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ABSTRACT The opportunistic human pathogen Candida glabrata has become an
increasingly important threat to human health, with infections globally characterized
by high mortality rates and multidrug resistance. To face this threat, more efficient
diagnostic and therapeutic approaches are required, underpinning research to help
define the intraspecies epidemiology, genetic variability, and therefore, diagnostic and
therapeutic target stability. Previous comparative genetics studies conducted on limited
numbers of strains only revealed partial resolution of chromosomal settings. In this
study, by combining short- and long-read genome sequencing, phenotypic characteri-
zation, and comparative genomics over a large set of strains, we detected strict rela-
tionships between large chromosomal rearrangements and phylogenetic clades, genes
subjected to different selective pressures, and new sets of genes associated with resist-
ance to antifungals. Overall, these results not only provide a fundamental contribution
to our knowledge of C. glabrata evolution and epidemiology but may also lay the
foundations for the future development of tailored therapeutic approaches.

IMPORTANCE The human pathogen Candida glabrata has become a global threat to
human health, with infections characterized by high mortality and multidrug resist-
ance. We have obtained nine fully assembled genomes from clinical isolates through
a combination of short- and long-read sequencing approaches. The quality and com-
pleteness of such genomes and their subsequent comparison to the broadest set of
genomes so far allowed us to pinpoint chromosomal rearrangements in several
genomes and detect phylogenetic clades that were not associated with geographic
location or isolation source. We identified a new set of genes associated with resist-
ance to antifungals coding for adhesin or adhesin-like proteins, suggesting C. glab-
rata resists antifungals by forming aggregates or adhering to the host tissue. These
results, which provide a fundamental contribution to our knowledge of C. glabrata
evolution and epidemiology, may initiate the development of precision medicine
interventions for patients with suspected or proven invasive fungal infections.

KEYWORDS Candida glabrata, antifungals, antimicrobial resistance, genomics,
population genetics

The opportunistic human pathogen Candida glabrata is the third most common
cause, after Candida albicans and Candida parapsilosis, of candidiasis in the United

Kingdom and many worldwide and European countries (1, 2). C. glabrata infections can
colonize the gastrointestinal and urogenital tracts, as well as other body sites, and result in
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systemic infections such as candidemia and meningitis (3). As the diagnosis of systemic
Candida infections is both clinically and technically challenging, especially in immunocom-
promised hosts, these infections are associated with high mortality, partly due to late or
ineffective administration of empirically chosen antifungal treatments (4). The first line of
treatment for C. glabrata infections (echinocandins and azoles) is increasingly becoming
ineffective due to the emergence of resistance, which has been evaluated to proceed at
higher rates compared to that in other species of the same genus (5). To face this threat,
current efforts are aimed at monitoring the spread and increase of non-albicans Candida
infections and their antifungal resistance, improving rapid laboratory diagnostics for orga-
nism identification and antifungal susceptibility, and facilitating treatments of higher effi-
cacy, all of which contribute to improved patient outcomes (6). An efficient and globally
shared approach for the identification of C. glabrata infective strains is lacking, with the
most recent detailed global epidemiological report on C. glabrata infections dating back to
1999 (7); epidemiological studies are currently only carried out at the national level.
However, defining a shared protocol for multilocus sequence typing (MLST) (8) and gener-
ating a curated database of C. glabrata sequence types (STs) (9) will help promote world-
wide tracking of C. glabrata strain spread. Determining the level of genomic variability in
the C. glabrata species is crucial in this process, as it would allow the identification of
genomic features suitable for typing pathogenic strains and of genetic characteristics asso-
ciated with the pathogenicity and development of antifungal resistance. Genomic analyses
carried out so far on this species have shown that C. glabrata is phylogenetically closer to
the GRAS (generally recognized as safe) yeast Saccharomyces cerevisiae than to other spe-
cies of the Candida genus, suggesting different paths for the acquisition of virulence capa-
bilities (10). Like S. cerevisiae, C. glabrata does not show genetic or phenotypic features indi-
cating ecological niches to which the species could have adapted. Hence, the current
consideration of C. glabrata as a commensal of humans has been called into question (11).
C. glabrata genomic analyses have also highlighted frequent chromosomal aneuploidies
and rearrangements, as also observed in C. albicans strains, and high levels of interclade
genetic diversity with a higher frequency of genomic recombinations between clades than
C. albicans. Also, genomic analyses did not confirm the relationship between genetic diver-
sity and geographical distribution previously observed through MLST analyses (12).
Despite these recent observations on C. glabrata genomics that suggest a lack of associa-
tions between evolution and geographical origin, pathogenic potential, or antifungal sus-
ceptibility, it must be considered that most of the studies have been carried out on limited
sets of strains, usually isolated from a few geographical locations. A comprehensive com-
parison of the variants and genome structures of C. glabrata strains isolated from all
around the world has yet to be carried out, but it would greatly improve our understand-
ing of the evolution of antifungal susceptibility and pathogenicity.

To better assess the structural genomic and nucleotide variations within the C. glabrata
species and their impact on relevant phenotypes, we have analyzed 30 C. glabrata strains
isolated from 2 Birmingham, United Kingdom, hospitals and combined short- and long-
read (Illumina and Nanopore, respectively) sequencing approaches and classical assays to
evaluate the susceptibility of these clinical strains to commonly prescribed antifungals. The
fully assembled genomes obtained in this study were subsequently instrumental in carry-
ing out a large-scale comparison with 229 publicly available C. glabrata genomes. The anal-
ysis allowed for the identification of chromosomal rearrangements shared among multiple
strains and of new genes potentially associated with resistance to the antifungals com-
monly used in the clinic.

