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of ECs has been accompanied by recent reports of RES in normally susceptible fungi (6, 7, 10, 12, 14, 15). Here we describe our
characterization of two such clinical isolates, which identified
novel mutations at equivalent positions within C. albicans and C.
glabrata GS genes.
RES isolates and GS sequence analysis. From a large collection of clinical isolates (16), single C. albicans and C. glabrata
strains were selected that exhibited relatively high EC MICs
when tested using the standard CLSI protocol with RPMI 1640
medium. Specifically, for C. albicans 20464, the caspofungin
MICs were 1 and 2 g/ml at 24 and 48 h, respectively, and for
C. glabrata 20409, the MICs were 0.5 and 8 g/ml at the same
time points. To confirm and extend these data, these isolates,
along with representative susceptible strains, were tested by
broth microdilution assay in yeast extract-peptone-dextrose
(YPD) medium, where the growth rate is higher and caspofungin MICs are typically lower than those obtained in RPMI
1640. C. albicans 20464 (Fig. 1) generated clearly defined MICs
(ⱖ80% inhibition) of 0.5 and 1 g/ml after 24 and 48 h,
respectively, of incubation while ATCC 66027 generated MICs
ⱖ64-fold lower. Compared to C. glabrata strain ATCC 2001
(MIC, ⱕ0.06 g/ml), C. glabrata 20409 appeared to be caspofungin susceptible at 24 h (Fig. 1); however, there was considerable trailing growth and, by 48 h, RES was pronounced with
a caspofungin MIC of 4 g/ml.
For C. albicans 20464, a GSC1 region spanning the S645
codon mutational hotspot (14) was amplified and sequenced
(see the Fig. 2 legend). A comparison to the wild-type sequence (11) from EC-susceptible strain SC5314 (NCBI accession XM_716336) identified a single nucleotide change predicted to alter the protein sequence: T1922A (relative to the
start codon), which changes residue 641 from F to Y. The
sequence chromatogram clearly indicated only one base at the
mutated position (data not shown); thus, the mutation was
homozygous. The mutation was confirmed by sequencing independently amplified DNA.
The BLAST analysis of the C. glabrata genome database
(cbi.labri.fr/Genolevures/elt/CAGL) (3) revealed three GS
homologs, and synteny with S. cerevisiae identified these as
FKS1 (CAGL0G01034g), FKS2 (CAGL0K04037g), and FKS3
(CAGL0M13827g). The amplification and sequencing of the
DNA regions of C. glabrata 20409 that were homologous to the

Echinocandins (ECs), such as caspofungin, are lipopeptide
antibiotics that inhibit cell wall synthesis in susceptible fungi,
which include yeasts and molds such as Candida albicans and
Aspergillus fumigatus (1, 9). Their negligible toxicities, generally fungicidal activities, and lack of cross-resistance with azole
antifungals have led to rapid clinical acceptance since their
introduction in 2001. The EC target ␤-1,3-glucan synthase
(GS) is membrane associated and hence difficult to study, but
evidence points to the products of GSC1 in C. albicans or the
related FKS1 in Saccharomyces cerevisiae as the major targets
in these fungi. This evidence includes partial Gsc1 purification
and correlation between gene dosage and GS activity (2).
Moreover, multiple mutations that confer reduced echinocandin susceptibility (RES) have been mapped to GS genes.
Specifically, three of four S. cerevisiae mutants selected on
L-733560 (2), along with one of two mutants selected on Arborcandin C (13), involve an eight-amino-acid region of Fks1
(residues 639 to 646) or its homolog Fks2. Remarkably, C.
albicans laboratory mutants selected on L-733560 (8, 14) and
clinical isolates demonstrating reduced caspofungin (14) and
micafungin (10) susceptibility have all been reported to have
alterations in a single amino acid, S645, that falls within the
equivalent eight-amino-acid region of Gsc1.
