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ABSTRACT

Fungi are important aeroallergens. However, fungal allergen sources of consistent quality for clinical testing are not readily
available. Because some allergens have been identified as enzymes, we assessed the prevalence of IgE reactivity to commercially
available fungal enzymes. The purpose of this study was to determine IgE antibody reactivity by radioallergosorbent assay
(RAST) to commercially available fungal enzymes in mold-allergic individuals. Sera from 20 subjects with symptoms of
respiratory allergies and skin test reactivity to 2 or more fungal allergens (4 conidial [imperfecti] fungi and/or 8 basidiomycetes)
were selected. Controls were six atopic individuals with neither history of fungal allergy nor skin test reactivity to fungi.
Seventeen commercial fungal enzymes were used as antigens to evaluate the subjects’ IgE antibody reactivity by RAST. Sera
from most fungus-allergic individuals showed substantial IgE antibody reactivity to enzymes; control sera showed little or no
reactivity. The mean reactivity to all commercial enzymes of all subjects tested was RAST � 3% with only one exception. The
most reactive fungal enzymes were invertase (bakers’ yeast, Saccharomyces cerevisiae), cellulase (Trichoderma viride), and
glucosidase (brewers yeast, S. cerevisiae) with mean binding of 14.6, 9.5, and 8.8%, respectively. Using RAST results with
a combination of four enzymes from S. cerevisiae (brewers yeast glucosidase, bakers’ yeast maltase, invertase, and invertase
V), a sensitivity of 100% was shown for detecting mold-allergic patients. The studies suggest that fungal enzymes may be
useful source materials for the identification of fungal allergens and may also provide readily available source materials to
produce improved diagnostic and therapeutic reagents.

(Allergy Asthma Proc 29:629–635, 2008; doi: 10.2500/aap.2008.29.3174)
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Fungi are a diverse group of organisms; some are
infectious agents, some are facultative parasites,

whereas others are strictly saprophytic.1 They produce
allergens2 and toxins3 and can grow almost every-
where. Airborne spores are present in outdoor as well
as indoor air throughout the year, and spore numbers
outdoors frequently exceed pollen concentrations by
100- to 1000-fold, depending on environmental factors
such as water and nutrient availability, temperature,
and wind.2,4 Allergen databases identify 189 fungal
species that may be allergenic, although the real num-
ber is probably much higher.5 In addition, �200 toxins
have been identified from fungal growth on plant ma-
terials including those used for food and as indoor
construction materials.

Allergic, IgE antibody-mediated type I reactivities to
ingested fungi or fungal components have been de-

scribed.6–8 Furthermore, allergies to inhaled fungal
components can also manifest either as rhinitis,
asthma, or skin reactions. The prevalence of allergenic
sensitization to fungi is not exactly known but has been
estimated in some studies to be as high as 6% of the
general population.2,4,9 Based on the analysis of Mu-
darri and Fisk, an estimated 21% of current asthma in
the United States is attributable to dampness and in-
door mold exposure.10 Diagnosis of allergies to fungi
has historically been difficult, caused by, in part, the
generally poor quality of commercial fungal extracts as
well as significant cross-reactivity among different
mold species that is not clearly delineated.11

Recent advances in allergen preparation have in-
creased the availability of specific fungal allergens, in
particular, use of cDNA cloning and the production of
recombinant allergens.12,13 These molecular techniques
have isolated a number of allergenic fungal proteins.
The isolation and serum testing of fungal allergens
may be improved by new source material; this may aid
in diagnosis and treatment of patients with fungal
allergy. Because of current cost of preparation and
narrow spectrum of availability, however, use of spe-
cific fungal allergens remains of limited clinical utility.
Furthermore, significant cross-reactivity among fungal
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genera has been established.11 The relevance of this
cross-reactivity has not been discerned but may be
caused by similar posttranslational modifications
among fungal genera.

