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Attenuated activity of echinocandin antifungals at high concentrations, known as the “paradoxical effect,” is
a well-established phenomenon in Candida albicans and Aspergillus fumigatus. In the yeast C. albicans, upregu-
lation of chitin biosynthesis via the protein kinase C (PKC), high-osmolarity glycerol response (HOG), and
Ca2�/calcineurin signaling pathways is an important cell wall stress response that permits growth in the
presence of high concentrations of echinocandins. However, nothing is known of the molecular mechanisms
regulating the mold A. fumigatus and its paradoxical response to echinocandins. Here, we show that the
laboratory strain of A. fumigatus and five of seven clinical A. fumigatus isolates tested display various magni-
tudes of paradoxical growth in response to caspofungin. Interestingly, none of the eight strains showed
paradoxical growth in the presence of micafungin or anidulafungin. Treatment of the �cnaA and �crzA strains,
harboring gene deletions of the calcineurin A subunit and the calcineurin-dependent transcription factor,
respectively, with high concentrations of caspofungin revealed that the A. fumigatus paradoxical effect is
calcineurin pathway dependent. Exploring a molecular role for CnaA in the compensatory chitin biosynthetic
response, we found that caspofungin treatment resulted in increased chitin synthase gene expression, leading
to a calcineurin-dependent increase in chitin synthase activity. Taken together, our data suggest a mechanistic
role for A. fumigatus calcineurin signaling in the chitin biosynthetic response observed during paradoxical
growth in the presence of high-dose caspofungin treatment.

The echinocandin antifungals inhibit 1,3-�-D-glucan synthe-
sis, and all three currently available echinocandins (caspofun-
gin, anidulafungin, and micafungin) have activity against both
yeasts and molds. However, in vitro and in vivo studies with this
antifungal class have revealed an interesting “paradoxical ef-
fect” on growth, evidenced by a recurrent increase in the
growth of the fungal organism at drug concentrations above a
certain threshold (36).

The paradoxical effect was first described for caspofungin
treatment of Candida albicans and was not found to be due to
mutation or increased expression of glucan synthase activity
(30, 32). Further studies showed that this paradoxical effect on
growth occurred in many Candida species, appearing in both
planktonic and biofilm cells (22). Early efforts to elucidate a
mechanism revealed increased chitin content in the cell wall
upon caspofungin treatment (31). Initial studies with the Sac-
charomyces cerevisiae FKS1 deletion mutant, a strain defective
in the 1,3-�-D-glucan synthase, showed that chitin biosynthesis
is upregulated in response to glucan depletion (14). Further-
more, at the molecular level, several signal transduction path-
ways have been implicated in the regulation of the C. albicans
paradoxical effect, including protein kinase C (PKC), high-
osmolarity glycerol response (HOG), and calcineurin signaling

events (25, 34, 35). Although it is well described, the paradox-
ical effect is known to be a species- and echinocandin-specific
occurrence among Candida spp. (5, 12).

The echinocandins possess fungistatic activity against the
mold Aspergillus fumigatus; however, little is known about the
molecular mechanisms controlling the paradoxical effect in this
organism. In contrast to what was observed in the yeast studies,
the first evidence of a paradoxical effect in A. fumigatus came
from in vivo studies. Wiederhold et al. found that the pulmo-
nary fungal burden was greater in a murine model of invasive
pulmonary aspergillosis in animals receiving the highest doses
of caspofungin (37). However, recent in vivo data suggest that
the A. fumigatus paradoxical effect may be echinocandin spe-
cific (18), and an in vitro XTT-based assay revealed a paradox-
ical increase in Aspergillus metabolic activity that appears to be
species, strain, and echinocandin specific (3, 4).

In A. fumigatus, pharmacologic inhibition of calcineurin or
deletion of calcineurin pathway components in combination
with caspofungin treatment has been shown to attenuate
growth and enhance cell wall damage (15, 29). Previously, we
showed that echinocandin treatment of A. fumigatus produces
an increase in cell wall chitin content and that the calcineurin
pathway plays an important role in this response (13). Here, we
sought to investigate the paradoxical effect in our laboratory
strain compared to that observed in multiple clinical isolates
and to further understand the mechanistic linkage of the cal-
cineurin pathway to the regulation of chitin biosynthesis in
response to caspofungin treatment.
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MATERIALS AND METHODS

A. fumigatus strains and cell wall assay conditions. The strains used in this
study are listed in Table 1. All strains were maintained on glucose minimal
medium (GMM) as previously described (28). To analyze cell wall composition
changes in response to echinocandin treatment, 1 � 107 conidia/ml from each
strain were inoculated into GMM broth and incubated for 48 h at 37°C in the
presence or absence of the indicated concentration of drug. Hyphae were har-
vested, and quantification of cell wall chitin and 1,3-�-D-glucan was performed as
previously described (13, 16). To visualize the in vitro paradoxical effect, 5,000
conidia from each strain were inoculated onto GMM agar impregnated with
ascending doses of each echinocandin (0, 0.5, 1, 2, 4, and 8 �g/ml) and allowed
to grow for 48 h at 37°C. The radial growth rate was calculated as the change in
colony diameter observed between 24 and 48 h and was expressed as mm/h.
Caspofungin, anidulafungin, and micafungin were dissolved and stored as pre-
viously described (13). Trifluoperazine (TFP) and FK506 were dissolved in
sterile distilled water at 100 mM and 5 mg/ml, respectively, and stored at �20°C
until use. Chitinase (C6137; Sigma) was resuspended in potassium phosphate
buffer (200 mM potassium phosphate, 2 mM calcium chloride), pH 6.0, at 1 U/ml
immediately before use.

