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Rhizopus oryzae is the most common cause of zygomycosis, a life-threatening infection that usually occurs in
patients with diabetic ketoacidosis. Despite standard therapy, the overall rate of mortality from zygomycosis
remains >50%, and new strategies for treatment are urgently needed. The activities of caspofungin acetate
(CAS) and other echinocandins (antifungal inhibitors of the synthesis of 1,3-�-D-glucan synthase [GS])
against the agents of zygomycosis have remained relatively unexplored, especially in animal models of infec-
tion. We found that R. oryzae has both an FKS gene, which in other fungi encodes a subunit of the GS synthesis
complex, and CAS-susceptible, membrane-associated GS activity. Low-dose but not high-dose CAS improved
the survival of mice with diabetic ketoacidosis infected with a small inoculum but not a large inoculum of R.
oryzae. Fungal burden, assessed by a novel quantitative PCR assay, correlated with increasing inocula and
progression of disease, particularly later in the infection, when CFU counts did not. CAS decreased the brain
burden of R. oryzae when it was given prophylactically but not when therapy was started after infection. These
results indicate that CAS has significant but limited activity against R. oryzae in vivo and demonstrates an
inverse dose-response effect. The potential for CAS to play a role in combination therapy against zygomycosis
merits further investigation.

Zygomycosis is an infection caused by fungi of the class
Zygomycetes, order Mucorales. Members of this order cause
progressive, necrotic, and generally fatal infections in immu-
nocompromised hosts, such as diabetics with ketoacidosis, neu-
tropenic patients, patients taking corticosteroids, and patients
with elevated available serum iron levels (12, 22, 28, 35). Rhi-
zopus oryzae is the organism that is the most frequently isolated
from patients with zygomycosis (22, 31).

The standard therapy for invasive zygomycosis consists of
reversal of the underlying predisposing factors, widespread
surgical debridement, and aggressive antifungal medication
(12, 22, 35). Amphotericin B deoxycholate (AMB) remains the
only antifungal agent approved for the therapy of invasive
zygomycosis (12, 22, 35). Unfortunately, despite disfiguring
surgical debridement and aggressive therapy with AMB, the
overall rate of mortality from zygomycosis remains �50% (35),
and it approaches 100% in patients with disseminated disease
(20). New strategies for the treatment of zygomycosis are ur-
gently needed.

The echinocandin class of antifungal antibiotics targets the
synthesis of 1,3-�-D-glucan synthase (GS), the activity of which

is essential for the assembly of a functional cell wall in many
fungi (4, 8). The enzyme is a multisubunit complex, which
includes an integral membrane protein and a regulatory sub-
unit, encoded by members of the FKS and RHO1 gene families,
respectively. Echinocandins such as caspofungin acetate (CAS)
have activity against important fungal pathogens, including
Candida and Aspergillus spp. (1, 4, 8). In contrast, limited in
vitro studies have reported that echinocandins have high MICs
for zygomycetes, Fusarium spp., and Cryptococcus neoformans
(26, 29). Subsequent studies found that when CAS is combined
with other drugs, such as AMB or calcineurin inhibitors, CAS
demonstrated substantial in vitro activity against Fusarium so-
lani and C. neoformans (2, 7). These studies prompted us to
further investigate the in vitro and in vivo activities of CAS
against R. oryzae. We report that R. oryzae has an FKS gene and
that CAS inhibits GS activity in crude R. oryzae membrane
preparations. Additionally, CAS demonstrates efficacy in vivo
during disseminated R. oryzae infection in diabetic ketoacidotic
mice.

(This work was presented in part at the 42nd and 43rd
Interscience Conferences on Antimicrobial Agents and Che-
motherapy, San Diego, Calif., 27 to 30 September 2002, and
Chicago, Ill., 14 to 17 September 2003, respectively.)

MATERIALS AND METHODS

Organism. The R. oryzae 99-880 isolate and conditions for growth were de-
scribed previously (21). Spores were counted and adjusted to the desired con-
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centration in endotoxin-free phosphate-buffered saline (PBS). The viability of
the spores was �95%, as determined by CFU quantitation. Susceptibility testing
was performed in RPMI 1640 buffered with morpholinepropanesulfonic acid
(0.165 M; pH 7.0), and the result was read after 24 h at 35°C. The minimum
effective concentration of CAS was determined in this medium with the endpoint
described previously (27).

