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The identification of FKSI mutations in Candida albicans associated with echinocandin resistance has raised
concerns over the spread of drug-resistant strains. We studied the impact of fksI mutations on C. albicans
virulence and fitness. Compared with wild-type strains for FKS1, echinocandin-resistant C. albicans strains
with homozygous fksI hot-spot mutations had reduced maximum catalytic capacity of their glucan synthase
complexes and thicker cell walls attributable to increased cell wall chitin content. The fksI mutants with the
highest chitin contents had reduced growth rates and impaired filamentation capacities. FksI mutants were
hypovirulent in fly and mouse models of candidiasis, and this phenotype correlated with the cell wall chitin
content. In addition, we observed reduced fitness of echinocandin-resistant C. albicans in competitive mixed
infection models. We conclude that fksI mutations that confer echinocandin resistance come at fitness and
virulence costs, which may limit their epidemiological and clinical impact.

Candida species are the most common fungal pathogens
in humans and are responsible for a spectrum of diseases
ranging from mucosal infections to life-threatening
invasive candidiasis [1]. Because of the increasing
incidence of azole-resistant Candida isolates, the
introduction to clinical practice of the echinocandins
represented an important advance in the treatment of
candidiasis. Echinocandins exert their antifungal activity
through noncompetitive inhibition of 1,3-B-D-glucan
synthase [2], the enzyme responsible for synthesis of the
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glucan polymer that comprises the bulk of C. albicans
cell walls. Because of their excellent activity against
Candida species, including azole-resistant strains,
echinocandins are currently recommended as front-line
therapy for many types of candidiasis [3].

As the clinical use of echinocandins expands, Candida
species isolates with reduced susceptibility to echino-
candins are increasingly encountered [4-9]. Although
various adaptive mechanisms may result in elevated
minimal inhibitory concentrations (MICs) of echino-
candins [5, 10], resistance resulting in clinical failure is
associated with point mutations in 2 highly conserved
hot-spot regions of the echinocandin target Fks1p [6, 7].
These mutations result in significantly elevated echino-
candin MICs, log-order increases in the enzymatic
kinetic inhibition constant for echinocandins, and
failure of echinocandin-based treatment in murine
infection models [6].

The dissemination and persistence of drug-resistant
organisms in nature depends on the relative fitness of
resistant and susceptible genotypes [11]. Therefore, we
sought to determine the effect of fksI mutations that
confer resistance to echinocandins on C. albicans fitness

and virulence.
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MATERIALS AND METHODS

C. albicans Strains, Culture Conditions, and Characterization
The laboratory and clinical C. albicans strains used in this study
are shown in Table 1. Three spontaneous fksI mutants (clonal
group 3) were derived from C. albicans strain SC5314 with use
of a 2-step method, as described elsewhere [12, 13]. Five addi-
tional C. albicans clinical isolates (groups 1 and 2) [6] were
grouped using multilocus sequence typing [14] into 2 clonal
groups, each isolated from a different patient and containing an
echinocandin-susceptible FKSI strain and related fksI mutant or
mutants. Echinocandin susceptibility testing was performed by
broth microdilution in triplicate in accordance with Clinical and
Laboratory Standards Institute document M27-A3 [15]. FKSI
gene sequence analysis for these strains is reported elsewhere
[12]. Cell disruption, membrane protein extraction, partial 1,3-
B-D-glucan synthase purification by product entrapment, and
enzyme kinetic characterization were performed as described
elsewhere [12].

Transmission Electron Microscopy

We performed transmission electron microscopy to compare
the cell wall morphologies of echinocandin-resistant fksI
mutant C. albicans strains with clonal wild-type strains in the
absence of echinocandins. Samples were processed as described
elsewhere [16] and examined under a JEM 1010 transmission
electron microscope (JEOL USA). Cell wall thickness was
determined using Image] (http:/rsb.info.nih.gov/ij/). For each
strain, =10 measurements were made from different cells at
X 50,000 magnification.

