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The recently described species Aspergillus lentulus exhibits differential and reduced susceptibilities to echi-
nocandins and other antifungal drugs in vitro. A. lentulus isolates overall are less susceptible to caspofungin,
although they maintain susceptibility to anidulafungin and micafungin. Mutations or polymorphisms in fks,
the gene encoding the catalytic subunit of 3-1,3-glucan synthase, are known to confer decreased susceptibility
to echinocandins in Candida spp. and Aspergillus fumigatus. The analysis of the A. lentulus fks sequence did not
reveal a polymorphism at any of the known hot-spot regions of the gene. Caspofungin and micafungin kinetic
inhibition profiles of the 4. lentulus glucan synthase were comparable to those from susceptible 4. fumigatus
enzymes. Although the basal cell wall chitin levels in A. lentulus averaged 60% of those in A. fumigatus,
echinocandin treatment promoted the increase of cell wall chitin in both organisms, indicating that A. lentulus
displays a compensatory chitin response similar to that of A. fumigatus. The data suggest that differential
echinocandin susceptibilities in A. lentulus are independent of the echinocandin target, Fksp, and they em-
phasize the potential that the drugs’ capacity to inhibit the target enzyme is unequal at the cellular level.

Invasive aspergillosis (IA) is an infection that continues to
be associated with high mortality among numerous patient
populations despite the availability of multiple antifungal
drugs, which include newer-generation azoles and echinocan-
dins. The most common causative agent of 1A is Aspergillus
fumigatus. Recently, with the use of molecular identification
methods, “cryptic” species within this group have been re-
ported as important causes of disease (1, 3); these findings
emphasize a new understanding that morphotype largely dis-
tinguishes a group of organisms but does not define species.

We described a new species of Aspergillus, called A. lentulus
(3, 5), that has morphological characteristics indistinguishable
from those of A. fumigatus. This organism now has been iden-
tified within clinical isolate collections in centers worldwide (1,
43). A salient phenotype of A. lentulus is its reduced suscepti-
bility to multiple antifungal drugs (1-4, 43). In general, A.
lentulus isolates are less susceptible to amphotericin B (AMB),
itraconazole (ITRA), voriconazole (VORI), and caspofungin
(CAS) than A. fumigatus isolates in vitro. A curious aspect of
this phenotype is the reduced susceptibility to CAS while main-
taining relatively high susceptibility to the other echinocandins,
micafungin (MICA) and anidulafungin (ANID).

Echinocandins are a new class of antifungals, with agents
approved for the treatment of candidiasis and aspergillosis.
The three available echinocandins are lipopeptides that con-
tain a cyclic hexapeptide core linked to variably configured
lipid side chains. These drugs inhibit glucan synthase (GS), an
enzyme complex responsible for the synthesis of 3-1,3-linked

* Corresponding author. Mailing address: Johns Hopkins University
School of Medicine, 720 Rutland Ave., Ross-1064, Baltimore, MD
21205. Phone: (443) 614-9141. Fax: (443) 614-8518. E-mail: kmarr4
@jhmi.edu.

+ Present address: Biotechnology Center, Rutgers University, New
Brunswick, NJ.

¥ Published ahead of print on 20 September 2010.

glucan, a major component of the cell wall. The GS complex
typically is composed of two subunits, a plasma membrane-
bound catalytic subunit (Fksp) and an activating subunit
(Rholp). Inhibition is thought to be noncompetitive, but the
precise mechanism by which these drugs interact with the en-
zyme complex to inhibit the synthesis of glucan is not well
defined. Results of new studies suggest a model in which the
drugs bind into the cell wall, with intercalated lipid side chains
having functional effect (David Perlin, personal communica-
tion). High-level cross-resistance with the echinocandin class
can be found in organisms that have amino acid substitutions
within the Fks protein (8, 30, 33), with intrinsic or acquired
resistance to echinocandins in yeasts associated with amino
acid changes at hot-spot conserved regions of the catalytic Fks
protein.