Genomic DNA isolation, PCR, and Southern hybridization. Approximately
105 R. oryzae spores were inoculated into 5 ml of GYEP medium (5% glucose,
0.1% yeast extract, 0.1% peptone) and incubated overnight at 37°C, and the
genomic DNA was purified from the mycelium, as described previously (37).

A pileup of amino acid sequences predicted from the FKS genes of Aspergillus
fumigatus, Candida albicans, C. neoformans, and Saccharomyces cerevisiae was
performed; and degenerate primers homologous to conserved regions in the
pileup were designed. The primer sequences are as follows: sense primer, 5�-A
AYCAIGAYAAITAIYTIGA-3�; antisense primer, 5�-TTICCRCAITGITAITA
YTC-3� (where I is inosine, Y is C or T, and R is A or G). PCR products were
cloned with the pCR2.1 TOPO TA cloning kit (Invitrogen, Carlsbad, Calif.) and
sequenced with a Big Dye Terminator (version 3.0) cycle sequencing kit (Applied
Biosystems, Foster City, Calif.). Sequencing reactions were run on an ABI
PRISM 3100 genetic analyzer (Applied Biosystems), according to the instruc-
tions of the manufacturer.

For Southern blot analysis, approximately 15 �g of R. oryzae genomic DNA
was digested with restriction enzymes, subjected to gel electrophoresis, and
transferred to a Nytran membrane (Schleicher & Schuell, Keene, N.H.). The R.
oryzae PCR product was radiolabeled with random primers (Invitrogen); hybrid-
ization and washing of the blot were performed at high stringency, and the signals
were visualized by autoradiography.

Characterization of R. oryzae GS activity. Crude R. oryzae membranes con-
taining GS activity were isolated from mycelia grown in liquid culture. YME
medium (0.4% yeast extract, 1.0% malt extract, 0.4% dextrose) was inoculated
with 106 R. oryzae 99-880 spores per ml of culture, and the spores were incubated
for 18 h at 37°C with shaking at 220 rpm. The mycelia were harvested by filtration
over a Miracloth and rinsed several times with water. Excess water was squeezed
from the fungal mass, and the wet weight was determined. The mycelia were
resuspended in 3 ml of extraction buffer (50 mM HEPES [pH 7.5], 1 mM EDTA,
1 mM dithiothreitol, 10% glycerol, complete protease inhibitor [Roche, India-
napolis, Ind.]) per g (wet weight) and disrupted by passage (two times) through
a prechilled French press at 12,000 lb/in2. Unbroken cells were removed by
centrifugation at 2,500 � g for 10 min, and the crude membranes were collected
by centrifugation at 100,000 � g for 1 h. The membrane pellet was resuspended
in storage buffer (50 mM HEPES [pH 7.5], 1 mM EDTA, 1 mM dithiothreitol,
and 20% glycerol containing protease inhibitors) by using a Dounce homoge-
nizer, and the suspension was stored at �80°C. The membrane protein concen-
tration was determined from a sample solubilized in detergent (0.03% sodium
deoxycholate) and precipitated with trichloroacetic acid (TCA) (11) by using a
Micro-BCA protein assay kit (Pierce, Rockford, Ill.).

GS activity was measured as described previously (11). Each 100-�l reaction
mixture contained 30 �g of crude membranes, 50 mM HEPES (pH 7.5), 10%
glycerol, 3.5 mg of bovine serum albumin per ml, 25 mM KF, 1 mM EDTA, 25
�M guanosine 5�-[gamma-thio]triphosphate (GTP�S), 0.5 mM UDP-glucose,
and 0.3 �Ci of [3H]UDP-glucose (34 Ci/mmol; Amersham, Piscataway, N.J.).
The reaction mixtures were incubated at 30°C for 4 h with gentle rocking, the
reactions were stopped by the addition of 100 �l of ice-cold 20% TCA, and the
product was collected on glass-fiber filters (Whatman; Fisher Scientific) and
washed three times with water. The radiolabeled product was measured by liquid
scintillation counting. For product characterization, the reactions were termi-
nated by boiling for 2 min, and solubility in either 0.1 M acetic acid or 0.1 M
NaOH or susceptibility to digestion with 1,3-�-D-glucanase (0.25 U of Zymolyase
T-100; Seikagaku America, E. Falmouth, Mass.) was measured as described
previously (11, 27). The 50% inhibitory concentration (IC50) of CAS for GS was
determined from a drug titration (100 to 0.002 �g of CAS per ml from a
10-mg/ml stock solution prepared in water) with Prism software (version 3.0;
GraphPad, San Diego, Calif.).

