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ABSTRACT 

Recent studies have correlated Stachybotrys chartarum with sick-building 

syndrome (SBS). Sick-building syndrome is a term used by scienfists and laymen to 

describe conditions in which individuals living or working in a building complain of 

particular discomforts experienced only when they are in a specific environment. 

Stachybotrys chartarum produces mycotoxins that are able to produce symptoms that 

individuals in SBS complain of The fungal spores produced by Stachybotrys species are 

not commonly found in the air of buildings with significant fiangal growth. Individuals in 

buildings with significant Stachybotrys growth display symptoms of exposure to the 

mycotoxins. The intent of this project was to identify whether the carbohydrate matrix 

and the mycotoxins embedded in them could be removed from the spores by repeated 

washings with methanol versus phosphate-buffered saline (PBS). 

The second portion of my thesis involves the evaluation of building materials that 

are able to prevent fungal growth. Currently, building materials such as ceiling tiles 

consist of cellulose-based materials, which allow for fungal growth in the presence of 

water-damage. The intent of this project is to determine whether an inorganic based 

ceiling tile is able to support fungal growth if an organic food source and water are made 

available. 
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CHAPTER I 

INTRODUCTION 

Sick building syndrome (SBS) has become increasingly recognized by the 

scientific community to be a major cause of illness in people working in buildings with 

recycled air. The current definition of "sick"-building syndrome describes individuals, 

who experience symptoms such as allergic rhinitis, headaches, lethargy, malaise, and 

asthma-like symptoms in a particular indoor environment, but do not experience the same 

symptoms when they leave this environment (2). Studies by the scientific community 

involving SBS have demonstrated a correlation between fiingal contaminations in 

buildings with poor indoor air quality (lAQ) (1). 

Buildings that have experienced water damage through pipe leaks, sewage leaks, 

and floods have been found to support fungal growth on cellulose based building 

materials (6). Such building materials include ceiling tile, drywall, wallpaper, and other 

cellulose-based building materials (9). Stachybotrys fiingal species are one of many fiingi 

that are able to utilize the organic materials in building materials as a food source; other 

fiangi that are recognized as building contaminants include Penicillium species, 

Alternaria species, ^nd Aspergillus species. Many of these fiingi produce mycotoxins that 

are known to be harmful agents towards human health (1). 

Stachybotrys fungal species are thought to play an important role in SBS. This 

organism is known to be ubiquitous in the environment and can be found on plants and in 

soil samples. It is a saprophytic organism, thus it can utilize decomposing organic 

material as a food source (5). The majority of Stachybotrys fungal species are believed to 
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be mycotoxin producers (4). The ideal growth environment for Stachybotrys is at room 

temperature (25°C), low nitrogen, high cellulose, dark, and a wet environment (15). The 

mycotoxins produced by Stachybotrys species are chemical metabolites produced through 

secondary metabolic pathways (16). They are neither protein nor lipid in their chemical 

composition. Some of the mycotoxins produced by these fiingi are some of the most 

potent biological toxins produced by a living organism. There are several major toxins 

produced by Stachybotrys, five of these toxins are trichothecene toxins. Trichothecenes 

are known to dissolve in hydrophobic solutions such as methanol, and are insoluble in 

hydrophilic solutions (10,13). These toxins are known to be potent protein and nucleic 

acid synthesis inhibitors and immunosuppressant agents (11). Trichothecenes are divided 

into two categories, macrocyclic and simple trichothecenes. The macrocyclic 

trichothecenes produced by Stachybotrys are satratoxins G and H (6,7). Satratoxin H is 

the most potent and abundant of the toxins produced by Stachybotrys (7). These 

trichothecenes are known to cause skin irritation, rashes, and sores (3). In addition to 

these satratoxins, Stachybotrys produces cyclosporins, P-lactams, and P-lactones, which 

are immunosuppressant agents (12). 

Stachybotrys fiingal species and many other filamentous fungi, such as Fusarium 

species, produce trichothecene toxins. Macrocyclic trichothecene toxins are able to bind 

irreversibly to the 60S ribosomal subunit of eukaryotic cells, while simple trichothecenes 

bind reversibly (11). The binding of the mycotoxins to the 60S ribosomal subunit inhibits 

polypeptide chain elongation. The mechanism by which these toxins are able to inhibit 

DNA synthesis is not currently understood, but it is known that these mycotoxins are able 

to prevent the nucleic acid thymidine from being added to DNA strands during the 
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process of DNA replication (11). Once the funcfion of these toxins was elucidated, 

trichothecenes were at one time studied as possible chemotherapy agents against cancer. 

Unfortunately, these mycotoxins were found to be toxic to normal cells (11). 

The discovery of the harmful effects of Stachybotrys species mycotoxins is not 

recent. Certain types of cereal grains are prone to Stachybotrys fungal contamination. 

During World War II, Stachybotrys was a major contaminant of agricultural crops such as 

wheat and hay in Eastern Europe (17). The ingestion of Stachybotrys mycotoxins found 

in breads and cereals lead to the death of thousands of people. Stachybotrys species fiingi 

are known to produce various mycotoxins that have been utilized in biological warfare. A 

trichothecene known as T-2 toxin, which is produced by Fusarium, was believed to be 

sprayed on agricultural crops in Southeast Asia during the early 1940s (17). Ingestion and 

inhalation of these fungal toxins have been shown to produce deleterious effects in 

humans and animals. Early studies performed in the former USSR have demonstrated 

that Satratoxin G has a LD50of l.Omg/kg in studies done with horses (12). Thus, these 

mycotoxin-producing fungi not only propose health hazards to humans but also to 

animals that we depend on, such as horses. Therefore, the growth of these mycotoxins 

producing fiingi on water-damaged building materials is of great concern in "sick"-

building syndrome. 

