
Fungal Fragments in Moldy Houses: A Field Study in Homes in
New Orleans and Southern Ohio

Tiina Reponen1, Sung-Chul Seo1, Faye Grimsley2, Taekhee Lee1, Carlos Crawford1, and
Sergey A. Grinshpun1

1 Department of Environmental Health, University of Cincinnati, Cincinnati, OH

2 Department of Environmental Health, Tulane School of Public Health, New Orleans, LA

Abstract
Smaller-sized fungal fragments (<1 μm) may contribute to mold-related health effects. Previous
laboratory-based studies have shown that the number concentration of fungal fragments can be up
to 500 times higher than that of fungal spores, but this has not yet been confirmed in a field study
due to lack of suitable methodology. We have recently developed a field-compatible method for the
sampling and analysis of airborne fungal fragments. The new methodology was utilized for
characterizing fungal fragment exposures in mold-contaminated homes selected in New Orleans,
Louisiana and Southern Ohio. Airborne fungal particles were separated into three distinct size
fractions: (i) >2.25 μm (spores); (ii) 1.05–2.25 μm (mixture); and (iii) < 1.0 μm (submicrometer-
sized fragments). Samples were collected in five homes in summer and winter and analyzed for
(1→3)-β-D-glucan. The total (1→3)-β-D-glucan varied from 0.2 to 16.0 ng m−3. The ratio of (1→3)-
β-D-glucan mass in fragment size fraction to that in spore size fraction (F/S) varied from 0.011 to
2.163. The mass ratio was higher in winter (average = 1.017) than in summer (0.227) coinciding with
a lower relative humidity in the winter. Assuming a mass-based F/S-ratio=1 and the spore size = 3
μm, the corresponding number-based F/S-ratio (fragment number/spore number) would be 103 and
106, for the fragment sizes of 0.3 and 0.03 μm, respectively. These results indicate that the actual
(field) contribution of fungal fragments to the overall exposure may be very high, even much greater
than that estimated in our earlier laboratory-based studies.
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1. Introduction
Moisture damage is common around the world and has been reported for various kinds of
buildings such as homes, schools, offices, and even hospitals. If the moisture damage is not
observed or remediated, it may be conductive to microbial growth. Several epidemiological
studies have found an association between dampness or visible mold and respiratory illness of
children and adults as summarized by the Institute of Medicine (2004). It is notable that
majority of the previous epidemiological studies have relied on either self-reported mold and
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dampness or surveyor-assessed moisture and visible mold. However, attempts to correlate
health outcomes with spore counts have not indicated strong associations. Furthermore, several
field studies have shown that the concentrations of airborne fungal spores in mold problem
buildings are not necessarily higher than in non-problem ones (Strachan et al., 1990;
Nevalainen et al., 1991; Garrett et al., 1998; Chew et al., 2003). This indicates that spore
concentrations may not be an adequate measure for fungal exposures.

The existence of larger hyphal fragments in the ambient air has been recognized for some time
(Glikson et al., 1995; Li and Kendrick, 1996), but has so far been overlooked when assessing
exposures in moldy buildings. Hyphal fragments have been shown to represent 6–56% of the
total fungal particle counts in field samples based on microscopic sample analysis (Li and
Kendrick, 1996; Foto et al., 2005; Green et al., 2005). This method is limited typically to
particles >1 μm (Green et al., 2006). Recent laboratory-based studies (Górny et al., 2002 and
2003; Cho et al., 2005) have reported that large quantities of submicrometer-sized fungal and
actinomycete fragments (ranging from 30 nm to 1 μm) are released together with intact spores
from contaminated surfaces. These studies demonstrated that the number of released fragments
was always higher, up to 500 times, than the number of intact spores. Furthermore, the number
of spores and fragments did not correlate.

Assessing exposure to smaller-sized fungal fragments may be important for several reasons.
Smaller-sized fragments have longer lifetimes in the air compared to larger spores and can
penetrate deeply into the alveolar region when inhaled. Fungal fragments have been shown to
contain fungal antigens (Górny et al., 2002), mycotoxins (Brasel et al., 2005a, b), and (1→3)-
β-D-glucan (Seo et al., 2007). The small size, large quantities, and biological properties of
fungal fragments suggest that these particles may potentially contribute to the adverse health
effects and raises the need for further characterizations of fungal fragments in moldy buildings.
The quantification of fungal fragments, including those of nano-scale sizes, has previously
been hindered by the lack of suitable field-compatible sampling and analysis methods.

