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S

cedosporium boydii (formerly known as Pseudallescheria boydii) is one of the major pathogenic species within the Scedosporium apiospermum complex, which comprises four other species,
namely, Scedosporium apiospermum sensu stricto, Scedosporium
aurantiacum, Scedosporium minutisporum, and Scedosporium dehoogii, Scedosporium prolificans having been reassigned recently to
the genus Lomentospora (Lomentospora prolificans) (1–4). These
filamentous fungi are soilborne fungi that may cause a wide range
of infections in humans, including subcutaneous mycetomas and
ocular, bone, or joint infections resulting from traumatic inoculation of some fungal elements and infections of the respiratory
tract (i.e., sinusitis and lung fungus ball), which are thought to be
due to the inhalation of some airborne conidia (5–7). However,
these fungi have gained attention during the past 2 decades mainly
because of their recognition as common agents of colonization of
the airways in patients with cystic fibrosis (CF). When appropriate
culture media are used, the S. apiospermum species complex ranks
second among the filamentous fungi recovered from respiratory
specimens, with a prevalence ranging from 4.5 to 11.6% in patients (8–12). Although usually asymptomatic, this fungal colonization of the airways may sometimes lead to allergic bronchopulmonary mycoses, sensitization, or respiratory infections (8, 13).
In addition, due to the propensity of these fungi to hematogenously disseminate in cases of immunodeficiency and to their
low susceptibility to current antifungals, a prior colonization of
the airways by these fungi may compromise the success of lung
transplantation, and several cases of fatal infections have been
reported in CF patients who had undergone lung transplantation
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and were colonized by species of the S. apiospermum complex
(14–17).
Diagnosis of these infections mainly relies on cultivation of
microorganisms from clinical samples on agar-based culture medium and, for deep-seated infections, on histopathological examination of fixed biopsy specimens. However, in tissue sections,
species of the S. apiospermum complex cannot be differentiated
from Aspergillus species and other hyaline hyphomycetes due to
similar histomorphological patterns (6). Highly specific monoclonal antibodies which might allow the immunodetection of the
fungus have been described by Thornton (18), but they are not
commercially available. As for mycological examination, it requires skill and expertise and may lead to false-negative results for
polymicrobial specimens like sputum samples because of the
more rapid and more extensive growth of other molds frequently
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Scedosporium boydii is an opportunistic filamentous fungus which may be responsible for a wide variety of infections in immunocompetent and immunocompromised individuals. This fungus belongs to the Scedosporium apiospermum species complex,
which usually ranks second among the filamentous fungi colonizing the airways of patients with cystic fibrosis (CF) and may
lead to allergic bronchopulmonary mycoses, sensitization, or respiratory infections. Upon microbial infection, host phagocytic
cells release reactive oxygen species (ROS), such as hydrogen peroxide, as part of the antimicrobial response. Catalases are
known to protect pathogens against ROS by detoxification of the hydrogen peroxide. Here, we investigated the catalase equipment of Scedosporium boydii, one of the major pathogenic species in the S. apiospermum species complex. Three catalases were
identified, and the mycelial catalase A1 was purified to homogeneity by a three-step chromatographic process. This enzyme is a
monofunctional tetrameric protein of 460 kDa, consisting of four 82-kDa glycosylated subunits. The potential usefulness of this
enzyme in serodiagnosis of S. apiospermum infections was then investigated by an enzyme-linked immunosorbent assay
(ELISA), using 64 serum samples from CF patients. Whatever the species involved in the S. apiospermum complex, sera from
infected patients were clearly differentiated from sera from patients with an Aspergillus fumigatus infection or those from CF
patients without clinical and biological signs of a fungal infection and without any fungus recovered from sputum samples.
These results suggest that catalase A1 is a good candidate for the development of an immunoassay for serodiagnosis of infections
caused by the S. apiospermum complex in patients with CF.
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MATERIALS AND METHODS
Culture conditions and preparation of fungal extracts. Scedosporium
boydii IHEM 15155 (Institute of Hygiene and Epidemiology-Mycology
Section, Institute of Public Health, Brussels, Belgium) was used throughout this study. This strain was routinely maintained by cultivation on
yeast extract-peptone-dextrose agar (YPDA) (containing in g/liter: yeast
extract, 5; peptone, 5; glucose, 20; chloramphenicol, 0.5; and agar, 20)
plates. After 9 days of incubation at 37°C, the mycelium was harvested by
scraping the agar plates with sterile distilled water. Conidia were then
separated from hyphae by filtration through 20-m-pore-size nylon
membranes, washed in sterile distilled water, and finally counted using a
hemocytometer. They were then inoculated in yeast extract-peptone-dextrose (YPD) broth (500-ml flasks containing 200 ml YPD broth each) at a
final density of 5 ⫻ 106 conidia per ml. After 7 days of incubation at 37°C
without shaking, cultures were centrifuged at 2,000 ⫻ g for 20 min. The
culture supernatant was sterilized by filtration through 0.2-m-pore-size
membranes, dialyzed against distilled water (in dialysis tubing with a
14,000-molecular-weight cutoff), and finally freeze-dried. The fungal mycelium was also collected and used to prepare somatic extracts after several
washes in distilled water. In order to investigate the cellular distribution of
catalases, different procedures were used for protein extraction.
A crude somatic extract was obtained by grinding the mycelium in
liquid nitrogen followed by a mechanical disruption with glass beads (0.1
to 0.2 mm and 1 mm) with CO2 cooling (MSK disintegrator; Braun Melsungen, Melsungen, Germany). The suspension was then clarified by cen-
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trifugation at 50,000 ⫻ g for 30 min at 4°C, and the supernatant was stored