As with any other allergic disease, diagnosis is based
on the clinical symptoms of the patient, skin test reac-
tivity, and/or the identification of allergen-specific IgE
antibody reactivity by radioallergosorbent test (RAST).14

Skin test and RAST are most reliable with standardized
allergen extracts, but such extracts are not available for
many species of allergenically important fungi.

Fungal enzymes have long been used widely in the
food, chemical, and pharmaceutical industries. Hence,
a broad array of these enzymes is available in commer-
cial quantities. Some fungal enzymes are known to be
allergenic to exposed workers.6,8,15–17 If these commer-
cial fungal enzymes were allergenic for other subjects,
they would be a relatively inexpensive source of ma-
terial for fungal allergen research as suggested18,19 and
could substitute as source material for extracts used in
in vitro diagnostic studies. Hence, we assessed the
prevalence of IgE antibody reactivity to commercially
available fungal enzymes using sera from mold-aller-
gic subjects who had no known occupational exposure
to fungal enzymes.

MATERIALS AND METHODS

Subjects’ Sera
Sera were obtained from 20 subjects with symptoms

of respiratory allergies and skin test reactive to 2 or
more fungal allergens. These included commercial ex-
tracts of four conidial fungi: Alternaria alternata, As-
pergillus niger, Cladosporium herbarum, and Fusarium so-
lani, (Greer Laboratories, Lenoir, NC) and eight
basidiomycete spore extracts20 prepared from Psilocybe
cubensis, Pleurotus ostreatus, Calvatia cyathiformus, Cop-
rinus commatus, Scleroderma geaster, Pisolithus tinctorius,
and Ganoderma lucidum at Tulane University Medical
Center, New Orleans, LA, from spores (95% purity)
collected locally. Sera from six atopic subjects with no
reactivity to fungi by skin test or RAST were used as
controls.

Fungal Enzymes
Seventeen fungal enzyme preparations were pur-

chased from Sigma-Aldrich, St. Louis, MO, and Worth-
ington Biochemical Corp., Freehold, NJ. These in-
cluded an �-amylase (type X-A, Aspergillus oryzae),
cellulase (Trichoderma viride), enolase (Saccharomyces
cerevisiae, bakers’ yeast) �-glucosidase (S. cerevisiae,
brewers’ yeast), invertase grade V (S. cerevisiae, bakers’
yeast), maltase (S. cerevisiae, bakers’ yeast), protease
XIX (A. sojae), protease XIII (A. saitoi), protease II (A.
oryzae), and proteinase K (Tritirachium album; Sigma).
Purified maltase (S. cerevisiae, bakers’ yeast), cellulase

(Trichoderma reesei), carboxypeptidase (S. cerevisiae,
bakers’ yeast), lipase (Candida cylindracea), pectinase (A.
niger) and basidiomycete tyrosinases (Worthington
Biochemical Corp.) were also included.

Radioallergosorbent Assay
The fungal extracts were coupled to paper discs (100

�g/disc) by the method of Ceska.14 One hundred mi-
croliters of sera were tested in duplicate and incubated
overnight with the antigen-coated disk on a rotator at
room temperature. Discs were then washed 3� with
PBS to remove unbound antibody and then again in-
cubated overnight with I125-labeled anti-human IgE
(15,000 cpm/disc; Kallestad Diagnostics, Chaska, MN).
The discs were washed again and bound radioactivity
was determined in a �-counter. The average counts per
minute were obtained for each set of sera and the
percent of RAST binding was calculated.

