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Abstract

Indoor air quality has become increasingly important as we live in a society where the majority of
our time is spent indoors. Specific attention has been drawn to airborne fungal spores as a factor
affecting indoor air quality. This study targeted shortcomings of other studies by utilizing long-term
air sampling and total fungal spore enumeration to determine associations between health outcomes
and fungal spore concentrations. Infants (n = 144) were clinically evaluated and had skin prick tests
(SPT) for 17 allergens. Airborne fungal spores were collected using a Button Personal Inhalable
Sampler (SKC Inc.) for 48 h at a flow rate of 4 I/min. Sampling was conducted in the spring (March-
May) or fall (August—October) in 2003-2004. Fungal spores were analyzed using microscopy-based
total counting and identified to the genus/group level. Total spore and individual genus concentrations
were analyzed for associations with rhinitis and positive SPT results. Overall, concentrations varied
widely, between <2 and 2294 spores/m3. While no relationship was observed between SPT(+) and
total fungal counts, several significant associations were found when analysis was conducted on the
various fungal genera and health outcomes. Positive associations were obtained between:
Basidiospores and rhinitis (p < 0.01), Penicillium/Aspergillus and SPT(+) to any allergen (p < 0.01),
and Alternaria and SPT(+) to any allergen (p < 0.01). Inverse associations were found between:
Cladosporium and SPT(+) to any allergen (p < 0.05), and Cladosporium and SPT(+) to aeroallergens
(p < 0.05). This study indicates that health outcome may vary by fungal genera; some fungal types
may have sensitizing effects while others may have a beneficial role.
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In a society, where we spend the majority of our time inside, the effect of indoor air

contaminants on human health has become increasingly important. Of particular interest is the
health outcome that may result from exposure to fungi, as well as other microbial contaminants.

This interest is largely based on research, which has determined that exposures to biological

agents in occupational and residential indoor environments are associated with adverse health
effects that have broad public health implications (1). There is increasing evidence that fungal
growth indoors is a risk factor for the development of childhood asthma and allergies (2). Small
children have become the focus of many studies on asthma and allergies because they have a
higher incidence of allergies than adults, and they spend the majority of their time in the home

(3). Early childhood exposure to fungi may be important for many reasons. A natural
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stimulation of the immune development of children is required for proper immune system
development. However, exposure to fungi at a young age may perturb this system and increase
the risk for reactions to inhaled antigens and irritants found in the environment (4).

According to published data, the majority of identified airborne fungal species have been
characterized as potential allergens, and exposure to airborne fungi may provoke specific
immune responses. Previous studies have found associations between skin sensitivity to
Alternaria allergen and exposure to fungal mycelial fragments and spores of Alternaria fungi
using skin prick testing (SPT) (5). Bobbit et al. (6) reported a strong correlation among atopy,
fungal sensitization, and sensitization to specific fungi that were identified in the patient’s
environmental report. Furthermore, an increase in the relative risk of fungi sensitization in
symptomatic children with allergic rhinitis has been observed utilizing percutaneous skin
testing. It has also been determined that patients who are sensitized to fungi may display a SPT
(+) to more than one fungal species. It has also been found that children who were sensitized
to fungi were also more likely to be sensitized to other aeroallergens (7).

Several studies have reported an association between moisture and/or visible fungal growth
with the reporting of rhinitis symptoms (8). The mechanisms by which fungi and home
dampness are associated with rhinitis and respiratory symptoms are not well defined (9).

In addition to the reports on health effects commonly associated with fungal exposures (i.e.
asthma, allergies, and wheezing), some studies have shown that exposure to fungal spores may
be associated with a decreased risk of developing atopic asthma in adults (10). Similar trends
have been observed among children living in rural areas with high exposure to bacterial
endotoxins (11). This inverse relationship of microbial exposures and health outcomes is
consistent with the ‘hygiene hypothesis’ (12), which states that microbial exposures
(particularly endotoxin exposure) early in life may actually protect from the development of
atopy and allergic asthma, although the mechanisms for such beneficial effects are not yet well
elaborated (13).

