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Abstract: Due to mounting evidence suggesting that biological contamination in the built environment may cause a myr-
iad of adverse health effects, research aimed at understanding the potential exposure to fungal organisms and their me-
tabolites is of utmost importance. To this end we utilized a protein translation inhibition assay to determine the relative
amounts of mycotoxin present in various fungal spore preparations. Basing our results on the transformation of firefly lu-
ciferase in a rabbit reticulocyte system our initial data showed that spores from different fungal genera contained varying
amounts of mycotoxins. However, by calculating the surface area of the spores and then normalizing the assay by keeping
surface areas equivalent we determined that there is a direct relationship between spore size and mycotoxin content. This
is an important finding because simply knowing the numbers of spores is clearly not sufficient; one needs to know the
specific species present to formulate an effective risk assessment and remediation regimen. This work illuminates the po-
tential inhalation exposure to trichothecene mycotoxins that are suspended in the air of the indoor environment. Currently
many methods of fungal analysis in the indoor environment are simply based on spore counts. Our analysis clearly dem-
onstrates that it is equally important to know the species of organisms present to accurately determine potential exposure

to mycotoxins, thereby enabling effective risk management decisions to be made.
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INTRODUCTION

It has been estimated that humans spend between 80 —
90% of their time in the indoor environment [1, 2]. With
such a large portion of time spent in the built environment it
is accepted that a significant portion of unhealthy personal
exposure to airborne contaminants can take place indoors
[2]. A substantial factor that can adversely affect the quality
of the indoor environment is biological contamination,
mainly by the filamentous fungi (mold). Estimates of fungal
contamination of homes in North America indicate that up to
40% contain mold growth, while in other parts of the world
such as Northern Europe the proportion of fungal contami-
nated homes ranges between 20-40% [3, 4]. The presence of
fungal organisms in homes and offices may play a major role
in what is being called “Sick Building Syndrome” [5].

Recently, Mudarri and Fisk utilized asthma as an end-
point to determine the economic impact of dampness and
mold in the United States. Roughly twenty two million peo-
ple are reported to have asthma in the United States with
approximately 4.6 million cases projected to be linked to
mold exposure in the indoor environment [6]. Their findings
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show that the national annual cost of asthma that is caused
by dampness and mold exposure in the built environment is
estimated to be approximately $3.5 billion [6]. This analysis
makes it clear that dampness and mold in the indoor envi-
ronment poses considerable health risks as well as sizeable
economic costs.

In addition to asthma, there are severe health effects at-
tributed to the filamentous fungi like idiopathic pulmonary
hemosiderosis (IPH) in infants resulting in death and other
health effects including itchy eyes, stuffy nose, fatigue, and
headache [7-15]. One route of exposure is by inhalation of
fungal organisms which may cause either allergic infectious
or toxic effects depending on the species, the length of expo-
sure, and the strength of the immune system of the exposed
individual. Toxic effects can also be induced by the presence
of certain secondary metabolites commonly referred to as
mycotoxins. Secondary metabolites are products that are not
required in normal cellular metabolism, however, they pro-
vide a competitive advantage when growing in the presence
of other competing organisms.

Fungal secondary metabolites that have been shown to
cause adverse health impacts are the trichothecene mycotox-
ins. The trichothecenes are low molecular weight (<1 kDa)
products that are produced by a wide range of fungal organ-
isms including Stachybotrys, Fusarium, Myrothecium,
Trichoderma, as well as two plant species [16, 17]. Tricho-
thecenes are in the sesquiterpenoid family of natural prod-
ucts and are known to be potent inhibitors of eukaryotic pro-
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tein synthesis [17]. Trichothecenes have been shown to be
present in both the conidia as well as the spores of producing
fungal organisms [18].