To our knowledge, there is only one previous study assessing submicrometer-sized fungal
fragments in mold-contaminated buildings (Brasel et al., 2005b). Fungal fragments were
separated from spores using two filters of decreasing pore sizes placed in a series. While this
method allows an efficient separation of submicrometer-sized fragments from intact spores, it
is likely to underestimate the amount of submicrometer-sized fragments, as a large proportion
of these particles are collected already onto the first filter due to diffusion. Cascade impactors
would be an alternative that potentially offers a sharp separation of fragments from spores. Our
previous study, however, showed that collection of purified fragments by impactors is
challenging because of the spore bounce from upper stages to lower stages (Cho et al., 2005).

We have recently developed a field-compatible method for separation and analysis of airborne
submicrometer-sized fungal fragments (Seo et al., 2007). The Fragment Sampling System
utilized Sharp-Cut cyclones, which allow minimizing the spore bounce separating the airborne
particles into three distinct size fractions, which are subsequently, analyzed for (1→3)-β-D-
glucan. This new methodology was utilized for characterizing submicrometer-sized fungal
fragments in aerosol samples collected in field conditions in moldy homes.

2. Materials and Methods
2.1 Selection of Homes

The field investigation was conducted in five mold-contaminated single-family houses (Table
1). Three houses, located in New Orleans, Louisiana, were flooded during hurricane Katrina,
and were severely mold-contaminated. Two other houses located in Southern Ohio; both had
suffered water-damage in the basement and had either water-damage (house 4) or visible mold
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(house 5). Sampling was performed in all five homes during the summer of 2006 (June–
September) and repeated in two homes in the winter (December, 2006–January, 2007).

2.2 Safety Measures
Prior to field sampling in New Orleans, respirator fit-test was performed for all personnel
participating in field sampling. Half mask respirators (North Safety Products, Cranston, RI),
safety goggles, gloves, and tyvek suits with hoods (DuPont Tyvek, Wilmington, DE) were
worn during sampling.

2.3 Air Sampling
Size-selective sampling of fungal particles was performed using our recently-developed
Fragment Sampling System (Seo et al., 2007) that consists of two Sharp-Cut cyclones (BGI
Inc., Waltham, MA) and a 25-mm after-filter (gamma-radiated preloaded polycarbonate filters
with a pore size of 0.4 μm, SKC Inc., Eighty Four, PA). Airborne particles were separated into
three distinct size fractions according to their aerodynamic size: (i) >2.25 μm (spores); (ii)
1.05–2.25 μm (mixture of spores and fragments); and (iii) < 1.0 μm (submicrometer-sized
fragments). The collection efficiency of the after-filter was found to be over 99.2% when tested
with NaCl aerosol particles in the size range of 0.01–0.3 μm (Seo et al., 2007). The flow-rate
of 16.71 min−1 was achieved using a high-volume air sampling pump (Model SP-280, Air
Diagnostics and Engineering Inc., Harrison, ME). It was powered by a car battery
(DieHard®, Model 30052, Size 51R, Sears, New Orleans, LA) when testing in New Orleans
as no electric power was available in the Katrina-affected areas. The sampling flow rate was
calibrated with Drycal® DC-Lite Calibrator (Bios International Corp., Butler, NJ) before and
after each measurement.

Sampling time needs to be long enough to collect sufficient amount of particulate matter in the
submicrometer size range for the subsequent analysis. On the other hand, longer sampling times
may lead to particle bounce. During the development of the Fragment Sampling System, it was
observed that spore bounce from the collection cup of the second cyclone onto the after-filter
can occur if the particle number entering the sampling system exceeds a threshold of 108

particles (Seo et al., 2007). Spores on the after-filter would confound the fragment results as
the aim is to collect purified fragments in this particle size fraction. Therefore, the sampling
time was chosen based on the overall concentrations of airborne particles as measured by an
optical particle counter (OPC; Model 1.108, Grimm Technologies, Inc., Douglasville, GA)
operating in parallel with the Fragment Sampling System. The sampling time varied from 120
to 180 minutes.