Semiquantitative 1,3-B-Glucan and Chitin Measurement

The relative cellular 1,3-B-glucan content of each C. albicans
strain was measured using aniline blue as described elsewhere
[17]. The chitin content of C. albicans strains was determined
using methods described by Lehmann et al [18].

Yeast Cell Growth Rate

Optical density (OD) curves for Candida blastospores in
liquid medium allow for measurement of parameters that
describe the growth phenotype of each strain and suggest
alterations in fitness [19]. The OD at 600 nm (ODgyo) of
blastospore suspensions (1 X 10* cells/mL in yeast extract
peptone dextrose) was measured every 15 min for 24 h with
use of a plate reader (PowerWave HT; BioTek) at 30°C. OD
curves were fitted using a logistic growth-rate formula:
Y = Ymax/(1+e K&XXma)y " yhere Ymax is the maximal
ODgpp, Xmax is the time point at which the growth rate is
maximal (lag time), and k is a growth-rate constant.

Filamentation Assays
Inoculation of stationary C. albicans blastospores into fresh
medium is a potent stimulus for hyphal growth [20]. We

In Vitro Susceptibility (MIC) and Inhibition Profiles (Half-Maximal Inhibitory Concentration) of Echinocandins and Kinetic Properties of the 1,3-B-Glucan Synthase Complexes

Obtained From C. albicans lsolates

Table 1.

Fks1p kinetics®

ICso (ng/mL)*

MIC (ug/mL)®

Vmax

(nmol.min-1)
5.587 + 0.150

Km (mM
of glucose)
0.101 = 0.011

FKS1 hot spot

Clonal

MCF
8.90 = 0.12
4498 + 5.3

CSF
0.56 = 0.09
459.1 + 3.4

ANF
1.15 = 0.11
787.0 + 2.8

MCF
0.03
2.67

CSF
4

ANF
0.06

genotype
FKS1/FKST (WT)

Origin

Strain
CLY16998°
CLY16996°
CLY16997°
CLY19229°
CLY19230°

group

0.50
4.00

>8.00

Clinical

1.980 + 0.098
4.998 + 0.144
5712 = 0.241
1.995 = 0.099

0.020 = 0.008
0.124 = 0.015
0.100 = 0.005
0.081 = 0.007

995.0 = 8.5
5.30 = 0.11
469.7 = 3.7

0.40 = 0.04

162.0 = 1.6
420.0 = 4.7

1.05 = 0.03

695.1 = 1.5
754.50 + 6.8

00
0.06
2.00

0.50
4.00

2

4.00
0.12
2.00

fks1/fks1 (S645F)
fks1/fks1 (S645P)
FKS1/FKST (WT)
fks1/fks1 (S645F)

Clinical
Clinical
Clinical
Clinical
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determined the efficiency of yeast-to-hyphal transition of
matched echinocandin-resistant and -susceptible C. albicans
isolates. Single colonies grown on yeast extract agar glucose
(YAG) were selected and lightly inoculated in 10 mL of YPD
broth. The resulting suspensions were incubated overnight at
30°C with shaking. Next, blastospores were transferred to YPD
broth (ODgqy adjusted to 0.5) and incubated at 37°C with
shaking. Germ tube formation was determined at various time
points in samples of at least 200 cells.

Virulence Testing in Toll-Deficient Drosophila melanogaster
Flies

We used a high-throughput model of invasive candidiasis in
Toll-deficient D. melanogaster flies to screen for altered viru-
lence in fksI mutants [21]. C. albicans inoculum suspensions
were prepared at 1 X 10® cells/mL. Female flies aged 2—4 days
were anesthetized using carbon dioxide in groups of 25 and
inoculated by insertion of a 0.25-mm needle previously dip-
ped in the inoculum suspension. After inoculation, the flies
were housed at 29°C to maximize expression of the T1"**
phenotype [22] and were transferred to fresh vials every
3 days. Fly survival was assessed daily for 7 days. All experi-
ments were performed at least in triplicate on different days
but at the same time of day (=2 hours) to prevent circadian
variation in susceptibility to infection.