RESULTS AND DISCUSSION
Genome assembly highlights severe chromosomal rearrangements in the ge-

nome of clinical Candida glabrata strains. The genomes of nine C. glabrata strains
(CG_UHB_01 to -09) isolated from various clinical samples collected at the University
Hospitals Birmingham NHS Trust were obtained through a combination of long-read
Nanopore and short-read Illumina sequencing (see Table S1 in the supplemental mate-
rial). The combination of the two approaches, for most of the isolates, allowed us to
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reconstruct entire chromosomes. We obtained a minimum of 14 contigs (for strains
CG_UHB_01 and CG_UHB_07) to a maximum of 27 contigs (for the CG_UHB_09 strain),
comparable to the number of chromosomes of the reference C. glabrata strain
(CBS138), encompassing 13 nuclear chromosomes and the mitochondrial chromo-
some. The size of the assembled genomes ranged between 11.8 Mb (strain
CG_UHB_04, 23 contigs) and 12.6 Mb (strains CG_UHB_01 and CG_UHB_02) (Table S1),
similar to the size of the reference genome (12.3 Mb). Synteny plots and Assemblytics
(13) analysis revealed severe chromosomal rearrangements in the sequenced strains,
mostly affecting chromosomes L and I (Fig. 1 and Data Set S1). Four out of the nine
newly assembled genomes (CG_UHB_01, CG_UHB_06, CG_UHB_08, and CG_UHB_09)
showed a paracentric inversion within the sequence of chromosome L and a nonreci-
procal translocation of the extremity of the left arm of chromosome I to the 59 end of
the left arm of chromosome L (Fig. 1). Another large chromosomal rearrangement was
observed in the CG_UHB_01 strain: the fusion of chromosomes F and K (Fig. 1).
However, an inspection of Illumina reads mapping against the potential chromosomal
fusion showed low coverage in this region, suggesting an inaccurate assembly (Fig.
S1). The comparison of the Canu and Minimap2 assemblies of the new genomes con-
firmed the rearrangements for most genomes (Fig. S2). We took advantage of the
approach proposed in the software STAR, commonly used to pinpoint intergenic splice
junctions from transcriptomics data (14), to detect reads mapping partly against a
region of a chromosome and partly against a distant part of the same chromosome or
another chromosome. The STAR analysis allowed us to confirm the absence of the
fusion of chromosomes F and K in strain CG_UHB_01while confirming the presence of
the other observed chromosomal rearrangements (Data set S2). STAR analysis carried
out on Illumina reads highlighted that in all the strains whose genome assembly
showed the presence of an inversion of part of chromosome L, the inverted region
encompassed the chromosomal portion from 308,989 to 939,613 of the reference
genome. Notably, none of these chromosomal rearrangements disrupted coding
regions. The coordinates of both the beginning and the end of the inverted region in
chromosome L were located in intergenic regions. Position 308,989 is located between
the CAGL0L02607g and the CAGL0L02629g genes. The former expresses a protein
(XP_448884.1) which has domains with predicted hydrolase activity and a role in the
nucleotide catabolic process and the latter gene is similar to Saccharomyces cerevisiae
CDC4 cell division control gene (Fig. S3a). The end of the inverted region at position
939,613 is located downstream to the gene CAGL0L08602g that expresses a protein
(XP_449150.1) similar to S. cerevisiae PPX, orthologs of which have exopolyphosphatase ac-
tivity, a role in the polyphosphate catabolic process, and cytoplasm localization
(Fig. S3b). Similarly, the translocation of the 59 extremity of the left arm of chromosome I to
the 59 extremity of the left arm of chromosome L, for every strain bearing this translocation,
ranged from the extremity to position 489,298W of the reference strain chromosome I.
Even in this case, the rearrangement did not corrupt any coding regions, as it was located
within an intergenic region, between the CAGL0I05148g gene (similar to S. cerevisiae DLD1
D-lactate ferricytochrome C oxidoreductase; 486,625W to 488,349W) and the CAGL0I05170g
gene (XP_447475.1; some similarities with S. cerevisiae CST6 ATF/CREB activator; 490,959W
to 493,064W) (Fig. S3c). We assessed the presence of the rearrangements in 21 additional
strains isolated during this study and in 229 strains whose genomes were sequenced
through an Illumina approach in previous studies (Table S1). A total of 20 strains showed
the inversion of chromosome L (Table S2). Interestingly, 133 out of 229 strains whose
Illumina reads were available from previous studies showed the inversion in chromosome
L, a rearrangement that was not highlighted previously. The presence of chromosomal rear-
rangements (Table S3) did not correlate with the country of isolation (Table S1, results in
Fig. S4, Chi-square P = 0.3388), with the year of isolation (Fig. S4, Chi-square P = 0.194), or
with the isolation source (Fig. S4, Chi-square P = 0.991). The comparison with three recently
released C. glabrata genome assemblies (15, 16) confirmed the presence of the observed
rearrangements also in the two additional clinical isolates BG2 and BG3993 (16) (Fig. S5). In
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addition, the comparison with the recently assembled genomes of CBS138, BG2, and
BG3993 highlighted the presence of subtelomeric rearrangements in most of our newly
assembled genomes (Fig. S5).