While most studies have utilized the practice of culture-based sampling and analysis, there are
some shortcomings in using this method. Culturable count is only an indicator of the number
of viable, or ‘live’ fungal spores that are present within the space. Although this method is
useful when identifying spores at the species level, it does not account for the airborne fungal
spores that are present, but not culturable, and may grossly underestimate actual airborne fungal
spore concentrations (14). Furthermore, the type of agar media, the time required for
incubation, and the growth conditions may be more favorable for certain fungal genera, and
may therefore, inhibit the growth of others.

While several authors have reported a positive association between visible fungal growth and
health outcome, previous investigations have found little or no association between airborne
fungal spore concentrations and health outcomes (8). This may be because of the limitations
of the sampling and analytical methods that were used in the previous studies, given that
culture-based analytical techniques were utilized and that the sampling duration was too short
to account for concentration variability. In this study, the relationship between airborne fungal
spore concentrations and rhinitis and SPT(+) were investigated by utilizing a long-term
sampling and total fungal spore enumeration.

Materials and methods

Cohort

This study is part of the Cincinnati Childhood Allergy and Air Pollution Study (CCAAPS)
(15). All families were enrolled in the CCAAPS study from early 2002 through 2003. For a
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child to be enrolled one parent had to have tested positive to one of 15 aeroallergens. The
CCAAPS cohort study design includes a subgroup of children in a nested case—control study
(atopic children and controls matched on birth date within 1 month). Overall, 37.5% of the
cohort reported rhinitis. Within the case group 38.5% had rhinitis vs. 36.1% of the controls.
Biannual air sampling was attempted in all of the homes of cases and controls. However, not
all parents agreed to have the indoor air sampling conducted in their homes. In an effort to use
all of the data, all homes that had indoor air sampling were included in the unmatched statistical
analysis. For this study, all subjects were between the ages of one and three (mean = 1.7 yr) at
the time of the home visit. Parents signed an informed consent form approved by the
Institutional Review Board at the University of Cincinnati.

Air sample collection

Airborne fungal spores were collected using a Button Personal Inhalable Aerosol Sampler
(SKC Inc., PA, USA). The sampler collects inhalable particles onto a 25 mm polycarbonate
membrane filter of 3 um pore size (GE Osmonics Inc., Minnetonka, MN, USA), and has 99%
collection efficiency for 1 um diameter particles. Samples were collected in 144 homes at a
flow rate of 4 I/min for a period of 48 h. Samples were collected in the spring and in the fall.
A child’s home was evaluated on average within 8 months of the clinic visit identifying the
child as skin prick test positive (SPT+) or negative (SPT—). This study includes the first 2 yr
of sampling data and thus, the samples were collected in 2003 and 2004.

Indoor stationary samples were collected in the room that the child’s parent reported as the
primary activity room. Areas selected were most typically located in the living/family room
of the home (55%). The parent or caregiver was asked to relocate the sampler to the child’s
bedroom while the child slept. The sampler was placed in a small noise-insulated carrying box
(approximately 11" x 8” x 10"). A questionnaire was utilized at the conclusion of the sampling
session in order to determine the approximate length of time that the sampler was in the same
room as the child. It was determined that the average time the child spent in the home during
the 48 h sampling session was 39 h (81% of time), and during those 39 h, the sampler was in
the same room as the child for 35 h (73% of time).

Outdoor samples were collected with the Button sampler at the CCAAPS monitoring station
established to monitor outdoor aeroallergens (16). All outdoor air samples were collected at a
flow rate of 4 I/min for a period of 24 h. All air sampling pumps were calibrated before and
after the sampling period using a Bios DryCal® DC-Lite Calibrator (SKC Inc.).