In more recent times, Stachybotrys has become a recognized problem in 

industrialized nations. Following the oil embargo of the early 1970s by the Organization 

of Petroleum Exporting Countries (OPEC), buildings were designed with recycled 

ventilation systems to reduce the energy consumed in cooling and heating (2). Large 

occupant buildings were designed to control the fluctuations of temperature, and to 



conserve the amount of energy consumed in cooling or heating in order to maintain an 

ambient environment (2). Also, there was a change in the types of building material used 

to construct buildings. More inexpensive materials were developed to reduce the 

consumption of fuel needed to heat or cool homes and office buildings (2). These 

materials include cellulose-based ceiling tiles, which are mostly made of recycled paper 

products and are inexpensive to produce. 

This "tight" control of air systems in buildings has led to variations in the fungal 

spore concentrations in indoor air versus outside air. Studies conducted by McGrath et al. 

(15) demonstrated that Penicillium chrysogenum spore concentrations fluctuated 

throughout the day in the outdoor air, but in "sick" buildings the concentration of spores 

did not fluctuate. In order to conserve energy costs, many large occupancy buildings, 

such as public schools and office buildings are known to turn off their air-conditioning 

and heating systems during the weekends or holidays (2). This can often lead to higher 

humidity levels in the air and the formation of condensation around cooling pipes. When 

this condensation drips continuously over a period of time onto a surface such as 

cellulose-based ceiling tiles, and there are fiingal spores present such as those produced 

by Stachybotrys, Penicillium, Alternaria, or Cladosporium, these fungi are able to 

germinate and grow (2). If the water damage to the cellulose-based ceiling tile continues 

to occur, fungi such as Stachybotrys and Penicillium are able to continue proliferation on 

the building material (3,15). 

As fungal growth continues on the surface of water-damaged building materials, 

sporulation can occur. The production of secondary metabolites, including the 

mycotoxins produced by Stachybotrys, coincides with sporulation. When the nutrients in 



the environment are depleted, spores are produced and dispersed in search of a nutrient 

rich environment. The spores produced by Stachybotrys fiingi are coated by slime that is 

made up of a polysaccharide substance (14). The polysaccharide slime-like substance is 

produced by the fungus to cover the surface of the fiingal growth in order to prevent 

water loss (14). It is known that the mycotoxins produced by the fiingus are secreted into 

the polysaccharide slime; these toxins are embedded in the polysaccharide matrix, which 

coats the surface of Stachybotrys species spores (18). The slime holds the spores in a 

dense mass and prevents them from being easily dispersed. When the environment of the 

fungus begins to dry the slime begins to dry as well, and the spores are no longer bound 

together and can then be dispersed in the air (18). These fiingal spores are then able to 

carry the potent mycotoxins that are produced by the fungus into the air. The dimensions 

of the spores are approximately 7xl2)am. It is currently believed that individuals in sick 

buildings inhale spores, which leads to their exposure to the mycotoxins that are 

embedded in the polysaccharide matrix coating the surface of Stachybotrys fungal spores 

(18). 

Research indicates that upon examination of contaminated buildings, there are no 

Stachybotrys species fiingal spores in the air, but there is significant fiingal growth on the 

building materials (1). It has been suggested that individuals in "sick" buildings 

contaminated with Stachybotrys have more frequent and prolonged upper and lower 

respiratory tract infections (13). As previously discussed, it is known that Stachybotrys 

fungal species produce mycotoxins with immunosuppressant activities (13). It is also 

known that individuals with deficient immune systems are unable to clear infections as 

efficiently and quickly as individuals with healthy immune systems. 



The focus of my project is two-fold. The first objective was to determine if the 

toxicity that is associated with Stachybotrys chartarum spores could be reduced if the 

polysaccharide matrix embedded with mycotoxins were removed. The spores were 

washed with a hydrophobic or a hydrophilic solution in order to remove the 

polysaccharide matrix and the toxins embedded in it. The toxicity of the spores was 

determined when the spores were exposed to a protein translation assay, in order to 

determine whether protein translation could be inhibited in the presence of the fungal 

spores with and without a polysaccharide matrix. 

The second objective of my project was to identify alternative building materials 

that are able to prevent fungal growth regardless of whether water damage occurs or an 

organic food source was made available. Since fiingal spores, are ubiquitous and because 

it is difficult to prevent water intrusion in buildings the most reasonable alternative to 

prevent fungal growth on building materials such as ceiling tiles, is to identify materials 

which do not support fiingal growth. The growth of three fungal genera {Cladosporium, 

Penicillium, and Stachybotrys) was evaluated on cellulose-containing ceiling tile (CCT) 

and inorganic ceiling tile (ICT). The viability of fiingal spores harvested from the ceiling 

tiles was also evaluated and compared to the number of viable spores that each tile was 

initially inoculated with to determine the ability of the fungi to survive on the surface of 

the CCT or ICT. 
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CHAPTER II 

PROTEESf SYNTHESIS INHIBITION BY STACHYBOTRYS CHARTARUM 

SPORES WITH AND WITHOUT THE POLYSACCHARIDE 

MATRDC CONTAINING MYCOTOXINS 

Introduction 

Stachybotrys species are a recognized fungal contaminant involved in sick-

building syndrome. The first case of stachybotrytoxicosis was reported in the United 

States involved the occupants of a house in suburban Chicago (1). Stachybotrytoxicosis 

is caused by contact with Stachybotrys chartarum (also known as S. atra), a saprophytic 

fungus frequently found on high-cellulose containing materials, e.g., straw and hay (3). 

Building materials such as, "wallboard, ceiling files, paper, or cardboard" are found to be 

important environments for fungal growth (6). Recently, there has been increased 

interest in this fungus as a potential cause of adverse health effects in humans in 

agriculture, homes, and offices (1,4,5,8). Exposure to S. chartarum was the apparent 

cause of an unexplained outbreak of illness over a period of several years in home located 

in suburban Cleveland, Ohio. In the mid-1990s, a cluster of cases of pulmonary 

hemosiderosis was reported in that city (2,7). These unusual cases occurred only in 

infants ranging in age from 1 to 8 months, and were characterized by pulmonary 

hemorrhage, which caused the babies to cough up blood (8). A case-control study 

idenfified major home water damage (from plumbing leaks, roof leaks, or flooding) as a 

risk factor for development of pulmonary hemorrhage in these infants; cigarette smoking 

was also linked (4). 