Murine Model of Hematogenously Disseminated Candidiasis
Based on survival rate differences in the fly model, we further
tested 3 strains in a murine model of disseminated candidiasis:
CLY16996 (fksI-S645F), CLY16997 (fksI-S645P), and the
clonal FKSI wild-type strain CLY16998. Procedures were
performed in accordance with applicable laws and regulations
and were approved by the M. D. Anderson Cancer Center
Institutional Animal Care and Use Committee. C. albicans
strains were grown in YPD broth as described above, and
an inoculum suspension of each strain was prepared at
1 X 10° cells/mL. Eight-week-old female BALB/c mice
weighing 20-22 g (National Cancer Institute) were inoculated
in groups of 10 with 5 X 10 blastospores by lateral tail vein
injection. Survival was assessed twice daily for 30 days. Mice
that appeared moribund were killed using carbon dioxide—
induced asphyxiation, and their death was recorded as having
occurred 12 hours later.

In other experiments, mice were inoculated in groups of 5 as
described above and were killed 48 hours later for assessment of
fungal burden. One kidney and the spleen were removed asep-
tically from each animal, weighed, and homogenized in 1 mL of
sterile normal saline. Serial 10-fold dilutions of the homogenates
were spread on YAG plates, and colony-forming units (CFU)/g
tissue was determined from the colony count after 48 hours
incubation at 30°C. All mouse experiments were performed in
triplicate at different times.

Macrophage Inflammatory Response

To test whether differences in mouse survival rates were related to
differential host inflammatory responses, we used a modification
of the methods of Wheeler et al [23]. In brief, blastospore sus-
pension (5 X 107 cells/mL) was dispensed in flat-bottom mi-
crotiter wells (100 pL/well) and inactivated with UV radiation.
Plates were centrifuged at 4000 g, and murine RAW264.7 mac-
rophages with a secreted alkaline phosphatase (SEAP) reporter
construct indicative of NF-kB/AP-1 transcription factor activity
(Invivogen) were added at a ratio of 10:1 (target:effector). After
6 hours incubation at 37°C, supernatants were collected and
assayed for SEAP reporter with use of Quanti-Blue assay (In-
vivogen). For specific experiments, 10 pg/mL anti-Dectin-1 or
isotype control antibody (Invivogen) was added to macrophages
30 minutes before coculture with fungal cells. All experiments
were performed in 3 replicates on at least 3 separate days.

Determination of C. albicans Strain Fitness in Competition Models
To determine the fitness cost of C. albicans fks] mutations, we
compared the relative fitness of CLY19229 (wild-type) with
CLY19230 (fks1-S645F) strains with similar growth rates but
modest differences in virulence in the Toll-deficient D. mela-
nogaster model (Figure 1; online only). Relative fitness was
measured in vitro using the methods of Cowen et al [24].
Competition experiments were performed in triplicate in RPMI
1640 at 35°C with an initial inoculum of 1 X 10° CFU/mL of
each strain. Strains were allowed to grow together for one
standard daily growth cycle, and the growth of each population
was calculated from initial and final densities.

Furthermore, we measured the relative fitness of the same
strain pair in vivo using murine models of single- and dual-
strain infections. For single-strain infections, 6 mice were in-
fected with equal inocula (1 X 10° CFU/mouse) of CLY19229
and CLY19230 via tail-vein injection. Similarly, for dual-strain
infections, 6 mice were inoculated with a mixed inoculum of the
wild-type and mutant strains (0.5 X 10° CFU/mouse of each
strain for a final mixed inoculum of 1 X 10° CFU/mouse). On
day 4 after injection, the mice were killed and DNA was ex-
tracted from their excised kidneys [25].

