusters (Fig. S2). Only the related isolates were included in the median SNP 
difference calculation.

Four patients had large SNP differences between isolates (70,294–76,707 SNPs), and 
one patient (Patient 33) had 555 SNPs (Fig. S2). They were deemed to have multiple 
genotypes and were excluded from SNP annotation analysis. The remaining 29 patients 
had smaller SNP differences between isolates (7–96 SNPs) and were considered to have a 
single genotype (Fig. 2). Of the 29 patients with a single genotype, 11 patients exhibited 
the susceptible-to-resistant (SR) pattern, including four with a fluconazole­susceptible 
isolate followed by a fluconazole­resistant isolate (Table 2), four with an echinocandin-
susceptible isolate followed by an echinocandin-resistant isolate (Table 1), and three with 
a susceptible isolate to both followed by an isolate resistant to echinocandins and 
fluconazole (Fig. 1).

Phylogenetic reconstruction showed no evidence of clustering by geographic site. In 
addition, time between isolation dates and the genetic distance between serially 
collected isolates were not correlated (Fig. S3).

SNP annotation related to echinocandin resistance

We analyzed sequences of the FKS1 and FKS2 genes extracted from the WGS data in 74 
isolates representing 29 patients with a single genotype among all isolates. Twenty-one 
isolates were resistant to an echinocandin. Twenty of the echinocandin-resistant isolates 
carried mutations in the hotspot regions of FKS1 or FKS2, while none of the 53 suscepti­
ble isolates had mutations in the hotspot regions of these genes. (Table S2).

Of the seven patients in which echinocandin-resistant isolates with the same 
genotype were isolated after first recovering echinocandin-susceptible isolates 
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(susceptible-to-resistant pattern), all had echinocandin-resistant isolates with mutations 
either in the FKS1 or FKS2 HS1 region. Seven echinocandin-resistant isolates from three 
cases had an S663P substitution in FKS2. Two echinocandin-resistant isolates from one 
case had an F659Y substitution in FKS2. Two echinocandin-resistant isolates from two 
different cases had an S629P mutation in FKS1, and one echinocandin-resistant isolate 
had an F625S mutation in FKS1 (Table 1; Fig. 4). The median number of SNPs between 

TABLE 1 SR pattern of echinocandinc

ID Patient ID Date collected Anid MIC value Cas MIC value Mutations FKS1 Mutations FKS2 Treatmentb

CAS10-2614_S20 22 27-Oct-10 0.03 0.03 Micaa

CAS12-3684_S68 22 21-Nov-11 1 2 Ser663Pro Mica
CAS13-4530_S71 22 1-Nov-12 4 >16 Ser663Pro Mica; Flu; Ampho
CAS13-4778_S42 22 13-Mar-13 0.5 0.5 Ser663Pro Mica; Flu; Ampho
CAS13-5011_S55 22 16-Jun-13 2 8 Ser663Pro Mica; Flu
CAS08_0572_S24 24 13-Oct-08 0.125 0.125 Unknown
CAS08-0725_S45 24 3-Dec-08 1 0.5 Phe659Try Unknown
CAS09_0869_S25 24 5-Jan-09 1 2 Phe659Try Unknown
CAS11-2902_S56 29 31-Jan-11 0.03 0.06 Mica
CAS11-2996_S80 29 4-Mar-11 4 >16 Ser663Pro Flu; Mica
CAS156404_S48 31 18-Mar-15 0.03 0.03 Mica
CAS156677_S67 31 6-Aug-15 2 8 Ser629Pro None
CAS08_0124_S32 1 28-May-08 0.03 0.03
CAS12-4416_S11 1 3-Nov-12 2 2 Ser629Pro Flu; Mica
CAS13-5111_S2 14 9-Oct-13 0.03 0.03 Mica
CAS13-5257_S26 14 3-Dec-13 2 8 Ser663Pro Mica
CAS14-5368_S62 14 8-Jan-14 2 8 Ser663Pro Ampho; Mica
CAS14-5293_S38 21 24-Nov-13 0.06 0.06 Mica; Flu
CAS14-5468_S77 21 10-Feb-14 2 4 Phe625Ser Mica; Flu
aMica = micafungin, Flu = fluconazole, Anid= anidulafungin, Ampho = amphotericin B.
bPatient received systemic antifungal medication to treat candidemia on or after positive culture date.
cPresence of the main reported mutations in HS1 FKS1 and FKS2. Shaded MIC values represent resistant isolates. Patient IDs in bold font represent patients in common with 
SR pattern for fluconazole.