Animal model. Male BALB/c mice (weight, �24 g; Harlan, San Diego, Calif.)
were housed in groups of five mice each and were given irradiated feed and
sterile water ad libitum. Animal studies were conducted in accordance with the
National Institutes of Health guidelines for the care and use of laboratory
animals.

Mice were rendered diabetic by administering streptozotocin (210 mg/kg of
body weight), as described previously (21). This dose of streptozotocin caused
diabetes in 80 to 90% of the injected mice (data not shown). Glycosuria and
ketonuria were determined with keto-Diastix reagent strips (Bayer, Elkhart,
Ind.) 7 days after streptozotocin treatment. Only mice that developed diabetes

with mild ketoacidosis (level of ketonuria, �5 mg/dl) were included in the study
(39). A suspension of 0.2 ml of PBS containing R. oryzae spores in endotoxin-free
PBS was injected into the lateral tail vein. To confirm the inoculum, dilutions
were streaked on potato dextrose agar (PDA) plates, and the colonies were
counted following 24 h of incubation at room temperature. After infection, the
mice were randomly sorted into different treatment groups.

Drugs and therapy. AMB (Fungizone; Bristol-Myers Squibb) was given in 5%
glucose at a dose of 1 mg/kg/day. CAS powder (Merck Research Laboratories)
was dissolved daily in sterile water and was given at a total dose of 1, 5, or 10
mg/kg/day.

Drugs were administered intravenously via the lateral tail vein. Because intra-
venous injection of diabetic mice with a 1-mg/kg dose of AMB proved to be toxic
(21), we chose to administer both drugs twice daily (b.i.d.) at the same total dose
(e.g., AMB and CAS at 1 mg/kg/day were given as 0.5 mg/kg b.i.d.). This dosing
regimen eliminated the infusion toxicity associated with AMB and showed no
toxicity of CAS (21). Therapy was initiated either 24 h after infection and
continued for 4 days (delayed therapy) or 24 h prior to infection with a repeat
dose given immediately prior to infection (prophylaxis). In both therapy regi-
mens, infected untreated control mice received vehicle alone. The primary end
point for efficacy was the time of survival, and tissue fungal burden was assessed
as a secondary end point.

Quantitation of tissue fungal burden in target organs and histopathological
examination. At selected times after infection, mice were euthanized by pento-
barbital administration (300 mg/kg intraperitoneally) and the organs were re-
moved and weighed. To directly compare the CFU counts with the values
obtained by quantitative PCR (qPCR), the kidneys were cut in half and the
fungal burden was quantified by either CFU or qPCR analysis. For all other
tissue fungal burden studies, the organs were evaluated solely by qPCR. Addi-
tionally, for histopathological analysis, the kidneys and brains were collected
from infected mice at 48 h postinfection and fixed in 10% zinc formalin. Fixed
tissues were embedded in paraffin, and 5-�m sections were stained with periodic
acid-Schiff for light microscopy examination.