Molecular beacon probes and primers were designed on the
basis of the C. albicans gene FKSI sequence (GenBank accession
number XM_716336) (Table 1; online only). Multiplex molec-
ular beacon quantitative real-time polymerase chain reaction
(PCR) experiments were performed to detect and quantify the
different C. albicans strains in each mouse. Cycle threshold values
obtained using kidney samples were extrapolated for C. albicans
DNA quantification. The detection sensitivity and specificity of
the multiplex real time PCR assay were assessed using DNA ex-
tracted from uninfected mouse kidneys spiked with log dilutions
of C. albicans genomic DNA (mutant and wild-type). With these
data, C. albicans genomic equivalents were obtained from the
mixed challenge experiments.
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Figure 1. C. albicans fks1 mutants have thickened cell walls and increased chitin content. Transmission electron microscopic images of (4 and B)
FKST wild-type C. albicans strain SC5314 and the (C and D) clonal fks7 mutant C42 (F641S) showing the thickened cell walls of the mutant strains
(Aand C, X5000 magnification; Band D, X50,000 magnification). (£) Mean cell wall thicknesses in all of the wild-type and mutant strains. (F) The
chitin content of the fks7 mutants was significantly higher than that of the clonal wild-type strains. (G) Minor differences in 1,3-B-glucan content
among the different strains were noted. Group designation refers to clonal groups described in Table 1. Open bars: FKST wild-type strains; Black
bars: fks1 mutants. Statistical significance determined using one-sided ANOVA with post hoc Dunn's test (*P < .05; **P < .01). RFU, relative

fluorescence units.

Statistical Analysis

Continuous variables were compared using 1-sided analysis of
variance or the nonparametric Kruskal-Wallis test, as appro-
priate. Survival curves were plotted using the Kaplan-Meier
method, and the survival rates in the different infection groups
were compared using the log-rank test. Linear correlation
analyses were performed using Pearson’s correlation coefficient,
and nonlinear correlations were calculated using the Spearman

rank correlation coefficient. Two-tailed P values <.05 were
considered to be statistically significant.

RESULTS

C. albicans Fks1p Hot-Spot Amino Acid Substitutions Alter
Enzyme Kinetics

The geometric mean echinocandin MICs were 8—53-fold higher
for C. albicans strains carrying homozygous fksI hot-spot

Fitness Cost of fksI Mutations in C. albicans e JID 2011:204 (15 August) e 629

TT0Z ‘v 3snBny uo Aesiar MaN Jo Ansnuaq 7@ auidipaln Jo AIsiaaiun - CNAINN e Bio"sfeunolpiogxopil woly pepeojumoq


http://jid.oxfordjournals.org/

mutations (fksI/fks1), compared with the matched FKSI
wild-type strains (Table 1). Analysis of the kinetic properties
of 1,3-B-D-glucan synthase complexes showed that fksI mu-
tations were associated with a 51% (range, 10%—-65%) median
decrease in the maximum catalytic velocity (Table 1). In
contrast, we observed no statistically significant differences in
the Michaelis-Menten constants of wild-type and mutant 1,3-
B-D-glucan synthase complexes. These results are in accor-
dance with previous reports by our group [12].

Fks1 Mutants Have Thickened Cell Walls and Increased Chitin
Content

Cell wall thickness, as determined using transmission electron
microscopy, was significantly greater in fksI mutant C. albicans
strains than in the clonal wild-type strains (median increase,
44%; range, 8%—84%; P < .0001) (Figure 1). Analysis of cell wall
polysaccharides revealed that chitin content was significantly
greater in 4 of the 5 homozygous fksI mutants, compared with
the clonal FKSI wild-type strains (median increase, 28%; range,
9%—-65%; P < .0001) (Figure 1). However, the relative chitin
content of the fksI/FKSI strain A-15 was 23% lower than in the
clonal FKS1 wild-type (P < .0001). In comparison, the relative
1,3-B-glucan content differed only slightly in FKSI wild-type
and fksI mutant strains: it was significantly elevated by 3%-7%
in 4 of the 6 echinocandin-resistant strains and was significantly
reduced by 8% in 1 strain (Figure 1).