The principal toxins believed responsible for stachybotrytoxicosis are macrocyclic 

trichothecene mycotoxins (satratoxins G and H) (8). These naturally occurring toxic 

sesquiterpene metabolites are potent inhibitors of protein synthesis in eukaryotic 

organisms (4). In addition, the fungus produces 9-phenylspirodrimanes (spirolactones 

and spirolactams) and cyclosporins that are potent immunosuppressive agents. 

It has been demonstrated that the Stachybotrys spores carry these mycotoxins (9). 

The fungus produces spores when environmental conditions do not favor fungal growth. 

The spores, which are a black-green color when observed under a light microscope, are 

ellipsoid, unicellular, and 7-12 x 4-6 |im in size. The fiingus produce spores singly and 

successively into a slime droplet that covers the spores. This shme, made up of 

polysaccharides, eventually dries. We hypothesize that this polysaccharide layer of the 

matrix is water-soluble. However, the toxins produced by Stachybotrys are insoluble in 

water, but are soluble in methanol (personal communication from Dr. Jarvis, University 

of Maryland). 

The question that we wanted to address in this study was whether the toxins were 

attached to the spores or merely associated with the spores within the polysaccharide 

matrix. In order to answer this question, spores were washed various times using either 

PBS or methanol. Since methanol has been shown to reduce spore viability and solubilize 

satratoxins, all of the spores were rendered non-viable. The aim of this experiment was 

to observe whether washing the spores with methanol reduced toxin concentration, thus 

allowing protein translation in the rabbit reticulocyte lysate system. The hypothesis was 

that with increasing washing of the spores with methanol the mycotoxins would be 

solubilized and washed off of the spores allowing protein synthesis to occur in our test 
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system. Also, with increasing PBS washes, the toxicity of the spores was expected to 

decrease, due to the solubility of the polysaccharide matrix in PBS, thus allowing the 

matrix to release toxins embedded in it. 

Materials and Methods 

The Stachybotrys species used in this experiment was a wild type strain 29-69-16 

(a kind gift from Dr. Bruce Jarvis, University of Maryland) obtained from a building with 

sick building syndrome. Cultures were streaked on potato dextrose agar (PDA) plates at 

pH 7.0. Samples were stored in an airtight container to prevent exposure to the outside 

atmosphere and incubated at room temperature for 14 days. Three cotton balls soaked in 

formaldehyde (Sigma, St.Louis, MO) were placed in an airtight metal container with 

PDA plates containing Stachybotrys fungal growth and allowed to incubate overnight. 

The formaldehyde was utilized to render all of the spores non-viable prior to harvesting. 

Zero viability was obtained from spores exposed overnight to 100% formaldehyde. 

Previous tests were conducted to identify the viability of Stachybotrys spores after an 

overnight exposure to formaldehyde. Spores were harvested with PBS from PDA plates 

exposed to 100% formaldehyde overnight. A spore count was conducted using a 

hematocytometer to determine the number of spores/ml, dilutions of the harvested spores 

were plated onto PDA plates in triplicate and the viability of spores was determined. The 

minimal concentration of formaldehyde that is able to produce zero viability was 

determined to be a 2%) solution of formaldehyde. Thirty plates were harvested using 

10ml of PBS for each wash, each plate was washed three fimes, and 30 plates were 

harvested using 100% methanol (Sigma, Fair Lawn, NJ) using identical methods. 
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The harvested solution was sonicated at 10-second bursts three times to break apart spore 

clumps. 

The spore solutions were placed into 400ml Teflon centrifuge bottles and 

centrifuged for 60 minutes at 10,000 rpm at 4°C. The supernatant was decanted and the 

pelleted spores were resuspended inifially in 20 ml of PBS or methanol. The spores were 

again sonicated (Fisher Scientific model 550 sonic dismembrator, Pittsburgh, PA) at 10-

second bursts twice in order to eliminate spore clumping. Spores were counted using a 

hematocytometer (AO Instrument Company, Buffalo, NY) and the amount of PBS or 

methanol was adjusted to obtain 1x10^ spores/ml for spores in PBS and 1x10^ spores/ml 

in methanol. Spores were washed once or 10 times with PBS or 100% methanol in 25ml 

o 

glass centrifuge tubes (Coming) and reconstituted after each wash to obtain 1x10 

spores/ml for spores washed with PBS and 1x10 spores/ml in methanol. Spores were 

washed by centrifugation for 15 minutes at 12,000 rpm at 4°C. 

The supernatant from the washes was collected in four separate sterile 100ml 

beakers. The spore pellets were resuspended in 1ml of PBS or 100% methanol and 
Q 

counted on a hematocytometer. Spores were resuspended to a concentration of 1x10 

spores/ml for the PBS and 1x10 spores/ml for the methanol washed spores. These steps 

were repeated for each of the ten washes. The spores that were washed once were 

counted on a hematocytometer and resuspended to a final concentration of 1x10^ 

spores/ml for the PBS washed spores and 1x10^ spores/ml for the methanol washed 

spores; both groups were resuspended in PBS. For spores washed 10 times with PBS or 

methanol, the PBS washed spores were resuspended to 1x10^ spores/ml and spores 
-7 , 

washed with methanol were resuspended to 1x10 spores/ml dunng the washing process. 
12 



The final concentrafion of the spores washed ten times with PBS or methanol was 1x10 

spores/ml. Dilufions of the spores were made in PBS for each of the four groups of 

spores to 10 , 10 , and 10 spores/ml inifially, to idenfify which concentrafion of spores 

would be most effective in the assays that were conducted. A spore concentrafion of 

1x10 spores/ml was found to be the most effecfive concentrafion of spores for the assays 

that were conducted. 