Traditional fungal spore enumeration was also performed in parallel by collecting aerosol
particles onto 25-mm polycarbonate filters (pore size 0.4 μm, GE osmosis Inc., Minnetonka,
MN) using the Button Sampler (SKC, Inc., Eighty Four, PA). For reducing pressure drop of
this filter, metal screen with a sparse mesh was used as a support pad in the Button Sampler.
The Button samplers were attached to battery operated pumps (Model 4004, BGI Inc.,
Waltham, MA), which produced a flow rate of 41 min−1. The sampling time was the same as
for the Fragment Sampling System.

Indoor samples were collected in mold-contaminated rooms during two days. Altogether, three
indoor samples were taken in each home during each season. One outdoor sample per day was
collected, except in New Orleans during the summer season, because outdoor sampling of
fragments could not be performed there at that time due to limitations of the battery power
source. Temperature and relative humidity were measured using a traceable humidity/
temperature pen (Fisher Scientific Company, Pittsburgh, PA).
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2.4 Analytical Methods
The samples collected with the Fragment Sampling System were analyzed for (1→3)-β-D-
glucan using the kinetic chromogenic Limulus Amebocyte lysate assay (LAL; Glucatell®,
Associates of Cape Cod, East Falmouth, MA) as described before (Seo et al., 2007; Iossifova
et al., 2007). Briefly, particles collected into the two cyclones and on the after-filter were
extracted into pyrogen-free water (LAL Reagent Water®, Associates of Cape Cod, East
Falmouth, MA) containing 0.05% Tween 80. One aliquot of the after-filter suspension was
first filtered though a 13-mm mixed cellulose ester (MCE) filter (pore size 1.2 μm, Millipore
Corporation, Bedford, MA), which was treated and analyzed for total spore count as described
below. The microscopic counting confirmed the absence of spore bounce onto the after-filter.
Thus, all extracts were subsequently analyzed by the LAL. Three types of results were
calculated from the samples collected with the Fragment Sampling System: (a) total (1→3)-
β-D-glucan (all three size fractions combined); (b) (1→3)-β-D-glucan in spore size fraction
(>2.25 μm); and (c) (1→3)-β-D-glucan in fragment size fraction (<1.0 μm).

The samples on polycarbonate filter collected by the Button Sampler were extracted similarly
as the after-filters, and one aliquot of the extraction suspensions was filtered through a 13-mm
MCE filter for microscopic counting. The MCE filters were cleared by acetone vapor and
analyzed for total spore count under an optical microscope as described by Adhikari et al.
(2003). Spores were identified based on their morphological characteristics. In addition, one
aliquot was analyzed for (1→3)-β-D-glucan by the LAL assay to compare (1→3)-β-D-glucan
concentrations obtained by the Button Sampler to those obtained by the Fragment Sampling
System.

The quality control samples included trip blanks, field blanks, and extraction fluid blanks. The
Fragment Sampling System and the Button Samplers were cleaned by first washing with soap,
rinsed with water, and finally rinsed with ethanol. All metal parts of cyclone including
collection cups and the Button Samplers were treated by heating at 240°C for one hour to
remove residual (1→3)-β-D-glucan. The cleaning efficiency was verified by performing LAL-
assay for blank samples extracted from a set of cleaned, non-used cyclone collection cups. The
quality control samples, analyzed together with the field samples, were all below the limit of
detection (2.54 pg ml−1). The median coefficient of variation was 10.3% for the intra-plate
variability and 26.0% for the inter-plate variability (Seo et al., 2007).

2.5 Statistical Methods
Data distribution was analyzed by Shapiro Wilk-test. All data were found to be log-normally
distributed, except the total (1→3)-β-D-glucan concentration. Thus, geometric means (GM)
and geometric standard deviations (GSD) were used for the descriptive statistics. Pearson
Correlation Analysis and t-test (or paired t-test) were utilized for the data analysis and
calculated from log-transformed data. The statistical analyses were performed using SAS/Stat
9.1 (SAS Institute Inc., Cary, NC), and a significance level of 0.05 was used for all statistical
tests.

3. Results
Results on relative humidity and temperature during the environmental sampling are presented
in Table 2. The highest values for indoor relative humidity (69.3–90.4%) and temperature
(28.9–38.8°C) were measured in New Orleans in the summer. The values were the lowest
during the winter measurement cycle.