Identification of putative CDRE sites and real-time RT-PCR for chitin syn-
thase gene expression analysis. Calcineurin-dependent response elements
(CDREs) are promoter sequences that have been shown to bind to the cal-
cineurin pathway transcription factor Crz1p in S. cerevisiae (23). These CDRE
sequences were identified in each of the chitin synthase gene promoters through
manual interpretation of the genomic sequence upstream of the gene coding
region using the CDRE site consensus sequence GNGGC(G/T)CA (26, 38). For
reverse transcription-PCR (RT-PCR) analysis, conidia from the wild-type (WT)
and �cnaA strains were inoculated into GMM broth (1 � 107 conidia/ml) and
incubated at 37°C for 48 h. After 48 h of growth, each culture was treated with
caspofungin (4 �g/ml) alone or caspofungin (4 �g/ml) plus FK506 (200 ng/ml)
for 90 min. Hyphae were then harvested by vacuum filtration, washed 5 times
with sterile distilled water, and frozen under liquid nitrogen. Total RNA was
extracted using Qiagen RNeasy columns (Qiagen, Inc.) and was treated with
DNase I (Ambion). Approximately 500 ng of the RNA was subjected to first-
strand cDNA synthesis (Bio-Line). Real-time PCR assays were performed with
20-�l reaction volumes that contained 1� iQ SYBR green master mix, 0.2 �M
each primer, and 2 �l of a 1:5 dilution of the cDNA. In a separate experiment,
GMM cultures of the wild-type and �cnaA strains were incubated as described
above, followed by addition of caspofungin (4 �g/ml) for 4 h and incubation at
37°C at 250 rpm. RNA was extracted and RT-PCR performed as described
above. The primers used for real-time PCR expression analysis are listed in Table
2. Real-time PCRs from each independent experiment were performed in trip-
licate, and the expression levels of all genes of interest were normalized to
�-tubulin levels. Real-time PCRs were performed in biological triplicate and the
data presented as the mean � standard deviation (SD). The 2���Ct method of
analysis was used to determine the changes in gene expression in each sample
following treatment with caspofungin.

Preparation of membrane fractions. A protocol for preparation of crude and
microsomal membrane fractions was adapted from the method of Mellado et al.
(21). Briefly, 1 � 107 conidia/ml from each strain were grown in GMM broth for
24 h at 37°C at 250 rpm. Caspofungin (4 �g/ml) alone or caspofungin (4 �g/ml)
plus FK506 (200 ng/ml) was added to each culture and then incubated further for
an additional 24 h. The resulting mycelia were harvested by vacuum filtration
over sterile Miracloth (Calbiochem) and washed three times with sterile water.
The wet mycelial mats were immediately stored on ice, followed by homogeni-
zation with a mortar and pestle under liquid nitrogen. The disrupted mycelia
were then resuspended in 1 ml of extraction buffer (50 mM Tris-HCl [pH 7.5], 50
mM EDTA, and 1 mM phenylmethylsulfonyl fluoride [PMSF]) and centrifuged
at 8,000 rpm at 4°C. Following centrifugation, the supernatants were removed
and a portion was set aside as the crude extract. The remaining supernatant
fraction was centrifuged at 100,000 � g for 40 min at 4°C. The pelleted mem-
branes were then washed with 1 ml wash buffer (50 mM Tris-HCl [pH 7.5] and
5 mM magnesium acetate) and centrifuged as described above. After being
washed, microsomal membrane fraction pellets were resuspended in 50 mM Tris-
HCl [pH 7.5] plus 30% glycerol. Washed membrane fractions were solubilized by the
addition of 1% digitonin and incubation at 30°C for 15 min. Solubilized membranes
were stored at �80°C until further use. To quantify the total protein in solubilized
membrane extracts, the Bradford assay was performed on each sample.

Chitin synthase activity assay. A nonradioactive chitin synthase activity assay
was adapted from the method of Lucero et al. (20). All components used in the
assay were obtained and prepared as previously described (20). The assay is
performed with a 96-well-plate format and is composed of 2 steps: preparation of
the plate wells and performing of the assay.

(i) Preparation of 96-well plates (3595; Corning) coated with WGA. Wheat
germ agglutinin (WGA) stock solution (1 mg/ml WGA in 50 mM Tris-HCl, pH
7.5) was diluted to a concentration of 50 �g/ml in sterile distilled water. Next, 100 �l
of the diluted WGA stock solution was added to each well and the plates were
allowed to incubate at room temperature for 16 to 20 h. After incubation, the wells
were emptied by vigorous shaking and washed 3 times by immersion in running
distilled water, followed by vigorous shaking after each wash. After the wash, 30 �l
of blocking buffer (20 mg/ml bovine serum albumin in 50 mM Tris-HCl, pH 7.5) was
added to each well and the plates were incubated for 3 h at room temperature.