The four groups of spore suspensions, (spores washed Ix PBS, lOx PBS, Ix 

MeOH, and lOx MeOH), were utilized to identify whether protein synthesis inhibition 

would occur in a cell lysate assay. The rabbit reticulocyte luciferase assay system 

(Promega, Madison, Wl) was utilized to determine whether protein synthesis was 

occurring in the presence of the spores. Yike et al. utilized this assay in identifying the 

toxicity of trichothecenes in airborne particulate matter on protein translation (12). This 

non-radioactive assay system consists of a rabbit reticulocyte lysate, which provides the 

translational equipment such as the ribosomes of a cell, the mRNA (this consists of the 

gene sequence for firefly luciferase), and a mixture of amino acids on "charged t-RNAs" 

(which provided the essential amino acids needed to produce the firefly luciferase 

enzyme) (Promega Technical Bulletin). The firefly luciferase enzyme that is produced in 

this assay is able to catalyze the reaction in which beetle luciferin is oxidized to 

oxyluciferin. If the firefly luciferase enzyme is not produced, then the beetle luciferin 

cannot be converted to oxyluciferin and luminescence is not produced. The amount of 

light produced from the production of oxyluciferin was measured using a luminometer 

(Chrono-Log Corporafion, P.I.C.A, Havetown, PA) 
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One xlO spores/ml were incubated with the lysate system at 30°C for 2 hours. 

After the two-hour incubation period, a 2.5|il sample of the lysate and 50|il of luciferase 

assay reagent (LAR) was added to a scinfillafion vial (7.25x 55mm) flat bottom (Bio/ 

Data Corporation) and read on a luminometer (Chrono-Log Corporafion, P.I.C.A). The 

results were measured under 0.5 volts with variable Gain for 5-6 minutes and reported at 

Icm/min. 

The supematants from the spores that were washed with PBS or methanol were 

concentrated and added to the previously described lysate system. The methanol 

supernatant that was collected from the spores washed once and ten times was allowed to 

air-evaporate under a fume hood, overnight at 25°C. The supematants from the 

Stachybotrys spores that were washed with PBS one time and ten times were placed into 

150ml and 600ml lyophilizer flasks (VirTis). The flasks were then placed in a -80 °C 

freezer ovemight. The supematant of the washes was lyophilized over a 24-hour period 

(VirTis Freeze Mobile 3+SL). The remaining particulate material from the evaporated 

methanol and the lyophilized supematant were resuspended in approximately 6ml of 

PBS. 

An anthrone assay was utihzed as described by Shields et al. (10) to identify the 

concentration of carbohydrates in the resuspended supematant of the methanol washed 

spores and the PBS washed spores. A 500|ul sample of each of the supematants from the 

methanol washes and the PBS washes were tested using this assay; both PBS and 100% 

methanol were employed as negafive controls. 

In addition to identifying the carbohydrate concentration of the supematants, the 

supematants were tested using the rabbit reticulocyte lysate system to determine whether 

14 



protein synthesis inhibition occurred. Samples of the concentrated supematants were 

tested from the spores washed once and 10 times with PBS and methanol. A lOjil sample 

of the concentrated supematants was tested in the lysate system under the conditions 

described previously. 

Stafistical analysis (a=0.05) was performed using Sigma Stat, a stafistical 

software package designed by Jandel (SPSS), to analyze the data using one way analysis 

of variance (ANOVA) of each group of spores washed once and ten times with PBS or 

methanol, and the supematants collected from these washes. If the ANOVA 

demonstrated significance, a post hoc test, Tukey Test (a modified t test), was used to 

make multiple comparisons to determine which group of spores washed either with 

methanol or PBS was significant versus the controls which received either PBS or 

methanol. Normality was examined using the Shaprio-Wilk test. Any data that did not 

meet the assumption of normality was tested using the non-parametric Kruskal-Wallis 

one-way analysis of variance on ranks. If the ANOVA on the ranks demonstrated 

significance, Dunn's Test was used to make an all-pairwise comparison to determine 

which group of spores or supematants was significant versus the control groups. 

Results 

In this study, spores that were washed once or ten times with PBS or methanol 

were studied to identify whether protein translation could be prevented. There were four 

variables and two controls the variables in this experiment were the four groups of spores 

washed either once or ten times with PBS and spores washed either once or ten times 

with methanol. The rabbit reticulocyte lysate assay was incubated with the four variables 
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and two controls which consisted of PBS or methanol without Stachybotrys spores. The 

product of this assay is luciferase production. If protein translafion is inhibited by the 

mycotoxins produced by Stachybotrys, luciferase is not produced and thus the beetle 

luciferin cannot be converted to oxyluciferin which prevents luminescence from being 

produced. A chart reader measures the amount of luminescence produced, the distance in 

centimeters that the chart reader records is a measurement of the amount of light that is 

produced through luminescence. One xlO^ spores/ml of Stachybotrys spores was tested 

for each of the four variables with the rabbit reticulocyte lysate system. Luminescence 

was tested for a period of 5 minutes for optimal light production evaluation; the results of 

the chart reader were interpreted at Icm/min, The PBS control produced luminescence at 

11.5cm continuously for 5 minutes. The methanol control, when compared to the PBS 

control, did not show a significant difference (P>0.05). Spores washed once and ten times 

with PBS when compared to the PBS control and methanol control did not show a 

significant difference (P>0.05). When spores washed once and ten times with methanol 

were compared to the controls, there was a significant decrease in the production of 

luminescence (P<0.05). Figure 1 is a graphical representafion of these resuhs. 

The supematants from the spores that were washed with methanol and PBS were 

also evaluated to determine if the polysaccharide matrix that coats the surface of the 

spores contained mycotoxins that could bind to ribosomal subunits of the rabbit 

reticulocyte lysate, thus preventing the translafion of luciferase. When the supematants 

from the spores washed once and ten times with methanol were compared to the controls, 

there was no significant difference (P>0.05). hi addifion, there were no significant 

differences between the supematants of spores washed once and the supematants of 
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spores washed ten times with methanol (P>0.05). The supematants of the spores washed 

with PBS once and ten times produced a significant decrease (P<0.05) in luminescence 

when compared to both the PBS and methanol controls. In addition, there were 

significant decreases (P<0.05) in luminescence production by the PBS supematants from 

spores washed once and ten times when compared to the luminescence produced by the 

supematants of spores washed once and ten times with methanol. Graphical 

representation of these results can be found on Figure 2 

In the next set of experiments, we wanted to determine whether there was a statistical 

difference between the luminescence produced by spores washed with PBS and methanol 

compared to the supematants of the respective sample groups (MeOH Ix, PBS Ix, 

MeOH lOx, PBS lOx, MeOH Six, PBS Six, MeOH SlOx, and PBS SlOx). There was a 

significant decrease (P<0.05) in luminescence production when the spores washed once 

and ten times with methanol were compared to the supematants of the methanol samples. 