Genomic variability of C. glabrata strains reveals hints on evolution. The rela-
tionship between the chromosomal rearrangement and evolution of the C. glabrata
species was assessed. This was investigated by reviewing the genomic variations iden-
tified by aligning the Illumina reads against the reference genome (strain CBS138, as-
sembly ASM254v2 downloaded from NCBI in January 2021) (Table S1). The phyloge-
netic tree obtained on single-nucleotide polymorphisms (SNPs) and indels found
across the entire set of analyzed genomes (Fig. 2a) was supported by bootstrap analy-
sis (Fig. S6), and the phylogeny was fairly consistent when comparing the neighbor-
joining and maximum likelihood-based clusterings (Fig. S7). The phylogenetic analysis
based on whole-genome variations and fastSTRUCTURE analysis revealed the best par-
tition of genomes into 14 clades (Fig. 2b). This was defined as the minimum number of
clusters associated with the highest likelihood and maximizing the DK (17), an ad hoc
quantity related to the second-order rate of change of the log probability of data com-
pared to the number of clusters) (Fig. S8). To assess the ancestral clades (the closest
clades to an outgroup species), we inferred the phylogeny of the entire set of C. glab-
rata strains and the reference S. cerevisiae strain (S288c) based on the variations in four
genes previously identified as sufficient to recapitulate the genetic divergence within
the Ascomycota phylum (18): CAGL0M13409g (YHR186C), CAGL0M07722g (YMR012W),
CAGL0J01111g (YJL029C), and CAGL0G00726g (YAR007C) (Fig. S9). For every genome
sequenced during this study, the copy number of these genes was higher than the av-
erage copy number of the rest of the genes of the same genomes, (which could com-
promise the reliability of clustering due to the number of paralogs present. However,
the clustering based on the comparison of these genes, and including S. cerevisiae as
the root (Fig. S10), showed the same clades observed in the phylogenetic tree based
on the entire set of genomic variants (Fig. 2), supporting the reliability of the clustering
based on these marker genes. The phylogenetic analysis based on these selected

FIG 1 Synteny plots of the nine newly assembled genomes of Candida glabrata strains isolated during this
study. Vertical black lines indicate centromeres (as located in the reference genome). For each strain genome,
lines of different colors indicate different contigs.
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variants allowed us to observe that, among these clades, the clade closest to the tree
root (as defined by the position of the out-group S. cerevisiae [Fig. S9], the tree anno-
tated with bootstrap values is in Fig. S10) encompassed the C. glabrata reference strain
(“REF” in Fig. 2a), together with a few additional strains which evolved under various
environmental stresses (19). It is worth noting that some strains (those not included in
the highlighted clusters in Fig. 2a) could not be clearly assigned to any of the identified
clades, as they were inferred to have descended from multiple ancestors (Fig. 2b).
Interestingly, this situation, referred to as mosaicism, is usually considered the result of
mating events among strains descending from different ancestors, hence supporting
the recently proposed hypothesis that C. glabrata can actually mate (11). Whereas the
genomic tree did not highlight the grouping of strains according to isolation source,
country of isolation, or year of collection (Fig. S11), a clear clustering according to the
presence/absence of the chromosomal rearrangements was present (Chi-square
P , 0.01, Fig. 2). The number of genetic variants present in the chromosomal regions
involved in the rearrangements was significantly higher in genomes bearing the

FIG 2 Phylogenetic tree of C. glabrata genomes and populations (P) inferred with fastSTRUCTURE. (a) Distances
among genomes were calculated on genetic variants of the strains (SNPs, indels). Each point, colored according
to the presence/absence of the chromosomal rearrangements as reported in the legend, indicates a different
strain. The dotted black line indicates the root of the tree (S. cerevisiae). Translocation, nonreciprocal
translocation of the left arm of chromosome I to chromosome L; inversion, paracentric inversion within the
sequence of chromosome L; both, strain bearing both the translocation and the inversion; none, strain bearing
neither the inversion nor the translocation; NA, impossible to determine the presence of chromosomal
rearrangements with the available sequencing data. Colored areas show the strains clustering as inferred
through fastSTRUCTURE analysis and reported in (panel b). (b) Ancestry analysis based on genomic variants
and inferred with fastSTRUCTURE (18).
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rearrangements than in the same portions of genomes not bearing the rearrange-
ments (Fig. S12). However, the phylogenetic trees drawn on distances calculated on all
the genomic variations except those located in the rearranged regions differed only
slightly from the phylogenetic tree based on the entire set of genomic variations (Fig.
S13). These observations suggest that the insurgence of the observed chromosomal
rearrangements is associated with C. glabrata evolution. Despite the other clusters of
strains showing a clear distribution according to the presence/absence of the chromo-
somal rearrangements, there was no obvious evolution pattern. Instead, several nodes
grouping strains with either translocation, the inversion, or both, were evident (high-
lighted with asterisks in Fig. 2). Three strains that evolved under environmental stresses
from the CBS138 reference strain (ATCC 2001) bore the inversion in chromosome L (or-
ange points in the REF cluster of Fig. 2). In particular, the strains subjected to a periodic
challenge with 80 mM hydrogen peroxide for 1 h and two strains independently sub-
jected to a periodic challenge at 47°C for 30 min (two out of three independent biolog-
ical replicates were subjected to this environment) showed the inversion within chro-
mosome L. Furthermore, three strains belonging to the REF cluster bore both the
translocation and the inversion: F1822_CANGA, a strain isolated from blood in North
America (12), and two strains sequenced at Cornell University in the same study—
Y648, isolated from blood in Viborg, Denmark (ERR1938065) (20), and the reference
strain CBS138 (ERR1938089) (public data, unpublished work). It has to be considered,
however, that the CBS138 strain genome ERR1938089 showed a relatively higher num-
ber of variants (724 SNPs/indels) for a genome resequence, hence suggesting that the
strain sequenced in that study had diverged from the original reference strain
sequenced in other studies included in this comparison (15, 20).

Previous reports indicated that aneuploidies are frequent in the species and are
involved in virulence (20). Conversely, coverage analysis carried out in our study
revealed that only strain CG_UHB_14 showed aneuploidy, with chromosome E show-
ing a higher coverage than the other chromosomes of the same strain (NC_006028.2)
(Mann-Whitney false-discovery rate [FDR], 0.05, Fig. S14).