To measure the CFU in infected tissues, the harvested organs were homoge-
nized with a Pro 250 handheld tissue homogenizer (Pro Scientific, Inc., Monroe,
Conn.) on setting 5. Homogenized tissues were serially diluted in 0.85% saline,
and homogenates were spread on PDA plates containing 50 �g of chloramphen-
icol per ml. The colonies present after 24 h at room temperature were counted,
and values were expressed as log10 CFU per gram of tissue. For qPCR analysis,
the samples were homogenized as described previously (4), except that the tissue
and hyphae were mechanically disrupted by vigorous agitation in a Mixer Mill
300 instrument (QIAGEN, Valencia, Calif.) at 1,800 oscillations per min (three
times for 30 s each time), with 1-min pauses between bursts. DNA, which was
extracted as described previously (4), was stored at �20°C. Oligonucleotide
amplification primers and a dual-labeled fluorogenic oligonucleotide hybridiza-
tion probe complementary to the R. oryzae 18S rRNA gene (GenBank accession
no. AF113440) were designed with Primer Express software (version 1.5; Ap-
plied Biosystems) and synthesized by Applied Biosystems or Integrated DNA
Technologies (Coralville, Iowa). The sequences of these oligonucleotides are as
follows: (i) sense amplification primer, 5�-GCGGATCGCATGGCC-3�; (ii) an-
tisense amplification primer, 5�-CCATGATAGGGCAGAAAATCG-3�; and
(iii) hybridization probe, 5�-FAM-TGTGCCGGCGACGGTCCAC-TAMRA-3�
(where FAM is 6-carboxyfluorescein and TAMRA is 6-carboxytetramethylrho-
damine). The qPCRs were performed as described previously (4).

Differences in DNA recovery between samples were normalized by quantifying
a nonmurine, nonfungal DNA sequence on a plasmid which was added to the
saline used to homogenize all samples. The plasmid bears a 3-kb fragment
containing the protein-coding region of Eimeria tenella PKG cDNA (GenBank
accession no. AF411961). After homogenization and DNA isolation, the samples
were analyzed by qPCR with the following primers and probe specific for the
PKG gene sequence: (i) sense amplification primer, 5�-AGGGCTTTGCTGCA
CGAC-3�; (ii) antisense amplification primer, 5�-TCCACCTCGGGACTGTTT
G-3�; and (iii) hybridization probe, 5�-FAM-TGCTACTGTTGCAGACCGCC
GCT-TAMRA-3�.

qPCR quantitation of the PKG target sequence allows an estimate of the
recovery of DNA from crude homogenate through the final DNA sample to be
made. The percent recovery of PKG DNA is calculated for each experimental
sample and is used to normalize each qPCR datum point for the R. oryzae 18S
rRNA gene target.

Statistical analysis. Survival data were analyzed by the nonparametric log-
rank test. Differences in tissue fungal burdens in the infected organs were
compared by the nonparametric Steel test for multiple comparisons. Correla-
tions were calculated by the nonparametric Spearman rank sum test. P values of
	0.05 were considered significant.
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RESULTS

R. oryzae FKS gene. In all fungi examined to date, the pres-
ence of an FKS gene has been predictive of GS activity, and
there is a high degree of homology between FKS genes from
diverse fungal genera (9). We used degenerate primers homol-
ogous to conserved residues in a number of known FKS se-
quences in an effort to identify an FKS homolog in R. oryzae. A
fragment similar in size to the equivalent region of A. fumigatus
FKS (
400 bp) was amplified by PCR, cloned, and sequenced.
The predicted amino acid sequence revealed a portion of a
unique Fks protein with a high degree of conservation (64%)
to other members of the Fksp family (Fig. 1). The R. oryzae
FKS fragment was used as a probe for total R. oryzae genomic
DNA on a Southern blot, and only a single FKS homolog was
detected under conditions of high stringency (data not shown).

R. oryzae membranes contain CAS-susceptible GS activity.
Fungal GS is an enzyme complex associated with the plasma
membrane. To look for GS activity in R. oryzae, crude mem-
branes prepared from growing mycelium were incubated with
the GS substrate UDP-glucose and evaluated for the synthesis
of a TCA-insoluble product. The activity in crude membranes
was both time and protein dependent. As expected for authen-
tic 1,3-�-D-glucan, the radiolabeled product of the R. oryzae GS
reactions was 100% soluble in dilute base, partially soluble
(30.5%) in dilute acid, and susceptible to digestion with exo-
1,3-�-D-glucanase (data not shown). The GS activity in crude
R. oryzae membranes was inhibited by CAS in a dose-depen-
dent manner, with an estimated IC50 of 11.9 �g/ml.