The total fungal spore concentrations as measured with the Button Sampler are shown in Fig.
1 and Table 3. Table 3 shows that the concentrations varied from 0.5 × 103 to 101.1 × 103
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spores m−3 in indoor air and from 1.1 × 103 to 8.4 × 103 spores m−3 in outdoor air. The indoor
fungal spore concentrations in New Orleans were significantly higher than those in Southern
Ohio (P<0.05), whereas the concentrations in outdoor air were similar. The indoor/outdoor (I/
O) ratios varied from 0.62 to 9.42 and were significantly higher in New Orleans than in
Southern Ohio (P<0.05). The indoor concentrations of fungal spores were slightly higher in
the summer than in the winter, but this difference was only borderline significant (P=0.0531).
The fungal spore concentrations were higher in indoor air than in outdoor air, but this difference
was significant only in the summer (Fig. 1). Aspergillus/Penicillium was the dominant fungal
type. In New Orleans, Aspergillus/Penicillium contributed on average of 77.6% to the total
spore concentration in the summer and 65.8% in the winter. In Southern Ohio, the
corresponding values were 76.9% and 91.7%. The other fungal types detected in indoor
samples were the following: Cladosporium, Stachybotrys, Ascospores, Chaetomium Torula,
Botrytis, Polythrincium, and Ganoderma.

The total (1→3)-β-D-glucan varied from 0.2 to 15.9 ng m−3 and was significantly higher in
New Orleans than in Southern Ohio (P<0.001). The total (1→3)-β-D-glucan measured with
the Fragment Sampling System correlated well with those measured with the Button Sampler
(r=0.919; P<0.001) (Fig. 2). The difference in (1→3)-β-D-glucan measured with these two
methods was on average 8.1% and was not significantly different (P=0.066).

The concentration of (1→3)-β-D-glucan in the three size fractions ranged from 0.09 to12.9 ng
m−3 for spores, from 0.02 to 4.1 ng m−3 for mixture of spores and fragments and from 0.02 to
0.7 ng m−3 for fragments. Similar to the total (1→3)-β-D-glucan, the size-fractioned
concentrations in both the fragment and spore size fractions were higher in homes in New
Orleans than in homes in Southern Ohio (Table 3). This difference, however, was significant
only in the summer (P<0.01 for fragments and P<0.001 for spores).

There was a clear seasonal variation in the size-fractionated concentrations: the (1→3)-β-D-
glucan in spore size fraction (P<0.01) was higher in the summer than in the winter, whereas
the situation was opposite for the (1→3)-β-D-glucan in fragment size fraction (P<0.05) (Fig.
3). In the summer, the (1→3)-β-D-glucan concentration was significantly lower in fragment
size fraction than in spore size fraction (P<0.001), but there was no difference in the winter
data.

There was only a borderline correlation between the (1→3)-β-D-glucan concentration in the
fragment size fraction with that in the spore size fraction when all the data were combined
(r=0.333; P=0.084) (Fig. 4). This was driven by the data obtained in the indoor air in the summer
as there was a significant correlation only for this data set (r=0.721; P<0.01).

The ratio of (1→3)-β-D-glucan concentration in fragment size fraction to that in spore size
fraction (F/S ratio) varied from 0.011 to 2.163 (Table 3). In the summer, the F/S-ratio was
significantly lower in New Orleans than in Southern Ohio (P<0.05) but there was no difference
in F/S-ratio between these two locations in the winter. The average F/S ratio for the indoor
samples collected in the summer (0.277) was significantly lower than for those collected in the
winter (1.017) (P <0.05) (Fig. 5).

4. Discussion
Traditional microbiological methods, such as cultivation and microscopic counting cannot be
used for the analysis of fungal fragments. In laboratory-based studies, direct-reading particle
counters can be deployed for the enumeration of fragments as non-fungal particles are
eliminated in the laboratory setup. In the field situations, fungal fragments are masked by other
particles, and a specific assay is needed aiming to analyze fungal components. (1→3)-β-D-
glucan was selected as a surrogate of fungal biomass as it is a stable component of fungal cell-
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wall and does not depend on the viability of the fungi (Stone and Clark, 1992). The recently
developed Fragment Sampling System performed well for quantifying the total (1→3)-β-D-
glucan when compared side-by-side with a traditional filter-based sampler. This indicates that
size-selective sampling and sampling processing caused only minimal sample losses as
compared to non-size selective sampling. Furthermore, the microscopic analysis confirmed the
absence of spores in fragment samples (on the after-filter).