Growth Rate and Filamentation Are Impaired in fks7 Mutants

Three of 5 fks1/fks1 mutants had growth rates lower than those of
the clonal wild-type strains, whereas the fksI/FKSI strain A15 had
a growth rate similar to that of the clonal FKSI wild-type strain.
(Figure 1A; online only; Table 2; online only). In addition, 2 fks1/
fksl mutants (C42 and A15-10), both of which had impaired
growth, exhibited defects in filamentation in response to medium
dilution (Figure 1B; online only). Of interest, the fksI mutants
with impaired growth and morphotype-transition characteristics
were those with the highest relative cellular chitin content (Figure
1). Conversely, the fks1/FKSI strain Al5 formed filaments in
excess of the clonal wild-type strain (Figure 1B; online only).

Homozygous fks1 Mutants Are Hypovirulent in Toll-Deficient D.
melanogaster

Homozygous fksI mutants of C. albicans were significantly less
lethal in Toll-deficient flies, compared with the matched FKSI
wild-type strains and the heterozygous fksI/FKSI strain (Figure
2). Specifically, 7-day survival rates in Toll-deficient flies infected
with fksi/fksl strains were =60% in all cases (median, 70%;
range, 60%-82%). In contrast, median 7-day survival rates
(*standard deviation) were 27.2% * 9.4%, 39.2% * 6.4%, and
55.2% * 5.0% for FKSI wild-type strains CLY16998, CLY19230,
and SC5314, respectively, and 46.2% * 6.0% for the fksi/FKSI
strain A15 (P < .05, by log-rank test) (Figure 2). We found
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Figure 2. C. albicans fks1 mutants have attenuated virulence in Toll-
deficient D. melanogaster flies. We used an invertebrate model of
invasive candidiasis in To/-deficient 0. melanogaster flies to screen for
variations in virulence among echinocandin-resistant and -susceptible
Candida isolates. (A—C) Kaplan-Meier survival curves for three clonal
groups of C. albicans strains. *P <.05; log-rank test.

a significant inverse correlation between the echinocandin MICs
and corresponding 7-day survival rates in Toll-deficient flies,
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Figure 3. C. albicans fks1 mutants have attenuated virulence in a murine model of hematogenously disseminated candidiasis. The virulence of a FKS7
wild-type C. albicans strain and two clonal fks7 mutant strains was assessed in nonimmunosuppressed BALB/c mice after intravenous injection of
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because the fksI mutants with the highest echinocandin MICs
were those with the lowest virulence (Figure 2; online only).

Fks1 Mutants Are Hypovirulent in a Murine Model of
Hematogenous Candidiasis

To confirm the attenuated virulence of fksI mutants, we further
tested the FKSI wild-type isolate CLY16998 and 2 clonal fksi
mutants, CLY16996 and CLY16997, in a murine model of dis-
seminated candidiasis. Consistent with our observations in the
fly model, murine infection experiments revealed attenuated
virulence of the fksI mutant strains. Specifically, the mean 30-
day survival rate among mice infected with CLY16998 was
13.3%, whereas those in mice infected with CLY16996 and
CLY16997 were 60% and 100%, respectively (P < .0001; Figure
3). Mice infected with fks! mutants had lower tissue fungal
burdens in their kidneys (3 and 4 logs lower than the wild-type;
P < .0001) and spleens (2-fold lower than the wild-type;
P = .01) (Figure 3). Examination of Grocott-Gomori methe-
namine-silver nitrate stained murine tissue samples revealed
sparse fungal elements in kidney samples obtained from fksI
mutant-infected mice. Moreover, whereas we observed
extensive proliferation of hyphae in kidney samples from FKSI
wild-type—infected mice, only yeast forms were seen in kidney
tissue samples from fksI mutant—infected mice (Figure 3).