In vitro inhibition of R. oryzae growth by CAS and AMB. The
susceptibility of R. oryzae strain 99-880 to CAS and AMB was
measured in a liquid broth microdilution assay. By using the
conditions defined in the NCCLS M38A document (28a), the
MIC and the minimum effective concentration of CAS were
�16 �g/ml for this isolate, and the AMB MIC was 0.25 �g/ml
for this isolate.

CAS improves the survival of diabetic mice infected with a
small inoculum of R. oryzae. The inhibition of R. oryzae GS by
CAS and the discovery of an FKS homolog demonstrate that
the drug target is present in this organism. CAS might be
effective against R. oryzae in vivo, despite the high MIC, espe-

cially given the known constraints of MIC testing with molds
(13, 29). The in vivo efficacy of CAS was tested in diabetic
ketoacidotic mice infected with R. oryzae. Intravenous treat-
ment with AMB (0.5 mg/kg b.i.d.) or CAS (0.5, 2.5, or 5 mg/kg
b.i.d.) was initiated 24 h after the mice were infected with 5 �
102 or 5 � 103 spores of R. oryzae. At 0.5 mg/kg b.i.d., CAS, but
not AMB, improved the survival of mice infected with 5 � 102

spores of R. oryzae compared to that of the infected untreated
mice (P � 0.049) (Fig. 2a). Eighty percent of the diabetic mice
treated with CAS at 0.5 mg/kg/day were alive 10 days after
infection, whereas 30% of the infected untreated mice were
alive at that time. Surprisingly, higher doses of CAS (2.5 or 5
mg/kg b.i.d.) did not improve the rate of survival. Neither CAS
nor AMB protected mice from the larger inoculum (5 � 103

spores) of R. oryzae (Fig. 2b).
Tissue fungal burden determined by qPCR but not CFU

correlates with disease progression in diabetic mice infected
with R. oryzae. Because of the nature of hyphal growth of
filamentous fungi, CFU determination may not accurately
measure the fungal biomass in infected tissues (3). We there-
fore sought to develop a qPCR-based assay, previously used to
measure the extent of A. fumigatus infection in mice (4), to
quantitate the R. oryzae burden in murine tissues. We initially
quantified the fungal burden in the kidney because the gross
appearance of the kidneys in preliminary necropsies was more
abnormal than that of the other organs (data not shown). At
6 h postinfection, there were strong correlations between the
inoculum and the fungal burden measured by either CFU
determination or qPCR (P 	 0.0001 for both end points;
Spearman rank sum correlation value [�] � 0.97 for CFU and
0.95 for qPCR) (Fig. 3). The results from the CFU and qPCR
analyses strongly correlated with each other at this time point
(P 	 0.0001; � � 0.93) (Fig. 3c), consistent with the expecta-
tion that R. oryzae is predominantly present as spores and small
germlings rather than long hyphae at 6 h postinfection. By 24 h
after infection, the results of both CFU and qPCR analyses still
correlated with the inocula and with each other, but to a
slightly decreased degree (P 	 0.0001 and � � 0.91 for both
CFU and qPCR; P � 0.0001 and � � 0.89 for CFU versus
qPCR). However, when the mycelial burden was measured at

FIG. 1. Amino acid sequences derived from the FKS genes of S. cerevisiae (FKS1, GenBank accession no. U12893; FKS2, GenBank accession
no. U16783), C. albicans (GenBank accession no. D88815), C. neoformans (GenBank accession no. AF102882), and A. fumigatus (GenBank
accession no. U79728) were aligned with the putative R. oryzae Fksp amino acid sequence. Gray shading represents amino acids that share identity
among all Fks proteins shown. Asterisks denote positions whose sequences could not be determined due to the incorporation of inosine in the
degenerate primers used to clone the R. oryzae FKS fragment.
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48 h, by which time filamentation is expected to have occurred
in vivo, there was no correlation between CFU values and the
inocula (P � 0.2) or between the CFU and qPCR values (P �
0.1; � � 0.39). In contrast, the results of qPCR analysis still
correlated strongly with the burden in tissue from the increas-
ing inocula (P � 0.0001, � � 0.9) (Fig. 3). Infection in the
kidneys progressed between 6 and 48 h postinfection at the
three largest inocula (�5 � 104 CFU/ml), but only when qPCR
values (Fig. 3b) and not CFU values (Fig. 3a) were considered.
Histopathology of the brains and kidneys of mice infected with
5 � 105 spores of R. oryzae confirmed the presence of active
infection at 48 h, in line with the qPCR results (Fig. 3d).