at ⫺20°C until used.
Subcellular fractions were also prepared by grinding the mycelium in
liquid nitrogen. The homogenate was then suspended in 10 ml of 150 mM
phosphate-buffered saline (PBS) (pH 7.2). After vigorous shaking and
successive centrifugations (10 min at 1,500 ⫻ g and then 30 min at
45,000 ⫻ g), the supernatant, which corresponds essentially to the cytosolic fraction, was concentrated by dialysis against polyethylene glycol
(PEG) 35000. Meanwhile, the first centrifugation pellet (1,500 ⫻ g for 10
min) was suspended in 10 ml of PBS, ground with glass beads with CO2
cooling, and then clarified by centrifugation (45,000 ⫻ g for 30 min). The
resulting supernatant was concentrated as described above, and the pellet,
which corresponds to cell wall debris and intracellular organelles like peroxisomes, was resuspended in PBS, sonicated with three 30-s bursts at a
setting of 8 and 70% duty cycle (Branson Sonifier 450; Fisher Scientific,
Illkirch, France), and finally clarified by centrifugation (45,000 ⫻ g for 30
min). The pellet was discarded, and the supernatant (“peroxisomal” fraction) was concentrated.
Cultures were also performed at 37°C in YPD broth for various times
ranging from 72 h to 10 days. At the end of each incubation period, the
culture supernatant was collected, as was the mycelium, which was used to
prepare somatic extracts. In addition, for some experiments, a cytosolic
extract was also prepared from A. fumigatus strain CBS 113.26 as a comparison strain and control for the catalase activity assays.
The protein concentrations in these extracts were determined by the
bicinchoninic acid assay.
Catalase activity assays. Catalase activity was quantified by measuring
the decrease in absorbance at 240 nm at 25°C after the addition of the
fungal extracts or chromatographic fractions (100 l) to 1.9 ml of 50 mM
phosphate buffer (pH 7.2) containing 0.19 mM H2O2 (26). An enzyme
unit was defined as the amount of enzyme that degrades 1 M H2O2 per
minute (ε ⫽ 43.6 M⫺1 cm⫺1), and specific activity was defined as the ratio
between the enzyme activity and the total amount of protein in the extract.
Catalase from bovine liver (Sigma-Aldrich, St. Louis, MO, USA) was used
as a control.
Catalases were also visualized by negative staining after native polyacrylamide gel electrophoresis (PAGE) on 5 to 15% linear gradient gels as
previously described for detection of A. fumigatus catalases (27). The ferricyanide-negative staining of Woodbury et al. (28) was used to locate
bands corresponding to catalases. In some experiments, peroxidase activity was also investigated in the same gels as described by Wayne and Diaz
(29).
Purification of catalase A1. Catalase A1 was purified from the crude
somatic extract by a three-step chromatographic procedure. For each
step, chromatographic fractions were checked for catalase activity; then,
positive fractions were analyzed by native PAGE and SDS-PAGE, and
catalase A1-containing fractions were pooled.
(i) Anion exchange chromatography. The crude somatic extract diluted in 20 mM Tris-HCl (pH 7.5) was applied on a DEAE-Trisacryl M
(BioSepra, Villeneuve la Garenne, France) column. Elution was carried
out using a linear NaCl gradient (0 to 250 mM) at a flow rate of 2 ml/min.
The elution was monitored by UV absorbance at 280 nm.
(ii) Hydrophobic interaction chromatography. Pooled fractions
containing catalase A1 were diluted to a final concentration of 1.75 M by
slow addition of phosphate buffer containing 4 M ammonium sulfate.
After incubation for 30 min at 4°C and centrifugation at 4,000 ⫻ g for 15
min, the supernatant was applied to a phenyl-Sepharose 6 Fast Flow column (GE Healthcare Life Sciences, Uppsala, Sweden) previously equilibrated with 1.75 M ammonium sulfate in the same buffer. The sample was
eluted with a stepwise gradient using decreasing ammonium sulfate concentrations (from 1.75 to 0.0 M with 0.25-M steps) in the same buffer at a
flow rate of 2 ml/min, and the elution was monitored at 280 nm.
(iii) Gel filtration chromatography. Proteins in pooled catalase A1containing fractions were concentrated by ammonium sulfate (1.75 M)
precipitation. After an overnight incubation at 4°C and centrifugation at
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associated with this fungus, like Aspergillus fumigatus (19). Several
molecular methods have been proposed for detection of the fungus from sputum samples (20–24), but as culture methods, they
do not allow the differentiation between airway colonization and
sensitization of the patient or respiratory infection in the CF context, which has important implications for patient management.
Detection of serum-specific antibodies may be a valuable alternative for diagnosis of a deep-seated S. boydii infection, and in the
CF context, it remains the unique option for discriminating between airway colonization and a respiratory infection caused by
species of the S. apiospermum complex. Nevertheless, there are no
standardized methods to date, and this serodiagnosis is performed
only in a few specialized laboratories by counterimmunoelectrophoresis (CIE) using homemade crude antigenic extracts (8). In
these extracts, the relative amount of the different antigens is
highly dependent on the strain used, the culture conditions, and
the procedure used for preparation of the extracts. In addition,
several proteins and cell wall polysaccharides are common to various pathogenic fungi. Therefore, cross-reactivity with other filamentous fungi such as A. fumigatus may occur, leading sometimes
to false-positive results (6, 8). Because of this, identification of an
antigen shared by species of the S. apiospermum complex and allowing specific antibody detection may be helpful.
Studies performed by Sarfati et al. (25) using recombinant antigens confirmed serum antibodies directed toward the mycelial
catalase Cat1 of A. fumigatus as biological markers of Aspergillus
infections. Catalases are ubiquitous antioxidant enzymes which
catalyze the degradation of hydrogen peroxide. Therefore, these
enzymes, which protect microorganisms against the reactive oxygen species (ROS) produced by the host phagocytic cells, have
been largely studied as virulence factors, but also for their potential in serodiagnosis of the resulting infections.
Here, we report the purification and biochemical characterization of a mycelial catalase from S. boydii and its use for serodiagnosis.

