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Fungal aerosols consist of spores and fragments with diverse
array of morphologies; however, the size, shape, and origin of the
constituents require further characterization. In this study, we
characterize the profile of aerosols generated from Aspergillus
fumigatus, A. versicolor, and Penicillium chrysogenum grown for
8 weeks on gypsum boards. Fungal particles were aerosolized at
12 and 20 L min~"' using the Fungal Spore Source Strength
Tester (FSSST) and the Stami particle generator (SPG).
Collected particles were analyzed with field emission scanning
electron microscopy (FESEM). We observed spore particle
fraction consisting of single spores and spore aggregates in four
size categories, and a fragment fraction that contained
submicronic fragments and three size categories of larger
fragments. Single spores dominated the aerosols from A.
fumigatus (median: 53%), while the submicronic fragment
fraction was the highest in the aerosols collected from A.
versicolor (median: 34%) and P. chrysogenum (median: 31%).
Morphological characteristics showed near spherical particles
that were only single spores, oblong particles that comprise some
spore aggregates and fragments (<3.5 um), and fiber-like
particles that regroup chained spore aggregates and fragments
(>3.5 um). Further, the near spherical particles dominated the
aerosols from A. fumigatus (median: 53 %), while oblong particles
were dominant in the aerosols from A. versicolor (68%) and P.
chrysogenum (55%). Fiber-like particles represented 21% and
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24% of the aerosols from A. versicolor and P. chrysogenum,
respectively. This study shows that fungal particles of various
size, shape, and origin are aerosolized, and supports the need to
include a broader range of particle types in fungal exposure
assessment.

INTRODUCTION

Indoor environments with a high moisture content often
result in saprophytic fungal colonization of structural building
materials. Fungal colonization of these indoor environments in
combination with indoor dampness has been associated with
adverse health outcomes (Institute of Medicine 2004; World
Health Organization 2009). However, epidemiological and
exposure studies including the assessment of fungal spore
exposure in indoor air could not confirm such an association
(Eduard 2009). Epidemiological studies based on traditional
methods of identification and quantification of fungal spores
or fungal colony forming units have not provided insight into
health effects from other airborne fungal particles such as frag-
ments of spores and hyphae.

The composition of fungal aerosols is diverse and com-
prises particles of various sizes, shapes and origin (spores and
mycelia), thus with varying aerodynamic behavior (Lacey
1991). Single spores from many molds encountered in indoor
environments are globose or ellipsoidal with smooth or orna-
mented surface (Reponen et al. 2001) while chained spore
aggregates are often elongated and fiber-like. Moreover,
hyphal fragments have various morphologies: they can be
tubular, elongate or fiber-like and irregular.

The aerodynamic diameter of particles is commonly used in
the prediction of particle motion and deposition in human
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respiratory tract. Shape also influences motion and deposition
of particles in human respiratory tract (Yeh et al. 1976) and
aerosol samplers. For nonspherical or irregular particles, aero-
dynamic size is dependent on the particle shape and surface
structures (Cox 1995) therefore one-dimensional size measure-
ment poorly describes irregular or fibrous shaped particles. To
date, little is known about the shape of various particle types
reported as fungal aerosols except for the distribution of single
spores and aggregates. Moreover, detailed characteristics of
the fungal aerosol profile are unknown.