Candida glabrata has emerged as an important fungal pathogen
in recent decades, most likely due to its intrinsic low-level and
acquired high-level azole resistance (17, 20). Resistance following
long-term treatment has threatened the use of azoles in C. albicans infections as well (22). ECs have equally high activities
against azole-susceptible and -resistant strains of both of these
species (the caspofungin MIC at which 90% of the tested isolates
are inhibited was 0.06 g/ml) (19) and hence provide a valuable
alternative. ECs are, however, less active versus Candida guilliermondii and Candida parapsilosis (the caspofungin MIC at which
90% of the tested isolates are inhibited was 0.5 to 1 g/ml) (16).
Less susceptible still are Cryptococcus neoformans, Rhizopus
oryzae, and Fusarium species (2). The basis for the intrinsic RES
of these species is unknown. Not surprisingly, the expanding use
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A recognized hotspot for mutations conferring reduced echinocandin susceptibility (RES) is residue S645 of
Candida albicans Gsc1(Fks1). We report that the mutation F641Y is associated with RES in a C. albicans isolate.
The analogous Fks2 residue is mutated F to V in a Candida glabrata RES isolate; the introduction of this
mutation into susceptible C. glabrata confirmed its role in RES. Y641-equivalent Fks residues were identified
in intrinsically RES Fusarium species and Candida guilliermondii.
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GSC1 mutational hotspot identified no changes in FKS1 or
FKS3 that would alter the predicted protein sequence, but in
FKS2, a T1975G mutation was detected that would alter amino
acid 659 from F to V. This mutation was confirmed in an
independent PCR product. Since C. glabrata is haploid, no
mixed bases were expected or observed.
Sequence alignment (Fig. 2) revealed that the C. albicans
20464 and C. glabrata 20409 mutations involve the analogous
residue. This residue has not previously been implicated in C.
albicans RES; however, its alteration has been associated with
RES in an S. cerevisiae laboratory mutant (Fig. 2) (2).
Confirmation of the role in RES of the C. glabrata FKS2
mutation. The EC-susceptible parents of C. glabrata 20409 and
C. albicans 20464 were not available. We therefore pursued an
alternative strategy to test the role of the identified mutations
in RES. The strain 20409 DNA region that was sequenced was
amplified again and transformed into EC-susceptible strain
ATCC 2001, with selection on YPD agar containing 0.2 g/ml
caspofungin. Colonies were then screened for growth on 2
g/ml caspofungin, and one clone (2001-16) showing strong
growth was used to prepare DNA. The relevant FKS2 region
was amplified using a forward primer located upstream of the
original forward primer (see the legend for Fig. 2), which
ensured that the chromosomal gene was amplified. Sequencing
confirmed that clone 2001-16 incorporated the T1975G and
hence the F659V mutation (Fig. 2). In broth microdilution
assays, 2001-16 exhibited a caspofungin MIC twofold above
that of its parent at 24 h which increased to four- to eightfold
with longer incubation. This confirmation approach was independently repeated with a different C. glabrata strain (ATCC
200989), and the same result was obtained.
A similar attempt was made to transform EC-susceptible C.
albicans (lab strain SC5314 and clinical isolate LL) with a
GSC1 PCR product from mutant 20464, followed by selection
on caspofungin-containing medium. This was not successful,
presumably because a heterozygous GSC1 F641Y mutation
was not sufficient to confer RES.
Analysis of fungal genome databases for F641 “mutation.”
The clinical usefulness of ECs is seriously compromised by the
intrinsic RES exhibited by certain fungi. This could potentially
be based on their GS sequences, although no examples of this

have been reported to date. We searched available fungal
genome sequences (see the legend to Fig. 2) for GS homologs
and inspected the alignments for F641 alterations. The phytopathogenic molds Fusarium graminearum, Fusarium verticillioides, and Magnaporthe grisea, along with bread mold Neurospora crassa, have single GS homologs with Y641 equivalents
(Fig. 2); i.e., the same residue found in C. albicans RES isolate
20464. This predicts that these molds should exhibit RES,
which has indeed been reported for clinical isolates of related
Fusarium species (5, 18). We tested caspofungin susceptibility
of the sequenced N. crassa strain (74-OR23-1VA; Fungal Genetics Stock Center; no. 2489) and observed that it was susceptible (MIC, 0.03 g/ml) but exhibited trailing growth (ca.