B-1,3-Glucan is the main component of the fungal cell wall.
However, other polymers, such as chitin, galactomannan, and
B-1,4-glucan, are integral parts of the organization of the A.
fumigatus cell wall (15, 25). Chitin, a linear polymer of B-1,4
N-acetylglucosamine, has been associated with echinocandin
susceptibilities, because the level of the polymer increases in
the presence of echinocandins in yeasts and in A. fumigatus (10,
17,27, 38, 42). This compensatory response is thought to allow
the fungi to escape from lethality when the B-1,3-glucan levels
drop during treatment with echinocandins. The calcineurin
signaling pathway is associated with this compensatory in-
crease in chitin, and A. fumigatus mutants deleted for the
calcineurin catalytic subunit cnaAd or the downstream tran-
scriptional factor crz4 are more susceptible to echinocandins
than the wild-type counterpart (17).

We investigated whether these mechanisms are associated
with the unusual differential echinocandin susceptibility of A.
lentulus. In these studies, we show that the differential echino-
candin susceptibilities are not correlated with alterations of the
drug target and are not directly associated with increased chitin
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levels after echinocandin treatment. Our results suggest that
other cellular factors contribute to the A. lentulus echinocandin
phenotype that allows for an adaptation or tolerance to CAS
but not to ANID or MICA.

MATERIALS AND METHODS

Fungal strains and media. The sequenced A. fumigatus strain Af293 (28) was
used as the echinocandin-susceptible Aspergillus strain. Isolate FHS5 (3) (ATCC
MYA-3566) was used as the prototypical A. lentulus strain. Other A. lentulus
isolates within our collection (4, 36) also were used in antifungal susceptibility
testing and chitin assays. The A. fumigatus strain B-5233, obtained from June
Kwon-Chung (National Institutes of Health, Bethesda, MD), also was used in
chitin assays. All organisms were routinely maintained on potato dextrose agar
(PDA; Difco, Becton Dickinson and Co.) at 37°C. Isolates’ conidia were sus-
pended in 8% skim milk and kept frozen at —80°C for long-term storage.

Antifungal susceptibility testing. Broth microdilution susceptibility testing was
performed according to the method described in document M38-A2 (9). As-
pergillus spp. were grown on PDA for 3 to 4 days at 37°C prior to harvesting the
conidia by suspension in phosphate-buffered saline (PBS; Mediatech, Inc.),
0.05% Tween 20 (Sigma), followed by passage through sterile gauze to trap
hyphal elements. Inocula were prepared by adjusting conidial suspensions to a
concentration of approximately 1 X 10* per ml by using a spectrophotometer or
by counting and delivering 100 pl to wells containing 100 wl of antifungal drug
dilutions in RPMI-1640, 165 mM morpholinepropanesulfonic acid (MOPS), pH
7.0, at twice their final concentration in 96-well plates. The antifungals used in
this were caspofungin (CAS; Merck and Co.), anidulafungin (ANID; Pfizer), and
micafungin (MICA; Astellas Pharma Inc.). The minimal effective concentration
(MEC) was determined as the lowest concentration of echinocandin that led to
the growth of small, rounded, compact hyphae relative to growth in the control
growth well (9). The recent definition of MEC instituted by the Clinical and
Laboratory Standards Institute (CLSI) in document M38-A2 is referred to here
as the macro MEC. Prior to document M38-A2, the MEC was defined as the
lowest concentration of lipopeptides (i.e., CAS) that induced the formation of
aberrant hyphae, such as increased the branching and ballooning of hyphal tips
(24). We refer to this echinocandin concentration as the micro MEC.

Assessment of cell morphology by microscopy. The cellular effect of echino-
candins was visualized by the phase-contrast microscopy of fungi grown in RPMI
1640 as described for microdilution susceptibility testing. Forty-eight-hour cul-
tures were observed under 20X magnification with a Zeiss Axio observer in-
verted microscope equipped with a QImaging Micropublisher camera. Images
were captured with QCapture 2.54 (Quantitative Image Corp.) and manipulated
with Photoshop CS4 (Adobe Systems Inc.).