We assessed the tissue distribution and progression of R.
oryzae disease in this model using qPCR. Mice infected with 5
� 104 spores of R. oryzae were euthanized 72 h postinfection;
and the brains, kidneys, spleens, livers, and lungs were col-
lected and evaluated for their fungal burdens. The heaviest
fungal load in diabetic mice infected with R. oryzae 99-880 was
in the brain; and secondary target organs included the kidney,
spleen, liver, and lung (Table 1). In another study, animals
infected with 105 spores were either monitored for survival or

assessed for the fungal burden in their brains and kidneys by
qPCR. The infections in both organs progressed between days
1 and 3 postinfection, and all deaths in the survival group
occurred on day 3 postinfection (Fig. 4). The infections in the
brains were consistently more severe than those in the kidneys,
and an apparent peak of brain burden coincident with the
onset of mortality was observed.

Prophylactic treatment but not delayed therapy with CAS
reduces the fungal burden. Because CAS showed promising
activity in protecting mice from R. oryzae infection, we inves-
tigated the effect of drug treatment on fungal burden. On the
basis of our earlier results (Table 1), the brains and kidneys
were chosen for assessment of the tissue burden by qPCR.

Mice were infected with 5 � 103 spores of R. oryzae, and
treatment with AMB or CAS at 0.5 mg/kg b.i.d. was initiated
for 2 days either 24 h prior to infection (prophylactic treat-
ment) or 24 h after infection (delayed treatment). Compared
to the outcome for untreated controls, prophylactic treatment
with AMB or CAS significantly reduced the brain fungal bur-
den by �1.7 log10 spore equivalents at 24 h following admin-
istration of the last dose of therapy (P � 0.005) (Table 2). The
fungal burdens in kidneys from the same animals trended to
lower levels with AMB or CAS therapy (P � 0.15 and 0.1,
respectively). The tissue fungal burdens of mice treated pro-
phylactically were no longer different from those of the un-
treated controls by 48 h after administration of the last dose of
CAS (Table 2). In contrast to prophylactic treatment, delayed
therapy with AMB and CAS did not significantly reduce the
tissue fungal burden in the kidneys or brain (data not shown).

DISCUSSION

There have been no prospective randomized trials to define
the optimal antifungal therapy for zygomycosis, and AMB re-
mains the only antifungal agent approved for the treatment of
this infection (22, 35). However, given the unacceptably high
rate of mortality from zygomycosis (�50%), clinicians are in
dire need of novel therapeutic strategies for this disease. In the
past decade, new therapies that may be useful for the treat-
ment of zygomycosis have become available. For example,
high-dose lipid formulations of AMB have been demonstrated
to be efficacious in both a murine model of R. oryzae infection
(21) and individual patients (15, 19). Studies have also sug-
gested that the investigational triazole posaconazole may be
effective (5, 6, 36). The potential activities of echinocandins
against zygomycosis have remained relatively unexplored, due
in part to their unimpressive in vitro activities against zygomy-
cetes.

In this study, we demonstrated that the most common caus-
ative organism of zygomycosis, R. oryzae, possesses a genetic
homolog of FKS, the molecular target of echinocandin and a
subunit of GS. CAS was shown to inhibit R. oryzae GS activity.
Given the presence of the target enzyme in R. oyrzae and the
known difficulties of interpreting echinocandin MICs for molds
(14, 29), we tested the efficacy of CAS at 0.5, 2.5, and 5 mg/kg
b.i.d. for the treatment of zygomycosis in vivo. These doses
were chosen on the basis of the findings of previous studies of
Candida, Aspergillus, and Histoplasma infections (1, 4, 16, 17,
23, 24). The 0.5-mg/kg b.i.d. dose approximates the normal
dose in humans (a 70-mg load, followed by 50 mg/day) (17). As