The morphology and size of spores, and hyphal and spore
fragments have been assessed by microscopy in attempts to
describe the fungal aerosols (Pady and Kramer 1960; Pady and
Gregory 1963; Eduard et al. 1988, 1990; Heikkila et al. 1988;
Karlsson and Malmberg 1989; Green et al. 2005; Halstensen
et al. 2007; Afanou et al. 2014; Vestlund et al. 2014). Quanti-
fication and size-characterization of fungal particles have also
been performed by measuring the optical or aerodynamic
diameter of aerosol particles using automatic particle counters
or sizers. For this purpose, a fairly narrow size range has been
used to discriminate spores from fragments in aerosols gener-
ated from fungal cultures (Kildesg et al. 2000, 2003; Gdrny
et al. 2002; Sivasubramani et al. 2004; Kanaani et al. 2009;
Gorny and Eawniczek-Walczyk 2012). This approach led to
the discovery of submicronic fragments. Fungal biomarkers
such as ergosterol (Rao et al. 2005; Lau et al. 2006; Menetrez
et al. 2009), phospholipid fatty acids (Womiloju et al. 2003)
and S-glucans (Rao et al. 2005; Reponen et al. 2007; Adhikari
et al. 2009; Madsen et al. 2009; Singh et al. 2011; Frankel
et al. 2013; Seo et al. 2009, 2014) have also been used to dem-
onstrate the presence of fungal biomass in various sizes of fun-
gal aerosols. Further, enzymes, (e.g., chitinases [Madsen et al.
2005, 2009; Madsen 2012]), antigens (Gorny et al. 2002) and
allergens (Menetrez et al. 2001) as well as mycotoxins (Soren-
son et al. 1987; Brasel et al. 2005) have been used to demon-
strate allergenicity and toxicity potential of various size
fractions of the fungal aerosols. Actually, the cut-off charac-
teristics of the size-selective samplers are decisive for the sep-
aration efficiency.

The toxicological and immunological properties of aller-
gen-bearing fine particles have been found to be strongly cor-
related with the particle number and overall surface than the
particle mass (Nygaard et al. 2004). Thus, it can be hypothe-
sized that the number of fungal particles with aerodynamic
diameter <2.5 um may show stronger correlations with
observed health outcomes, than with mass. Moreover, hyphae
have been shown to elicit stronger allergic inflammation as
compared to single spores that induced non-allergic inflamma-
tory responses (Bozza et al. 2002; Hohl et al. 2005). Also,
Branzk et al. showed that neutrophils with mechanisms of
neutrophils extracellular traps (NETosis) and reactive oxida-
tive species (ROS) were involved in clearance of fiber-like
particles and large spore aggregates (Branzk et al. 2014). A
detailed description of the fungal aerosol by simultaneous

assessment of physical size, shape, and particle numbers is
only possible by microscopy (Cox 1995).

Following our previous publication on the enumeration
and origin of submicronic fungal fragments by high-resolu-
tion microscopy (Afanou et al. 2014), we describe in this
study the morphology of fragments and spore particles, and
their distribution in in vitro generated fungal aerosols. The
size, shape and origin characteristics of various fungal parti-
cle types are described, as well as the profile of the aerosols
generated from pure fungal cultures. The effect of generators
and airflows used on the whole-aerosol composition was also
investigated.

MATERIALS AND METHODS

Fungal Culture

Isolates of Aspergillus fumigatus Fresenius 1863 (strain
A1258 FGSC) obtained from the Fungal Genetics Stock Cen-
ter (University of Missouri, Kansas City, KS), Aspergillus ver-
sicolor Tirobaschi 1908 (strain VI 03554), and Penicillium
chrysogenum Thom 1910 (strain VI 04528) obtained from the
Section of Mycology at the Norwegian Veterinary Institute
(Oslo, Norway) were used. The characteristics of these fungal
isolates and the procedure for inoculum preparation have been
previously described elsewhere (Afanou et al. 2014). Briefly,
spores from 2-week-old cultures grown on malt extract agar
(MEA) (Samson et al. 2004) were harvested by gently scrap-
ing cultures submerged in 20 mL phosphate buffered saline
(PBS) containing 0.1% Tween 20 using a sterile inoculation
loop. The spore suspension was transferred into 50 mL centri-
fuge tubes and resuspended by vortexing for 2 x 30 seconds
followed by sonication for 3 min in an ultrasonic bath at a
frequency of 35 kHz (Sonorex RK 510H, Bandalin Elec-
tric, Berlin, Germany). The suspension was filtered through
a 10 um nylon mesh filter (Millipore, Tullagreen, Cork,
Ireland), centrifuged at 1500 x g for 5 min (Sigma 4kl15,
Osterode, Germany) and the pellet re-suspended in 30 mL
sterile milliQ water containing 10% glycerol. The spore
concentration was determined by filtration of 0.1 mL of 10
fold diluted suspension through a 25 mm diameter polycar-
bonate filter with 0.4 um pore size (Millipore, Tullagreen
Cork, Ireland) and subsequent enumeration of deposited
spores by field emission scanning electron microscopy
(FESEM). One milliliter (containing ca. 10® spores) of this
spore suspension was used to inoculate gypsum board
(GB) (Lafarge Gips Dekoform 6 AK, Oberursel, Germany)
commonly used as indoor building material in Norwegian
residential environments. The GB was cut into 80 mm
diameter circular plates that were prepared following the
procedure previously described (Afanou et al. 2014). Fol-
lowing 8 weeks of incubation at 25 + 1°C and 45 + 5%
relative humidity (in the incubator), the GB plates were
utilized for aerosolization experiments.
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Aerosolization and Collection of Fungal Aerosols