Airborne spores and spore fragments contain trichothe-
cene mycotoxins that can result in exposure via inhalation by
individuals [19]. While there is consensus that inhalation
exposure to molds can cause adverse health effects there are
factors that cannot be quantified. Schulz et al. concluded that
there is a health hazard due to toxic effects after the inhala-
tion of high concentrations of spores from the filamentous
fungi [20]. It has also been known for some time that toxins
produced by Stachybotrys chartarum can accumulate to very
high levels in the conidia and that spores laden with toxins
can affect lung function [21, 22, 23]. However, the role that
mycotoxins have in the manifestation of the aforementioned
ailments is currently unknown, and studies aimed at myco-
toxin inhalation exposure are lacking.

Due to the increasing evidence that suggests that the fil-
amentous fungi may play a major role in sick building syn-
drome we utilized a protein translation assay to determine
the relative amounts of toxin present in various spore prepa-
rations. The purpose of this study was to utilize a standard in
vitro toxicity assay to compare the relative amounts of toxin
present in various fungal spore preparations to T2 toxin. The
comparison of the toxicity to T2 toxin was done explicitly to
provide a reference point for individual spore preparation
toxicity. In this manuscript we present data that suggest that
simply knowing the identity of the fungal organisms airborne
in the indoor environment is not a complete picture and
equally important are the number and size of spores in de-
termining the potential for mycotoxin exposure.

MATERIALS AND METHODS
Materials and Reagents

Lyophilized T-2 trichothecene mycotoxin used as a posi-
tive control in the luciferase translation assay was purchased
from Sigma, St. Louis, Mo. The Rabbit Reticulocyte Lysate
Kit and Steady Bright-Glo Reagent were purchased from
Promega, Madison, WI. Steady Bright-Glo Reagent was di-
vided into 0.5 mL aliquots, and all reagents were stored in
the dark at — 70 °C until needed.

Preparation and Storage of T-2 Toxin

Lyophilized stock of T-2 toxin was suspended in 95%
ethanol to ensure complete solubility and subsequently di-
Iuted in cold deionized sterile 18-Mohm water (dH,O) at
specific concentrations for easy use in the translation assay.
The final concentration of ethanol in the T-2 preparations
was below 0.01% in the translation reaction mixture. T-2
toxin suspensions stored at — 70 °C for greater than 30 days
exhibited no loss of toxicity.

Fungi Growth Conditions

The following media and fungi were used in this study:
Potato Carrot Agar (laboratory (RTI) prepared) for Alter-
naria alternata; Sabouraud Dextrose (Difco) for Aspergillus
fumigatus, Aspergillus versicolor strains 3097, 3182, 3236,
3332, 3348, 3418, and 3843, Penicillium brevicompactum,
Penicillium chyrsogenum; Malt Extract Agar (Oxoid) for
Cladosporium, Stachybotrys chartarum strains 5108, 5111,
5802, 5806, 6307, Houston; Potato Dextrose Agar (Difco)

Dean et al.

for Fusarium oxysporum. A. versicolor and S. chartarum
strains were isolated from house dust samples from homes in
Cleveland, Ohio. The numbers following the organism name
are the laboratory identification numbers. All strain numbers
are RTI laboratory identification numbers. All cultures were
incubated in a temperature-controlled (21 +3 °C), HEPA
(High Efficiency Particulate Absolute) filtered room.

Preparation of Mycotoxins

Spores and conidia of each organism were collected by
gently rolling a wetted sterile calcium alginate swab over
confluent fungal growth and immersing the spore covered
swab in cold dH,O. This preparation was immediately
washed once with 200 pL of cold dH,O and pelleted at 1,800
g for 1 min. The pellet was suspended in cold dH,O and
spore integrity and purity was assessed by light microscopy
and quantitated by hemacytometer. 100 pL of spore suspen-
sion was pipetted into a thin-walled PCR tube filled with
approximately 100 pL of 0.1 mm glass beads. The tubes
were capped and subjected to milling in a bead beater (Bio-
spec Products, Bartlesville, OK) on high for 30 seconds,
paused for 30 seconds, and milled for an additional 30 sec-
onds. The cellular debris was pelleted, and the supernatant
was passed through Ultrafree-MC 5000 NMWL microcentri-
fuge filter (Millipore Corp, Bedford, MA) at 1,800 g for 25
min to remove small interfering proteins and RNases [24].
The filtrate was evaporated to near dryness at 65 °C for 25
minutes in a Speed Vac Plus centrifuge (Savant Instrument,
Farmingdale, NY). At no time did the sample dry com-
pletely. Extracts reconstituted in 10 pL of dH,O were stored
at — 70 °C until needed.