FIG. 2. Survival of diabetic mice infected with 5 � 102 (a) or 5 �
103 (b) spores of R. oryzae and treated with different regimens of AMB,
CAS, or vehicle. Treatment was initiated at 24 h postinfection and was
given twice daily for a total of 4 days. (a) n � 10 mice per group; (b)
n � 12 mice per group. �, P 	 0.05 for CAS (0.5 mg/kg b.i.d.) versus
the results obtained with placebo; solid line, uninfected and untreated;
■ , infected and untreated; Œ, AMB at 0.5 mg/kg b.i.d.; �, CAS at 0.5
mg/kg b.i.d.; �, CAS at 2.5 mg/kg b.i.d.; F, CAS at 5.0 mg/kg b.i.d.
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well, the levels achievable in serum with the 2.5-mg/kg b.i.d.
dose are approximately 20 to 30 �g/ml in mice (32) and there-
fore are in excess of the IC50 for the R. oryzae GS enzyme.
Finally, because R. oryzae is notoriously resistant to antifungal
therapy, we also tested a dose higher than that evaluated pre-
viously (5 mg/kg b.i.d.), and the dose was found to be nontoxic
in our preliminary experiments (data not shown). We found
that one CAS dosing regimen (0.5 mg/kg b.i.d.) improved the
rate of survival of diabetic ketoacidotic mice infected with a
small inoculum (5 � 102 spores) of R. oryzae. There was a
surprising inverse dose-response relationship for CAS in this
study, with higher doses failing to improve survival. The reason
for this inverse dose-response relationship is unclear, but it
may be a phenomenon similar to the Eagle effect seen with
�-lactams and other antibiotics, in which extremely high con-
centrations of drug are less microbicidal than lower concen-
trations (25, 34). There have been other reports of an inverse

dose-response relationship for the antifungal activities for
echinocandins. For example, more than 15 years ago, cilofun-
gin demonstrated worse in vitro activity against Candida spp. at
higher concentrations (18). More recently, a similar in vitro
phenomenon was described for CAS against C. albicans in the
context of biofilm formation (30). Finally, Stevens et al. (33)
have confirmed the phenomenon of a paradoxical increased

FIG. 3. qPCR measurement better reflects progression of R. oryzae infection in kidneys than CFU quantitation. Log10 CFU (a) and log10 spore
equivalents (b) per gram of kidney tissue as functions of the inoculum at various time points after infection are shown. The limit of detection for
the qPCR assay is 1.99 log10 spore equivalents per gram of kidney tissue. Data are displayed as medians  interquartile ranges. (c) Log10 CFU
(y axis) versus log10 spore equivalents (x axis) per gram of kidney tissue at various time points (n � 5 mice per group). � was determined by the
Spearman rank sum test. �, P 	 0.05. (d) Periodic acid-Schiff staining of brain and kidney tissues from diabetic mice infected for 48 h with 5 �
105 spores of R. oryzae. Arrows indicate R. oryzae hyphae in tissue. Magnifications, �400.

TABLE 1. Distribution of R. oryzae burden in infected untreated
diabetic mice as determined by qPCRa

Tissue
Log10 spore
equivalents/g

of tissue

Brain ..........................................................................................6.60  0.07
Kidney .......................................................................................4.81  0.68
Spleen ........................................................................................3.84  0.03
Liver...........................................................................................3.77  0.34
Lung...........................................................................................3.30  0.49

a Mice (n � 5) were infected with 5 � 104 spores of R. oryzae and were
euthanized at 72 h postinfection. Values are means  standard errors.

FIG. 4. Correlation between onset of mortality and increased fun-
gal burden, as determined by qPCR. Diabetic mice were infected with
105 R. oryzae spores, and parallel groups of mice were either monitored
for survival (n � 8) or euthanized for measurement of kidney and brain
tissue fungal burdens. Tissue fungal burden values are presented as
means  standard errors of log10 spore equivalents per gram of tissue.
Values in parentheses represent the numbers of mice used to deter-
mine the tissue fungal burdens.
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growth of C. albicans at higher in vitro concentrations of CAS.
The in vivo significance of these in vitro data is underscored by
the findings from a murine model of CAS treatment for pul-
monary aspergillosis (40) that are similar to our results with R.
oryzae.