Sample preparation and analysis

Fungal spore samples were analyzed by microscopic counting. Microscopy-based enumeration
of fungal spores is an alternative exposure assessment method in which all spores are counted
under a microscope regardless of their culturability. As it allows for the determination of the
total fungal spore count, it is believed to better represent the airborne fungal spore
concentrations to which children might be exposed. Additionally, the sample analysis can be
preformed immediately after collection, in contrast to the culture-based method that requires
incubation.

Following the sampling period, filters were removed from the filter holders. The collected
airborne particles were then extracted into 2 ml of phosphate buffer. An 800 ul aliquot of the
suspension was made available for the analysis of total fungal spore counts. Samples were
prepared for microscopic analysis by filtering 800 ul of the suspension through a 13 mm
diameter membrane of cellulose ester (MCE) filter. Each filter was placed onto a slide and
allowed to completely dry. During the drying process the filter was isolated in a covered petri
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plate. Once the filter was dry, the filter was made clear by treating the filter with acetone vapor
as described by Adhikari et al. (16).

Fungal spores in all air samples were counted using a bright light microscope (Olympus CX31;
Olympus America Inc., Melville, NY or Labophotz, Nikon Corp., Japan) at a magnification of
600x or 400x. Samples were analyzed in two separate laboratories, and quality control
procedures showed no difference in the analysis of samples between the laboratories. The
counting was conducted by examining 40 randomly selected fields of view. Fungal spores were
identified morphologically as described in Adhikari etal. (16). All fungal spores were identified
to the genus or group level when possible. If the identification of the fungal spore was unknown,
the spore was listed as an unidentified spore. Background debris on the sample was identified
and recorded. Undercounting of small and hyaline spores may occur in samples containing
high amounts of background debris. Therefore, phase contrast was used to identify hyaline
spores. Fungal spore concentration was calculated according to Adhikari et al. (16). The limit
of detection (LOD) was two spores per cubic meter of air.

Health outcomes

Airborne fungal spore concentrations were examined to determine if there was an association
between the concentrations and health outcomes of rhinitis and allergen sensitization
determined by SPT. Skin prick tests were administered into the superficial epidermis on the
child’s back and observed for local reactions to two food allergens (milk and egg) and 15
aeroallergens (Meadow grass, Timothy grass, White Oak, Maple Mix, American EIm, Red
Cedar, Short Ragweed, Alternaria, Aspergillus fumigatus, Penicillium mix, Cladosporium, cat,
dog, German cockroach, and house dust mite). Children who showed a positive reaction (>3
mm wheel, greater than saline control) to any of the antigens were classified as sensitized.

Information on rhinitis within the cohort was obtained by a healthcare professional
administering a symptom questionnaire to the parent of the child. Parents were asked if the
infant had a history of sneezing, runny nose, or stuffy nose when the child did not have a cold
or flu. The questionnaire was administered to the parent during the child’s first physician’s
office visit, at approximately 13 months of age. Rhinitis symptoms were divided into three
categories: (i) any rhinitis (sensitized or non-sensitized without consideration of original case—
control status), (ii) rhinitis combined with sensitization to any allergen (food or aeroallergen),
and (iii) rhinitis combined with sensitization to at least one of the 15 aeroallergens.

Statistical analysis

All statistical analyzes were conducted using SPSS software, Version 12.0, for Windows.

The focus of this study was to evaluate the unadjusted effects of fungal exposure on childhood
allergy and sensitization. Descriptive statistics of each fungal genera and total fungal spore
concentrations were obtained after the log transformation was applied to approximate
normality as judged by Kolmogorov—Smirnov tests. These included the geometric mean (GM)
and 95% confidence intervals (95% CI) for characterizing averages and expected ranges of
mean values of fungal spore concentrations. Many of the values for the individual fungal genera
were below the LOD and were recorded as zero. Between 10% and 30% of the four most
frequent fungal types were observed as having values below the LOD, and between 40% and
80% of the samples for the less frequent fungal types were observed as having values below
the LOD. In order to apply the log-transformation a value of one was added to all concentration
values before analysis (and deducting one from the result obtained) (17).