A Mycelial Catalase from Scedosporium boydii
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TABLE 1 Effects of different reagents on catalase A1 activity
Reagent (final concn)

Residual activity (%)a

Potassium cyanide (10 mM)
Sodium azide (10 mM)
3-AT (4 mM)
Ethanol-chloroform (25%–15%)
Cu2⫹ (10 mM)
Hg2⫹ (10 mM)
SDS (4%)
2-ME (30 mM)

0
0
38
71
52
14
97
14

a
Residual activity was determined spectrophotometrically after incubation of the
purified enzyme for 1 h in the presence of the different reagents tested.

sera from patients with CF without any filamentous fungus recovered
from sputum samples during the 6 months preceding or following the
blood sampling and without the serum antibodies directed toward A.
fumigatus and S. boydii (group A; n ⫽ 20); (ii) sera from CF patients with
A. fumigatus as the only filamentous fungus recovered from respiratory
secretions and with a positive antibody response against A. fumigatus
crude antigenic extract only (group B; n ⫽ 19); and (iii) sera from patients
with the S. apiospermum species complex recovered from the clinical samples (S. boydii, S. apiospermum, or species not specified), but not A. fumigatus, and with a serological response against S. boydii antigenic extract
(group C; n ⫽ 25). For group B, anti-A. fumigatus catalase antibodies were
not detected by double immunodiffusion assays for 11 out of the 19 sera
(B1 subgroup), whereas the remaining 8 sera exhibited such antibodies
(B2 subgroup).
Enzyme-linked immunosorbent assay. An enzyme-linked immunosorbent assay (ELISA) was performed by coating the wells of microtiter
plates (Microlon 200, Greiner; Dutscher, Brumath, France) for 3 h at 37°C
with purified catalase diluted in 50 mM carbonate-bicarbonate buffer (pH
9.6). After three washes with PBS, plates were blocked by overnight incubation at 4°C with a 10% BSA solution in PBS. Plates were then washed
with PBS containing 0.05% Tween 20 (PBS-T), incubated with 100 l of a
1:100 dilution of human sera diluted in PBS-T-BSA (0.3%) for 1 h at 37°C,
and washed again with PBS-T. Horseradish peroxidase-conjugated goat
anti-human IgG⫹A⫹M (H⫹L) (Invitrogen, Camarillo, CA) at a 1:10,000
dilution in PBS-T-BSA was added to each well (100 l per well). After a
further 1-h incubation at 37°C and washing, peroxidase was revealed using o-phenylenediamine tetrahydrochloride (Sigma-Aldrich) and 0.02%
H2O2 in 0.15 M citrate-phosphate buffer (pH 5.0) (200 l per well). After
incubation at room temperature in the dark for 10 min, the reaction was
stopped with 1 M H2SO4 (50 l), and absorbance at 490 nm was quantified on a microplate reader (ELx800; Bio-Tek Instruments, Colmar,
France). Controls consisted of omission of the antigenic extract or of
human sera.
The ELISA cutoff value was calculated according to the following
proven formula: control serum (group A) optical density (OD) values
(mean plus 3 standard deviations).
The antibody titer for sera from group C patients was estimated using
serial 2-fold dilutions of the sera starting from 1:400 up to 1:12,800.
Statistical analysis was performed using the Wilcoxon-Mann-Whitney test, and results were considered significantly different at a P value of
⬍0.01.