As an additional marker of efficacy, we evaluated the impact
of CAS therapy on the tissue burden of R. oryzae. During
infection, R. oryzae propagates in the filamentous form through
apical extension (38). The relationship between CFU and fun-
gal mass is not well defined for most molds, which grow as
multicellular mycelia in the organs of infected hosts (4, 38). We
found that the R. oryzae CFU values in the kidneys of infected
mice did not increase with time, and there was no correlation
between the initial inoculum and the fungal load at a time
when hyphal growth is prevalent in tissues (48 h postinfection).
To circumvent this problem, we developed a qPCR-based as-
say to quantify R. oryzae in the tissues of infected mice. Previ-
ous work with A. fumigatus suggested that qPCR could be used
to measure the progression of infection and the efficacy of
antifungal therapy in animal models of disease (4). In contrast
to CFU measurement, the fungal burden assessed by qPCR
correlated with the increasing inoculum at all times tested and
also temporally paralleled the rate of mortality. Our results
indicate that qPCR values more accurately reflect the R. oryzae
burden in tissue than CFU values beyond 24 h of infection in
mice. Histopathology confirmed the presence of extensive hy-
phae in the kidneys and brains of mice infected with the largest
inocula (5 � 105) at 48 h (Fig. 3d), concordant with the qPCR
results and discordant with the CFU results. Therefore, the
histopathology findings support the conclusion that qPCR is
more accurate for quantitation of the burden of filamentous
fungi in tissue beyond 24 h of infection. Of note, although the
qPCR results accurately reflected the tissue fungal burden,
only a small amount of tissue is actually assessed for fungal
burden in the qPCR assay (	1 mg equivalent). As a result, the
inoculum required to detect a qPCR signal (1 � 104) was
20-fold greater than the smallest inoculum required to cause
death (5 � 102).

Prophylaxis with CAS decreased the burden of R. oryzae in
the kidneys and brains when it was measured at 24 h posttreat-
ment. However, this therapeutic effect was lost by 72 h post-
treatment, at which point the burdens were equivalent in
treated and untreated mice. The tissue fungal burden was
assessed with inocula larger than those used to assess survival,
due to the lower limit of detection of the qPCR assay, which
required an inoculum of at least 104 spores to permit detection
of the fungal burden. Hence, direct comparisons of the effects

of CAS on survival and tissue fungal burden as assessed by
qPCR could not be performed in this study.

One possible explanation for the limited activity of CAS is
the requirement for a relatively high concentration of drug to
inhibit R. oryzae GS. Echinocandins inhibit crude GS from
susceptible fungi (A. fumigatus and C. albicans) with IC50s in
the nanogram-per-milliliter range (10, 27), which is roughly
1,000-fold lower than the concentration of CAS required to
inhibit R. oryzae GS synthesis by 50% (
12 �g/ml). However,
there was no trend toward superior efficacy with increasing
CAS dose in our models of infection, suggesting that incre-
mental increases in GS inhibition might not lead to greater
susceptibility in vivo. The role of GS in R. oryzae cell wall
metabolism is poorly understood. The fungus may form a func-
tional wall in the absence of 1,3-�-D-glucan (i.e., GS may not
be essential in R. oryzae), or synthesis may be important during
one phase of apical growth and dispensable during another. A
more thorough characterization of R. oryzae GS, and cell wall
synthesis in general, is warranted.

In summary, we demonstrated that R. oryzae possesses an
FKS homolog and contains membrane-associated GS activity
which can be inhibited by CAS, albeit at relatively high con-
centrations. Despite unimpressive MICs, therapy with CAS at
0.5 mg/kg b.i.d. resulted in significant improvement in survival
during murine zygomycosis caused by a small inoculum of R.
oryzae. CAS given prophylactically reduced the tissue fungal
burden early in the infection, but the protective benefit of CAS
was lost with a larger inoculum or at later time points. Finally,
assessment of the organ fungal burden by a qPCR assay was
superior to CFU measurement for monitoring the progression
of R. oryzae infection. Although these results do not support a
role for CAS as monotherapy against R. oryzae, its potential for
use in combination therapy with a polyene or azole merits
investigation.
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