Log-transformed data on spore concentrations were tested for seasonal differences using
analysis of variance and Student’s t-test. Seasons were combined if the average concentrations
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were not significantly different in order to determine if the statistical analyzes of health
outcomes would need to be controlled for such differences. All analyzes were controlled for
season as an association between airborne fungal spore concentration and season was observed.
Total concentrations of airborne fungi as well as concentrations of the most common fungal
genera were evaluated for associations between concentrations and health outcomes. Fungal
concentrations were used as the independent variable in data analyzes and health outcomes
(rhinitis symptoms and SPT sensitivity) served as dependent variables.

The total concentration and four most frequent fungal genera (observed in 70% or more of the
homes) were modeled continuously as independent variables in separate logistic regression
models and adjusted for season. This allowed us to determine if there were any associations
between studied parameters and health outcomes. For the fungal genera that occurred in 15—
70% of the homes, concentrations were ranked categorically as either below or above the LOD,
and the analysis was subsequently conducted using a chi-square (i) test to evaluate
associations between spore concentrations and health outcomes. Unidentified spores and
fungal types that occurred in <15% of the homes were not evaluated. Environmental data
closest to the child’s first physician’s visit were utilized for the health outcome analysis (n =
144).

Frequency of fungal genera

Table 1 shows the frequency of fungal genera in the indoor and outdoor environment. The most
frequently occurring indoor and outdoor fungal types were Penicillium/Aspergillus type spores,
Cladosporium sp., Basidiospores, and Ascospores. These four types of fungi were observed
in 70% or more of the homes. Six other fungal types occurred in 15-70% of the homes, and
included Smuts/Myxomycetes, Ganoderma, Alternaria sp., Pithomyces sp., Epicoccum sp.,
and those spores that were unidentified. While unidentified spores occurred in 62% of the
homes, it should be noted that concentrations of unidentified spores were very low and
contributed only between <1% and 13% (mean = 2%) to the total concentration in their
respective samples.

Seasonal variations

Table 2 shows GM and ranges of seasonal concentrations for the fungal spore data in indoor
and outdoor air. Total fungal spore concentrations in 144 indoor air samples ranged between
2 and 2295 spores/m3 (GM = 145 spores/m3). Each sampling session (spring 2003, fall 2003,
spring 2004, and fall 2004) was also evaluated to determine if it was different in concentration
from the other three sampling sessions. It was discovered that only the spring 2004 sampling
period was different from the other sampling sessions (p < 0.001). This difference was most
likely caused by the variation in the outdoor air concentration as the outdoor sampling data
displayed similar seasonal trends as the indoor sampling data. Therefore, fall 2003 and 2004
data were combined as one season, and the spring 2003 and 2004 periods were kept independent
from one another. This divided all of the data into three seasonal categories, which were used
to control for season.

Health outcomes

Rhinitis—No significant associations were found between rhinitis and the total fungal spore
concentration. When statistical analyzes were conducted on the various fungal taxa, however,
several associations were observed. An association between Basidiospore concentrations and
any rhinitis (regardless of allergic sensitization) was observed after controlling for season (p
< 0.01; Fig. 1). It was determined that the fall season was driving this difference in spore
concentration [GM of Basidiopores in the fall: GM Rhinitis(-) = 23 spores/m3, GM Rhinitis
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(+) = 71 spores/m?3]. In addition, Ganoderma sp. was found to have a positive borderline
relationship with rhinitis (p < 0.10; Table 3).