RESULTS

Evidence for three catalases in S. boydii. The presence of catalases in the crude somatic extract was first evidenced by spectrophotometric measurement of H2O2 degradation and further investigated by negative staining after native PAGE, which revealed
catalases as unstained bands on a dark blue-green background. In
this way, three bands with catalase activity were revealed for the S.
boydii crude somatic extract, corresponding to proteins differing
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12,000 ⫻ g for 30 min, the pellet was resuspended in PBS and applied to a
Sephacryl S300 column (GE Healthcare) equilibrated in the same buffer.
Elution was carried out at a flow rate of 1.3 ml/min, and the elution was
monitored at 280 nm. The molecular mass of catalase A1 was determined
by calibration of the column with protein standards (high-molecularweight gel filtration calibration kit from GE Healthcare).
Analytical methods and enzyme characterization. (i) Electrophoretic analysis. SDS-PAGE was performed on 5 to 15% polyacrylamide
gradient gels with Coomassie brilliant blue R250 or silver staining as described by Laemmli (30). The relative molecular mass of the purified
catalase was estimated according to the molecular mass of protein markers (GE Healthcare).
(ii) Isoelectrophoresis. The isoelectric point of catalase A1 was determined by isoelectric focusing (IEF) on precast gels LKB-IEF (3.5 to 9.5 and
4 to 6.5; GE Healthcare). After completion of electrophoresis, the gels
were incubated for 20 min in a 1 mM solution of horseradish peroxidase
in PBS, and hydrogen peroxide was added at a final concentration of 5
mM. After incubation for 10 min, washing in distilled water, and addition
of 2 mM 3,3=-diaminobenzidine (DAB) in PBS, catalases appeared as
unstained areas on a brown background. The pI was extrapolated from
the migration of isoelectric point markers from GE Healthcare.
(iii) Effect of pH and temperature on catalase activity. The pH stability of the catalase was determined by measuring the catalase activity in
a range of pH (2.5 to 13) using 0.2 M sodium acetate buffer (pH 2.5 to 4.5),
66 mM sodium potassium phosphate buffer (pH 5 to 8), or 0.1 M glycine
buffer (pH 9 to 13).
Heat stability was evaluated by measuring the residual enzyme activity
after 1 to 15 min of incubation at different temperatures (37, 68, 80, and
100°C). The residual catalase activity was determined by densitometric
determination after native PAGE and negative staining of the gels.
(iv) Catalytic properties of the catalase. The effects of several catalase
inhibitors were evaluated by UV spectrophotometry after incubation for 1
h with the purified enzyme (Table 1). Inhibitors of hemoproteins such as
potassium cyanide (KCN) and sodium azide (NaN3) were tested at 10 mM
final concentrations, whereas 3-amino-1,2,4-triazole (3-AT), a specific
inhibitor of catalase, was tested at a 4 mM final concentration. Moreover,
the effects of metallic ions Cu2⫹ and Hg2⫹ (10 mM), SDS (4%), and
2-mercaptoethanol (2-ME) (30 mM) were also evaluated. Stability of the
enzyme in ethanol-chloroform was tested as described by Nadler et al.
(31).
(v) Glycosylation. Glycosylation of catalase A1 was first investigated
by affinity chromatography on a concanavalin A (ConA)-conjugated Sepharose 4B column (GE Healthcare). Two hundred microliters of the crude
extract was incubated for 30 min at 37°C with ConA-Sepharose. After
centrifugation for 5 min at 4,000 ⫻ g and washing in PBS, glycosylated
proteins were eluted with 0.2 M methyl ␣-D-mannopyranoside in PBS.
After a further 30-min incubation at 37°C and centrifugation, the unbound fraction and eluted proteins were analyzed for catalase activity by
native PAGE and negative staining.
Glycosylation was also investigated after electrophoretic transfer of
proteins separated by SDS-PAGE on a Hybond-P membrane (GE Healthcare). After electrotransfer, the membrane was blocked overnight at 4°C
with 5% bovine serum albumin (BSA) in PBS, washed three times with
PBS, and then incubated for 1 h at 37°C with peroxidase-conjugated
wheat germ agglutinin (WGA) (1 g/ml) or ConA (3 g/ml) from SigmaAldrich in 50 mM Tris buffer supplemented with 0.1 mM Ca2⫹ and 0.1
mM Mg2⫹. After washing, peroxidase was revealed with 0.5 mg/ml DAB
in 0.1 M Tris buffer (pH 7.6) and 0.1% hydrogen peroxide.
Human sera. A panel of 64 human serum samples was used to evaluate
the usefulness of purified catalase A1 for serodiagnosis of infections
caused by the S. apiospermum species complex. The samples were categorized into 3 groups based on the results of the mycological examination
and antibody response against A. fumigatus and S. boydii crude extracts by
routine serological procedures, i.e., CIE using crude somatic extracts and
detection of anti-catalase antibodies by immunodiffusion assay (8): (i)
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in their electrophoretic mobility, with a diffuse band into the upper part of the gel, designated A1 because of the similarity of its
electrophoretic mobility with that of Cat1 of A. fumigatus, associated with two thin bands of greater electrophoretic mobility, designated A2 and A2=, which were very close, forming a doublet (Fig.
1A, lane 1). The three catalase bands were also detected by native
PAGE and negative staining in the cytosolic extract and in the
peroxisomal extract. However, catalase A1 was predominant in
the cytosolic fraction, while catalases A2/A2= were predominant in
the peroxisomal fraction (data not shown).
Catalase production was also investigated during the growth of
S. boydii in YPD broth. Somatic extracts were prepared from cultures grown for 72 h to 10 days, and negative staining after native
PAGE always revealed the three catalase bands whatever the age of
the cultures. Catalase activity in these extracts was also quantified
spectrophotometrically. Very low enzyme activity was detected
during the first 72 h of cultures, and then catalase activity increased to reach a plateau (from ⬍20 U/mg of proteins to 40 U/mg
of proteins) at day 6 (data not shown).
Catalase activity was also seen in culture supernatant, but a
single band corresponding to catalase A1 was seen on native
PAGE, whatever the age of the cultures. However, enzyme activity
in the culture supernatant remained low, the specific activity increasing gradually from 9 U/mg after 72 h of culture to 20 U/mg
on day 10.
Purification of catalase A1. Scedosporium boydii catalases were
first separated by anion-exchange chromatography (Fig. 2A). Several chromatographic fractions exhibited catalase activity, and na-
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FIG 1 Native PAGE (A) and SDS-PAGE (B) analysis of S. boydii crude somatic
extract and of the pooled catalase-containing fractions from the different chromatographic steps. Samples were loaded on native 5 to 15% polyacrylamide
gels (A) or on SDS 5 to 15% polyacrylamide gels (B), which were developed
using ferricyanide-negative (lanes 1 to 4), Coomassie blue (lanes 5 to 7), or
silver (lane 8) staining. Lanes 1 and 5, crude somatic extract; lanes 2 to 4,
pooled fractions from anion-exchange chromatography exhibiting H2O2-degrading activity; lanes 6 to 8, pooled catalase A1-containing fractions recovered from anion-exchange chromatography (lane 6), hydrophobic interaction
chromatography (lane 7), or molecular size exclusion (lane 8). MM, molecular
mass.