RESULTS
The ability of the fungal enzyme extracts to bind IgE

from fungal allergic as well as atopic individuals who
are not allergic to molds is summarized in Figs. 1, 2,
and 3. RAST reactivity of 3% binding is considered to
be positive based on previous studies because this is
consistently at least 2 SD greater then the mean reac-
tivity of nonatopic individuals.21 Generally, sera from
nonallergic subjects showed little or no RAST reactivity
(usually �4% binding) to all fungal enzymes tested.
The only major exception was control sera 1, which
showed significant reactivity (�4%) to tyrosinases
from mushrooms, cellulase from T. reesei and pectinase
from A. niger. All other values of the fungal nonallergic
sera were �3% binding. In contrast, significant IgE
binding was shown by a number of the sera from
fungus-allergic individuals. Although sera varied in
their reactivity, percent binding was rather substantial
such as shown for serum 2 to Aspergillus enzymes (Fig.
1), yeast enzymes (Fig. 2), and other fungal enzymes
(Fig. 3). Significant reactivity was shown by a number
of other sera. The most potent fungal allergens ap-
peared to be invertase (bakers’ yeast), two cellulases (T.
viride, T. reesei), and glucosidase (brewers yeast) with
mean RAST binding of 17.7, 9.5, 19.3, and 13.1%, re-
spectively.

Of the 20 sera from fungal-allergic individuals tested,
16 showed significant (�3% binding) RAST reactivity
to at least two fungal extracts. However, reactivity to
individual enzymes varied: of the 16 sera tested, 5
reacted to T. album proteinase, 7 reacted to C. cylindra-
cea lipase, 9 reacted to A. oryzae protease II, 8 reacted to
A. niger pectinase; 7 reacted to carboxypeptidase from
bakers’ yeast, 7 reacted to T. viride cellulase, 11 reacted
to glucosidase from brewers yeast, 9 reacted to enolase
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from bakers’ yeast, and all 16 reacted to invertase from
bakers’ yeast.

The individual IgE reactivities were compared by
Friedman repeated measures analysis of variance of
ranks for significant differences among all reactivities
and were compared pair-wise by Tukey test. Among
the IgE reactivities to Aspergillus enzymes, no signifi-
cant differences were detected. Furthermore, IgE reac-
tivities to Aspergillus enzymes and T. album proteinase,
T. viride cellulase, T. reesei cellulase, and basidiomycete
tryrosinases were statistically similar. The only IgE
reactivities that were different were those to S. cerevi-
siae (bakers’ yeast) invertase; IgE reactivities to this
enzyme were significantly different from those to A.
sojae protease XIX, A. oryzae protease II, A. oryzae amy-
lase, A. niger pectinase, S. cerevisiae invertase V, S.
cerevisiae carboxypeptidase, S. cerevisiae maltase, S. cer-
evisiae invertase VII, C. cylindracea lipase, T. album pro-
teinase, T.viride cellulase, and T. reesei cellulase.

Maximal RAST reactivities to fungal enzymes were
exceptionally high for sera from mold-allergic subjects;
31% binding for A. sojae protease II, 40.9% for A. saitoi
protease XIII, 51% for invertase from bakers’ yeast, and
52.7% for T. reesei cellulase. To determine the most
potent fungal enzyme allergens, mean RAST percent
bound for the allergic sera compared with the control

sera were determined (Table 1). By far, the cellulases of
T. viride, T. reesei, and yeast enzyme invertase were the
most potent allergen, with mean (n � 20) RAST of
23.94, 19.93, and 17.71%, respectively. However, the
high SD indicates a large variability of individual al-
lergic sera reactivity. The second most potent enzyme
allergen was observed with two different cellulase
preparations. All enzymes showed substantial SD in-
dicating variability of reactivity, but, nonetheless, sig-
nificant reactivity was detected to a number of en-
zymes.