With the spores that were washed with PBS there was a significant decrease (P<0.05) in 

luminescence produced by the PBS supematant compared to the spores washed with PBS 

both once and ten times. There is no significant difference (P>0.05) between 

luminescence production between methanol washed spores both once and ten times and 

the supematants of spores washed with PBS both once and ten times. 

17 



There is no significant difference (P>0.05) between spores washed with PBS once and 

ten times when compared to the supematants of spores washed with methanol once and 

ten times. The results represented in Figure 1 and Figure 2 has been combined to 

demonstrate the results described for Figure 3. 

Since it is known that the mycotoxins produced by Stachybotrys are embedded in 

the polysaccharide matrix that coats the surface of these spores (8), the final stage of this 

study involved quantitating the carbohydrate in the supematants of the methanol and PBS 

washes. An anthrone assay was conducted to identify the concentration of carbohydrate 

in the supematants of each of the samples (11). The resuhs of the anthrone assay 

demonstrated that, compared to the PBS control there was a significant increase (P<0.05) 

in the carbohydrate concentration for the supematants of the spores washed once and ten 

times with PBS compared to the PBS control. There was no significant difference 

(P>0.05) between the PBS control and the supematants of the methanol washed spores 

for both spores washed once and ten times with methanol. There was no significant 

difference (P>0.05) between the methanol and PBS controls. A statistical significant 

difference could not be identified between the supematants of the methanol washed 

spores and the PBS washed spores. The results of the anthrone assay are seen on Figure 

4. 
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Figure 1. Protein synthesis inhibition by Stachybotrys spores washed ten times with PBS 
solution or methanol. Spores washed once with PBS (PBS Ix) or methanol (MeOH Ix) 
and spores washed 10 times with PBS (PBS lOx) or methanol (MeOH lOx) were 
incubated with a rabbit reticulocyte lystate system. Luminescence was measured in 
cenfimeters (cm). The single asterisk (*) indicates a significant difference (P<0.05) in 
luminescence (cm) production by spores washed with methanol once or ten fimes 
compared to the PBS (PBS Con) and methanol (MeOH Con) controls. The error bars 
represent standard deviation from the mean. Luminescence was measured in centimeters 
(cm). An all-pairwise multiple comparison procedure (Dunn's Method) was ufilized 
(P<0.05) to compare the spores washed with PBS and methanol. 

19 



PBS Con MeOH Con MeOH Six PBS Six MeOH S10x PBS S10x 

Groups 

Figure 2. Protein synthesis inhibition by supematants of Stachybotrys spores washed once 
or ten times with PBS or methanol. The single asterisk (*) indicates a significant 
difference (P<0.05) by the supematant of spores washed with PBS once (PBS Six) or ten 
fimes (PBS SlOx) when compared to the PBS (PBS Con) and methanol (MeOH Con) 
controls. The error bars represent standard deviation from the mean. An all-pairwise 
multiple comparison procedure (Dunn's Method) was utilized (P<0.05) to compare the 
supematants of spores washed with PBS and methanol. 
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Figure 3. Comparison of spores and supematants on protein synthesis inhibition by PBS 
or methanol washes. The single asterisk (*) indicates a significant difference (P<0.05) in 
luminescence (cm) production, when spores washed with methanol once (MeOH Ix) or 
ten times (MeOH lOx) were compared to the supematant of methanol washed spores 
once (MeOH Six) and ten times (MeOH SlOx). The double asterisk (**) indicates a 
significant difference (P<0.05) in the production of luminescence when comparing the 
supematant of PBS washed spores once (PBS Six) and ten times (PBS SlOx), to PBS 
washed spores both once (PBS Ix) and ten times (PBS lOx). The error bars represent 
standard deviation from the mean. An all-pairwise multiple comparison procedure 
(Dunn's Method) was ufilized (P<0.05) to compare the supematants of spores washed 
with PBS and methanol. 
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Figure 4. Carbohydrate concentration of supematants from Stachybotrys spores washed 
with PBS or methanol. An anthrone assay was conducted to identify the concentration of 
carbohydrate obtained from the supematant of spores washed once (PBS Ix) (MeOH Ix) 
and ten times (PBS lOx) (MeOH lOx) with PBS or methanol. The single asterisk (*) 
indicates a significant difference (P<0.05) in the amount of carbohydrate in the 
supematant of spores washed with PBS when compared to the PBS control (PBS Con). 
An all-pairwise multiple comparison procedure (Dunnett's Method) was utilized (P<0.05) 
to compare the supematants of the PBS and methanol washes spores. 

22 



Discussion 

The results from the rabbit reticulocyte lysate assays conducted with IxlO^ 

spores/ml seem to indicate that the significant difference in luminescence production 

between spores washed once and ten times with PBS versus spores washed with 

methanol was due to the possibility that the polysaccharide matrix was able to dissolve in 

PBS, thus removing the mycotoxins which are embedded in the matrix. With the 

methanol washed spores, spores washed ten times did demonstrate an decrease in 

luminescence production compared to spores washed once with methanol, but this 

decreased luminescence was not significantly different. These results seem to suggest that 

to some degree the polysaccharide matrix is soluble in a methanol solution. This might 

have been due to the agitation and centrifugation process, which could have allowed the 

polysaccharide to be removed. These results also demonstrate that washing the spores 

with PBS reduces the toxicity of Stachybotrys chartarum spores, compared to washing 

spores with methanol. These results suggest that when PBS washed spores were added to 

the rabbit reticulocyte lysate system, protein translation was able to occur in order to 

produce a significantly higher amount of firefly luciferase, which was able to convert 

beetle luciferin to its luminescent form oxyluciferin. On the other hand, when methanol 

washed spores were added to the protein translation assay, there was significantly less 

luminescence produced. This indicates that the mycotoxins that are embedded in the 

matrix were not removed from the surface of the fungal spores because the 

polysaccharide matrix did not dissolve in methanol. Thus, when the methanol washed 

spores were added to the rabbit reticulocyte lysate system, the intact polysaccharide 

matrix was able to dissolve in the assays' hydrophilic media, which then released the 
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mycotoxins into the environment of the assay. The mycotoxins could then bind to the 60S 

ribosomal subunits in the assay, thus preventing firefly luciferase enzymes from being 

translated. The decreased synthesis of luciferase is demonstrated by the decreased amount 

of beetle luciferin being converted to the luminescent oxyluciferin. 