Sequencing of the A. lentulus fks gene. Sequence data for the A. fumigatus
Af293 (28) fks gene (gene locus AFUA_6G12400) was used to design oligonu-
cleotides to amplify fks from FH5 genomic DNA (36) as follows: amplification
reaction mixtures contained 0.2 wM each oligonucleotide 5.8F 5'-ATGTCGGG
ATATCAACAAGGGG-3' and 5.8R 5'-GCACCGATGACGTTGCTCGATC-
3’, 0.2 mM deoxynucleoside triphosphates (ANTPs), 2 mM MgSO,, 1X high-
fidelity PCR buffer (Invitrogen), 50 ng of FH5 genomic DNA (36), and 1.0 U
high-fidelity platinum 7aq DNA polymerase (Invitrogen). The reaction mixtures
were incubated in a thermal cycler (Techne TC-512) at 94°C for 2 min, followed
by 35 cycles of 94°C for 30s, 59°C for 30s, and 68°C for 6 min. The 5.8-kb
amplicon corresponding to the fks gene subsequently was cloned into pCR-
Blunt-II according to the manufacturer’s recommendations (Invitrogen). The A4.
lentulus fks gene was sequenced on both strands by primer walking. The sequence
data were assembled, translated, and aligned to the A. fumigatus Fksp sequence
(GenBank accession number XP_751118) using ClustalW algorithm within the
software MacVector 8.0 (Accelrys). The FH5 fks sequence was deposited at
GenBank (http://www.ncbi.nlm.nih.gov/GenBank/) and given the accession num-
ber GU815239.

Glucan synthase inhibition assays. Yeast malt medium (YME; 0.4% yeast
extract, 1.0% malt extract, 0.4% glucose) was inoculated with 1 X 10° to 5 x 10°
FHS5 conidia per ml, and the culture was grown for 24 h at 30°C with shaking.
Mycelia were harvested, washed, and disrupted with a French press while sus-
pended in extraction buffer (50 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM
dithiothreitol, 10% glycerol, 1 wg/ml aprotinin, 5 pg/ml leupeptin, 1 mM phen-
ylmethylsulfonyl fluoride [PMSF], and 10 pM GTP+S). Crude membranes were
prepared by centrifugation as described before (22). The glucan synthase was
purified from the crude membrane by-product entrapment (22), and the sensi-
tivity to CAS and MICA was measured in a polymerization assay utilizing
[PHJUDP-glucose as the substrate (30). The incorporated counts per minute
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were analyzed with the Prism software (GraphPad Software, Inc.) using the
sigmoidal dose-response (variable slope) curve-fitting algorithm.

Chitin assays. The chitin content was determined by the method of Lehmann
and White (26) as modified by Fortwendel et al. (17). Sabouraud’s broth (SAB),
Aspergillus minimal medium with glucose (MMG) (35), or RPMI 1640 was
inoculated with freshly harvested conidia at 1 X 10° per ml and incubated at 37°C
with shaking for 48 h. The mycelia were harvested between Miracloth sheets
(Calbiochem) and washed once with 0.IN NaOH and twice with sterile water
before being freeze-dried overnight. Two 5-mg samples were taken from each
lyophilized mycelia and heated to 130°C for 1 h in 3 ml of saturated KOH. After
the mixture was cooled to room temperature, 8 ml of ice-cold 75% ethanol was
added and the mixture vortexed until the phases were miscible. The tubes were
incubated in an ice-water bath for 15 min, followed by the addition of 0.3 ml of
a freshly prepared 13.3% (wt/vol) Celite (Celite 545, Fisher) suspension in 75%
ethanol and vortexing. The tubes were centrifuged (1,500 X g for 5 min, 2°C) and
the pellets washed once with 10 ml ice-cold 40% ethanol and twice with ice-cold
water. The pellets were brought up to 0.5 ml with water prior to adding 0.5 ml of
5% (wt/vol) NaNO, and 0.5 ml (wt/vol) of KHSO,. Standard reaction mixtures
were set up in parallel consisting of 0.2 ml of 10 pwg/ml glucosamine or water plus
0.2 ml NaNO, and 0.2 ml of KHSO,,. All reactions were gently mixed three times
during a 15-min period at room temperature before centrifuging the unknowns
at 1,500 X g for 2 min at 2°C. A portion of each unknown (25 to 50 wul) was
transferred to new glass tubes and brought to a volume of 0.6 ml with water. This
was followed by the addition of 0.2 ml of 12.5% (wt/vol) ammonium sulfamate to
all tubes and vortexing for a 5-min period. A volume of 0.2 ml of freshly prepared
5 mg/ml of 3-methyl-2-benzothiazolinone hydrazone hydrochloride hydrate
(MBTH; Sigma) was added, and the tubes were incubated at 130°C for 3 min.
After the mixture was cooled to room temperature, 0.2 ml of FeCl; (0.49%
[wt/vol]; 30.7 mM) was added and the tubes incubated at room temperature for
25 min. The absorbance of the neat colored solutions was measured at 650 nm,
or dilutions were made in water to bring the reading within the spectrophotom-
eter’s range. The absorbance value of the water standard was subtracted from all
sample values before calculating the chitin content by the following equation:
(Agso unknown/A s 2 pg glucosamine) X correction for the fraction used in the
assay X 2 ug X dilution of the colored solution (when necessary). The values are
reported as glucosamine equivalents per 5 mg of mycelia. In cultures treated with
echinocandins, 1 X 10° conidia per ml were incubated in SAB with echinocandins
at 0.5 wg/ml for 48 h at 37°C with shaking. The mycelia were harvested and
processed for chitin content determinations exactly as described above. The
values shown are averages from at least two independent biological replicates
sampled in duplicate. Statistical analyses were performed in Prism (GraphPad
Software, Inc.) using the two-tailed Student’s ¢ test assuming unequal variance.