For each newly sequenced genome, genes were predicted with AUGUSTUS and anno-
tated through the best match finding with blastn and blastp (Data Set S3). A total of 28
genes (Table S3) showed a ratio of nonsynonymous to synonymous evolutionary changes
(dN/dS ratio) (full results in Data Set S4) equal to 0 in the set of C. glabrata strains isolated in
this study, meaning that none of the corresponding sequences bore nonsynonymous muta-
tions. Of these 28 genes with a dN/dS ratio of 0, 19 also showed nonsynonymous variants in
at least one of the strains whose genomes were sequenced previously (Table S3). Only 2
among these 19 genes did not bear any genetic variants (not even synonymous variants):
CAGL0E04752g and CAGL0F02255g. The remaining 17 genes did carry at least 1 synony-
mous mutation in at least 1 genome out of the 30 sequenced here. Nine of the genes with
a dN/dS ratio of 0 (CAGL0A04521g, CAGL0B04345g, CAGL0D00440g, CAGL0E04752g,
CAGL0F02673g, CAGL0H08327g, CAGL0J03212g, CAGL0K08140g, and CAGL0M12386g)
were highly conserved in all the strains whose sequence is currently available. Out of these
nine genes, four were essential in S. cerevisiae, corresponding to 44% of the highly con-
served C. glabrata genes (Table S3). This is an interesting aspect, especially considering that
only 11.67% of C. glabrata genes with an ortholog in S. cerevisiae are essential (514 out of
4,407). The remaining five C. glabrata highly conserved genes do not appear to have a cor-
responding ortholog in the S. cerevisiae essential genes. These genes in S. cerevisiae have ei-
ther paralog genes or encode proteins involved in metabolic processes. This observation
suggests two different scenarios indicating the path leading to the high gene conservation
observed in C. glabrata. In the first case, the presence of paralog genes in S. cerevisiae may
have masked the fact that these genes are involved in essential functions, which could
explain the high conservation in C. glabrata. In the other case, the high conservation of
genes involved in metabolic processes may suggest that these genes are essential only for
C. glabrata (not for S. cerevisiae), possibly because of the different metabolic features of the
two species. In particular, the gene encoding a triosephosphate isomerase fundamental for
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glycolysis (CAGL0H08327g, ortholog of the TPI1 S. cerevisiae gene) and the gene encoding a
mitochondrial aldehyde dehydrogenase involved in regulation or biosynthesis of electron
transport chain components and acetate formation (CAGL0J03212g, ortholog of the ALD5 S.
cerevisiae gene) were conserved in C. glabrata and not essential in S. cerevisiae. The roles of
the proteins encoded by these two genes would suggest that C. glabrata strains strongly
rely on aerobic metabolism, unlike the phylogenetically close S. cerevisiae, which can easily
switch among the two metabolisms (21).

Interestingly, we observed that 19 genes showing a dN/dS ratio equal to 0 in the 30
strains isolated and sequenced in this study bear nonsynonymous mutations in previously
sequenced strains. Thus, these genes were highly conserved only in the subset of strains
isolated in this study (Table S3). Considering that the strains sequenced here were not
inferred to belong to a single clade (Fig. 2), this information may indicate that these genes
are relevant in the studied environment, rather than that they are conserved in a geneti-
cally similar set of strains. However, the genes were not conserved in previously sequenced
strains isolated from similar sources (clinical specimens such as blood, fluid, and mouth),
hence not supporting the hypothesis that the associated functions are fundamental in
such an environment. It is worth mentioning that only one of the clinical strains previously
sequenced was isolated in the United Kingdom, as opposed to every strain sequenced in
this study (Table S1). This may suggest a geographically driven different selection of the 19
genes highly conserved or population drift, a hypothesis that needs to be further assessed
by expanding the set of sequenced UK strain genomes.

The dN/dS analysis also highlighted 5 genes with a dN/dS ratio higher than 1 (Table S3),
suggesting that the conservation of the sequence of these genes is not crucial in the set of
strains under investigation. Two (CAGL0I04136g and CAGL0L08068g) of these five genes
have an ortholog in S. cerevisiae (MTC3 and RIM1, respectively), and interestingly, they are
predicted to code proteins involved in mitochondrial functions. This may further indicate rel-
evant divergences between C. glabrata and S. cerevisiae metabolism; whereas C. glabrata
may strongly rely on highly efficient mitochondrial functions, S. cerevisiae may withstand a
less efficient aerobic metabolism, as it preferentially ferments most carbon sources. Delving
into the efficiency of the products of these genes is necessary to further disclose the meta-
bolic differences between these two species.

Antimicrobial resistance. Considering the growing global concern related to the
spread of antifungal resistance among clinical isolates, we evaluated the susceptibility
of the strains isolated in this study against a set of antifungals (fluconazole, voricona-
zole, caspofungin, and flucytosine). Every isolate was susceptible to at least one of the
tested antifungals. In addition, no isolate was susceptible to fluconazole; according to
the EUCAST clinical breakpoints (v9.0) (22), 12 of the isolates showed an intermediate
response, and the other 18 strains were resistant (Fig. 3). A total of 13 strains were sus-
ceptible and 17 strains were resistant to voriconazole; 11 strains were susceptible and
19 were resistant to flucytosine. When susceptibility to caspofungin was measured,
only 1 strain was resistant (CG_UHB_04, also resistant to fluconazole and voriconazole
but susceptible to flucytosine), 7 strains were susceptible, and 22 strains showed inter-
mediate MICs (Fig. 3).

Previous studies have identified genetic variants in 14 genes (CDR1, ERG9, ERG11,
FKS1, FKS2, FKS3, FCY1, FCY2, FLR1, FPS1, FPS2, FUR1, PDR1, and SNQ2) as associated
with the resistance to classes of antifungals (azoles, echinocandin, and flucytosine). We
could not find nonsynonymous mutations in the FUR1 and FCY1 genes. Even though
nonsynonymous mutations were found in the other genes, the vast majority of these
were not consistently associated with either resistance or susceptibility to the tested
antifungals. The exceptions to this were the Arg137Leu mutation in the FCY2 gene,
Phe659Ser in the FKS2 gene, Leu935Ser in the PDR1 gene, and the frameshift mutation
(also introducing a stop codon) in the SNQ2 gene, all of which were found only in the
unique strain resistant to caspofungin (Table S4).