A correlation can be drawn with the results of the previous assay and the assay in 

which the supematants of the spores washed with PBS or methanol were examined to 

determine which supematant was able to significantly reduce protein translation. The 

results suggest that the supematant of the spores washed with PBS were able to 

significantly reduce protein translation in the rabbit reticulocyte lysate system compared 

to the supematant of spores washed with methanol once or ten times because the 

supematants from the PBS washings contained more of the polysaccharide matrix 

dissolved compared to the methanol washes. Thus, a higher concentration of mycotoxins, 

which are embedded in the polysaccharide matrix, would be concentrated in the PBS 

supematants compared to the methanol supematants since the polysaccharide matrix is 

less soluble in methanol. When the luminescence produced by the assay incubated with 

spores washed with methanol once and ten times are compared to the results of the assay 

in which the supematants of spores washed once and ten times with PBS, there was no 

significant difference. When the luminescence produced by the assay that was exposed to 

the supematants of methanol washed spores, both once and ten fimes, was compared to 

the luminescence produced by the assay exposed to spores washed with PBS once and ten 

times, there was no significant difference. These results support the previous results 

confirming that the methanol washes do not remove the polysaccharide matrix in 

24 



comparison to PBS washes which not only remove the polysaccharide matrix, but 

indirectly removes the toxins embedded in the matrix. 

The final aspect of these experiments that needed to be examined was the 

carbohydrate concentration in the PBS and methanol solutions. The results of the 

anthrone assay indicated that there was a significant increase (P< 0.05) in the amount of 

carbohydrate found in the PBS supematant when compared to the PBS control. There 

was no significant difference between the concentration of carbohydrate in the methanol 

supematants from both the once washed spores and the ten times washed spores. These 

results seem to indicate that the carbohydrate matrix was more soluble in the PBS 

solution compared to the methanol solution. 

These mycotoxins are insoluble in hydrophilic solutions, such as PBS, because of 

their chemical composition. However, these trichothecene toxins are known to solubilize 

in organic solvents like methanol. Although the toxins are not soluble in PBS, the 

polysaccharide matrix on the outer surface of the Stachybotrys spores is soluble in PBS. 

Based on the results of the above experiments, it can be seen that the toxins are not only 

on the surface of the spores, or else they would have been removed when the spores were 

washed with methanol. This suggests that the toxin must be embedded in the matrix of 

the polysaccharide layer. 

In a recent study conducted by Rao et al. (9), data were presented that contradict 

those found in these experiments. This study indicated that Stachybotrys chartarum 

spores washed once with methanol had decreased biological effects compared to spores 

that were washed with PBS in an in vivo rat model. It was concluded that washing 

Stachybotrys species spores with methanol removes toxins from the surface of spores in 
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comparison to washing spores with PBS. However, the fungal spores that were given to 

rats via tracheal instillation were sonicated for 30 minutes prior to centrifiigation for 

lOmin at 350xg. This extensive process of sonicafion could have damaged the 

polysaccharide matrix of the spores. This process might have loosened or fragmented the 

matrix causing the spores to lose their polysaccharide matrix and the toxins embedded in 

this matrix during the methanol wash. Also, one wash with PBS might not have been 

extensive enough to remove the layers of polysaccharide that form the matrix coating the 

surface of Stachybotrys species spores, thus toxins may have remained embedded on the 

surface of these spores under the deeper layers of the matrix. 

Three conclusions can be drawn from the above experiments. First, the 

trichothecene toxins produced by Stachybotrys are embedded in the polysaccharide 

matrix on the spores produced by this fungus. Second, multiple washing of the spores 

with PBS removes the toxins when compared to multiple washings with methanol. 

Third, multiple washings of spores with methanol does not appear to remove the 

polysaccharide matrix and the mycotoxins embedded in it, thus allowing the mycotoxins 

to remain on the surface of the spores. Therefore, exposure of these methanol-washed 

spores to the rabbit reticulocyte lysate system could have prevented protein translation 

from occurring in this assay. 
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CHAPTER III 

EVALUATION OF FUNGAL GROWTH ON CELLULOSE-

CONTAINING CEILING TILE AND INORGANIC CEILING TILE 

Introduction 

Buildings with poor indoor air quality (lAQ) frequently have a great deal of 

surface fungal contamination. Studies have demonstrated that certain fiingal genera (e.g., 

Cladosporium, Penicillium, and Stachybotrys) are able to grow on building materials 

such as wallpaper, drywall, and ceiling tiles, particularly after water damage has 

occurred. Due to the increasing awareness of sick building syndrome (SBS), it has 

become essential to identify building materials that prevent the interior growth of fungi. 

The objecfive of this study was to compare CCT to ICT, in their abihty to support fungal 

growth. The growth of three fungal genera {Cladosporium, Penicillium, and 

Stachybotrys) was evaluated on cellulose-containing ceiling file (CCT) and inorganic 

ceiling file (ICT). Both types of ceiling file were exposed to environmental condifions 

which can occur inside a building. Our results show that ICT did not support the growth 

of these three fiingal genera while CCT did. Our data demonstrate that ICT could serve as 

an ideal replacement for CCT. 

SBS is a term commonly used to describe the consequences of poor LAQ. This 

term was first coined in 1982 to describe the multitude of symptoms commonly observed 

in this phenomenon [9]. These include difficulty in breathing, allergic rhinitis, watery 

eyes, headaches, and flu-like symptoms [15]. 
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The cause(s) of SBS have been difficuh to elucidate and most workers in this field 

feel that multiple factors could be involved [11]. Early researchers thought that the most 

likely causes of SBS were exposure to higher than normal levels of certain known 

compounds (sulfur dioxide, nitrogen, hydrocarbons and chemicals released by new 

buildings and/or their materials), or known or suspected carcinogens such as 

environmental tobacco smoke, asbestos, radon and formaldehyde [16, 20]. 