FIG 2 Neighbor-joining phylogeny of C. glabrata. The final data set included a total of 243,415 nucleotides for 82 isolates. Each leaf node color represents a 

patient, and the external squares indicate susceptible/resistant phenotype. Box: zoom in shows examples of patients with isolates that acquired resistance to 

echinocandins (Patient 24), azoles (Patient 18), or both (Patient 1). Branch length indicates the number of SNPs.
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susceptible and echinocandin-resistant isolates from the same patient was not signifi­
cantly different from the median number of SNPs between isolates when the resistance 
pattern did not change (24 SNPs vs 27 SNPs, P-value = 0.87; Fig. 5).

SNP annotation related to fluconazole resistance

Twenty­five isolates were resistant to fluconazole (MIC ≥64 µg/mL). We identified nine 
different non-synonymous polymorphisms in the PDR1 gene; three of them have been 
previously reported in the literature to be related to azole resistance (E714D, N109D, and 
R376Q). These changes were found in 16 (Table S2) of the 25 resistant isolates and were 
absent in all susceptible isolates.

In seven patients, fluconazole­resistant isolates were isolated after first recovering 
fluconazole­susceptible isolates (susceptible-resistant pattern). Five of those patients had 
isolates with different non-synonymous substitutions in the PDR1 gene. The amino acids 
differed between the susceptible and resistant paired isolates (Table 2).

Overall, serial isolates from 11 patients showed a susceptible-to-resistant pattern, four 
for echinocandins, four for fluconazole, and three for both. All 11 patients were treated 
with antifungals before or after recovery of the first susceptible isolate. Of the four 
patients whose isolates demonstrated acquired resistance to fluconazole, two received 
treatment with fluconazole and two were treated with antifungals of an unknown 
drug class. Of the four patients whose isolates demonstrated acquired resistance to 
echinocandins, three received treatment with micafungin and one was treated with an 

FIG 3 Genetic diversity of C. glabrata isolates. Left: SNP differences among several isolates collected from 

the same patient in 33 patients. Right: SNP differences for each pairwise comparison among all isolates 

from different patients in 106 patients. Y-axis shows the log 10 of SNP distances. Boxplot R version 4.0.3
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FIG 4 FSK2 and FKS1 common mutations and susceptible/resistant phenotype (graphic representation of Table 1). Red and green boxes represent resistant and 

susceptible isolates, respectively. Black dots represent the presence of the mutation indicated on the top of each panel. Collection dates are displayed on the 

right side of the panels and Patient ID on the left. cas: caspofungin, anid: anidulafungin.*echinocandin-resistant isolate from Patient 24 carried the mutation 

Phe659Try in the FKS2 gene, not shown in the figure

FIG 5 Left: SNP differences for each pairwise comparison among isolates from the same patient, where the resistant pattern 

did not change (S->S and R->R). Right: SNP differences for each pairwise comparison among isolates from the same patient 

where the resistant pattern changed (S->R). Boxplot R version 4.0.3
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antifungal of an unknown drug class. All three cases with acquired MDR were treated 
with both fluconazole and micafungin (Tables 1 and 2).

DISCUSSION

We analyzed serial isolates of C. glabrata from patients with multiple episodes of 
candidemia and used genomic and epidemiological data to assess the genetic diver­
sity among these isolates. We showed that in most cases, multiple isolates from the 
same patient were genetically related and could be clearly distinguished from isolates 
obtained from other patients. We also identified known mutations in FKS and PDR1 
genes associated with acquired resistance to echinocandins and fluconazole, respec­
tively. We found that isolates with different antifungal susceptibility profiles may be part 
of the same clonal population of C. glabrata.