To identify other potential correlations between the genetic features of the strains
and their antifungal susceptibility, we carried out a genome-wide association study
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(GWAS) on the 30 strains isolated and whose genome was sequenced over this study
(quantile-quantile [QQ] and Manhattan plots in Fig. S15). This analysis revealed some
genetic variants significantly associated with the response to the tested antifungals (Table
S5). Of note, none of the nonsynonymous SNPs identified as being associated with the
response to the tested antifungals were located in the coding DNA sequences (CDS) of the
genes previously known to be associated with the response to the antifungal, suggesting
the acquisition of new mechanisms of resistance. A total of 41 nonsynonymous SNPs in 28
genes (Fig. S16), 26 nonsynonymous SNPs in 19 genes (Fig. S17), 96 nonsynonymous SNPs
in 79 genes (Fig. S18), and 11 nonsynonymous SNPs in 8 genes (Fig. S19) were found to be
associated with the response to caspofungin, fluconazole, voriconazole, and flucytosine,
respectively. As expected, strains bearing multiple nonsynonymous SNPs found to be associ-
ated with the response to the tested antifungals were less susceptible to the antifungal
(Pearson correlation P, 0.05; Fig. S20), suggesting a cumulative effect of the identified non-
synonymous SNPs. Pathway and Gene Ontology (GO) term enrichment analyses revealed
an enrichment only for nonsynonymous SNPs associated with the response to caspofungin,
which were enriched in genes involved in the yeast meiosis pathway (Table S5). However, it
is interesting to note that several of the nonsynonymous SNPs found to be associated with
the response to the tested antifungals were included in the CDS of genes coding adhesin or
adhesin-like proteins (Table S5) or involved in the development of filamentous structures or
biofilm: CAGL0H10626g, CAGL0E00187g, CAGL0J02508g, and CAGL0J02530g, associated
with the response to caspofungin; CAGL0A01716g for fluconazole; CAGL0G10219g,
CAGL0F08833g, and CAGL0G09361g for voriconazole; and CAGL0E00231g, CAGL0H00110g,
CAGL0H10626g, CAGL0J01774g, and CAGL0J05159g for flucytosine (Table S5). This observa-
tion was particularly striking when considering the nonsynonymous SNPs associated with
the response to flucytosine; despite the antifungal affecting targets involved in RNA and
DNA biosynthesis, 8 of the 11 identified SNPs were located in genes coding adhesin or
adhesin-like proteins. Such an observation is in line with previous reports on SNPs in other
adhesin genes, EPA1 (CAGL0E06644g), EPA6 (CAGL0C00110g), PWP2 (CAGL0I10246g), and
PWP5 (CAGL0I10340g), not found in this study, being associated with the response to echi-
nocandins and azoles (23) and could indicate that C. glabrata strains can acquire resistance
to multiple classes of antifungals by forming stronger aggregates between each other or

FIG 3 MICs of each tested antifungal drug against Candida glabrata clinical strains isolated during this study. Red horizontal lines indicate the clinical
breakpoints as reported in Materials and Methods.
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adhering better to the host tissue, thus shielding the cells located in the core of the aggre-
gate from the entry of the antifungal.

Considering the wide rearrangements observed for the newly sequenced genomes,
we assessed whether such changes are associated with the acquisition of resistance to-
ward the tested antifungals. Neither the presence of the inversion of part of chromo-
some L nor the nonreciprocal translocation of the left arm of chromosome I to chromo-
some L, nor the combination of them was significantly associated with either a higher
resistance or susceptibility to the tested antifungals (Fig. S21).

Conclusion. As a result of the intersection of multiple sequencing approaches, we
obtained fully assembled genomes, allowing us to identify and precisely locate large chro-
mosomal rearrangements on the L chromosome of C. glabrata. By comparing 259 publicly
available genomes of C. glabrata strains isolated from various specimens all over the world,
which to our knowledge represents the broadest genomic comparison for this species to
date, we detected a strong population structure, with 14 clades encompassing a large part
of the entire population and not mimicking the geographical origin of the isolates previ-
ously observed (12). Our data revealed that some C. glabrata strains have mosaic genomes,
a feature ascribed to microorganisms and mating among different lineages (24), hence
supporting the recently proposed hypothesis that C. glabrata strains, unlike what previ-
ously believed, can mate (11). The observation of a neat association between the genomic
clustering and the presence of the large chromosomal rearrangements not only supports
the hypothesized plasticity of C. glabrata occurring at a fast rate but also highlights that
the drastic rearrangements of chromosomal structures occur at a similar pace to smaller
variations (e.g., short indels and SNPs).

Overall, these observations on genomic variants and structures also highlighted the
fact that the strain commonly used as the reference for C. glabrata, CBS138, may not
provide a good representation of the entire species. In fact, not only was CBS138
shown to be among the strains closest to the S. cerevisiae reference strain and hence
not representing the broad genetic variability of the other C. glabrata cospecific strains,
but it also bears atypical chromosome structures, with a large number (153 out of 259)
of strains showing a different arrangement of the L chromosome. The identification of
high or poor conservation of genes involved in aerobic metabolism, mostly not essen-
tial to the close S. cerevisiae species, may indicate that, despite C. glabrata being some-
times used as a starter for fermentation as the bakery yeast (25), S. cerevisiae may rely
on a drastically different metabolism. Further in-depth and dedicated studies of the
highlighted genes, potentially validating the current information by expanding the set
of analyzed strains, comparison of paralog genes in other species, and assessment of
the impact of mutations in these genes will contribute to the assessment of metabolic
differences between C. glabrata and S. cerevisiae.