Spore Equivalents by Surface Area

All spores and conidia were equated by surface area us-
ing published width and length dimensions [25] using the
following equations:

Surface area of a sphere for Aspergillus (r=1.5) and Peni-
cillium (r=2);

S=4xr? (1)
Surface area of a prolate ellipsoid for Alternaria (a=30,
b=50), Cladosporium (a=10, b=2.5), Stachybotrys (a=12,
b=3);
S,. =2 b? (1+(a+b)arcsin(e) + €)
where e= sort (a2 - bZ) +a (2)
Surface area of (2) cylinders for Fusarium (r=2.5, h=5).
s =(2zr?+2nrh)x2 3)

Using these equations we determined surface areas,
equivalents, and spore equivalents for extraction as outlined
in Table 1.

In Vitro Luminescence Protein Translation

The translation of firefly luciferase mRNA was carried
out as previously described [24] with minor modifications. A
master mix of the translation reaction was made by combin-
ing 8.75 pL Flexi Rabbit Reticulocyte Lysate, 0.25 uL. Com-
plete Amino Acid Mixture (1 mM), 0.35 pL Potassium Chlo-
ride (2.5 M), 0.25 pL RNA substrate (omitted for negative
control), and nuclease-free water to a final volume of 12.5
pL for each reaction. The luciferase protein translation assay
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was performed by combining 1.0 pL of the extracts to master
mix with RNA substrate to a final volume of 12.5 pL in a
PCR tube. The reaction tubes were placed in a thermal cycler
(BioRad, Hercules, CA) programmed for a single cycle of 90
min at 30 °C. The samples were removed from the thermal
cycler within 5 min of completion and either used immedi-
ately or stored at — 70 °C to be used within 24 h.

Table 1. Calculated Surface Area and Spore Equivalents for

Each Organism Used in this Study

Organism S'li\r:gace Equivalents Eqiﬁ/(;rIZn ts
Alternaria spp. 1564.16 1.00 1.00 x10°
Aspergillus spp. 28.26 55.35 5.53 x10’
Cladosporium spp. 267.16 5.85 5.85x10°
Fusarium spp. 235.50 6.64 6.64 x10°
Penicillium spp. 50.24 31.13 3.11x10’
Stachybotrys spp. 384.72 4.07 4.07 x10°

Luciferase Activity Assay

An aliquot of Steady Bright-Glo Reagent was thawed
slowly to room temperature by placing the tube in a small
beaker of water in the dark 30 min before the start of the
activity assay. The Steady Bright-Glo Reagent (25 pL) was
pipetted into test wells of a Costar 96 well 2 volume white
polystyrene plate (Corning Inc., Corning, NY). Each assay
sample (2.5 pL) was added by pipette and mixed in by swirl-
ing the pipette tip in a circular motion 3-5 times. Pipette
mixing of the mixture was not done to reduce the generation
of interfering foaming. The plate was covered by a foil-lined
lid and was either read within 10 min or stored for up to 2 h
in the dark without loss of activity. The foil was removed
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and the plate was read in a Tecan GENios (Tecan U.S., RTP,
NC) using luminescence mode and XFLUOR4 software. The
activity of all samples was expressed as percent control (wa-
ter added in place of toxin or extract). Control samples with
luciferase mRNA and no toxin added consistently yielded
about 400,000 RLU for 100% luciferase mRNA translation.