The fungal cultures were aerosolized with the Fungal Spore
Source Strength Tester (FSSST) (Sivasubramani et al. 2004),
and Stami Particle Generator (SPG) (Afanou et al. 2014). The
FSSST was built in polyvinyl chloride with a square internal
area of 144 cm?, and 112 orifices of 0.4 mm diameter that
directed air jets perpendicularly toward the culture plates. The
SPG was built in aluminum and included a rotating plate of
156 cm? as support for the culture plates. A 6 mm diameter
tube outfitted with ten orifices of 1.2 mm diameter served to
direct air jets perpendicularly toward the culture plate. Sche-
matic illustration for both generators and the experimental
setup are shown in Figure 1.

The aerosolization experiments were performed at airflow
rates of 12 and 20 L min~!. At these airflows, the air veloci-
ties at the orifices were 18 and 29 m s ' in the SPG, and 14
and 23 m s~ ' in the FSSST, respectively. During aerosoliza-
tion the GB plates were situated at 14 mm below the orifices.
Fungal aerosols were liberated by air currents provided
through the orifices. Each aerosolization experiment was run
for 120 sec while rotating the plate supporting A. versicolor
and P. chrysogenum culture at 0.5 rpm in the SPG. In

FSSST, the culture dishes were aerosolized without rotation.
In the experiment with A. fumigatus, a modified approach
was used to prevent bioaerosol overload on the sampling fil-
ter. Briefly, the A. fumigatus culture surface area was covered
with a plate that contained a 1 cm diameter central hole. A.
fumigatus particles were liberated using the same airflow rate
as described above. However, the sampling interval was 60 s
while rotating at 1 rpm in SPG. Released particles from the
culture were transported by the air currents within each sys-
tem onto a 0.4 um pore sized polycarbonate filter membrane
(Isopore, Millipore, Ireland) and contained in open 37 mm
cassettes (SKC Inc., Eighty Four, PA, USA). All experiments
were conducted in a Bio Safe Grade II laminar flow hood to
prevent external particle contamination and to protect labora-
tory workers from fungal exposure. The generator chamber
was cleaned with 70% ethanol and purged for 10 min with
HEPA filtered air prior to each experiment. Each experimen-
tal treatment was run in triplicate. Sixteen blank experiments
were performed using cleaned empty chamber for back-
ground adjustment. Blanks with GB plates were disregarded
because the substrate material after fungal bio-deterioration
is different from the substrate at start (Sachez 2009). Four

®» Airoutlet —

Cassette & filter

Air currents

{14 Air inlet
7 ~ Rotating plate
Motor
SPG FSSST
Flowmeter 2

! HEPA1
Airoutlet m« { (" (o—
from generator @
Airinlet  @=—=  Flowmeter 1
into generator

‘S| P2021 HEPA2
rii:--—-

EXPERIMENTALSETUP

FIG. 1. Schematic illustration of the aerosolization chambers: Stami particle generator (SPG), fungal spore source strength tester (FSSST) and the experimental
set up. One aerosolization chamber is connected to the system set up. Flow at the inlet and outlet of the chamber is measured by flowmeter 1 and 2, respectively.
HEPA filter 1 and 2 filter the air to and from the pump, respectively. Constant relative humidity is maintained by the dryer (in line tube with silica beads). P2021
ionizer reduces elctrostatic charges. Reproduced with permission from American Society of Microbiology: Afanou et al. 2014; Applied and Environmental

Microbiology, 80(22): 7122-7130.
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blank experiments for each generator x flow rate combina-
tion were run for 120 s.