This study has identified new genes associated with resistance to antifungals.
Despite all the preventative measures we adopted (e.g., correction/penalization based
on the relatedness matrix and filtering of the genomic variants to remove tightly linked
variants) which should prevent gross oversights, it is worth considering that the associ-
ations identified here should be confirmed on an independent set of strains, as the
strains tested in this study could be representative of only a subset of C. glabrata
strains. Furthermore, the experimental validation, through allele swapping (substitut-
ing the allele associated with resistance with an allele associated with susceptibility
and vice-versa and then assessing changes in the response to the antifungal) would
definitively confirm the findings. However, the fact that several of the genomic variants
found to be associated with antifungal resistance were located in genes involved in
processes required for adherence to surfaces (e.g., the host’s tissues) and in forming
biofilms, together with the confutation of the previously proposed association of some
key genes with antifungal resistance, suggests that C. glabrata may have some prefer-
ential paths for the acquisition of antifungal resistance. In particular, this may indicate
that one of the major routes for the acquisition of resistance in C. glabrata (or, again, in
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our subset of strains) is the formation of biofilms, preventing the antifungal from
accessing the shielded internal cells.

Fully appreciating the genomic variability and plasticity of C. glabrata is central to better
understanding the evolutionary rate and triggers for this species. Data generated by this
and subsequent studies could spearhead the discovery and adoption of new therapies.
These agents, together with infection control, enshrined in a robust antifungal resistance
strategy will be critical in limiting the spread and impact of these infections in the future.

MATERIALS ANDMETHODS
Sample collection and informed consent. A total of 30 clinical isolates (CG_UHB_01 to CG_UHB_30)

from sterile sites (e.g., blood cultures, ascetic fluid, etc.) with phenotypic antifungal resistance were
selected from both the UK Health Security Agency, Public Health Laboratory (Birmingham) (UKHSA
PHLB) (20) and UHB (10) sites from January 2015 to March 2017. Informed consent was not needed to
work on pure microorganisms isolated in culture.

Strain isolation and culturing. The strains were isolated from routine sterile specimens using selec-
tive agar. They were then frozen as part of routine laboratory practice.

Frozen strains were maintained as 30% glycerol stocks at 280°C and maintained in culture on YPD
(1% yeast extract, 2% Bacto-peptone, and 2% D-glucose) agar plates.

DNA extraction. For DNA extraction, 5 mL overnight culture in YPD was diluted to an optical density
at 550 nm (OD550) of 0.05 in 150 mL YPD and grown to an OD550 of ;1.6. DNA was extracted using a
Qiagen Genomic Tip 100/G according to the manufacturer’s instructions with isopropanol-precipitated
DNA recovered by spooling to minimize shearing.

Nanopore sequencing and genome assembly and analysis. The clinical isolates whose genomes
were sequenced in this study are listed in Table S1.

A total amount of 1 mg of isolated high-molecular-weight genomic DNA extract per strain was used for
sequencing library preparation. Library preparation was performed using the rapid sequencing kit (SQK-RAD004)
from Oxford Nanopore Technologies (ONT) with no size selection or shearing being applied. Nanopore sequenc-
ing was performed locally for 24 h on the MinION Mk1B sequencer using a primed SpotONFlow Cell Mk1 (R9.4)
as per the manufacturer’s instructions. Reads were assembled using Minimap2 (26) and Canu (27). For each strain,
the qualities of Minimap and Canu assemblies were compared, and the assemblies obtained with Minimap were
chosen for further analyses because they showed the greatest N50 value and the lowest number of contigs
(Table S1). If the N50 value and the number of contigs were similar among the two assemblies, the assembly
resulting in the highest number of complete chromosomes, as observed with the synteny plots described below,
was chosen. Draft genomes assemblies were improved by using Pilon software (28) to correct bases, fix misas-
semblies, and fill gaps based on the Illumina reads obtained as described below. Genes were predicted on the
resulting corrected contigs with AUGUSTUS (29) after training the software with the reference C. glabrata ge-
nome (CBS138 strain version 2, NCBI ID 354578, downloaded in March 2018) (Table S6). Predicted genes were
then annotated with a blastn or blastp search on the sequence of genes or on the translated amino acid
sequence (percentage of identity,$98%). The Nanopore-assembled genomes have been deposited at GenBank
under the project accession PRJNA589840 (Table S1).

Illumina library preparation, Illumina read quality control, SNP calling, and coverage analysis.
Strains whose genomes were sequenced in this study are listed in Table S1.

Short-insert paired-end libraries were prepared following manufacturer’s instructions using the
Illumina Nextera XT DNA sample preparation kit. Whole-genome sequencing was performed using two
Illumina NextSeq 500/550 midoutput kit v2 (2 � 150 cycles) cartridges. The sequencing runs generated
9,966,996 6 3,108,910 quality paired-end sequences per strain, with a read length average of
133.51 6 2.86 bp (excluding the primer sequences) (Table S1). Illumina reads were subjected to quality
control (filtering and trimming) using Trimmomatic v0.32 (30). Paired reads were filtered with the param-
eters LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36, allowing the elimination of reads with a
Phred quality score lower than 33 for more than 30% of their lengths. Paired reads were mapped to the
reference genome (Candida glabrata CBS138 strain version 2, NCBI ID 354578, downloaded in March
2018) using Bowtie 2 v2.2.6 (31). The Genome Analysis Toolkit (GATK v2.1) was used for base quality
score recalibration, indel (insertion or deletion) realignment, and duplicate removal and to perform SNP
and indel discovery (minimum Phred-scaled confidence threshold –stand_call_conf = 30, –base-quality-
score-threshold = 6, glm BOTH) (32), resulting in strain-specific vcf files. The resulting SNPs/indels were
further filtered with VCFtools (v0.1.13; –max-missing 0.5 –mac 3 –minQ 30).