Competitive Assays Reveal a Fitness Cost of fks7 Mutation

We assessed the relative fitness of CLY19229 (FKSI-WT) and
the clonal fksI mutant CLY19230 (fksI-S645F) in a competitive
in vitro growth assay and in a murine model of mixed infection.
After 24 hours of coculture in RPMI, the CLY19229 population
increased by 636 * 0.02% whereas the CLY19230 population
decreased by 98 * 0.6%, indicating lower relative fitness of the
fks1 mutant. In single strain murine infection experiments, the
median kidney fungal burden was >1 log lower in kidneys from
fksl mutant-infected mice than in kidneys from FKSI wild-
type—infected mice (P = .3) (Figure 4). In mixed challenge
experiments, the kidney fungal burdens were similar to those
produced by single strain infections (Figure 4). However, the
C. albicans DNA present in infected kidneys belonged only to the
FKS1 wild-type strain in 5 of the 6 mice studied. The only mouse
in which DNA belonging to the mutant strain was detected had
a kidney fksI mutant DNA burden (90 genome equivalents) 3
logs lower than that of the FKSI wild-type DNA (1 X 10’

genome equivalents), confirming the attenuated fitness of the
mutant strain (Figure 4).

Cellular Chitin Content Is Inversely Correlated With Fks7 Mutant
Virulence

We hypothesized that formation of thickened, chitin-rich cell
walls underlies the attenuated virulence of fksI mutants. We
therefore examined the correlation between the chitin content in
fks1 mutant C. albicans strains and survival rates in Toll-deficient
D. melanogaster flies inoculated with these isolates. We found
a significant linear correlation between the fly survival rates and
the fksI mutant cellular chitin contents (correlation coefficient,
r = 0.91; P = .009) (Figure 5). Cellular chitin content was also
associated with attenuated virulence in the murine disseminated
candidiasis model. Thus, strain CLY16997 (fksI-S645P), which
had 37% greater cell wall thickness and 30% greater chitin con-
tent than those of the matched wild-type strain was avirulent in
mice (Figures 1 and 3). In contrast, strain CLY16996 (fksI-
S645F), which displayed a lesser degree of cell wall thickening
(8% greater than the wild-type) and chitin content not signifi-
cantly different from that of the wild-type strain, was hypovir-
ulent relative to the wild-type strain (P = .0001) but more
virulent than CLY16997 (P = .007). Of interest, CLY16997 was
also associated with a significantly dampened inflammatory re-
sponse in cocultured RAW264.7 macrophages (Figure 6). In
contrast, CLY16996 induced a robust proinflammatory response
similar to that observed with the FKSI wild-type strain (Figure 6).
All inflammatory responses were abrogated with anti-Dectin-1,
indicating dependence on B-glucan ligation.

DISCUSSION

Echinocandins are currently the drugs of choice for treatment of
invasive candidiasis in critically ill patients [3]. Therefore, re-
ports of the emergence of echinocandin-resistant Candida iso-
lates are of concern. Although researchers have elucidated the
mechanism of echinocandin resistance in fksI C. albicans mu-
tants, the epidemiological and clinical consequences of these
mutations are unknown. Because horizontal transfer of drug-
resistance determinants does not readily occur in fungi, the
spread of drug resistance in the population depends on the rel-
ative fitness of resistant strains [11]. We undertook the present