tive PAGE analysis with ferricyanide staining confirmed the sequential elution of the three enzymes A2=, A1, and A2 (Fig. 1A, lanes 2 to
4). Catalase A1 was eluted with 120 to 145 mM NaCl (Fig. 1A, lane 2),
but SDS-PAGE analysis of pooled catalase A1-containing fractions
revealed numerous protein bands after Coomassie blue staining (Fig.
1B, lane 6). A second chromatographic step therefore was required,
consisting of hydrophobic interaction chromatography. Catalase activity was detected in fractions eluted with 0.75 M and 1 M ammonium sulfate, and SDS-PAGE analysis of these fractions with silver
staining revealed the disappearance of several protein bands together
with enrichment in an 82-kDa species (Fig. 1B, lane 7). Purification of
catalase A1 was achieved in a third chromatographic step consisting
of molecular size exclusion (Fig. 2C), which suggested a 460-kDa
molecular mass for the enzyme. SDS-PAGE of pooled catalase A1containing fractions, which showed a single polypeptide band after
silver staining, confirmed purification of the enzyme to homogeneity
(Fig. 1B, lane 8).
Biochemical properties of catalase A1. As illustrated in Fig.
3A, native PAGE analysis with double staining according to
Wayne and Diaz (29) did not reveal peroxidase activity for any of
the catalases produced by S. boydii (lane 2), in contrast to that
observed for one of the catalases produced by A. fumigatus CBS
113.26 (lane 1).
SDS-PAGE analysis of the purified enzyme revealed a molecular mass of 82 kDa (Fig. 1B, lane 8), and a 4.2 pI was determined by
isoelectric focusing (data not shown). In addition, after chromatographic fractionation of the crude extract on ConA-Sepharose 4B, bands corresponding to catalases A2/A2= were detected in
the unbound fractions (Fig. 3B, lane 4), whereas catalase A1 was
eluted from the column using 0.2 M methyl ␣-D-mannopyranoside (Fig. 3B, lane 5), thus suggesting that the enzyme was glycosylated. This was confirmed by SDS-PAGE analysis of the purified
enzyme followed by Western blotting and incubation of the blot
with peroxidase-conjugated ConA (Fig. 3C, lane 7).
Catalase A1 exhibited activity over a broad range of pH values
(5 to 10). Moreover, pretreatment of purified catalase A1 at 80°C
for 5 min resulted in 80% inhibition of the enzyme activity,
whereas it was not affected by heating for 5 min at 68°C (data not
shown). In addition, catalase A1 was completely inactivated by
KCN and NaN3, but 62% and 29% reductions were also seen in
enzyme activity after 1 h of incubation with 3-AT or after ethanolchloroform treatment, respectively (Table 1). Moreover, SDS had
no effect on enzyme activity, whereas 2-ME strongly inhibited the
purified catalase A1. Finally, a 48 to 86% reduction in enzyme
activity was observed in the presence of the heavy metal ions Cu2⫹
and Hg2⫹.
Sensitivity and specificity of anti-catalase A1 ELISA. The potential usefulness of purified catalase A1 in serodiagnosis of infections caused by the S. apiospermum species complex was investigated by an ELISA.
As shown in Fig. 4, the highest OD values were obtained for
sera from CF patients with an S. apiospermum complex infection
(group C patients), i.e., patients with recovery of species of the S.
apiospermum complex but not A. fumigatus from clinical samples
and with a positive serological response against S. boydii but not A.
fumigatus by CIE. The median and geometric mean OD values for
group C patients were 2.264 and 2.253, respectively, with OD values ranging from 1.471 to 3.188.
The specificity of the ELISA was assessed using (i) sera from CF
patients with no filamentous fungi recovered from respiratory se-
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FIG 2 Purification of S. boydii catalase A1. (A) Fractionation of the crude somatic extract by anion-exchange chromatography on DEAE-Trisacryl. The locations
of the different catalases as evidenced by the spectrophotometric detection of the enzyme activity and native PAGE analysis of the corresponding fractions with
negative staining are indicated on the chromatogram. (B) Hydrophobic interaction chromatographic fractionation of pooled catalase A1-containing fractions
from anion-exchange chromatography. Fractions containing catalase A1 are indicated on the chromatogram. (C) Molecular size exclusion chromatographic
fractionation of pooled catalase A1-containing fractions recovered from hydrophobic interaction chromatography. Fractions containing catalase A1 are indicated on the chromatogram. AU, arbitrary units.
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and Diaz (29) after native PAGE analysis of crude somatic extracts from A.
fumigatus CBS 113.26 (lane 1) and S. boydii IHEM 15155 (lane 2). (B) Ferricyanide-negative staining of native 5 to 15% polyacrylamide gels loaded with S.
boydii crude somatic extract (lane 3), unbound fraction from affinity chromatography on concanavalin A-Sepharose (lane 4), and fraction eluted from the
column with 0.2 M methyl ␣-D-mannopyranoside (lane 5). (C) S. boydii crude
somatic extract (lane 6) and purified catalase A1 (lane 7) probed with peroxidase-concanavalin A after SDS-PAGE and Western blotting.