(ii) Performing the assay. The plates were emptied of blocking buffer by
vigorous shaking. Once the wells were emptied, 50 �l of 2� reaction mixture (32
mM Tris-HCl [pH 7.5], 4.3 mM magnesium acetate, 32 mM GlcNAc, 1.1 mM
UDP-GlcNAc, and 2 �l of 2 mg/ml trypsin) was added to the appropriate wells.
The total well volume was then brought to 100 �l/well by adding sterile distilled
water and/or cell membrane fractions. Five micrograms of total protein was
added to each well. The controls consisted of a 2� reaction mixture that con-
tained no UDP-GlcNAc (for assaying the background absorbance) and a 2�
reaction mixture containing no trypsin. A standard curve for chitin was prepared
as previously described, using chitin dissolved in 1.7 M acetic acid (20). The
plates were immediately sealed and incubated at room temperature for 90 min.
After incubation, 20 �l of 50 mM EDTA was added to each well and the plates
were slowly vortexed for 30 s. To detect the chitin produced during incubation
and now adhered to the well, 100 �l of a 1-�g/ml WGA-horseradish peroxidase

TABLE 1. Strains used in this study

Strain Genetic background Source or
reference

Af293 Wild type
�cnaA strain Af293.1 28
�crzA strain Af293.1 10
Af165.86 Wild type; clinical isolate DUMRU Strain

Repository
Af153.90 Wild type; clinical isolate DUMRU Strain

Repository
Af168.95 Wild type; clinical isolate DUMRU Strain

Repository
Af182.99 Wild type; clinical isolate DUMRU Strain

Repository
Af119.00 Wild type; clinical isolate DUMRU Strain

Repository
Af175.03 Wild type; clinical isolate DUMRU Strain

Repository
Af182.03 Wild type; clinical isolate DUMRU Strain

Repository

TABLE 2. Oligonucleotides used in this study

Gene
Primer sequence (5�–3�)

Forward Reverse

chsA CTCGATCTTTGTCTC
CTTGGG

TGTGATGTCGTGGG
TGTTG

chsB GCTCTCCACTGTCG
GTCTCT

GGTCGTTGTTGATG
GTGTTG

chsC TTGCTGCGAGTTTG
TATTCC

GCCAGTAGGATGCC
AAAGAG

chsD CAGAACACGATCCG
AACAAC

GCTTCGCACCCAAGT
AGAAC

chsE TGGTGTTCGTTGAC
TTGCTC

TCATCCATCCAACCA
TTTCC

chsF AACCTGCTTCTTCT
GGGTGA

GAGCACGAGTTCCA
TGAGGT

chsG AGGATGAGGGCAA
AGAGGTT

AAGGCGTTGCTAAA
GATCCA

chsEb GCCATTACAGAAGC
GATCCG

CCAACTCCTGGTCAA
TCTGG
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conjugate (diluted in blocking buffer) was added to each well and incubated at
room temperature for 15 min. The plates were then emptied by vigorous shaking
and washed 5 times by immersion in a large reservoir of running distilled water.
After a wash to remove unbound chitin, 100 �l of tetramethylbenzidine (TMB)
peroxidase reagent (32048; Thermo Scientific) was added to each well and the
plates were immediately placed in a Multiskan Ascent plate reader. Absorbance
values were obtained at 600 nm. Raw absorbance values were converted into
chitin equivalents by comparison to the standard curve. Results are presented as
the mean chitin concentration (�g/ml) detected in each well � SD.

RESULTS

The A. fumigatus paradoxical effect is echinocandin and
strain specific in an in vitro radial growth assay. It is well
documented that the paradoxical effect is an echinocandin-
and species-specific response among Candida spp. (5, 12). The
in vitro evidence supporting drug and strain specificity in A.
fumigatus is derived from antifungal assays or a recently devel-
oped XTT-based assay utilizing metabolic activity as an end
point (4). Here, we visualized the A. fumigatus paradoxical
effect by employing the commercially available echinocandins
(caspofungin, micafungin, and anidulafungin) in a radial growth
assay employing GMM impregnated with a range of physio-
logically relevant drug concentrations (0.5 to 8 �g/ml). The
wild-type laboratory stain (Af293) displayed a paradoxical in-
crease in growth as the concentration of caspofungin increased
(Fig. 1A and B). Af293 did not display the paradoxical increase
in radial growth when inoculated at high concentrations of

micafungin or anidulafungin, indicating an echinocandin-spe-
cific effect for this strain (Fig. 1A and B).

In order to explore the additional possibility of a strain-
specific paradoxical effect in A. fumigatus, we also analyzed the
growth of seven additional A. fumigatus clinical isolates, from
the Duke University Mycology Research Unit (DUMRU)
Strain Repository, following treatment with caspofungin.
Caspofungin was chosen for initial studies because the para-
doxical effect was noted to occur in Af293. When they were
grown in the presence of caspofungin (0.5 to 8 �g/ml), we
noted the development of a paradoxical effect in five of the
seven clinical isolates. Interestingly, the magnitudes of the par-
adoxical effect, as gauged by colony diameter, varied among
these clinical isolates (data not shown). The remaining two
clinical isolates displayed no paradoxical effect in the presence
of caspofungin (data not shown). To test the echinocandin
specificity among the clinical isolates, each isolate was then
also treated with the same range (0.5 to 8 �g/ml) of micafungin
and anidulafungin. No paradoxical increase in growth was
noted to occur among the clinical isolates in response to treat-
ment with either micafungin or anidulafungin. The A. fumiga-
tus paradoxical effect is thus specific to caspofungin and to a
subset of isolates, demonstrating both echinocandin and strain
specificity.

The A. fumigatus paradoxical effect is controlled by the cal-
cineurin signaling pathway. To explore the role of the cal-
cineurin pathway, we tested the �cnaA mutant and �crzA A.
fumigatus strains, deleted for the calcineurin A catalytic sub-
unit and the downstream calcineurin-responsive zinc finger
transcription factor (10, 28), respectively, along with the wild-
type parent strain, Af293. When grown on media containing
increasing concentrations of caspofungin (0.5 to 8 �g/ml),
Af293 displayed a paradoxical increase in radial growth as
caspofungin treatment increased to 4 �g/ml (Fig. 2). No ap-
preciable difference in colony diameter was noted to occur

FIG. 1. A. fumigatus exhibits paradoxical growth at high concentra-
tions of caspofungin. (A) Comparison of A. fumigatus wild-type strain
Af293 grown for 48 h at 37°C in the presence of 8, 4, 2, 1, and 0.5 �g/ml
of caspofungin, micafungin, or anidulafungin. NT, no treatment.
(B) Quantification of radial growth rates among wild-type cultures treated
with caspofungin, micafungin, or anidulafungin. Results and error bars
represent the means � SD (mm/h) for biological triplicates.