Figure 3 continued: blastospores. (4) Kaplan Meier survival curves of 2 fks7 mutants and the clonal wild-type strain (log rank test P < .0001 for
comparison among all 3 strains; dashed lines show intergroup comparisons; **P <.01). Tissue fungal burden in the (B) kidneys and (C) spleen 48 hours
after inoculation (horizontal lines represent median values). One-sided ANOVA P values were <<0.0001 for the kidney fungal burdens and 0.01 for the
spleen fungal burdens. Pvalues in the figure represent post hoc comparisons between wild-type and fks7 mutant fungal burdens. (D and £) Macroscopic
appearance of kidneys (left) and findings of histopathologic examination of GMS-stained kidney tissue sections (right) are shown for (D) the wild-type
strain and (E) an fks7 mutant (X100 magnification; inset, X400 magnification). Whereas multiple fungal abscesses were observed on the surface of
kidneys excised from wild-type—infected mice, those excised from fks7 mutant-infected mice appeared smooth. Moreover, in contrast with the extensive
hyphal growth observed in wild-type—infected kidney tissue, fungal elements were rare in fks? mutant-infected kidneys, and only yeast cells were

observed.
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Figure 4. Competition experiments reveal reduced fitness of an fks?
mutant relative to the matched FKST wild-type strain. The relative fitness
of 2 matched C. albicans strains, CLY19229 (FKS7TWT) and CLY19230 (fks7
S645F), was determined in competition experiments (A) in vitro and (B) in
vivo. (4) Bars represent the growth of each strain in a mixed population
during a single daily cycle. (B) Bars represent arithmetic means of six
experiments performed using DNA extracted from 6 individual mouse
kidneys infected with equal inoculums (108 CFU/mouse) of the fks?
mutant and the wild-type strain via tail injection. All mice were
euthanized on day +4 post infection. Ct values and genome equivalents
are beacon-specific. The value shown for the mixed infection experiment
represents the signal for the FKST wild-type molecular beacon. Only one
of the 6 dually infected mice showed a positive signal for the fks7 mutant
molecular beacon.

study to characterize the impact of fksI mutations on the fitness
and virulence of C. albicans.

Homozygous fksI C. albicans mutants had thicker cell
walls and greater chitin content, compared with clonal FKSI
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Figure 5. Growth defects and attenuated virulence of C. albicans fks1
mutants correlate strongly with cell wall chitin content. A significant
linear correlation was observed between the survival rates in Toll-
deficient D. melanogaster flies infected with fks7 mutant C. albicans
strains and the chitin content of those strains (r = 0.91; £ = .009). In
addition, defects in growth rate and morphotype-switching capacity were
detected in the fks7 mutant strains with the highest chitin content. G,
impaired growth rate; H, impaired transition to hyphal growth; £, reduced
fitness in the mixed infection model; M, reduced virulence in the mouse
model; #, virulence not assessed in the mouse model.

wild-type strains. All 5 homozygous fksI mutants had attenuated
virulence in Toll-deficient D. melanogaster flies. Moreover, we
found an inverse linear correlation between the cell wall chitin
contents of fks] mutants and their lethality in Toll-deficient flies.
Further assessment of 2 fksI mutants revealed significantly
higher survival rates and lower tissue fungal burdens than those
for a clonal wild-type strain in a murine model of disseminated
candidiasis. Finally, wild-type C. albicans strongly out-competed
the clonal mutant fks! strain in an in vitro competitive growth
system and a murine mixed infection model despite similar
growth rates of both strains, confirming the fitness cost of fksI
hot-spot mutations.

Exposure of C. albicans to echinocandins triggers cell wall
salvage pathways, including the high-osmolarity glycerol mitogen-
activated protein kinase, Ca*?/calcineurin, and protein kinase
C pathways [26, 27]. Activation of these signaling pathways results
in upregulation of chitin synthase gene expression, increased
chitin synthase activity, and elevated cell wall chitin content
[26, 27]. In addition, increased cell wall chitin content was shown
to protect C. albicans against echinocandins [26]. Increased
cellular chitin was detected in an echinocandin-resistant fksI
mutant C. albicans strain [26] and in echinocandin-resistant
non-fksl  C.
overproduction in C. albicans accounts for paradoxical growth in