cretions and no serum antibodies against A. fumigatus or the S.
apiospermum species complex (group A) and (ii) sera from patients with recovery of A. fumigatus but not the S. apiospermum
species complex from clinical samples and with a positive serological response against A. fumigatus and not S. boydii by CIE (group
B). Results showed median and geometric mean OD values of
0.530 and 0.479, respectively, with OD values ranging from 0.369
to 1.129, for sera from group A patients, whereas values were 0.7
and 0.779, respectively, with OD values ranging from 0.701 to
1.429, for group B patients. In the latter group, reactivity with S.
boydii purified catalase A1 was not higher for sera which showed
the presence of anti-A. fumigatus catalase antibodies by immunodiffusion assay (median and geometric mean OD values of 0.750
and 0.631 for group B1, versus 0.7 and 0.78 for group B2).
Results were also analyzed statistically. Sera from patients with
S. apiospermum infection (group C) were clearly differentiated
from sera from group A patients (no airway colonization or infection by molds, P ⬍ 10⫺4) or group B patients (patients infected by
A. fumigatus but without anti-A. fumigatus catalase antibodies,
P ⬍ 10⫺4, or patients with A. fumigatus infection and the presence
of serum anti-A. fumigatus catalase antibodies, P ⬍ 10⫺4). Interestingly, sera from group A patients might not be differentiated
from sera from group B1 or B2 patients (P ⫽ 0.06 and P ⫽ 0.20,
respectively).
According to the cutoff value of 1.38, a 100% sensitivity and
97.44% specificity of this ELISA were determined (Table 2). Positive and negative predictive values were 96.15% and 100%, respectively.
Finally, group C patients were classified according to the spe-
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cies identified within the S. apiospermum complex or the number
of precipitin lines obtained by CIE using an S. boydii crude antigenic extract, and the geometric mean of anti-S. boydii catalase
antibody titers was calculated for each subpopulation. The geometric mean titer was 4,810 for the total population, with geometric titers ranging from 1,600 to 12,800, without any significant
difference between subpopulations.
DISCUSSION