The median SNP difference between isolates from the same patient was 30 SNPs, 
ranging from 7–96 SNPs. These SNP differences are similar to those reported in other 
studies that quantified the intra-host diversity of C. glabrata isolates using WGS. For 
example, Helmstetter et al. (28) detected 64–140 SNPs and insertions or deletions (Indels) 
between pairs of related strains (28). In addition, several studies compared the related­
ness among C. glabrata isolates from the same patient using other molecular techniques 
(29, 30, 44, 45), and in general, they found similarity among isolates. Our findings are 
consistent with those reported by others and suggest that most patients are colonized 
by clonal populations of C. glabrata that contribute endogenous isolates to infection 
(45). However, several patients with heterogenous populations of unrelated isolates were 
identified.

Understanding how isolates from the same patient are related is essential for 
understanding nosocomial transmission and investigating outbreaks. Previous studies 
on C. auris showed that the SNP difference observed between isolates collected from 
the same patient can be used as a reference to assess transmission (46). However, these 

TABLE 2 SR pattern azolesa

ID Patient ID Date collected Flu MIC value Mutations PDR1 Treatmentc

CAS10-2614_S20 22 27-Oct-10 8 Micab

CAS12-3684_S68 22 21-Nov-11 4 Mica
CAS13-4530_S71 22 1-Nov-12 16 Mica; Flu; Ampho
CAS13-4778_S42g 22 13-Mar-13 Mica; Flu; Ampho
CAS13-5011_S55 22 16-Jun-13 64 p.Glu714Aspd Mica; Flu
CAS08_0124_S32 1 28-May-08 32
CAS12-4416_S11 1 3-Nov-12 64 Flu; Mica
CAS12-4158_S70 21 7-Jul-12 4 None
CAS13-4494_S47 21 19-Nov-12 8 Flu
CAS14-5293_S38 21 24-Nov-13 64 Mica; Flu
CAS14-5468_S77 21 10-Feb-14 32 Mica; Flu
CAS11-3025_S92 8 17-Mar-11 8 Mica
CAS12-3743_S58 8 3-Jan-12 128 p.Gly1079Gluf Flu; Mica
CAS10-2486_S79 15 28-Aug-10 4 Flu
CAS10-2596_S8 15 17-Oct-10 64 p.Gly1099Ser Flu; Mica
CAS11-3232_S57 15 16-May-11 8 Mica
CAS09-1541_S6 18 16-Sep-09 8 Unknown
CAS10-2227_S31 18 26-May-10 64 p.Asn1091Aspd Unknown
CAS09-1361_S41 19 19-Jul-09 8 Unknown
CAS09-1513_S89 19 27-Aug-09 256 p.Arg376Glne Unknown
aShaded MIC values represent resistant isolates. Patient IDs in bold font represent patients in common with SR pattern for echinocandins.
bMica = micafungin, Flu = fluconazole, Ampho = amphotericin B.
cPatient received systemic antifungal medication to treat candidemia on or after positive culture date.
dPreviously reported by Won E. et al 2021.
eChange in the same position R376W previously reported by Ferrari et al 2009 (43).
fChange in the same position G1079R previously reported by Won E. et al 2021.
gFluconazole MIC value missing for this isolate.
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distances are likely to differ for different species and depend on the genome’s mutation 
rate and stability. The hypervariability of C. glabrata genomes has been shown previously 
(47). Here, we propose to use an upper boundary of 96 SNPs for defining genetically 
related isolates of C. glabrata. This SNP number is an approximation and may vary if new 
isolates are added. Although C. glabrata is not known to cause widespread nosocomial 
outbreaks, several cases of nosocomial acquisition (48, 49) and donor-to-host transmis­
sion of this pathogen have been reported (50, 51). We propose that the observed SNP 
difference within a patient could be used as a point of reference to assess donor-to-host 
transmission or nosocomial acquisition of C. glabrata.

In our study, 82% of patients were infected with isolates that were more closely 
related to each other than to isolates from other patients (7–96 SNPs), which suggests 
that these infections most likely originated from the endogenous populations of C. 
glabrata that are associated with each patient. However, six (18%) patients had infections 
with two or more genetically distinct strains (70,294–76,707 SNPs; Fig. S2). Previous 
studies based on MLST reported unrelated isolates from the same patient (2, 52). The 
most likely explanation for detecting isolates with different genotypes is that these 
patients were colonized by two or more genetically distinct populations of isolates. 
However, a secondary nosocomial infection with an exogenous strain cannot be ruled 
out (45). Detailed epidemiological data that were unavailable in our study are needed to 
distinguish between these two hypotheses.