FIG. 2. The calcineurin pathway controls A. fumigatus paradoxical
growth in response to caspofungin treatment. Comparison of wild-type
(WT), �cnaA, and �crzA strains grown for 48 h at 37°C in the presence of
8, 4, 2, 1, and 0.5 �g/ml of caspofungin. NT, no treatment. Growth of the
�cnaA mutant was examined at two concentrations, 5,000 conidia (�cnaA
5,000) and 10,000 conidia (�cnaA 10,000) per inoculum, to clarify growth
characteristics in response to caspofungin treatment.
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between 4 and 8 �g/ml caspofungin. In contrast, the �cnaA
strain grew only slightly at 0.5 �g/ml caspofungin and showed
no detectable growth at 1 �g/ml and greater (Fig. 2). Similar to
the �cnaA strain, the �crzA mutant displayed reduced growth
at all caspofungin treatment levels, with no appreciable in-
crease in colony diameter at higher levels of caspofungin (Fig.
2). The �cnaA and �crzA mutants also displayed similar re-
ductions in growth and lack of paradoxical effect when grown
on micafungin or anidulafungin (data not shown).

Although the �crzA mutant did not display increased growth
at high caspofungin concentrations, it still showed some growth
on caspofungin compared to the �cnaA mutant (Fig. 2). This
led us to question whether the �cnaA mutant lacks a paradox-
ical effect simply because it cannot germinate at high caspo-
fungin concentrations or because it has such limited radial
outgrowth. To answer these questions, we first used a higher-
level inoculum of the �cnaA mutant (10,000 conidia) and
found that, similar to what was found for the �crzA strain,
limited growth with no paradoxical effect occurred at all con-
centrations of caspofungin tested (Fig. 2). These results indi-
cated that the �cnaA mutant does not lack the paradoxical
effect simply because the strain will not germinate in the pres-
ence of high caspofungin concentrations. Moreover, we found
that the �rasA mutant, used in our earlier studies (13), dis-
played a paradoxical increase in growth at high caspofungin
concentrations (data not shown). Since the �rasA mutant also
displays severely restricted radial outgrowth on solid agar, lim-
ited radial outgrowth is likely not the reason for the lack of
paradoxical growth in the calcineurin mutants. In addition, we
did not find any increased sensitivity of the �cnaA and �crzA
mutants to the cell membrane antifungals amphotericin B and
voriconazole, indicating that the effects seen are specific to the
cell wall antifungal caspofungin (data not shown). Taken to-
gether, these data indicate that the lack of paradoxical growth
seen in the calcineurin pathway mutants is an outcome directly
related to cell wall stress induced via caspofungin treatment
and calcineurin pathway mutation.

To provide evidence that the role of the calcineurin pathway
was not specific to our laboratory strain, the five clinical iso-
lates identified in this study as displaying the paradoxical effect
were cotreated with FK506, a pharmacological inhibitor of
calcineurin, and caspofungin in our in vitro assay. Cotreatment
of Af293 and the clinical isolates with these two compounds
removed the paradoxical effect for all strains tested (data not
shown). The paradoxical effect due to caspofungin is controlled
by the calcineurin pathway, and this role for calcineurin is

common among most wild-type isolates, despite the paradox-
ical effect being strain and echinocandin specific.

Caspofungin-mediated transcriptional upregulation of
chitin synthase genes is controlled by the calcineurin pathway.
In a previous study, we showed that an intact calcineurin path-
way is necessary for a compensatory increase in cell wall chitin
in response to treatment with 1 �g/ml echinocandin (13). In C.
albicans, the calcineurin pathway is required for upregulation
of chitin synthase gene expression in response to cell wall damage
(25). In yeast, calcineurin induces transcriptional changes
through activation of Crz1p, which, in turn, binds to conserved
calcineurin-dependent response element (CDRE) sequences
in gene promoter regions, inducing transcription (38). By man-
ual analysis of the genomic sequences upstream of the A.
fumigatus chitin synthase genes, we identified at least one pu-
tative CDRE in each of the eight chitin synthase genes (Table
3). We hypothesized that the major role of CnaA in relation to
the paradoxical effect is upregulation of chitin biosynthesis via
transcriptional control of chitin synthase genes. To test this
hypothesis, we examined the impact of caspofungin treatment
and calcineurin signaling on transcriptional regulation of chitin
synthase genes in A. fumigatus by employment of real-time
PCR analysis.