However, evidence in recent years is mounting that fungi and their products are 

associated with SBS and poor LAQ [1-4,7,8,17,19,21]. Fungal growth in indoor 

environments has been demonstrated to produce allergies in the building's occupants [3, 

8,17,19, 21 ]. We have recently shown that there is a correlafion between the prevalence 

of certain fungi {Penicillium and Stachybotrys species) and SBS in public schools [4]. We 

also demonstrated that even though fungal profiles in the outdoor air are constantly 

changing, indoor air fungal profiles in "sick" buildings tend to remain unchanged [14]. In 

addition, we have demonstrated that intranasal instillafion of viable Penicillium 

chrysogenum conidia will induce asthma-like responses in an animal model [5]. 

Fungal growth on building materials is thought to play an important role in SBS 

[6]. Ceiling file and drywall are common sources of fungal growth in SBS. The high 

cellulose content of these building materials provides an ideal fungal growing 

environment. Indeed, environmental samples obtained from buildings with fungal 

contamination demonstrate the presence of these organisms growing on building 

materials, e.g., ceiling tiles [6]. Stachybotrys, Penicillium, and Cladosporium species are 

thought to be involved in SBS and all have the capability to grow on ceiling tile. 

Cellulose-containing file provides an ideal food source for fungi. These fungal colonies 
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could release conidia and/or mycotoxins into the indoor environment that could 

potentially induce allergic responses and adverse health conditions. The objecfive of this 

study was to determine if the above genera would be capable of growing on inorganic 

ceiling tile (ICT). In addition, we examined the potential for fungal growth by these 

genera on ICT when an extemal organic food source was provided. 

Materials and Methods 

All of the ceiling tiles (CT) used in the study were cut into 7cm x 7cm squares 

and sterilized. CCT were standard, commercially available ceiling tile and ICT was 

obtained from Chicago Metallic, Chicago. All CT were placed in sterile glass dishes 

(100cm diameter, 80mm high) with sterile glass covers. Each tile received 50ml of sterile 

distilled water. Once the water was added, each CT received 400|il, 200|al or 0|il of 

sterile tryptic soy broth (TSB) as an extemal nutrient source. TSB potenfiates the growth 

of Cladosporium, Penicillium, and Stachybotrys species. 

All of the fungi were isolated from documented cases of SBS and were idenfified 

by standard techniques [13]. Cladosporium cladosporioides and Penicillium 

chrysogenum were maintained on Sabouraud's dextrose agar (SDA). Stachybotrys 

chartarum was maintained on potato dextrose agar (PDA). Conidia (spores) from C. 

cladosporioides, P. chrysogenum, and S. chartarum were harvested at 14 day, 5 days, and 

10 days, respectively. Conidia were harvested by gently washing the surface of the plates 

three times with sterile phosphate-buffered saline (PBS). The conidial preparations were 

sonicated (Fisher Scientific model 550 sonic dismembrator, Pittsburgh, PA) at 10 second 

bursts two fimes to break up conidia clumps into singly dispersed units. After sonication, 

31 



conidial counts were conducted using a hemocytometer. Each CT was inoculated with 

1ml of a PBS solufion containing a known amount of conidia. CT was incubated at 25°C 

in sterile chambers with continuous circulation of filtered air and the relative humidity 

(RH) was maintained at 80%. 

After conidia were added to the CT, a zero time count was preformed. Serial 

dilutions were plated on SDA or PDA when appropriate and counted. Qualitative analysis 

of fungal growth on the CT was observed over a 7 to 10 day period. After this time 

period, three representative regions, 1cm x 1cm squares, were aseptically cut out of each 

CT and homogenized by hand (Bellco homogenizer, Chicago IL) with 5ml of sterile PBS. 

A series of four 1:10 dilutions in sterile PBS were preformed for each preparation. Each 

dilution was plated in triplicate and colony counts were preformed at the first sight of 

growth. 

A one-way analysis of variance (ANOVA) was used to test the significance of 

difference in growth of the various fungi on CCT and ICT. A Mann-Whitney Rank Sum 

Test was employed to test the significance between the CCT and ICT. A P value of less 

than 0.05 was the minimum level of significance [10]. Fungal concentrafions were 

reported as the mean ± standard deviation (SD). 

Results and Discussion 

Fungal conidia from C. cladosporioides, S. chartarum, and P. chrysogenum were 

incubated at 80% RH and 25°C for a period of 7 to 10 days to evaluate the potenfial of 

building materials to support fungal proliferafion. The viable conidial load that each CT 

was inoculated with was 5.80x10"̂  CFU for C. cladosporioides, 3.90x10^ CFU for P. 
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chrysogenum, and 1.40x10"̂  CFU for S. chartarum. As can be seen in Figure 5, after 7 

days of growth on the CCT, C cladosporioides had significantly multiplied (P<0.05) to 

2.86 xlO^ CFU (standard deviafion, 8.69x10^), while the same organism significantly 

decreased (P<0.05) in number on ICT to 2.17x10^ CFU (SD, 2.58x10^) in this same 

period of time. P. chrysogenum significantly increased (P<0.05) from 3.90x10^ CFU to 

2.01x10^ CFU (SD, 4.99x10^) on CCT but there were no detectable (P<0.05) R 

chrysogenum CFU after 7 days of growth at 80% RH and 25°C on ICT. Finally, S 

chartarum significantly increased (P<0.05) from 1.40x10"̂  CFU on CCT to 4.35x10^ CFU 

(SD, 5.64x10^) after 7 days at 80% RH and 25°C, while this same number ofS 

chartarum conidia when placed on ICT significantly decreased (P<0.05) to 4.41x10 

CFU (SD, 4.02x10^) after 7 days. These results show that ICT inhibits the growth of 

fungi thought to be important in SBS and poor LAQ. 