RESULTS

Protein Translation Inhibition Utilizing 1 x 10° Fungal
Spores

Initial assay conditions were developed to determine the
amount of translation inhibition utilizing 1 x 10° spores of
each of the organisms, and making a direct comparison to T2
toxin. T2 toxin is considered one of the most toxic of the
trichothecenes, is highly characterized with strong inhibition
of protein synthesis, and has been previously used as a posi-
tive control in the development of this assay [26]. Fig. (1)
shows that although all the extracts had some inhibition on
the translation of firefly luciferase, the A. alternata, the six
Stachybotrys isolates, and C. cladosporoides all inhibit trans-
lation at levels approximately 2.5 to 6 times greater than the
Aspergillus, Penicillium, or Fusarium species tested.

When the values presented in Fig. (1) are compared to
the standard curve developed utilizing purified T2 toxin
(data not shown) direct comparisons were made and we ob-
tained T2 equivalents (Table 2). The data revealed that A.
alternata inhibited protein synthesis to a much greater extent
than even 250 ng of T2 toxin. The trichothecenes produced
by the various S. chartarum strains assayed ranged from 28.3
ng to 90 ng T2 toxin equivalent inhibition. C. cladosporoides
and S. chartarum (Houston) were nearly equal at approxi-
mately 28 ng of T2 toxin equivalents. At the other end of the
spectrum were the Aspergillus, Penicillium, and Fusarium
species which all produced less than 5.0 ng T2 equivalents
inhibition within this assay.

% Luciferase Translation

Fig. (1). Translational inhibition of firefly luciferase by fungal organisms used in this study including titrated amounts of T2 toxin.
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Table2. Percent Translation and Calculated T2 Equivalents

for Study Organisms

Organism % Translation | T2 Equivalents
25ng T2 77.85 25
Aspergillus versicolor 69.61 29
Penicillium brevicompactum 65.62 3.05
Aspergillus flavus 60.02 34
Penicllium chrysogenum 55.1 39
Fusarium oxysporum 44.66 45
25ng T2 17.49 25
Cladosporium cladosporoides 16.73 28
Stachybotrys chartarum Houston 16.44 28.3
Stachybotrys chartarum 63-07 12.06 55
Stachybotrys chartarum 51-11 11.39 62
Stachybotrys chartarum 58-06 10.85 70
Stachybotrys chartarum 58-02 9.87 83
Stachybotrys chartarum 51-08 9.78 90
250 ng T2 6.57 250
Alternaria alternata 0.69 BDL

Calculation of Spore Surface Areas

Following the initial set of experiments the fungal spe-
cies with larger spore sizes seemed to inhibit protein synthe-
sis to a much greater extent than the species with smaller
sized spores. With this observation in mind we set out to
utilize geometric calculations of spore surface area and then
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repeat the assay with equivalent spore surface areas in each
assay. According to these calculations A. alternata had the
largest surface area at 1564.16 nm? followed by the S. char-
tarum strains at 384.72 nm?. C. cladosporoides had a surface
area of 267.16 nm? while the surface areas for the Penicil-
lium and Aspergillus species were just 50.24 nm? and 28.26
nm?, respectively. F. oxysporum gave a calculated surface
area of 235.50 nm?.

Protein Translation Inhibition Following Normalization
of Spore Surface Area

We reasoned that because A. alternata had the largest
spores as well as the highest translation inhibition at 1 x 10°
spores that all subsequent assays should be completed with a
total surface area equal to 1 x 10° A. alternata spores (Table
1). Using these surface areas we obtained rather extraordi-
nary results in the translation inhibition assay (Fig. 2). When
the assays were run with spore surface areas equivalent to A.
alternata the results were very uniform with translation inhi-
bition ranging from 95.38% for P. brevicompactum to 99%
for A. alternata. Among the S. chartarum isolates that were
tested, the Houston strain once again showed slightly less
translation inhibition at 97.8% compared to the other strains
which gave approximately 99% inhibition.