Calcofluor white staining and microscopy. Chitin levels also were assessed by
staining 4. fumigatus and A. lentulus hyphal elements with calcofluor white (20).
Conidia from Af293 and FH5 were plated at a concentration of 2 X 10° per ml
onto coverslips submerged in SAB and allowed to germinate and grow at 37°C
for 15 h. The coverslips with adherent mycelia were transferred to 3.7% form-
aldehyde in PBS and 0.2% Triton X-100 for fixation at room temperature for 45
min. The coverslips subsequently were rinsed with distilled water and placed in
a solution of 5 pM calcofluor white (Molecular Probes, Invitrogen) for 10 min at
room temperature. Finally, the coverslips were rinsed twice with distilled water
and mounted onto clean slides in VECTASHIELD (Vector Labs) solution. The
stained mycelia were observed at 20X magnification with a Zeiss Axio observer
inverted microscope under UV wavelength equipped with a QImaging Micro-
publisher camera. Images were captured with DP2-BSW (Olympus) software
and manipulated with ImageJ (version 1.410; http://rsbweb.nih.gov/ij/).

RESULTS

Microscopic evaluation of A. lentulus morphology after
treatment with echinocandins. The current determination of
echinocandin MEC relies on the macroscopic interpretation of
slowed growth as apparent by the formation of small, compact
hyphal forms (spider colonies) visible to the naked eye or with
the aid of a mirror (9). Our initial A. lentulus MEC determi-
nations (4, 5) were based on the criteria described by Kurtz et
al. (24) that rely upon the microscopic evaluation of mycelia
for the appearance of abnormal hyphal morphologies. Since
our earlier reports of A. lentulus (3-5), the echinocandins
anidulafungin (ANID) and micafungin (MICA) have become
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TABLE 1. Echinocandin susceptibility testing

MEC (pg/ml)
Species Strain

ANID CAS MICA
A. lentulus FH1 0.06° 0.259/16° 0.12¢
A. lentulus FH4 <0.03 0.25/32 <0.03
A. lentulus FH5 0.06 0.25/32 0.06
A. lentulus FH6 0.12 0.25/4 0.25
A. lentulus FH7 0.06 0.25/16 0.06
A. lentulus FH84 0.12 0.5/2 0.12
A. lentulus FHS85 0.25 0.12/16 0.25
A. lentulus FHS86 0.06 0.25/16 <0.03
A. lentulus FH219 0.25 0.25/16 0.25
A. lentulus FH220 0.12 0.25/16 0.25
A. lentulus FH231 0.12 0.25/2 0.12
A. lentulus FH238 0.06 0.25/2 0.06
A. lentulus FH239 0.12 0.12/2 0.12
A. lentulus FH265 0.06 0.12/2 0.06
A. fumigatus Af293 0.06 0.12 0.06

“ MEC determined using the CLSI document M38-A2 definition (10) (macro
MEC).

® MEC determined using the pre-M38-A2 definition (24) (micro MEC).

¢ The macro and micro MEC values were the same or within one dilution.

available in the United States (40). The reevaluation of our A4.
lentulus isolates for susceptibility to CAS, utilizing the rec-
ommended methods, resulted in disparate values for CAS
(Table 1).