For genome population analysis and comparison, as well as for GWAS analysis, variants were further
filtered with plink (–map3 –indep-pairwise 100b 10 0.8 –allow-no-sex –maf 0.05). Copy number varia-
tions (CNVs) were calculated after aligning the Illumina reads against the corresponding newly
assembled genomes (obtained as described above): depth of coverage was calculated for each nucleo-
tide of the genome with the SAMtools depth function (33). Depth of coverage was then calculated in
sliding windows (size 5,000 bp, 1,000 bp sliding) and then normalized by dividing each value by the geo-
metric mean of the depth of coverage for the corresponding sequencing. CNVs (coverages significantly
different between or within chromosomes) were identified by means of the Mann-Whitney U-test and
corrected for false-discovery rate. The dN/dS ratio was calculated by using the software SNPGenie (Table
1 in reference 34). First, all the genetic variants identified by comparing the genome of each strain
against the reference genome were merged into single vcf files; two vcf files, one for the forward and
one for the complementary reverse sequence, were generated for each chromosome of the reference
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genome (Table 1 in reference 34). Then, SNPGenie was run on each chromosome, separately for the for-
ward and complementary reverse sequences, by providing the respective vcf, gff (including the refer-
ence genome annotations), and the fasta sequence of the reference chromosome. The SNPGenie analy-
sis used the –minfreq: 0.05 option, indicating that the SNP to include in the analysis had to be present at
least in the 5% of the population under analysis (Table 1 in reference 34). The dN/dS ratio was then
obtained as the ratio of the calculated mean_dN_vs_ref on the calculated mean_dS_vs_ref.

Phylogeny and population structure analysis. SNPs/indels (from vcf files obtained as described
above) were concatenated to obtain a single sequence per strain. Pairwise distances were then calculated on
the concatenated sequences according to the maximum likelihood method (with the Tamura-Nei model for
nucleotide substitution) with MEGA X v10.2.2 (35). Hence, the thus-obtained distance matrices were used to
draw the neighbor-joining tree with GrapeTree (36). The analysis was also performed with the Jukes-Cantor,
Kimura 2 parameters, and Tamura 3 parameters models, providing substantially identical results (same clus-
tering) compared to the results based on the Tamura-Nei model. The maximum likelihood method was also
used to infer the genome phylogeny with IQ-TREE 2 (37), and the neighbor-joining and maximum likelihood-
based clusterings were compared with Phylo.io (38). FastSTRUCTURE was used to infer the population struc-
ture from the genetic variants among C. glabrata strains (39). The number of clusters best describing the pop-
ulation was inferred according to the method described by Evanno and colleagues (17). In particular, the
number of clusters (K) was identified as the minimum number of clusters associated with the highest log like-
lihood of the data according to the Markov chain Monte Carlo method and maximizing the DK (an ad hoc
quantity related to the second-order rate of change of the log probability of data compared to the number
of clusters) (17).

To better dissect the evolutionary relationship among C. glabrata strains, we located the root of the
C. glabrata tree by including S. cerevisiae as the out-group. When including S. cerevisiae as the root, we
compared the sequences of four marker genes that were shown to be sufficient to recapitulate the
genetic divergence within the Ascomycota phylum (18): YHR186C, YMR012W, YJL029C, and YAR007C.
The presence of multiple copies of the genes could negatively impact the reliability of the phylogenesis
based on these markers (e.g., because of the presence of different alleles). Hence, we first evaluated the
copy number of the genes in the analyzed genomes by calculating the gene copy number with the
STAR software (–quantMode GeneCounts –sjdbGTFfeatureExon exon –sjdbGTFtagExonParentTranscript
transcript_id –sjdbGTFtagExonParentGene transcript_id –sjdbGTFtagExonParentGeneName gene). Then,
for each of the four markers, we carried out a one-sample t test to assess whether the copy number of
the marker was significantly different from the copy number of the entire set of genes in the same ge-
nome. The copy number of the marker genes was significantly higher than that of the rest of the genes
in most of the genomes (P , 0.05); however, this did not affect the assessment of genetic relationships
among strains, as suggested by the observation in the tree obtained on the 4 markers, of the same clus-
ters observed in the tree obtained on the entire set of genomic variants. To obtain the phylogenetic tree
on the four marker genes, the variants relative to the informative genes (18) were gathered from the full
list of variants obtained as described above for each genome. Then, the maximum likelihood (ML) tree
was inferred by using the Tamura-Nei model nucleotide substitution model, and the phylogeny was
tested over 1,000 bootstrap iterations with MEGA X v10.2.2 (35). The analysis was also performed with
the Jukes-Cantor, Kimura 2 parameters, and Tamura 3 parameters models, providing substantially identi-
cal results (same clustering) compared to the results based on the Tamura-Nei model. The study by
Capella-Gutierrez and colleagues (18) highlighted that multiple copies of the four marker genes were
present in the analyzed genomes.

Chromosomal rearrangements. Chromosomal rearrangements were inspected by aligning the ge-
nome assembly against the reference C. glabrata genome with NUCmer (40) and visualized through a syn-
teny plot generated thanks to a custom Python script (to convert the NUCmer output) and an R script to plot
with the ggplot2 R package (41); both scripts are available in the supplemental material. To locate precisely
the chromosomal rearrangements (translocations and inversions), we used the STAR software (14). Thanks to
the STAR software, we could identify reads mapping partly against a region of a chromosome and partly
against a distant part of the same chromosome or another chromosome; hence, the two chromosomal
regions were close to each other in the new assembly (in the newly sequenced strain). We initially deter-
mined the coordinates of the rearrangements observed through synteny plots in the newly assembled
genomes and then searched for junctions at the same locations in other C. glabrata strains sequenced with
Illumina in this or previous studies (please refer to Table S1 for the full list of analyzed strains). To further con-
firm the chromosomal rearrangements, the newly assembled genomes were also compared with three
recently assembled genomes: CBS138, BG2, and BG3993 (15, 16). For this purpose, the protocol used in the
work by Xu and colleagues (16) was used: each newly assembled genome was aligned against the three new
references with NUCmer (-maxmatch -l 100 -c 500); then, the variants were filtered and analyzed with
Assemblytics (unique seq length = 5,000, max var size = 50,000, min var size = 50) (13), and the variants were
plotted with Circos (42). The linear arrangement of the genes containing the breakpoints located in chromo-
somes L and I was further visualized with the Integrative Genomics Viewer (IGV).