Allergic sensitization—When analyzing the total concentrations with allergic sensitization
to any allergen, no differences were observed between SPT(+) and SPT(-) children. However,
when analysis was conducted on the various fungal genera, much like the rhinitis data, several
significant associations emerged. When determining if there were positive associations
between the various fungal taxa and SPT+ to any allergen, it was shown that both Penicillium/
Aspergillus type spores (p <0.01; Fig. 2) and Alternaria sp. (p < 0.01; Table 3) were significant.
Conversely, Cladosporium sp. had an inverse association with SPT(+) to any allergen (p <
0.05; Fig. 3). Similarly, an inverse relationship between Cladosporium sp. and SPT(+) to any
aeroallergens was observed (p < 0.05; Fig. 4). Furthermore, Ganoderma (p < 0.10; Table 3)
showed borderline significant negative association with the child being SPT(+) to
aeroallergens.

No significance was observed between SPT(+) to fungi, either total concentrations or
concentrations of specific fungal genera. This is likely because of the small number of children
that had SPT(+) to fungi: only 24 of the study’s subjects [16% of total subjects, 31% of SPT
(+) aero].

Discussion

The unique feature of this study was the long-term air sampling of fungal spores. In most of
the previous studies, air samples for fungal spores were collected during a short sampling
interval of 5-10 min. Because of this short sampling duration, the peaks and valleys inherent
in the fluctuation of airborne fungal spore concentrations are not captured. Therefore, through
chance, concentrations captured at one point in time may be significantly different from the
concentrations measured in the same location at another time. The aerosol concentration may
vary because of varied air currents in the sampling space, fluctuations in humidity, diurnal
variations of spore release in different fungal species, and gravitational settling of the spores.
We used a sampling time of 48 h to obtain a long-term average concentration, regardless of
the peaks and valleys that may occur. This average concentration may be more beneficial in
diagnosing or characterizing the indoor air of the space and could provide further insight into
the concentrations to which occupants of that space would typically be exposed over an
extended period of time.

We did not find associations between total fungal spore concentrations and health outcomes
with the exception of a borderline significant relationship between the total concentration and
the number of children having rhinitis symptoms. However, when examining the various fungal
genera that were detected within the samples, associations between health outcomes and
concentrations became apparent. Cladosporium sp., Basidiospores, Penicillium/Aspergillus
type spores, and Alternaria were most frequently associated with significant health outcomes.
Data indicated that exposure to certain types of fungi may increase childhood sensitization to
allergens other than fungi.

An interesting finding of this study is the inverse association that Cladosporium had on the
allergen sensitization of infants. A similar inverse relationship has also been observed for
bacterial endotoxin exposures (12). In the late 1990s, the possibility of a beneficial role of
bacterial endotoxin in protecting against atopic disease was first considered (18). The proposed
mechanism for the protective effects measured in endotoxin exposures lies in the Th1/Th2
immune paradigm (19,20). It has been suggested that these same agents might also inhibit
immunoglobulin E production by inhibiting the Th2 immune responses. Although it has not
been investigated extensively, fungal exposures may result in an alternative immunologic

Pediatr Allergy Immunol. Author manuscript; available in PMC 2008 February 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Osborne et al.

Page 7

event, similar to that of bacterial endotoxin exposures, that favors the Th1 directed cytokine
responses and may underlie the lack of allergic sensitization in children (20). The interaction
between these pathways is not well understood at this time, including whether both pathways
are activated by the same concentrations of microbial agents (10). However, itis not an entirely
new concept, which suggests that persistent immune challenge may provide an explanation for
the observed inverse association of fungal spores and health outcomes (20). The reverse trend
was observed for Alternaria and Penicillium/Aspergillus, however, which may indicate
species-specific effects or a chance finding.