Treatment with caspofungin concentrations up to 1 �g/ml
caused dose-dependent increases in total chitin content in the
wild-type strain, confirming our earlier results (Fig. 3). How-
ever, treatment with higher concentrations of caspofungin (2,

TABLE 3. Putative CDRE sequences in chitin synthase promoters

Gene Gene product A. fumigatus
genome locus Putative CDRE site(s)

chsA Chitin synthase A Afu2g01870 1885-AGGCTC-1880; 1677-GAGGCGGT-1670
chsB Chitin synthase B Afu4g04180 1330-AGCCTC-1324; 1522-GAGGCTGA-1514; 116-GAGGCTGA-109
chsC Chitin synthase C Afu5g00760 1905-AGGCTG-1900; 1350-GAGGCGTCA-1343; 346-AGGCTG-341
chsD Chitin synthase D Afu1g12600 1687-AGCCTC-1682
chsE Chitin synthase E Afu2g13440 142-GAGGCGCT-135
chsF Chitin synthase F Afu8g05630 1089-GAGGCT-1084
chsG Chitin synthase G Afu3g14420 728-AGCCTC-723; 955-GAGGCGCT-948; 709-AGGCTC-704; 649-AGGCTC-644
chsEb Chitin synthase Eb Afu2g13430 584-GAGGCTG-577; 722-CAGGCTA-715

FIG. 3. Chitin content increases in response to ascending doses of
caspofungin. Analysis of total chitin content in the WT (E), �cnaA
(f), and �crzA (Œ) strains in response to treatment with 0.5, 1, 2, 4,
and 8 �g/ml caspofungin. All analyses were performed in biological
triplicate for statistical analysis. Results and error bars represent the
means � SD for glucosamine equivalents. NT, no treatment.
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4, and 8 �g/ml) did not result in further increases in chitin
content. These data are consistent with studies employing C.
glabrata, showing that higher concentrations of caspofungin did
not lead to further increases in chitin content (9). The cell wall
chitin content levels were statistically lower for the �crzA and
�cnaA strains than for the wild-type strain following treatment
with caspofungin at 0.5, 1, and 2 �g/ml, and the chitin content
levels remained statistically lower for the �cnaA strain at 4 and
8 �g/ml (Fig. 3). Compared to the level for the nontreated
control, the chitin content levels in the �crzA mutant were
increased following treatment with 2 �g/ml (P � 0.05), 4 �g/ml
(P � 0.005), and 8 �g/ml (P � 0.005) caspofungin. There was
no change in chitin content in the �cnaA strain at any dose of
caspofungin. In addition, the 1,3-�-D-glucan content levels
were decreased for all strains after caspofungin treatment, with
no significant difference in reduction levels between the strains
(data not shown). These data suggest that caspofungin treat-
ment results in increased chitin biosynthesis over a broad range
of drug concentrations and that the calcineurin pathway is
required for this response.

To explore roles for caspofungin treatment and calcineurin
pathway activity in transcriptional regulation of chitin synthase
genes, quantitative PCR was then used to measure the relative
transcriptional levels of each of the eight A. fumigatus chitin
synthase genes from the wild-type and �cnaA strains following
treatment with caspofungin. Conidia from the wild-type and
�cnaA strains were incubated in GMM liquid medium and
cultures subsequently shocked with caspofungin (4 �g/ml) for
90 min. Compared with the �cnaA mutant strain, the wild-type
strain displayed a statistically significant increase in expression
of chsA (8.4-fold � 0.5-fold increase) and chsC (4.9-fold �
0.4-fold increase) upon caspofungin treatment (Fig. 4). Al-
though not statistically significant, the expression levels of
chsD, chsE, chsF, and chsG trended higher in the wild-type
strain than in the �cnaA mutant (Fig. 4). Moreover, cotreat-
ment of the wild-type strain with both caspofungin (4 �g/ml)

and FK506 (200 ng/ml) resulted in diminished transcriptional
responses to caspofungin treatment for both chsA (	1.5-fold
decrease compared to the level for caspofungin alone) and
chsC (	2.5-fold decrease compared to the level for caspofun-
gin alone) (Fig. 4). These results indicated that caspofungin
treatment leads to a calcineurin-dependent upregulation of at
least two of the eight A. fumigatus chitin synthase genes, chsA
and chsC. To examine the temporal nature of the chitin syn-
thase transcriptional response, a second experiment was per-
formed, in which the wild-type and �cnaA strains were grown
in GMM for 48 h, followed by caspofungin (4 �g/ml) shock for
4 h. After the cultures were exposed for this increased time
frame, real-time PCR analysis of each of the chitin synthase
genes showed only minor differences (�2-fold change) in
transcript levels, and these changes were independent of
calcineurin (data not shown). These results suggest that the
calcineurin-controlled transcriptional upregulation of chsA
and chsC in response to caspofungin treatment is an early
and transient event. In addition, these data suggest that the
calcineurin pathway controls the transcription of these
chitin synthases, leading to upregulation of chitin biosynthe-
sis, presumably as a compensatory response to 1,3-�-D-glu-
can synthesis inhibition.

Calcineurin regulates increased chitin synthase activity in
response to caspofungin. To verify that the calcineurin-depen-
dent upregulation of chitin synthase gene products resulted in
increased chitin synthase activity, we adapted a nonradioactive
chitin synthase activity assay originally developed for S. cerevi-
siae for use with A. fumigatus (20). The S. cerevisiae chitin
synthase activity values obtained using this nonradioactive as-
say were found to be slightly higher than, yet in similar pro-
portion to, the results achieved with the conventional radioac-
tive assay (20). This assay utilizes WGA-coated wells to
capture chitin produced during incubation of cell membrane
extracts in a reaction buffer containing the essential compo-
nents for chitin synthesis. When employed in this assay, micro-