Translation Inhibition for Aspergillus Versicolor Isolates

Asp. versicolor is commonly found in unhealthy indoor
environments and studies have shown that inhalation expo-
sure to Asp. versicolor spores may cause acute inflammation
and cytotoxic effects [27, 28]. To this end we analyzed seven
different Asp. versicolor isolates for their ability to inhibit
protein synthesis focusing on potential strain differences.
The data presented in Fig. (3) indicated that, while not sub-
stantial, there were definitely differences in the amount of
translational inhibition. Asp. versicolor strain # 3332 showed

100

% Luciferase Translation

Fig. (2). Translational inhibition of firefly luciferase by fungal organisms used in this study with all assays normalized to 1 X 10° spores of

A. alternata.
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Fig. (3). Translational inhibition of firefly luciferase by various strains of A. versicolor.

the greatest amount of inhibition while Asp. versicolor strain
# 3348 showed the least. Minor differences were observed
between the rest of the Aspergillus strains used for this
study.

DISCUSSION

This work was performed to shed additional light on the
potential inhalation exposure to trichothecene mycotoxins
that are associated with, and carried by fungal spores sus-
pended in the air of the built environment. The organisms
used in this study were chosen based on their prevalence in
the indoor environment and specifically those environments
with known fungal contamination [9]. Continuing research
may show that many of these organisms function as signa-
ture species that are present in unhealthy indoor environ-
ments.

One of the known cytotoxic effects caused by the macro-
cyclic trichothecenes is their potent inhibition of protein syn-
thesis [17]. We utilized this function to assay the ability of
various spore preparations to reduce or inhibit protein syn-
thesis in an in vitro luminescence protein translation model.
Because the trichothecene mycotoxin, T2, is considered one
of the most toxic trichothecenes [29] and is highly character-
ized, the results of our translation inhibition assay were
compared to T2 for comparative analysis.

Prior research has shown that T2 acts by blocking protein
synthesis at initiation with a stoichiometry for T2:ribosome
binding 1:1 [30]. There has been no evidence that T2 has
catalytic capabilities, therefore translation inhibition is car-
ried out by steric interference [30]. By utilizing this assay we
not only assayed for the presence of the toxins in the spores,
but we also assayed for biologically active molecules. How-
ever, by utilizing this assay and comparing the results to the
T2 toxin there is a good possibility that there is an under-
statement of the actual biological effect. Research has shown
that the T2 toxin has a much greater cytotoxic effect in a
“whole cell” as opposed to a “free cell” system [31]. Our
assay detects the ability of the toxin to inhibit protein synthe-
sis. However, it does not take into account the toxin’s ability

to disrupt other cellular function such as causing breaks in
single stranded DNA, disruption of polysomes, or binding to
sulfhydryl enzymes [31]. Nevertheless, this assay is fully
capable of determining the relative amounts of toxin associ-
ated with the different fungal spores tested.

Not surprisingly, our initial experiments showed that
different fungal organisms contained different quantities of
mycotoxins. Upon realization that the larger the spore the
greater the translational inhibition, we constructed a simple
geometric approach that allowed for each assay to contain
spore surface area equivalents. Following this analysis there
appears to be a direct relationship between spore size and
translational inhibition. When surface areas were equal there
was uniform translational inhibition, within the sensitivity of
this assay. It appears that larger spores are able to accommo-
date greater amounts of toxin making a single larger spore
more toxic than a smaller spore, assuming of course the
same toxin is present and all other things are equal.

Within our assay analysis of various Asp. versicolor iso-
lates showed slight variation in the amount of translational
inhibition. This result is important because it demonstrates
the potential variability in the presence of spore bound my-
cotoxin even within isolates of the same species. It should
also be noted that this same trend was observed in the S.
chartarum strains that were tested.

This analysis holds great importance for the sampling
and analysis of fungal contaminated indoor environments.
Traditional methods of air sampling include impacting
spores and fungal fragments on glass surfaces and simply
counting spores and making calculations on the number of
spores per cubic meter of air. Knowing now that the amount
of mycotoxin present may be directly related to spore size,
simply counting the total number of spores does not accu-
rately reflect the potential exposure to mycotoxins. To accu-
rately reflect mycotoxin exposure there needs to be specia-
tion as well as quantification of each species within the fun-
gal community. This analysis lends credence to the need to
both improve our ability to identify as well as quantify fun-
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gal organisms within the built environment in order to accu-
rately predict potential exposure.
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