Upon the careful microscopic examination of A. lentulus
FHS5 and other A. lentulus isolates (data not shown), we ob-
served that slowed growth and aberrant hyphal forms do not
coincide at the same CAS concentration (Fig. 1). In contrast,
the same CAS concentration elicited both slowed growth and
the formation of aberrant hyphae in A. fumigatus Af293. Oda-
basi et al. also noted equivalent A. fumigatus echinocandin
MEC readings between macroscopically and microscopically
determined MEC endpoints (29). The separation of slowed

no drug

CAS 0.125.g/ml

FIG. 1. Microscopic evaluation of A. fumigatus and A. lentulus
grown with or without CAS. A. fumigatus (Af293) and A. lentulus
(FHS) conidia were plated in RPMI 1640 with increasing concentra-
tions of CAS per the microdilution susceptibility testing method (9).
Hyphal morphologies at the micro MECs were captured under bright
field at 20X magnification using an inverted microscope. Arrows point
to ballooned hyphal tips, a criterion of the micro MEC. A. lentulus is
shown at both the macro MEC (0.25 pg/ml) and at the micro MEC (32
wg/ml). Size bar, 50 pwm.
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FIG. 2. Kinetics of A. lentulus (FH5) GS inhibition by CAS and
MICA. Echinocandin inhibition profiles of GS from FHS5. Activity was
assessed by the incorporation of [*H]glucose into the radiolabeled
product. Concentrations yielding 50% activity (ICs,s) were obtained
from the inhibition curves and are expressed in ng/ml of echinocandin.
Similar IC;ys were obtained for the echinocandin-sensitive A. fumiga-
tus (33).

growth and aberrant hyphal morphology was not apparent
when either FHS or Af293 was treated with the other two
echinocandins (Table 1 and data not shown). These observa-
tions suggest that the inhibition of 4. lentulus glucan synthesis
by CAS follows a bimodal hyphal phenotype in which slowed
growth is followed by the increased branching and ballooning
of hyphal tips. This also suggests that the glucan synthase
inhibition activity of CAS differs from that of the other two
echinocandins at the cellular level.

Sequence analysis of 4. lentulus fks. Amino acid changes at
three regions of the echinocandin drug target Fkslp in yeasts
are known to confer resistance to all three drugs (8, 18, 19, 21,
30, 33). We investigated whether mutations within the homol-
ogous hot-spot regions of the A. lentulus Fksp could account
for the differential echinocandin susceptibilities. The entire fks
gene was amplified by PCR using A. fumigatus sequence data
(Af293; gene locus AFUA_6G12400) and sequenced on both
strands by primer walking. The translated sequence of 4. len-
tulus fks (AlFksp) shows high homology to the Af293 Fksp
amino acid sequence; AlFksp is 98% identical and 99% similar
to AfFksp. Further, the amino acids that make up the Fksp
hot-spot regions do not differ between the organisms (data not
shown), indicating that the AlFksp hot-spot genotype is that of
an echinocandin-sensitive Aspergillus spp.

The A. lentulus glucan synthase complex is sensitive to both
CAS and MICA. The translated amino acid sequence of A.
lentulus did not reveal differences relative to the AfFksp se-
quence at known hot-spot regions. However, several noncon-
served amino acids changes outside the hot spots were noted
that could influence susceptibility to CAS. To determine
whether other amino acid differences outside the hot-spot re-
gions influenced the susceptibility of the enzyme complex, glu-
can synthesis inhibition assays were performed with GS iso-
lated from FH5 (Fig. 2). The inhibition curves and 50%
inhibitory concentrations (ICs,s) for CAS and MICA were
comparable to curves and values obtained for the GS inhibition
of A. fumigatus Af293 (33), indicating that the A. lentulus GS
was fully susceptible to both CAS and MICA. We conclude
from these results that the few amino acid differences found in
AlFksp do not contribute to the differential echinocandin sus-
ceptibility profile, and that AlFksp is sensitive to both CAS and
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FIG. 3. Decreased amounts of chitin in A. lentulus relative to A. fumigatus. (A) Comparison of the total chitin content in A. lentulus (FHS) and
A. fumigatus (Af293) grown at 37°C for 48 h in three different media. The values are means of independent biological replicates sampled in
duplicate (n = 4). (B) Comparison of five A. lentulus isolates (FH1, FHS, FH6, FH86, and FH239) to A. fumigatus (Af293) grown in SAB. The
A. lentulus value is the mean from two independent samples of each isolate (n = 10). The A. fumigatus value is the mean from six independent
samples (n = 6). Error bars represent * standard deviations. Significance was determined by the two-tailed Student’s ¢ test assuming unequal
variance. (C) Calcofluor white staining of 4. fumigatus and A. lentulus hyphal elements to visualize relative chitin levels. Fifteen-hour SAB cultures
of A. fumigatus (Af293) and A. lentulus (FHS) grown on coverslips were stained for calcofluor white and observed under UV light. The images were
captured at a set exposure time (700 ms) to reflect the difference in calcofluor white staining between the organisms. Size bar, 50 wm.