To better understand the emergence of resistance and the relationships between 
resistant and susceptible isolates within the same patient, we investigated genetic 
substitutions in genes linked to resistance. Twenty echinocandin-resistant isolates had 
non-synonymous mutations in FKS genes (25% in FKS1; 75% in FKS2). The most common 
mutation observed in this study was the FKS2 gene in position Ser-663 (53). We did not 
find mutations in HS2 of either FKS1 or FKS2 (8, 16, 24). The main fluconazole resistance 
mechanism in C. glabrata is upregulation of the expression of the ABC-transporter genes. 
Although assessing gene expression levels was outside the scope of our study, we 
screened the fluconazole­resistant isolates for non-synonymous changes in the sequence 
of the gene PDR1, which serves as the main transcription factor that modulates the gene 
expression of the ABC transporter (13), and we found nine different polymorphisms. 
Three of the amino acid changes that we found in PDR1 (E714D, N109D, and R376Q) 
had been previously reported (12). Three patients had isolates with the corresponding 
mutations that were resistant to both echinocandins and fluconazole, suggesting in 
vivo acquisition of resistance to both fluconazole and echinocandins in response to 
treatment.

Our study demonstrated that isolates from the same patient were genetically related, 
independent of changes in susceptibility to antifungal drugs. Our data show that the 
acquisition of resistance to an antifungal drug did not have a significant impact on the 
SNP distances between serial isolates that remained susceptible or resistant over time 
compared with SNP distances between serial isolates that acquired resistance, confirm­
ing that the resistant phenotype could be achieved with very few genetic changes (26). A 
further implication of this finding is that the proposed boundary for defining genetically 
related isolates of C. glabrata is not affected by the susceptibility profile. Additional 
analysis of the number of SNP differences versus the time between isolate collection (Fig. 
S3) confirmed that the isolates were randomly pulled from the C. glabrata population 
within the host. Therefore, the observed genetic diversity reflects the inherent diversity 
in the population rather than accumulation of changes over time.

Our study has several limitations. First, SNP cutoffs are difficult to compare with 
those found in other studies since differences in bioinformatic methods and the selected 
reference genome can impact the SNP count. Second, our study included candidemia 
isolates only. To better define the diversity of isolates within patients, commensal isolates 
from patients’ natural microbiomes should also be included. Third, since only a single 
isolate was recovered at any given timepoint, the diversity defined here likely does not 
represent the entire pooled C. glabrata population within the patient. Future analyses 
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using colonization isolates from the same patient may help validate these results further. 
Additionally, the SNP variation described may be influenced by several factors. Avenues 
for future research include the effect of the MLST sequence type (STs) of the C. glabrata 
isolates in the observed SNP diversity (27) and the presence of mutation in MSH2 genes 
that lead to a hyper-mutable phenotype (54).

In conclusion, the comparison of serial isolates of C. glabrata from the same patient 
at different times during the course of an infection allowed estimating the expected 
intra-host diversity. It can be instrumental for investigating 1) cases of donor-to-host 
transmission, 2) nosocomial acquisition, and 3) microevolutionary processes leading to 
the emergence of drug resistance in C. glabrata. One of the main contributions of this 
work was the sequencing of 82 genomes of clinical isolates of C. glabrata. The WGS data 
were submitted to the NCBI (BioProject accession PRJNA1009065) and together with MIC 
value susceptibility data (Table S2) published here could be included in future studies 
aimed at identifying new mechanisms of resistance in C. glabrata and new pathways 
of antifungal resistance evolution. In addition, we present here the use of an existing 
bioinformatics tool, SnpEff, for identifying mutations in human pathogenic fungi to 
facilitate further studies of genomic epidemiology of emerging resistance to antifungal 
drugs. WGS has become an essential part of epidemiological research to differentiate 
outbreak-associated illnesses from unrelated illnesses occurring at the same time. Our 
study provides a genomic framework for these future investigations.
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