During microbial infection, an inflammatory reaction occurs in
the respiratory tract, resulting in an influx of host phagocytic cells
with production of reactive oxygen species, particularly hydrogen
peroxide. Catalases are enzymes involved in the detoxification of
the hydrogen peroxide, and therefore they are considered viru-

TABLE 2 Performances of the ELISA detection of anti-S. boydii catalase
A1 antibodies for serodiagnosis of infections caused by the S.
apiospermum complex in CF patientsa
Serum
sample
result

No. of patients with ELISA result from group:
A (n ⫽ 20) B (n ⫽ 19) B1 (n ⫽ 11) B2 (n ⫽ 8) C (n ⫽ 25)

Positive 0
Negative 20

1
18

0
11

1
7

25
0

a
Sensitivity, 100%; specificity, 97.44%; positive predictive value, 96.15%; negative
predictive value, 100%. Serum samples were obtained from CF patients without clinical
or biological signs of fungal infections and without any fungus recovered from sputum
samples (group A), with A. fumigatus the sole filamentous fungus recovered from
sputum samples and with serum antibodies directed toward A. fumigatus but not S.
boydii by routine procedures (group B: B1, patients without anti-A. fumigatus catalase
antibodies; B2, patients with anti-A. fumigatus catalase antibodies), and CF patients
colonized by species of the S. apiospermum complex and exhibiting serum antibodies
directed toward S. boydii but not A. fumigatus (group C).
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FIG 3 PAGE analysis of catalase A1. (A) Double staining according to Wayne

FIG 4 ELISA reactivity of sera from infected or noninfected CF patients with
immobilized purified catalase A1 from S. boydii IHEM 15155. Sera were obtained from CF patients without clinical or biological signs of fungal infections
and without any fungus recovered from sputum samples (group A) and with
A. fumigatus the sole filamentous fungus recovered from sputum samples and
with serum antibodies directed toward A. fumigatus but not S. boydii by routine procedures (group B: B1, patients without anti-A. fumigatus catalase antibodies; B2, patients with anti-A. fumigatus catalase antibodies) and CF patients colonized by species of the S. apiospermum complex and exhibiting
serum antibodies directed toward S. boydii but not A. fumigatus (group C).
The cutoff (dotted line) and median OD values (solid lines) are indicated.
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migatus IgG allows the differentiation between noninfected patients and patients with Aspergillus bronchitis. Currently, CIE is
the unique method for detection of serum antibodies against species of the S. apiospermum complex (8). However, there are currently no antigenic extracts commercially available for this serodiagnosis, which is performed only in a few specialized
laboratories using nonstandardized homemade antigenic extracts. In addition, the numerous proteins and polysaccharides
shared between molds may lead to immune cross-reactions, particularly between A. fumigatus and Scedosporium species, which
are the most common molds colonizing/infecting CF patients,
and therefore to inaccurate interpretation of positive serological
results.
Serum anti-catalase antibodies have been known as valuable
markers for serodiagnosis of Aspergillus infections since the work
of Tran van Ky et al. (46), and this was confirmed during the past
decade using recombinant proteins. Several recombinant antigens
were compared in enzyme-linked immunosorbent assays by Sarfati et al. (25), and recombinant catalase showed a high potential
in the serodiagnosis of all forms of aspergillosis in both immunocompetent and immunocompromised patients. In addition, regarding patients with CF, the detection of anti-A. fumigatus catalase antibodies has been shown to be associated with a clinical or
functional deterioration (47). Because of this and considering the
high similarity between the biochemical products of A. fumigatus
Cat1 and S. boydii catalase A1, we investigated the potential application of catalase A1 for specific antibody detection in CF patients.
Sera from CF patients classified according to mycological and
serological results were compared by ELISA. Our results showed
100% sensitivity and a very high specificity (97.44%). Patients
infected by the S. apiospermum species complex were clearly differentiated from noninfected patients (without any filamentous
fungus recovered from respiratory secretions and without serum
antibodies directed toward A. fumigatus or the S. apiospermum
complex). Likewise, they were easily differentiated from patients
infected by A. fumigatus (recovery of A. fumigatus but no Scedosporium species from respiratory secretions, the presence of serum anti-A. fumigatus IgG, and a negative response by CIE using
an S. boydii mycelial extract). Only one of these patients was positive by an ELISA with S. boydii purified catalase A1. These results
suggest that catalase A1 is a good candidate for the development of
an immunoassay for serodiagnosis of infections caused by the S.
apiospermum complex in CF patients.
No differences were observed in the antibody titer with the
causative species (i.e., S. boydii or S. apiospermum), indicating that
S. boydii purified catalase A1 may be used to detect infections
caused by, at least, the two major species within the S. apiospermum complex. Due to the very low frequency of the other species
of the complex in our center, a multicenter study is needed to
investigate the interest of this serological method for patients colonized by S. aurantiacum or S. minutisporum. In addition, no
relationship was observed between the antibody titer and the
number of precipitin lines by CIE, which is not surprising since a
purified enzyme was used here as an antigen instead of a mixture
of proteins and polysaccharides. Nevertheless, the positive reaction observed with all CIE-positive sera also suggests that catalase
A1 is a major antigen.
Although serum anti-catalase antibodies have long been reported in A. fumigatus as diagnostic markers of Aspergillus infections, specificity toward other fungal respiratory infections in the