MICA once isolated from its native cellular localization. These
data also suggest that other factors outside the AlFksp influ-
ence the activity of CAS but do not appear to affect the activity
of the other two echinocandins.

Echinocandins increase the chitin content in 4. lenfulus. In
previous studies with A. fumigatus, treatment with echinocan-
dins results in an increase in chitin synthesis that is correlated
with the paradoxical effect observed when the organism is
grown in the presence of increasing concentrations of CAS (16,
17). Because chitin content has been associated with survival in
the presence of CAS in A. fumigatus and in Candida spp. (38,
41), we investigated whether the chitin content of A. lentulus
was affected by echinocandin treatment. Initially, we measured
the chitin content of Af293 and FHS in the absence of drugs to
establish baseline values. When Af293 and FH5 were grown in
three different media (SAB, RPMI 1640, and MMG), we con-

sistently measured less chitin in FH5 mycelia than in those of
Af293 samples, and these differences were statistically signifi-
cant regardless of medium (Fig. 3A). The strain B-5233, an
echinocandin-susceptible A. fumigatus strain, displayed chitin
levels similar to those of Af293 (P = 0.74) (data not shown).
To ensure that the measurements were not unique to a par-
ticular A. lentulus isolate, we determined the chitin content of
four other A. lentulus isolates. We found similarly reduced
chitin amounts in other A. lentulus isolates that have various
micro CAS MEC values (FH1, FH6, FH86, and FH239; Table
1) when grown in SAB (Fig. 3B). This suggests that the re-
duced chitin content of A. lentulus is a phenotype of the or-
ganism and not a unique feature of FHS. It also suggests that
the altered chitin content is not a singular explanation for
variable CAS susceptibilities.

The chitin levels in the cell wall of Af293 and FHS also were
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FIG. 4. Increase in total chitin content in both A. fumigatus and A.
lentulus upon echinocandin treatment. Equal numbers of A. fumigatus
(Af293) and A. lentulus (FHS) conidia were inoculated into SAB with
0.5 wg/ml of each echinocandin (anidulafungin, ANID; caspofungin,
CAS; and micafungin, MICA), and total chitin was measured at 48 h.
The values are means of independent biological replicates sampled in
duplicate (n = 4). (A) Fold change in chitin content in cultures incu-
bated with echinocandins relative to no treatment (black bars). (B) To-
tal chitin contents in cultures grown in the presence or absence of
echinocandins (black bars). Significantly less chitin was measured in
FH5 CAS samples relative to Af293 CAS. Error bars represent *
standard deviations. Significance was determined by the two-tailed
Student’s ¢ test assuming unequal variance.

assessed by calcofluor white staining, a fluorescent dye that
predominantly binds to chitin in fungal cell walls (32). Because
calcofluor white directly interacts with chitin (12), the degree
(brightness) of fluorescence reflects the amount of chitin in the
cell wall on a qualitative basis. The cell walls of FH5 stained
with calcofluor white fluoresced at a reduced intensity relative
to those of Af293, reflecting and supporting our biochemical
findings (Fig. 3C). These results further indicate that the A.
lentulus cell walls contain less chitin than those of A. fumigatus.