This study found that the F/S-ratio of (1→3)-β-D-glucan ranged from 0.011 to 2.163, and the
highest average, F/S =1.017, was found for the indoor samples collected in the winter. Thus,
the (1→3)-β-D-glucan concentration in the fragment size fraction was often equal and in some
cases even higher than that in the spore size fraction. The corresponding ratio in a previous
laboratory study was 0.029 for fungal particles released from Aspergillus versicolor and 0.034
for Stachybotrys chartarum (Seo et al., 2007). These ratios are based on particle mass as (1→3)-
β-D-glucan is analyzed as pg m−3. For number concentration, we have previously shown that
the number concentration of fungal fragments was as much as 500 fold higher than that of
spores (Cho et al., 2005). In field situations, the number concentration of fragments can be
estimated based on the mass of (1→3)-β-D-glucan. Assuming that the mass concentration of
fragments and spores is equal (F/S =1) and the spore size is 3.0 μm, the number ratio (fragment
number/spore number) would be 103 and 106, if fragment size is 0.3 and 0.03 μm, respectively.
These results indicate that the actual (field) contribution of fungal fragments to the overall
fungal exposure may be very high, even much higher than it was earlier suggested by our earlier
estimates made based on laboratory studies. This can be attributed to the difference in the
sampling protocols. In the laboratory tests, fungi were released from the surface directly into
the experimental system by high air velocity jets. In the field, the release occurred naturally
through variety of mechanisms, including air currents and vibrations, and the release of
fragments may have been enhanced by the changes in relative humidity. Furthermore, the larger
particles (spores) had time to settle down before sampled from the air.

The clinical significance of fungal fragments is currently not known. However, exposure to
fine particles in ambient air has been associated with several adverse health outcomes,
including respiratory and cardiac responses (Peters et al., 1997; Von Klot et al., 2002; Penttinen
et al., 2001). These health effects have shown stronger associations with the number
concentrations of ultrafine particles (<0.1 μm) than with mass or number concentrations of
larger particles. Smaller-sized fungal fragments have longer lifetimes in the air compared to
spores; they can be easily transported by air currents and more efficiently deposited in the
alveolar region than intact spores. Based on laboratory studies on the number concentration
and size distribution of fungal particles, it has been estimated that the respiratory deposition
of Stachybotrys chartarum fragments in adults is 230 times higher than that of spores (Cho et
al., 2005). When the respiratory deposition model was applied to infants, it was demonstrated
that the deposition ratios (fragments versus spores) were 4–5 times higher than those for adults
(Cho et al., 2005). High particle surface area may further facilitate the bioavailability of fungal
components after the particles are inhaled into the human lung. Due to their small size,
fragments may be able to evade phagocytosis by macrophages, and can be translocated through
systemic circulation (Ibald-Mulli et al., 2002).

(1→3)-β-D-glucan in the spore size fraction appeared to follow similar pattern as the total
fungal spore concentration with respect to the seasonal difference and the difference between
homes located in New Orleans versus Southern Ohio. However, these patterns were drastically
different for (1→3)-β-D-glucan in the fragment size fraction, which did not correlate with the
(1→3)-β-D-glucan in the spore size fraction. Highest fragment concentrations were found in
the winter, when the fungal spore concentrations were at their lowest levels. This may be
attributed to the low relative humidity in the winter, which in turn may increase the release of
fungal particles by reducing adhesion forces among fungal structures and enhancing these
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structures to become brittle. There appears to be few published reports on airborne total fungal
spore concentrations determined by the filter-based method. Rao et al. (2007) and Chew et al.
(2006) used this method to study New Orleans homes damaged by hurricanes Katrina and Rita
within six months after the flooding caused by the hurricanes. Rao et al. (2007) reported
geometric mean concentration of 60 × 103 spores m−3 for homes with mild damage (n=5) and
460 × 103 spores m−3 for homes with moderately/heavy damage (n=15). Chew et al. (2006)
found total fungal spore concentrations ranging from 82 × 103 to 634 × 103 spores m−3 in three
homes before renovation. Osborne et al. (2006) measured total fungal spore concentration in
144 Cincinnati homes that mostly had either no visible mold (44% of homes) or only small
area of visible mold (51% of homes had less than 0.2 m2 area of visible mold). The investigators
reported a range of 2–2,295 spores m−3 (GM = 145 spores m−3). Lee et al. (2006) studied fungal
spore and (1→3)-β-D-glucan concentrations in five non-moldy homes in Cincinnati and found
the fungal spore concentration ranging from 105 to 4,961 spores m−3 (GM= 572 spores m−3).
The comparison of our data with those published earlier shows that the fungal spore
concentrations measured in the present study in New Orleans homes are within the same range
as those reported by Chew et al. (2006) and Rao et al. (2007) for the same geographic location.
The fungal spore concentrations obtained in Southern Ohio were lower than those measured
in New Orleans, which can be explained by the more severe mold damage observed in New
Orleans houses. On the other hand, the fungal spore concentrations measured in this study in
Southern Ohio homes were somewhat higher than those measured earlier in the same
geographic region (city of Cincinnati is located in South-western Ohio) by Lee et al. (2006)
and Osborne et al. (2006).