20% of control) at 24 h up to the highest concentration tested
(2 g/ml). Aspergillus nidulans (ATCC 10074) tested in parallel
was similarly susceptible but exhibited no trailing growth at
that time point.
This analysis also revealed that one of three GS genes in
Candida (Pichia) guilliermondii has the equivalent of Y641
(Fig. 2). This gene is syntenic (as evidenced by the adjacent
PWP2) with GSL2 of C. albicans. This Y641 may explain the
intrinsic RES characteristic of C. guilliermondii (5, 16). In YPD
medium, we observed a caspofungin MIC of 0.5 g/ml for the
sequenced C. guilliermondii strain ATCC 6260, which was about
32-fold above that obtained for representative C. albicans
strains.
Conclusion. These studies implicate the mutation of F641 in
C. albicans Gsc1 or the equivalent residue of C. glabrata Fks2
as a potential basis for RES. Sequence alignments further
suggest that substitutions involving this residue contribute to
the intrinsic RES of molds such as Fusarium species and the
yeast C. guilliermondii. The RES exhibited by yeast with F641
substitutions (MICs, 0.5 to 8 g/ml) appears to be significantly
less than that reported by Park et al. (14) for mutants with S645
mutations (MICs, ⱖ32 g/ml); this probably explains why mutants with F641 mutations were not identified by those investigators. Our studies were limited by the lack of clinical data
for the patients from which these RES strains were isolated.
Nevertheless, these data add to the growing body of evidence
that specific GS mutations confer acquired RES on susceptible
fungi, while analogous substitutions may confer intrinsic resis-
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FIG. 1. Broth microdilution assays examining caspofungin susceptibility of the indicated C. albicans or C. glabrata strains. Incubation was for
24 or 48 h, as indicated. Assays were performed in YPD medium at 35°C, as described previously (21).
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FIG. 2. Alignment of GS sequences corresponding to amino acids 641
to 648 of C. albicans Gsc1. BLASTP searches of the respective genome
databases were used to align full-length Gsc1 with its C. albicans
homologs Gsl2 and Gsl1 (11) and its C. glabrata and S. cerevisiae
homologs Fks1, Fks2, and Fks3. Amino acids that are conserved relative to Gsc1 are represented as dots; amino acids whose mutations
have been associated with RES are underlined and are shown below
the relevant GS. TBLASTN searches of the NCBI (www.ncbi.nlm.nih
.gov/sutils/genom_table.cgi?organism ⫽ fungi) and Broad Institute
Fungal Genome Initiative (www.broad.mit.edu/annotation/fgi) databases were used to identify GS homologs from other species whose
sequences predict RES based on alignment with the C. albicans, C.
glabrata, and S. cerevisiae sequences and their RES mutants. To amplify and sequence the relevant GS regions in C. albicans 20464 or
C. glabrata 20409, the following primer pairs were used: GSC1F (5⬘TCATTGCTGTGGCCACTTTAG, located 1,718 bp from the start
codon) and GSC1R (5⬘-TAGAATGAACGACCAATGGAGA, 2,135
bp); FKS1F (5⬘-GTTGCAGTCGCTACATTGCTA, 1,627 bp) and
FKS1R (5⬘-TAGCGTTCCAGACTTGGGAA, 2,227 bp); FKS2F (5⬘GGCCACTGTTTTATTCTTCTCG, 1,782 bp) and FKS2R (5⬘-GTA
AATGTTCTCTGTACATGGA, 2,359 bp); and FKS3F (5⬘-TGGAG
CCCAGCACTTAACAA, 1,389 bp) and FKS3R (5⬘-GTCCATCTCG
GATGTTGCTA, 2,052 bp). For the amplification and sequencing of
FKS2 from C. glabrata 2001-16 and 200989-16 transformants, FKS2F2
(5⬘-GTTCAATCAAAGGCAGGCCA, 1,747 bp) was used in place of
FKS2F. Template DNA preparation and PCR amplification were performed as described previously (4). Following purification, PCR products were directly sequenced with one or both of the primers used to
generate the product.

tance on others. Ultimately, these structure activity data
should prove useful in modeling EC interaction with its GS
target.
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