We next measured the effect of echinocandins on the chitin
content of Af293 and FHS. Aspergillus spp. were grown in SAB
for 48 h in the presence of 0.5 pg/ml of each echinocandin
before harvesting the mycelia for chitin assays. In two inde-
pendent experiments, we measured an increase in the chitin
content in both organisms regardless of the echinocandin used.
Af293 chitin levels increased to approximately 1.8X that of
untreated cells (Fig. 4A), a change that recapitulated the re-
sults of previous studies (16). In FHS, the echinocandins in-
duced larger increases in chitin content relative to that of
untreated cultures (Fig. 4A). Interestingly, the relative fold
increase was not uniform, in that CAS elicited less of an in-
crease in A. lentulus chitin relative to the other two echinocan-
dins. When we compared the measured amounts of chitin
between the organisms, the values were not statistically differ-
ent except for those of the CAS-grown cultures (Fig. 4B).
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Thus, A. lentulus responds to echinocandins in a manner sim-
ilar to that of A. fumigatus and other fungi by increasing chitin
levels in their cell walls. Ultimately the data do not directly link
chitin measurements with differential susceptibilities to the
echinocandins, as all three drugs elicited a similar response in
both the CAS-susceptible A. fumigatus and in A. lentulus.

DISCUSSION

Results of these studies bring to light several novel findings.
First, we observed a disconnect between susceptibilities inter-
preted by morphological and microscopic growth parameters,
raising concern regarding the validity of the definitions for
organisms other than A. fumigatus; importantly, the clinical
significance of observed differential MECs have not been
tested in vivo. The detailed testing of previously defined mech-
anisms of echinocandin resistance failed to demonstrate a
likely mechanism of differential susceptibilities, in that high
CAS MECs do not appear to be caused by mutations in the GS
enzyme complex itself. Finally, and perhaps most importantly,
the observation of differential echinocandin susceptibilities in
A. lentulus emphasizes that these drugs may not access and
inhibit the cellular GS enzyme complex in a similar fashion;
potential explanations include differential drug uptake, GS
complex exposure, the avidity of the drugs for the GS complex
in the cell, and drug sequestration.

Echinocandins are cyclic lipopeptides with similar chemical
structures derived from naturally occurring fungal metabolites.
They have approximately the same molecular mass of 1,200 Da
and mainly are distinguished by the composition of their N-
linked acyl lipid side chains (6, 13). Early investigators deter-
mined that the calculated partition or distribution coefficient
(measure of solubility) of the lipophilic side chain correlated
with whole-cell antifungal activity (23). The chemistry of how
echinocandins interact with the cellular GS complex is not
completely understood (31). The results of recent studies sug-
gest that the drugs function by an outside-in mechanism, with
the cyclic peptide nucleus remaining in the cell wall and the
side chain appearing to inhibit the GS enzyme complex by
intercalation into the plasma membrane (David Perlin, per-
sonal communication). If the lipid side chains affect membrane
solubility and subsequently the activity of the drug, the local
environment (cell membrane/cell wall) is predicted to influ-
ence the antifungal potency of each echinocandin to different
degrees depending upon the nature of the lipid side chain.
Perhaps CAS activity is most susceptible to chemical proper-
ties imparted by the fungal cell membrane/cell wall, potentially
explaining differential echinocandin susceptibility in A. lentulus
and the paradoxical growth effect, which is predominantly ob-
served with CAS (7, 14, 16, 37-39, 42). The A. lentulus GS
complex isolated from the cell is sensitive to both CAS and
MICA, supporting the notion that the environment of the
cellular GS complex influences the effectiveness of CAS but
not that of MICA.

The activity of echinocandins against filamentous fungi, in-
cluding Aspergillus spp., can be difficult to quantify compared
to that of yeasts, and recommended in vitro testing methods
have changed recently. The echinocandins cause aberrant
growth of hyphae at apical tips and the increased branching of
hyphal elements, a phenotype that initially was used to estab-
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lish the endpoint of the MEC (24). More recently, the CLSI
has modified the definition of MEC to be the concentration
that leads to the growth of small, rounded, compact hyphal
forms upon visual inspection (9), an indication that growth has
slowed relative to that of the no-drug control. One assumption
of this definition is that the inhibition of the GS will affect
hyphal growth equally across species of filamentous fungi and
generate rounded, compact hyphal forms. A. lentulus displays a
separation of slowed growth (macro MEC) and the induction
of aberrant hyphal morphologies (micro MEC) that results in
disparate CAS MECs, depending upon methodology. The mi-
cro/macro MEC data suggest that the activity of CAS at the
cellular level is not identical to that of the other two echino-
candins, and that slowed growth and aberrant hyphae forma-
tion are not directly related. It raises questions regarding
whether the microscopic morphological changes and slowed
growth necessarily reflect similar biologic pathways, and
whether they accurately reflect susceptibility to echinocandin
drugs in this Aspergillus species.