Table 2 shows sensitivities and specificities of posi-
tive RAST to correctly identify mold-allergic subjects
with each fungal enzyme tested. The different enzymes
vary in their sensitivity between 20 and 80% whereas
the specificity is at least 83.33% for all enzymes. The
highest sensitivity (80%) is achieved with S. cerevisiae
invertase and combined with a high specificity of
100%. The accuracy of a positive RAST reactivity (pos-
itive predictive value) range from 85 to 100%, indicat-
ing that an IgE binding of at least 3% to almost any
fungal enzyme, is a good measure to show a sensitiza-
tion to molds. Four enzymes from S. cerevisiae varieties
(brewers yeast glucosidase, bakers’ yeast maltase, in-
vertase, and invertase V) have a combined sensitivity
of at least 50% with high specificity of at least 80%.
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Figure 1. IgE reactivities to Aspergillus enzymes: A. sojae protease XIX, A. oryzae protease II, A. oryzae amylase, and A. niger
pectinase.
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Figure 2. IgE reactivities to yeast enzymes: S. cerevisiae (brewers’ yeast) glucosidase, S. cerevisiae (bakers’ yeast) enolase, S. cerevisiae
(bakers’ yeast) maltase, S. cerevisiae (bakers’ yeast) invertase, S. cerevisiae invertase V, S. cerevisiae carboxypeptidase, S. cerevisiae
maltase, S. cerevisiae invertase VII, and C. cylindracea lipase.
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Figure 3. IgE reactivities to T. album proteinase, T. viride cellulase, T. reesei cellulase, and basidiomycete tryrosinases.
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Table 1 RAST reactivities of mold-allergic and control subjects to fungal enzymes

Enzyme Mold-Allergic Subjects Control Subjects

n/20 %B Mean SDEV n/6 %B Mean SDEV

A. sojae (protease XIX) 8 8.88 9.43 0 — —
A. oryzae (protease II) 9 7.52 8.7 0 — —
A. oryzae (amylase) 6 9.48 8.81 1 3.6 —
A. niger (pectinase) 8 6.31 3.07 1 4.6 —
S. cerevisiae brewers yeast (glucosidase) 10 13.12 6.74 1 3.7 —
S. cerevisiae bakers’ yeast (enolase) 9 10.8 7.17 0 — —
S. cerevisiae bakers’ yeast (maltase) 10 10.83 8.31 1 3.1 —
S. cerevisiae bakers’ yeast (invertase) 16 17.71 14.46 0 — —
S. cerevisiae (invertase V) 10 9.43 7.28 1 3.4 —
S. cerevisiae (carboxypeptidase) 7 6.04 2.32 1 7.1 —
S. cerevisiae (maltase) 9 4.9 1.49 1 14.9 —
S. cerevisiae (invertase VII) 9 8.78 5.52 1 3.4 —
C. cylindracea (lipase) 7 8.34 5.7 1 4.1 —
T. album (proteinase) 5 4.7 1.13 0 — —
T. viride (cellulase) 7 23.94 21.34 0 — —
T. reesei (cellulase) 9 19.93 19.42 1 5.8 —
basidiomycetes (tryrosinases) 4 11.4 6.45 1 7.9 —

RAST � radioallergosorbent assay; n � number of subjects RAST reactivity (% binding, %B) �3%; B%mean � mean RAST
reactivity; SDEV � standard deviation. Aspergillus species: A. oryzae, A. niger, A. sojae. Yeasts: Saccharomyces
cerevisiae (bakers’ yeast, brewers’ yeast), Candida cylindracea; Others: Tritirachium album, Trichoderma reesei,
basidiomycetes.

Table 2 Sensitivity, specificity, positive predictive value, and negative predictive value in percent of RAST
reactivities to 17 different fungal enzymes

Enzyme Sensitivity
(%)

Specificity
(%)

Positive Predictive
Value (%)

Negative Predictive
Value (%)

A. sojae (protease XIX) 40.0 100.0 100.0 33.3
A. oryzae (protease II) 45.0 100.0 100.0 35.3
A. oryzae (amylase) 30.0 83.3 85.7 26.3
A. niger (pectinase) 40.0 83.3 88.9 29.4
S. cerevisiae brewers yeast (glucosidase) 50.0 83.3 90.9 33.3
S. cerevisiae bakers’ yeast (enolase) 45.0 100.0 100.0 35.3
S. cerevisiae bakers’ yeast (maltase) 50.0 83.3 90.9 33.3
S. cerevisiae bakers’ yeast (invertase) 80.0 100.0 100.0 60.0
S. cerevisiae (invertase V) 50.0 83.3 90.9 33.3
S. cerevisiae (carboxypeptidase) 35.0 83.3 87.5 27.8
S. cerevisiae (maltase) 45.0 83.3 90.0 31.3
S. cerevisiae (invertase VII) 45.0 83.3 90.0 31.3
C. cylindracea (lipase) 35.0 83.3 87.5 27.8
T. album (proteinase) 25.0 100.0 100.0 28.6
T. viride (cellulase) 35.0 100.0 100.0 31.6
T. reesei (cellulase) 45.0 83.3 90.0 31.3
basidiomycetes (tryrosinases) 20.0 83.3 80.0 23.8