A potential criticism of this study may be based on previous studies having clearly identified
Cladosporium sp. as a contributor to individual sensitization and to symptoms in already
sensitized populations (21). However, studies in which these findings have been reported have
been conducted in adult populations only. Very little is known about the health effects of fungal
exposure during infancy. Although not quite comparable, we found among our entire CCAAPS
cohort that if the mother was sensitized to Cladosporium, there was an inverse significant
association with the child being atopic (OR 0.6; 95% C1 0.4, 0.9) (15). As endotoxin and fungi
often co-exist in the environment, it has been speculated that fungi may contribute to the
protective effect mainly associated with endotoxin exposures early in life (11). To our
knowledge, this study is the first one to report an inverse association between fungal exposure
and health outcome (rhinitis and allergic sensitization) in infants. Eduard, et al. reported similar
findings for fungal exposure and atopic asthma in adults (10).

We believe that contrasting relationships among the various fungal genera to the health
outcomes investigated in this study might actually cancel the effect that total concentration
may have on these outcomes. This finding would help to explain some of the lack of association
in the reporting of health effects and total fungal spore concentrations observed in previous
studies. However, it should be noted that the indoor environment (specifically the residential
indoor environment) is a complicated one, where allergens, pollutants, and toxins coexist, and
can have potential for synergistic relationships (19), which were not examined in this study.
Based on the data presented in this paper, it appears that clinicians and researchers should be
attentive to the composition of the fungal spore profile and the respective concentrations of the
fungal genera present rather than total or culturable spore count alone. Furthermore, the present
study was conducted in an infant population, and the health outcomes may or may not be
transient. Long-term follow-up of this cohort will show how early fungal exposure affects the
development of allergy and asthma in children later in life. Furthermore, additional
investigation in older children, as well as adult and occupational populations should be
performed to determine if age is a factor in the role that fungi play in immune response.
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Inverse association between Cladosporium sp. and skin prick tests(+) to any allergen. Each
bar represents the geometric mean of spore concentration and error bars represent the 95%

confidence interval.
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Inverse association between Cladosporium sp. and skin prick tests [SPT(+)] to aeroallergens.
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to aeroallergens. Each bar represents the geometric mean of spore concentration and error bars
represent the 95% confidence interval.

Pediatr Allergy Immunol. Author manuscript; available in PMC 2008 February 7.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Oshorne et al. Page 13

Table 1
Percentage of air samples containing various fungal genera, identified by microscopic observation

Frequency of mold genera (% of samples)

Fungal genera Indoor data (n = 144) Outdoor data (n = 147)
Penicillium/Aspergillus type 90 100
Cladosporium 85 99
Basidiospores 74 91
Ascospores 72 99
Unknown 62 91
Smuts/myxomycetes 59 80
Alternaria 27 59
Ganoderma 23 47
Epicoccum 20 59
Pithomyces 17 25
Torula 10 16
Nigrospora 8 24
Oidium 8 5
Periconia 7 14
Curvularia 7 12
Cercospora 4 22
Rusts 3 27
Agrocybe 3 12
Peronospora 3 8
Bispora 3 3
Chaetomium 2 1
Drechslera 2 6
Fusarium 1 5
Polythrincium 1 18
Tetracoccosporium 1 5
Botrytis 0 3
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Table 3
Selected results of associations among SPT(+) and rhinitis and fungal spore concentrations”

p-Values [positive (+) or negative (—) association]

Health outcome

SPT Rhinitis

Genus Any Aero-allergen Any Combined with SPT(+) to
any allergen

Total concentration n.s. ns. 0.10 (+) n.s.
Alternaria 0.01 (+) ns. 0.10 (-) n.s.
Ganoderma 0.10 () 0.07 () 0.06 (+) n.s.
Pithomyces ns. ns. n.s. 0.10 ()
Basidiospores™ 0.09 (-) ns. 0.01 (+) ns.
Peni;(t:illium/AspergiIIus 0.01(+) 0.10 (+) ns. n.s.
type
C|ad05poriumi 0.04 (-) 0.03 () n.s. n.s.

n.s., not significant; LOD, limit of detection; SPT, skin prick tests.
*

p-values < 0.10 are reported only.

7LClassified as <LOD or >LOD and analyzed by chi-square testing.

iModeIed continuously and analyzed by logistic regression.
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