FIG. 4. Calcineurin controls transcriptional upregulation of chsA and chsC in response to caspofungin treatment. Transcriptional profile of the
A. fumigatus chitin synthase genes in response to treatment with caspofungin (4 �g/ml) alone for the WT (dark gray bars) and �cnaA (light gray
bars) strains or cotreatment with caspofungin (4 �g/ml) and FK506 (200 ng/ml) for the WT (black bars). Results are presented as the mean fold
change (2���Ct) � SD. All experiments were performed in biological triplicate for statistical analysis.
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somal membrane extracts from the wild-type organism dis-
played chitin synthase activity levels that were dependent on
the amount of protein added to the reaction mixture (5 �g
total protein represents 289 � 31.0 �g/ml chitin produced in 90
min; 10 �g total protein represents 481 � 40.4 �g/ml chitin
produced in 90 min) (Fig. 5A). In addition, detection of chitin
synthesis in this assay was dependent on the presence of the
chitin biosynthesis substrate UDP-GlcNAc and the presence of
trypsin (for chitin synthase enzyme activation), as previously
described (20) (Fig. 5A). To verify that neo-synthesized chitin
is responsible for changes in signal output, chitinase (1 U/ml)
was added to sample wells after the chitin synthesis reaction
and allowed to incubate. This step was performed prior to
detection of the end product chitin. While the entire signal
could not be degraded, sample wells treated with chitinase
showed significantly decreased chitin levels (	54%) compared
to those for the untreated samples (Fig. 5A). Therefore, only
54% of the original signal output could be contributed to
neo-synthesized chitin, and all further chitin synthase activity
values were normalized to this level. Taken together, these
data confirmed that the nonradioactive assay is a reliable
method for in vitro detection of chitin synthase activity in A.
fumigatus.

Microsomal membrane extracts from wild-type and �cnaA
strains treated with caspofungin (4 �g/ml) alone, as well as
wild-type cultures cotreated with caspofungin (4 �g/ml) and
FK506 (200 ng/ml), were tested in this assay to detect changes
in total chitin synthase activity. The wild-type strain displayed
a significant increase in chitin synthase activity when treated
with caspofungin (206 � 5.8 �g/ml chitin), compared to the
level for the nontreated samples (112 � 20.7 �g/ml chitin)
(Fig. 5B). These findings correlated with the increase in total
chitin content. Membrane fractions from untreated samples of
the �cnaA strain displayed no significant change in chitin syn-
thase activity (WT, 112 � 20.7 �g/ml chitin; �cnaA, 115 � 20.1
�g/ml chitin) and only a slight, statistically nonsignificant in-
crease (137 � 10.7 �g/ml chitin) after caspofungin treatment
(Fig. 5B). Caspofungin treatment caused an increase in total
chitin synthase activity that is dependent on the presence of
calcineurin.

In Neurospora crassa, inhibition of calmodulin, a calcineurin
pathway component, inhibits regeneration of protoplast cell
walls and produces a dramatic decrease in chitin synthase ac-
tivity in vitro (33). To see if components of the A. fumigatus
calcineurin pathway could be pharmacologically inhibited in
microsomal extracts to directly affect chitin synthase enzyme
activity, FK506, a specific inhibitor of calcineurin activity, and
trifluoperazine (TFP), a calmodulin inhibitor, were employed.
Pretreatment of microsomal extracts from Af293 for 30 min
with TFP (100 or 200 �M) resulted in a dose-dependent de-
crease in chitin synthase activity in the microsomal compart-
ment (Fig. 5C). Microsomal extracts pretreated with FK506
(200 or 400 �g/ml) consistently displayed slight decreases in
chitin synthase activity at each concentration (81 � 6.2 �g/ml
chitin or 83 � 6.5 �g/ml chitin, respectively), but these changes
were not found to be statistically significant or dose dependent
(Fig. 5C). Interestingly, pretreatment of membranes with in-
creasing concentrations of nikkomycin Z (1, 2, or 4 �g/ml), a
specific inhibitor of chitin synthase activity, produced de-
creases in chitin synthase enzyme activity that mirrored the

FIG. 5. Chitin synthase activity increases in response to caspofun-
gin in a calcineurin-dependent manner. (A) The reproducibility of the
nonradioactive chitin synthase assay was verified by analysis of total
chitin synthase activity in increasing amounts of starting protein (5 and
10 �g). Results were calculated as stated in Materials and Methods
and are presented as the mean � SD for total chitin (�g/ml) produced
during the 90-min incubation. Total chitin synthesis in complete reac-
tion mixture (black bars), total chitin remaining after a 5-h treatment
with chitinase (1 U/ml) at room temperature (light gray bars), chitin
synthesis in reaction mixture lacking UDP-GlcNAc substrate (dark
gray bars), and chitin synthesis in reaction mixture lacking trypsin for
activation (white bars) are shown. Experiments were performed in
biological triplicate for statistical analysis. (B) Comparison of the total
chitin synthase activity of the wild-type (WT) and �cnaA strains after
exposure to either 4 �g/ml caspofungin alone (gray bars) to that of the
WT strain after cotreatment with 4 �g/ml caspofungin and 200 nM
FK506 (black bar). Results and error bars represent the means � SD
for chitin (�g/ml). (C) Comparison of total chitin synthase activity in
WT microsomal membrane extracts pretreated with TFP (100 or 200
�M) or FK506 (200 or 400 �g/ml) for 30 min at room temperature.
Results and error bars represent the means � SD for chitin (�g/ml).
All experiments were performed in biological triplicate for statistical
analysis.
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outcomes obtained with FK506 treatment. At all concentra-
tions of nikkomycin Z, total chitin synthase enzyme activity was
consistently decreased compared to that observed for non-
treated extracts, but these changes were not statistically signif-
icant (data not shown).