We then decided to determine if ICT, contaminated with an extemal food source 

that should support fungal proliferation, did indeed do so. Figure 6 shows the results of 

this study. When 5.80x10"̂  CFU of C. cladosporioides conidia were placed on CCT 

containing 400|al of TSB and incubate for 7 days at 25°C and 80% RH, the viable 

conidial density significantly increased (P<0.05) to 2.37x10^ CFU (SD, 1.33x10^). Under 

the same condifions, the CFU of the initial inoculum significantly decreased (P<0.05) to 

4.35x10^ (SD, 5.71x10^) after 7 days on ICT containing 400|al of TSB. When 3.90x10^ 

CFU of P. chrysogenum conidia were placed on CCT plus 400|il of TSB and incubated at 

25°C and 80% RH, the viable conidia count significantly chmbed (P<0.05) to 2.43x10^ 

CFU (SD, 1.42x10^) in 7 days. When this same inoculum of P. chrysogenum was placed 

on ICT plus 400^1 of TSB, the viable conidial density significantly decreased (P<0.05) to 
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1.22x10'* CFU (SD, 3.96x10^) after 7 days incubafion at 25°C and 80% RH. Finally, 

when 1.40x10"̂  CFU of S. chartarum conidia were placed on CCT plus 400^1 of TSB and 

incubated at 25°C and 80% RH, the populafion density significantly climbed (P<0.05) to 

3.02x10^ CFU (SD, 6.82x10^) after 7 days. When this same number of S.chartarum 

conidia were placed on ICT plus 400^1 TSB, the inifial inoculum significantly decreased 

(P<0.05) to 7.35x10^ CFU (SD, 9.16x10^) after 7 days incubafion at 25°C and 80% RH. 

These data show that it is possible to develop building materials that do not support the 

growth of fungal genera that are reported to be involved in SBS. The ICT used in these 

studies did not support the growth of C. cladosporioides, P. chrysogenum and S. 

chartarum at conditions that allowed for the luxuriant growth of these organisms on CCT 

(figure 5) The striking difference in fungal proliferation on CCT and ICT can be seen in 

figure 7. This figure shows S. chartarum proliferation on CCT in the absence of TSB (7B) 

and the presence of an extemal food source (400|al of TSB) (7C). Figure 7 also shows the 

absence of fiingal proliferation on ICT in the absence of TSB (7E) and the presence of 

400)̂ 1 of TSB (7F). Figure 7 A (CCT) and 7D (ICT) represent uninoculated ceiling files. 

These tiles were incubated for 7 days at 25°C and 80% RH. Surprisingly, even when the 

ICT was "contaminated" with an additional nutrient source (TSB) that should allow for 

the growth of fungi, these three fungal species did not proliferate under the condifions 

employed in this study (figure 6). It is of extreme importance to develop and employ 

building materials that do not support the growth of certain fungi. Many published studies 

support the concept that fungi are an important component of SBS and poor lAQ [1,2, 4-

6,14,21]. We have demonstrated the role of certain fungi (most notably Penicillium and 
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Stachybotrys species) in colonization of stmctures and their relationship to SBS [4,14]. 

Abeam et al. [1] reported that the air-handling units and fiberglass duct liner of the 

heating, ventilation, and air-conditioning systems may be heavily infested with 

Penicillium and Cladosporium species, even in buildings without reported water 

intmsion. We have recently demonstrated that the inhalation of viable Penicillium 

chrysogenum conidia can induce allergic symptoms in a mouse model [5]. 

In the public school study, we observed that water intmsion onto building 

materials such as drywall and ceiling tiles was one of the primary factors that led to 

fungal colonization [4]. Therefore, it appears imperative to develop building materials 

that do not support the growth of fungal genera like Cladosporium, Penicillium, and 

Stachybotrys. The inhibifion of Stachybotrys species growth appears to be an important 

component in prevenfing SBS and poor LAQ in the future [18]. These organisms are 

important due to their production of both simple and macrocyclic trichothecenes. These 

compounds are known to be extremely toxic [12] and their role in SBS is beginning to be 

closely scrutinized. 
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Figure 5. Colony forming units of three different fungal genera on cellulose-containing 
ceiling tile (CCT) and inorganic ceiling tile (ICT) exposed to fungal conidia and 
incubated for 7 days. Horizontal bars represent original conidia concentrations. Error bars 
represent standard deviation. The single asterisk (*) indicates a significant increase in the 
number of viable spores harvested from the tiles compared to the original inocula, and the 
double asterisk (**) indicates a significant decrease in the number of viable spores 
harvested from the tiles compared to the original inocula. A Mann-Whitney rank sum test 
was utilized (P<0.05) to compare the inocula to the conidia harvested from the tiles. 
Clado signifies Cladosporium cladosporioides. Pen signifies Penicillium chrysogenum, 
and Stach signifies Stachybotrys chartarum. 
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Figure 6. Colony forming units of three different fiingal genera on CCT and ICT with 
400f̂ l of TSB exposed to fungal conidia and incubated for 7 days. Horizontal bars 
represent original conidia concentrations. Error bars represent standard deviation. The 
single asterisk (*) indicates a significant increase in the number of viable spores 
harvested from the tiles compared to the original inocula, and the double asterisk (**) 
indicates a significant decrease in the number of viable spores harvested from the tiles 
compared to the original inocula. A Mann-Whitney rank sum test was utilized (P<0.05) 
to compare the inocula to the viable conidia harvested from the ceiling tiles. Clado 
signifies Cladosporium cladosporioides. Pen signifies Penicillium chrysogenum, and 
Stach signifies Stachybotrys chartarum. 
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Figure 7. Fungal growth on cellulose-containing ceiling tile (CCT) and inorganic ceiling 
tile (ICT). CCT (B, C) and ICT (E, F) were inoculated with IxlO"̂  CFU of S chartarum 
and incubated for 7 days at 25°C and 80% RH. 3A and 3D represent uninoculated CCT 
and ICT, respectively. 3C and 3F represent CCT and ICT inoculated with IxlO"̂  CFU of 
S. chartarum plus 400}al of TSB, respectively. These results are representative of all of 
the fungi used in this study 
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