Clinical and Vaccine Immunology

cvi.asm.org

43

Downloaded from http://cvi.asm.org/ on September 15, 2019 by guest

lence factors, allowing the pathogen to escape the host immune
response.
Here, we showed that S. boydii produces three mycelial catalases, i.e., A1, A2, and A2=, the first exhibiting high similarity to A.
fumigatus Cat1, which is known as a valuable diagnostic marker
for aspergillosis (25, 27). Purified catalase A1 was seen on SDSPAGE as a single polypeptide chain of 82 kDa under reducing or
nonreducing conditions, whereas gel filtration suggested a molecular mass of 460 kDa for the native protein. Likewise, affinity
chromatography on immobilized ConA, as well as Western blotting experiments, demonstrated the glycosylation of the enzyme.
Together, these results suggest that catalase A1 is a tetrameric protein consisting of four 82-kDa glycosylated subunits, structural
features that are similar to those of A. fumigatus Cat1, which differs from catalase A1 by the 90-kDa molecular size of its subunits
(27). Likewise, Aspergillus niger produces a 385-kDa catalase called
CatR, made of four identical 97-kDa subunits (32), and Aspergillus
nidulans produces a 360-kDa catalase called CatB, consisting of
four identical 90-kDa subunits (33).
The apparent molecular mass of 82 kDa estimated by SDSPAGE and the lack of effect of ␤-mercaptoethanol suggest the
absence of intercatenary or intracatenary disulfide bonds. Interestingly, no cysteine residues were found in the amino acid sequence of A. nidulans CatB (33). In addition, the pI of S. boydii
catalase A1 was in the range of 4.1 to 4.3. Previously characterized
fungal catalases have a predicted pI ranging from 4.8 (CatB from
A. nidulans) to 7.0 (Cta1p from Saccharomyces cerevisiae) (34, 35).
Thus, S. boydii catalase A1 is one of the most acidic fungal catalases
known so far.
Some biochemical properties of the enzyme were also evaluated, including susceptibility to different catalase inhibitors and
the presence of an associated peroxidase activity. Our results are
consistent with those obtained for the atypical catalases CatR from
A. niger and Cat1 from A. fumigatus, which retain about 70% of
their activity after ethanol-chloroform treatment and are quite
resistant to SDS treatment (27, 32). Moreover, contrary to the
results obtained with A. fumigatus mycelial extract, we did not find
any catalase peroxidase in S. boydii mycelial extract, and catalase
A1 in particular did not exhibit peroxidase activity. Consequently,
S. boydii catalase A1 can be classified in clade 2 of the catalase
phylogenetic tree (36, 37), which corresponds to the so-called
atypical monofunctional catalases characterized by large subunits,
a broad pH range, susceptibility to 3-AT, and resistance to SDS
and ethanol-chloroform (38), like Escherichia coli HP-II catalase
(39), A. niger CatR (40), and Neurospora crassa Cat1 (41). Moreover, detection of catalase A1 in the culture supernatant demonstrates its secretion in the environment, therefore indicating that it
belongs to clade B of fungal catalases, which comprise secreted
monofunctional catalases (42, 43).
In CF, a major concern regarding the clinical relevance of the
isolation of molds from respiratory secretions (44) remains. Recently, by combining the results of several biological tests, including a sputum real-time Aspergillus PCR, sputum galactomannan,
total serum IgE level, and specific serum IgE and IgG levels, Baxter
et al. (45) highlighted the importance of a specific IgG for diagnosis of an Aspergillus respiratory infection in A. fumigatus-colonized CF patients. Besides allergic bronchopulmonary aspergillosis (ABPA) and sensitization, which are characterized by an
elevated total serum IgE titer and the presence of serum-specific
anti-A. fumigatus IgE, the presence of serum-specific anti-A. fu-
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CF context has not been investigated. Here, we show that even if
catalases are shared by all oxygen-tolerating organisms, there are
enough epitope differences to develop an efficient, sensitive, and
specific serological test. Due to the limitations of our purification
procedure, which is time-consuming, and the small amounts of
catalases in the mycelial extracts, the cloning and sequencing of
the catalase A1-encoding gene are currently being performed in
order to produce a recombinant protein which will be used to
develop a standardized serological test for diagnosis of infections
caused by the S. apiospermum complex.
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