DISCUSSION

Paradoxical growth of Aspergillus spp. and Candida spp. in
the presence of high echinocandin concentrations is a well-
documented phenomenon with potentially important clinical
implications. Here, we show that the paradoxical effect of A.
fumigatus is specific to the echinocandin and the clinical
strains. These data match findings by Antachopolis et al. show-
ing that the paradoxical effect of Aspergillus spp., as measured
by metabolic output, is species, strain, and echinocandin spe-
cific (4). Our data also show that, among the A. fumigatus
isolates tested, a paradoxical increase in growth at high echi-
nocandin concentrations is seen only in response to treatment
with caspofungin. These findings are also in accordance with
previously published results indicating that the paradoxical ef-
fect on growth with Aspergillus species is more commonly seen
with caspofungin than with micafungin or anidulafungin (3).
However, it is interesting to note that increasing the doses of
these drugs does not further inhibit the growth of the wild-type
organism. That is, the wild-type strain is equally inhibited by
treatment with 0.5 �g/ml and 8 �g/ml micafungin or anidula-
fungin. Moreover, we previously reported that chitin biosyn-
thesis in the wild type is upregulated in response to treatment
with any one of the echinocandins, not just caspofungin, and
that the �cnaA mutant is equally sensitive to each of these cell
wall antifungals (13). Since paradoxical growth recovery was
seen only in the wild-type strain with caspofungin treatment
and high concentrations of caspofungin treatment reduced
growth in the �cnaA mutant (Fig. 2), calcineurin-mediated
upregulation of chitin biosynthesis in response to echinocandin
treatment may be important for survival whereas another
mechanism is employed to permit radial growth recovery in the
presence of caspofungin. In further support of this hypothesis,
attempts to use CaCl2-supplemented medium to induce cal-
cineurin activity were not successful in overcoming the lack of
paradoxical growth in the wild-type organism treated with
anidulafungin or micafungin (data not shown).

Although the paradoxical increases in growth obtained at
high concentrations of caspofungin are well documented for C.
albicans and A. fumigatus, significant work toward delineation
of the controlling mechanisms has been performed only for C.
albicans. Nothing is known of the molecular mechanism con-
trolling the paradoxical effect in Aspergillus species. The pre-
viously published work strongly suggests that increased chitin
biosynthesis is an essential component of the cell wall stress
response in C. albicans and S. cerevisiae (14, 25, 31, 34). The
filamentous fungi contain more chitin synthase genes than
yeast species, and their functional interplay and redundancy
during growth and stress are of interest (8). We previously
showed that the calcineurin pathway is required for a compen-
satory chitin content increase in response to echinocandin
treatment (13), implying that a similar stress response may
exist in filamentous fungi. Here, we show that chitin biosyn-
thesis, as measured by total chitin content, is increased over a

range of ascending doses of caspofungin and that functional
CnaA is important for this response. We hypothesized that
CnaA is essential to the transcriptional and/or posttransla-
tional control of chitin synthases in A. fumigatus.

Initial work with the �cnaA strain in our laboratory sug-
gested that calcineurin did not play a major role in the regu-
lation of basal transcriptional levels of chitin synthase genes
(10). However, our data presented here indicate that regula-
tion of transcriptional levels of chitin synthase genes in re-
sponse to caspofungin is controlled, at least in part, by the
calcineurin pathway. This is supported by the lack of upregu-
lation of chsA and chsC in the �cnaA mutant and the decrease
in upregulation induced by addition of FK506, a specific cal-
cineurin inhibitor. Calcineurin pathway proteins have been
shown to regulate chitin synthase expression levels in other
fungal species, including C. albicans (17, 25), Magnaporthe
oryzae (7), and Aspergillus nidulans (27). Lenardon et al. re-
cently published a study dissecting the promoter sequences of
the two class I chitin synthases in C. albicans (17). Their study
showed that putative CDRE promoter elements, comprising a
sequence known to be associated with binding to calcineurin-
dependent effector proteins, were not utilized for chitin synthase
transcriptional regulation when cells were stressed with CaCl2,
calcofluor white, or sorbitol. Instead, the calcineurin pathway was
found to control chitin synthase gene expression in response to
cell wall damage through an alternative, indirect mechanism.
Whether the A. fumigatus CnaA protein directly activates its
downstream transcription factor, CrzA, to induce increased tran-
scription of chsA and chsC via the putative CDRE sites, identified
in this study, is a focus of future research.

We cannot rule out the possibility that the A. fumigatus
calcineurin pathway may also play roles in the transcriptional
regulation of other gene subsets essential to survival in the
presence of caspofungin. In support of this, we show that the
CrzA transcription factor is necessary for development of
the paradoxical effect but that phenotypes derived from dele-
tion of the crzA gene are not as severe as those gained from
cnaA mutation. Several studies published on the transcrip-
tional response to caspofungin in S. cerevisiae, C. albicans, and
A. niger found that a variety of gene families are upregulated
upon treatment. These functional categories include carbohy-
drate and lipid metabolism genes, protein synthesis genes, and
even a smaller subset of genes involved in energy generation
(1, 19, 24). Interestingly, Chamilos et al. have shown that
caspofungin susceptibility in strains of C. parapsilosis with high
caspofungin MICs can be enhanced by simultaneous inhibition
of cellular respiration (6). This study could suggest that regu-
lation of mitochondrial respiratory pathways may be an impor-
tant cellular response to caspofungin treatment. Since cal-
cineurin has been implicated in mitochondrial dynamics in
mammalian neuronal cells (2), it is tempting to speculate about
a similar link between mitochondrial respiration and CnaA
function in A. fumigatus.

To verify that the calcineurin-dependent transcriptional up-
regulation of chsA and chsC produced increased chitin syn-
thase activity, we showed for the first time that a nonradioac-
tive-chitin-synthase-activity assay was adaptable for reliable
detection of total chitin synthase activity in A. fumigatus. Treat-
ment of A. fumigatus with caspofungin (4 �g/ml) caused a
calcineurin-dependent increase in chitin synthase activity with
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the use of this assay. In addition, cotreatment of the wild-type
strain with caspofungin and FK506 produced less chitin syn-
thase activity than caspofungin treatment alone, indicating that
calcineurin activity is important for this potentially protective
outcome in A. fumigatus.