There are no previous reports on (1→3)-β-D-glucan analyzed by the LAL-method in New
Orleans, but several investigators have used this method for the analysis of non size-selective
air samples in other geographic areas (Thorn and Rylander, 1998; Foto et al., 2005; Lee et al.,
2006). Thorn and Rylander (1998) studied 75 homes in Swedish row houses suffering from
moisture problems and found the (1→3)-β-D-glucan concentrations up to 19.0 ng m−3. Foto
et al. (2005) measured (1→3)-β-D-glucan in 110 Canadian homes, most of which had mold
problems. They reported concentrations ranging from 0.04 to 20.55 ng m−3. Lee et al.
(2006) reported a range of 0.31–9.35 ng m−3 for five non-moldy homes in Cincinnati. While
the indoor (1→3)-β-D-glucan levels measured in New Orleans in this study are much higher
than those reported by Lee et al. (2006), they fall to same ranges as reported by Thorn and
Rylander (1998) and Foto et al. (2005). The levels measured in Southern Ohio in this study
are within the range reported by Lee et al. (2006). These comparisons confirm that the data
obtained for New Orleans homes in our study represent well the fungal exposures in non-
renovated homes that were affected by flooding in the aftermath of hurricanes Katrina and
Rita. On the other hand, the homes in Southern Ohio represent an exposure situation when the
concentrations are only slightly or not at all elevated compared to non-moldy homes. This study
showed that fungal fragments may represent a significant portion of the fungal exposures in
both types of exposure scenarios.

These findings indicate that the actual (field) contribution of fungal fragments to the overall
exposure is very high, even much higher than was earlier estimated resulting from the
laboratory-generated data. As the exposure to airborne fungal fragments cannot be quantified
based on spore concentrations, fragment measurements should be included when assessing
exposures in moldy buildings.
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Abbreviations and Acronym list
F/S-ratio  

Fragment/spore-ratio, (1→3)-β-D-glucan concentration in fragment size fraction
divided by that in spore size fraction

GM  
Geometric mean

GSD  
Geometric standard deviation

I/O-ratio  
Indoor/outdoor ratio, concentration in indoor air divided by the respective
concentration in outdoor air

LAL  
Limulus Amebocyte lysate assay
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Fig. 1.
Geometric means, GM, of indoor and outdoor fungal spore concentrations (spores m−3)
measured by the Button Sampler. Error bars present geometric standard deviations, GSDs (68%
confidence interval), and n is the number of samples. Asterisk and horizontal line present the
statistical difference (*: P<0.05).

Reponen et al. Page 10

Atmos Environ. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
The correlation between the total (1→3)-β-D-glucan concentrations measured by the Fragment
Sampling System and the Button Sampler. Dotted line presents 1:1 ratio; the solid line presents
the regression line; and n is the total number of samples.
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Fig. 3.
Geometric means, GM, of indoor airborne (1→3)-β-D-glucan concentrations (pg m−3)
measured by the Fragment Sampling System. Error bars represent geometric standard
deviations, GSDs (68% confidence interval), and n is the total number of samples. Asterisk
and horizontal line represent the statistical difference (*: P<0.05; **: P<0.01; ***: P<0.001).
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Fig. 4.
Correlation between (1→3)-β-D-glucan concentrations (pg m−3) in fragment and spore size
fraction (data obtained by the Fragment Sampling System).
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Fig. 5.
Fragment/spore ratios of (1→3)-β-D-glucan in indoor and outdoor air in the summer and winter
(data obtained by the Fragment Sampling System). Histograms represent the arithmetic average
and error bars present standard deviations of samples (n). Dotted line presents F/S-ratio=1, and
n is total sample numbers. Asterisk and horizontal line represent the statistical difference (*:
P<0.05)
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