albicans mutants [10]. Moreover, chitin

the presence of high echinocandin concentrations [28]. Thus,
increased chitin synthesis is a recurring theme of echinocandin
resistance in C. albicans.
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Figure 6. Inflammatory response to FKST wild-type and mutant C.
albicans strains. The inflammatory response to 3 C. albicans was
assessed using the murine macrophage RAW264.7 cell line containing
a secreted alkaline phosphatase (SEAP) reporter construct indicative of
NF-kB/AP-1 transcription factor activity (see methods). Both CLY16998
(FKS1-WT) and CLY16996 (fks7-S645F not associated with increased cell-
wall chitin content) induced a robust inflammatory response. In contrast,
CLY16997 (fks7-S645P), a mutant with markedly increased cell-wall chitin
content (Figure 1), induced less than 50% of SEAP levels of the wild-type
strain, indicating a dampened inflammatory response. All responses were
reversed by anti-Dectin-1 antibodies. Values represent the means of 3
separate experiments. *P < .05; one-sided ANOVA for comparison
among controls. #P < .01; Students's ttest for comparison between
control and anti-Dectin-1 pretreated cells.

Taken together, our results show that the presence of thick,
chitin-rich cell walls in C. albicans fksI mutants is associated
with reduced virulence and fitness. The chitinous cell wall may
be less amenable to remodeling, as evidenced in the impaired
growth rates and morphotype switching capacities of the fksi
mutants with the highest chitin contents. Filamentation is
a critical determinant of C. albicans resistance to phagocytosis
[29]. Moreover, the cell wall is the interface through which Can-
dida interacts with host immune effector cells. In the present
study, increased cell wall chitin content was associated with an
attenuated Dectin-1-mediated inflammatory response, suggest-
ing that salvage chitin may act as an antiinflammatory signal.
Indeed, chitin molecules have diverse immunoregulatory func-
tions, depending on chitin fragment length [30] and interaction
with fungal proteins [31]. Lastly, down-regulation of proin-
flammatory responses by salvage chitin may account for the at-
tenuation of tissue damage and mortality from progressive sepsis
in the murine model of disseminated candidiasis [32]. Of note,
the FKSI/fksI strain A15 (S645S/P) exhibited normal growth,
formed hyphae in excess of the clonal wild-type strain, and had
preserved virulence in Toll-deficient flies, suggesting that a single

fks1 allele, which does not entail increased cellular chitin syn-
thesis, is insufficient to compromise C. albicans virulence.

Our study has certain limitations. Previous studies of fluco-
nazole resistance in C. albicans showed that, even when re-
sistance was caused by a point mutation, it was accompanied by
complex genome-wide changes in gene expression [33-35].
Thus, differential expression of undefined genes not related to
cell wall structure may alter the fitness of fksI mutants. More-
over, acquisition of additional mutations over successive gen-
erations can offset initial changes in the fitness of C. albicans
[33]. However, we found a strong correlation between the fksI
genotype and reduced fitness and virulence in a wide range of
matched clinical and laboratory C. albicans isolates of different
genetic backgrounds. It is highly unlikely that the same or
similar non-fks mutations were responsible for attenuated vir-
ulence in all of these strains. Moreover, the attenuated virulence
of the clinical fksI mutants suggests that these phenotypic
changes remain stable in the host environment.

The attenuated fitness of echinocandin-resistant fks! mutant C.
albicans strains suggests that these isolates are at an evolutionary
disadvantage in the absence of echinocandin exposure and are
therefore predicted to have limited potential for spread in the
population. This conclusion is consistent with data showing a low
prevalence of fksI hot-spot mutations in a large, geographically
diverse collection of Candida species isolates, despite the increased
use of echinocandins [36]. Moreover, our findings may provide
a biological basis for the seemingly paradoxical results of studies
showing better treatment outcomes in patients infected with
Candida isolates having elevated caspofungin MICs (>2 pg/mL)
than in those infected with caspofungin-susceptible isolates [37].
Finally, our results underscore the importance of cell wall integrity
and plasticity for adaptation of C. albicans to its host environment
and, thus, its capacity for dissemination and lethal infection.
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