The regulation of chitin synthase activity by Ca2
 and cal-
cineurin pathway components has been explored for a limited
number of fungal species. For example, calmodulin, a regula-
tor of calcineurin signaling, has been implicated in the proper
activation of chitin synthase activity in Neurospora crassa (33).
In addition, upregulation of chitin synthase activity in response
to osmotic pressure can be attenuated by blockade of Ca2


channels in the dimorphic fungus Benjaminiella poitrasii (11).
Our in vitro data suggest that activity of calcineurin and cal-
modulin is important for wild-type levels of chitin synthase
activity in A. fumigatus. Treatment of A. fumigatus Af293 mi-
crosomal extracts with the anticalmodulin agent TFP (200 �M)
resulted in almost complete inhibition of chitin synthase activ-
ity. Interestingly, inhibition of calcineurin with FK506 at 20
times the concentration typically used in vivo resulted in only a
minimal decrease in chitin synthase activity. Since treatment of
the wild-type strain with FK506 in culture led to decreased
chitin synthase gene expression and chitin synthase activity,
FK506 is likely not as efficient at inhibiting calcineurin activity
in the microsomal extract. Combined with the results derived
from treatment of A. fumigatus hyphae with FK506 in culture,
our in vitro data suggest that both calmodulin and calcineurin
play direct and indirect roles in induction of chitin synthase
enzyme activity in response to caspofungin.

In conclusion, the work presented here supports a mecha-
nistic role for calcineurin in the development of the paradox-
ical effect of A. fumigatus. This role likely involves the cal-
modulin-mediated activation of CnaA in response to cell wall
damage following caspofungin treatment. Activated CnaA can
then dephosphorylate its transcription factor, CrzA, which, in
turn, induces transcription of chsA and chsC. These chitin
synthases may be responsible for the chitin biosynthetic re-
sponse to 1,3-�-D-glucan synthase inhibition. Although our
data support this model, we cannot rule out the possibility that
calcineurin may posttranslationally control other proteins im-
portant for chitin biosynthesis, including the chitin synthases
themselves, via dephosphorylation. In fact, the increased chitin
content observed in the �crzA mutant at high caspofungin
concentrations supports the possibility of an alternative mech-
anism for CnaA function in chitin biosynthesis (Fig. 3). Our
data also suggest a conserved role for the calcineurin pathway
in chitin biosynthesis regulation in response to cell wall dam-
age in both yeasts and filamentous fungi alike. Our preliminary
results indicate the need for further studies elucidating the
specific molecular mechanisms of the calcineurin pathway, in-
cluding possible calcineurin-independent calmodulin mecha-
nisms, in response to echinocandin treatment. A deeper un-
derstanding of these mechanisms could lead to even greater
therapeutic benefits from echinocandin treatment.

ACKNOWLEDGMENTS

This work was supported by a K08 award (A1061149) to W.J.S., a
Basic Science Faculty Development grant from the American Society
for Transplantation, a Children’s Miracle Network grant, an Astellas
Investigator-Initiated Trial Award, and the Molecular Mycology and

Pathogenesis Training Program grant at Duke University (5T32-
AI052080) to J.R.F.

REFERENCES

1. Agarwal, A. K., P. D. Rogers, S. R. Baerson, M. R. Jacob, K. S. Barker, J. D.
Cleary, L. A. Walker, D. G. Nagle, and A. M. Clark. 2003. Genome-wide
expression profiling of the response to polyene, pyrimidine, azole, and echi-
nocandin antifungal agents in Saccharomyces cerevisiae. J. Biol. Chem. 278:
34998–35015.

2. Ankarcrona, M., J. M. Dypbukt, S. Orrenius, and P. Nicotera. 1996. Cal-
cineurin and mitochondrial function in glutamate-induced neuronal cell
death. FEBS Lett. 394:321–324.

3. Antachopoulos, C., J. Meletiadis, T. Sein, E. Roilides, and T. J. Walsh. 2008.
Comparative in vitro pharmacodynamics of caspofungin, micafungin, and
anidulafungin against germinated and nongerminated Aspergillus conidia.
Antimicrob. Agents Chemother. 52:321–328.

4. Antachopoulos, C., J. Meletiadis, T. Sein, E. Roilides, and T. J. Walsh. 2007.
Concentration-dependent effects of caspofungin on the metabolic activity of
Aspergillus species. Antimicrob. Agents Chemother. 51:881–887.

5. Chamilos, G., R. E. Lewis, N. Albert, and D. P. Kontoyiannis. 2007. Para-
doxical effect of echinocandins across Candida species in vitro: evidence for
echinocandin-specific and Candida species-related differences. Antimicrob.
Agents Chemother. 51:2257–2259.

6. Chamilos, G., R. E. Lewis, and D. P. Kontoyiannis. 2006. Inhibition of
Candida parapsilosis mitochondrial respiratory pathways enhances suscepti-
bility to caspofungin. Antimicrob. Agents Chemother. 50:744–747.

7. Choi, J., Y. Kim, S. Kim, J. Park, and Y.-H. Lee. 2009. MoCRZ1, a gene
encoding a calcineurin-responsive transcription factor, regulates fungal
growth and pathogenicity of Magneporthe oryzae. Fungal Genet. Biol. 46:
243–254.

8. Choquer, M., M. Boccara, I. R. Gonçalves, M.-C. Soulié, and A. Vidal-Cros.
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