Antibiogram profiling. The susceptibility of the C. glabrata strains isolated during this study was
assessed using the serial dilution method published in the EUCAST protocol v7.3.2 (43). In particular, the iso-
lates were inoculated in RPMI 1640-2% glucose overnight with shaking; the next day, a 105 cells/mL suspen-
sion of each strain was subjected, in 96-wells plates, to various concentrations of the tested antibiotics. The
tested antibiotics and concentrations were caspofungin (1 mg/L, 0.5 mg/L, 0.25 mg/L, 0.125 mg/L, 0.0625 mg/
L, 0.03125 mg/L, 0.015625 mg/L, untreated), fluconazole (128 mg/L, 64 mg/L, 16 mg/L, 8 mg/L, 32 mg/L, 4 mg/
L, 2 mg/L, untreated), voriconazole (8.192 mg/L, 4.096 mg/L, 2.048 mg/L, 1.024 mg/L, 0.512 mg/L, 0.256 mg/L,
0.128 mg/L, untreated), and flucytosine (65 mg/L, 32.5 mg/L, 16.25 mg/L, 8.125 mg/L, 4.0625 mg/L,
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2.03125 mg/L, 1.015625 mg/L, untreated). Then, 24 h after the beginning of the treatment, the optical density
(OD600) of the cultures was measured and the MICs were determined. The same measurement was repeated
after 48 h of treatment, but the results did not differ from the ones obtained after 24 h of treatment. After 48 h
of treatment, the death of treated cells was confirmed by plating 50 mL of the culture treated with the MIC
onto YPD medium. To determine whether a strain was susceptible (S), intermediate (I), or resistant (R) to each
antifungal agent, we used the clinical breakpoint values released by CLSI (44) or EUCAST (v9.0). Using the ED
function of the drc R package (45), the results of the serial dilution assay were used to assess the antibiogram
profile of each strain, using the MIC of each tested antifungal (caspofungin, fluconazole, voriconazole, and flu-
cytosine [5-fluorocytosine]) against each isolate in triplicate.

Analysis of genes known to be associated with susceptibility to antifungals. Previous studies
have identified 14 genes whose nucleotide variations have been associated with resistance to antifun-
gals (23). In particular, variations of the sequences of the genes FKS1, FKS2, and FKS3 have been shown
to be associated with resistance to echinocandin, variations in the genes FCY1, FCY2, FUR1, FPS1, and
FPS2 are associated with resistance to 5-fluorocytosine, and the genes ERG9, ERG11, CDR1, PDR1, FLR1,
and SNQ2 are associated with resistance to azoles (23). For each of these genes, we identified the nonsy-
nonymous mutations in each genome sequenced over this study. Then, we searched for associations
between the presence of each identified nonsynonymous variant and determined the susceptibility of
the strain against the tested antifungals by searching for variants that were consistently (preferentially
or always) present in strains categorized as R, I, or S.

Genome-wide association analyses. The genetic variants resulting from Illumina sequencing analy-
sis was tested for associations with the measured quantitative phenotype (MIC values assessed as
described in previous sections) by using GEMMA (46), allowing correction for sample relatedness and
population stratification. At first, the centered relatedness matrix was calculated from genotypes (-gk 1),
and then it was used for the association test with the univariate linear model (-lmm 4).

The relatedness matrix for genotypes (K) was calculated with GEMMA as shown in equation 1:

K ¼ 1
p

Xp

i¼1

xi 2 1nx�ið Þ xi 2 1nx�ið ÞT (1)

where n is the number of individuals, p denotes the genetic markers, x is the n � p matrix of genotypes,
xi is its ith column (vector) representing genotypes of the ith SNP, x is the sample mean, and 1n is an
n � 1 vector of 1s.

GEMMA was used to fit a univariate linear mixed model shown in equation 2:

y ¼ Wa þ xb þ u þ e ; u;MVNnð0; lt21KÞ; e;MVNnð0; t21InÞ (2)

where n is the number of individuals, c is the number of covariates, y is an n � 1 vector of quantitative
traits, W (w1,. . ., wc) is an n � c matrix of covariates including a column of 1s, a is a c � 1 vector of the
corresponding coefficients including the intercept, x is an n � 1 vector of marker genotypes, b is the
effect size of the marker, Z is an n � m loading matrix, u is an n � 1 vector of effects, e is an n � 1 vector
of errors, t21 is the variance of the residual errors, l is the ratio between the two variance components,
K is the n � n relatedness matrix previously calculated, and In is an n � n identity matrix. MVN denotes
the n- dimensional multivariate normal distribution. To run GWAS analysis, genomic variants were fil-
tered with PLINK with the constraint –indep-pairwise 100b 10 0.8 (window size = 100bp, step = 10bp,
r^2 threshold = 0.8, to filter tightly linked variants) –allow-no-sex –maf 0.05 (minimum allele frequency)
–nonfounders (considering all the individuals as founder in the Hardy-Weinberg equilibrium tests). No
additional covariates were included in the model. The analysis was carried out on each set of MIC values
(for each strain against each tested antifungal) obtained with three independent biological analyses.
Variants were considered associated with the phenotype when showing a P value of,0.001. In addition,
only the variants significantly associated with the phenotype in all the three biological replicates were
maintained in the analysis.

Data availability. Illumina reads were deposited in the SRA NCBI database under the BioProject no.
PRJNA589840 and BioSample no. SAMN18953774 to SAMN18953803 (Table S1).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 5.3 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.6 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.2 MB.
SUPPLEMENTAL FILE 4, XLSX file, 6.5 MB.
SUPPLEMENTAL FILE 5, XLSX file, 15.6 MB.
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