RAST � radioallergosorbent assay.
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Analyzing the results of these four enzymes gives an
overall sensitivity of 100%, specificity of 50%, a posi-
tive predictive value of 86.96%, and a negative predic-
tive value of 100%.

DISCUSSION
Although fungal allergens in the form of mycelia or

spores are one of the most common inhaled particles
that can cause respiratory allergies, fungal allergen
extracts have not been as well studied as other aeroal-
lergens because of a number of difficulties in charac-
terizing them.2,7 Additionally, standardization of fun-
gal allergen products has been inconsistent because of
inherent manufacturing difficulties.14 Despite this and
the fact that there are literally thousands of species of
fungi that contribute potential allergens to the atmo-
sphere, it is essential for us to identify and characterize
fungal allergens not only to develop better diagnostic
reagents but also to improve therapeutic regimens.
Indeed, in occupational studies it has been shown that
proteases can induce profound IgE sensitization in en-
zyme detergent workers.22,23 It is well known that en-
zymes from fungi can be potent occupational aeroal-
lergens.8,16,24–26 Likewise, several very important
allergens (e.g., dust-mite major allergens Der p 1 and
Der f 1) are enzymes.27–32 Thus, it was proposed that
enzymes from fungi might be important sources of
fungal allergens.

Our studies indicate that a number of fungal en-
zymes seem to have substantial reactivity to IgE anti-
bodies in the sera from mold-allergic individuals.
These fungal enzymes vary in terms of the magnitude
of their reactivity and the number of sera to which they
react. Clearly, not all mold-allergic individuals react to
these preparations but a number of them do, indicating
that these could be important sources of fungal aller-
gens for in vitro diagnosis. Furthermore, it is notable
that manufacture of these particular fungal products
could be a potential occupational hazard.

When reactivities to our extracts are used in certain
combinations, the sensitivity and specificity for detect-
ing a fungus-allergic individual approaches 100% (Ta-
ble 2). Testing with this combination of fungal prepa-
rations could be used clinically as an inexpensive
screening tool for atopic patients. The use of fungal
enzyme preparations may be an efficient way to screen
allergic patients for reactivity to fungi. In coming de-
cades, our arsenal of testing will improve in depth and
breadth to incorporate specific fungal enzymes.33 Until
then, however, the expense of polymerase chain reac-
tion cDNA cloning remains an inhibiting factor to rou-
tine enzyme-extract production. Furthermore, recom-
binant enzyme production produces an enzyme based
on DNA sequence only; posttranslational modifica-
tions are not considered. Purified enzymes procured

using this technique, then, may not actually be concor-
dant with the allergenic enzyme expressed by a partic-
ular fungus. Testing with our combination of fungal
preparation is an important screening tool for detect-
ing fungus allergy and represents a transition from
current, more insensitive methods to the future of spe-
cific allergen production.

In conclusion, these studies certainly support the
suggestion that commercial fungal enzymes are poten-
tially important, readily available source materials for
identification of fungal allergens, and indicate that fur-
ther studies are warranted. Using commercially pro-
duced fungal enzyme extracts as source material for
clinical allergen testing may be less expensive than
current techniques, and therefore of manufacturing in-
terest. Certainly, these sources should help improve
diagnostic and therapeutic fungal reagents as well as
provide immunogens for making monoclonal antibod-
ies, preparing peptides, and providing treatment of
mold-allergic subjects.
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