It is possible that in A. lentulus CAS does not induce a stress
response(s) equivalent to that of the other echinocandins, and
this appears phenotypically as the separation of MEC param-
eters. As noted above, the paradoxical growth of Aspergillus
and Candida spp. in the presence of high levels of echinocan-
dins is more commonly observed with CAS (7, 14, 16, 37-39,
42), also potentially implying that the precise mechanism by
which these drugs inhibit the cellular GS complex is not the
same. Consistently with our conclusions, Fortwendel et al. hy-
pothesize that the paradoxical growth recovery of A. fumigatus
reflects separate mechanisms that allow survival and permit
radial growth in the presence of high CAS concentrations but
not in ANID or MICA (16). Because the nature of the inter-
action between the echinocandins and the GS at the cell mem-
brane is not fully understood (31), we cannot presently appre-
ciate what specific factors impact the interaction between the
echinocandins and the GS at the cellular level. However, we
speculate that the cell wall architecture impacts echinocandin
activity and likely influences the nature of the cellular re-
sponse(s) to echinocandin-induced cell wall perturbations.

The fungal cell wall is a dynamic structure that responds to
environmental stressors. Echinocandins induce a cellular stress
response that is mediated by calcineurin signaling and by the
protein kinase C cell wall integrity pathway (11, 31). Although
most prior studies have been performed in yeasts, similar sig-
naling and cell integrity pathways appear to exist in molds. In
A. fumigatus, calcineurin signaling is implicated in the compen-
satory increase in cell wall chitin in response to all three echi-
nocandins and in paradoxical growth in high CAS concentra-
tions (16, 17). Similarly, CAS shows strong in vitro synergism
with the calcineurin inhibitor tacrolimus (FK-506) against
CAS-resistant Fusarium spp. (34), demonstrating an analogous
need for calcineurin signaling in response to cell wall pertur-
bation in these fungi. Since changes in chitin content are as-
sociated with the compensatory response to echinocandins, we
wished to determine whether chitin could be associated with
the differential echinocandin susceptibilities of A. lentulus.
When we tested the baseline chitin content in A. lentulus, we
found smaller amounts of the polymer that were medium and
isolate independent compared to amounts measured in A. fu-
migatus. These findings suggest that lower chitin levels is a

ASPERGILLUS LENTULUS Fksp 4997

phenotype of A. lentulus and not unique to a particular isolate.
The data also imply that the cell wall composition differs from
that of A. fumigatus. We corroborated the biochemical findings
by staining A. fumigatus and A. lentulus hyphae with calcoflour
white, a fluorescent molecule that preferentially stains chitin in
the cell wall of fungi (32).

All three echinocandins induced an increase in cell wall
chitin in both A. fumigatus and in A. lentulus, showing that
both organisms remodel their wall upon cell wall stress.
Although the relative change in chitin content was largest in
A. lentulus, the measured amounts were not statistically
different between the organisms, except for the cultures
grown in the presence of CAS. It is possible that the lower
compensatory response of A. lentulus is due to decreased
cell stress signaling, stemming from the reduced susceptibil-
ity of the organism to CAS. The differences in macro and
micro MEC values of A. lentulus for CAS may phenotypi-
cally indicate a difference in cell signaling relative to the
other echinocandins. Alternatively, cell wall architecture
and/or composition influence either CAS binding or access
to the GS directly. Although we measured differences in the
chitin content between species, an association with differential
echinocandin susceptibilities was not evident.

These results, specifically, the absence of amino acid
changes and the full in vitro sensitivity of the A. lentulus Fkp to
CAS (and MICA), suggest that other cellular factors impact
CAS MEC phenotypes, and that our observations reflect a type
of tolerance to CAS that is not achieved in the presence of the
other echinocandins. Our data also highlight the difficulty in
quantifying echinocandin susceptibilities, especially for CAS,
because the results are methodology dependent. Because the
mechanistic nature of the echinocandin inhibition of glucan
synthesis is not understood (31), the cellular factors and vari-
ables that influence the activity of these drugs are unknown. A
further understanding of the processes that generate the micro
and macro MEC phenotypes will provide insights into the
mechanistic nature of echinocandins and help define a more
precise echinocandin MEC and understanding of Fksp-inde-
pendent reduced susceptibility to, or tolerance of, these drugs.
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