Sample Preparation and Analysis

Briefly, a segment (ca. 2.4 cm?) was cut from the collection
filter, mounted on a 25 mm aluminum pin stub (Agar Scien-
tific Ltd., Stansted Essex, UK) using double-sided carbon
adhesive discs (Ted Pella Inc., Redding, CA, USA), and coated
with platinum in a Balzers SDC 050 sputter coater (Balzers,
Liechtenstein) as previously described by Afanou and colleges
(Afanou et al. 2014). Samples were analyzed using FESEM
(SU 6600 Hitachi, Ibaraki-ken, Japan) in the secondary elec-
tron imaging (SEI) mode. The microscope was operated at
15 keV acceleration voltage, 1.8 kV extraction voltage and a
working distance of 10 mm. Particles were quantified using
the counting criteria described by Eduard and Aalen (Eduard
and Aalen 1988). The particles were considered to be homoge-
nously distributed on the filter because an electrically conduct-
ing filter holder had been used to reduce electrostatic charging
of the filter holder (Eduard et al. 1990).

Identification and Classification of the Fungal Particles
Spore particles were identified and classified by their mor-
phological features while other indiscernible particles were

defined as fragment particles and classified by length (Fig-
ure 2). Spore particles were categorized into five classes
according to spore units per aggregate: single spores, and
aggregates of 2, 3, 4, and >5 spores. Fragment particles were
grouped in four classes based on their length: 0.2-1 um frag-
ments, 1-2 um fragments, 2-3.5 um fragments, and >3.5 um
fragments. Four hundred particles or a maximum of 100 fields
were counted at 3000-6000 x magnification depending on the
particle density on the filter and type of particle. The lowest
detectable number of particles was 8 x 10 and 2 x 10* par-
ticles/filter at 3000 x and 6000 x magnification, respectively.
The background numbers of each particle type by cm?” surface
of the supporting culture plate were in the range: 0-200 for
single spores, 0 for aggregates of 2 spores, 0-45 for aggregates
of 3 spores, 0 for aggregates of 4 spores, 0—40 for aggregates
of 5 spores or more, 160—4000 for submicronic fragments, 55—
800 for 1-2 pum fragments, 0 for 2-3.5 um fragments and 0—
160 for >3.5 um fragments.

Size and Shape Measurements

The largest width and length were additionally measured on
12 randomly selected spore particles (single spores and aggre-
gates of 2—6 spores). Similar measurements were performed
on each type of fragment particles (submicronic and larger
fragments) counted in 200 randomly selected fields at 3000 x

FIG. 2. Micrographs of various fungal aerosolized particles. Spore particles (a—f); (a) single spores, (b—g) aggregate of 2, 3, 4, 5, and >5 spores from A. versi-
color. Fragment particles (h—1); (h) submicronic fragments: <1 um ; (h-1) large fragments; (i) 1—2 pum fragments; (j) 2-3.5 um fragments, (k and 1) >3.5 um
fragments. Scale bar: 10 um (a, f, k, and 1); 30 um (g); 0.5 pm (h); 5 um (i); 2 um ().
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magnification. Measurements were performed at 3000—
40,000x magnification depending on particle type and size.
Shape of each particle was described by their aspect ratio cal-
culated as length to width ratio.

Statistical Analysis

Data from 12 experiments of each fungal species were
available for statistical analysis. All counts were adjusted for
blank prior to the estimation of the number of particles per
cm? culture. Negative or zero counts after background adjust-
ment, were arbitrarily assigned 0.1 in order to enable ratio cal-
culations and log ratio transformations for statistical analysis.
Primary results were reported as median numbers, 25th and
75th percentiles of particles of each type per exposed culture
area. The median numbers of particle types were compared
between the fungal species using the nonparametric Kruskal-
Wallis (K-W) test for multiple categories followed by post
hoc Wilcoxon-rank sum test (Mann—Whitney U tests) and
Bonferroni adjusted p-values (significant p-values <0.017).

Proportions of each particle type were calculated as the
ratio of particle type counted to the total number of particles
and were also reported as medians and percentiles (25th and
75th). The effects of the generators and airflows on the particle
composition of the fungal aerosols were statistically assessed
by applying linear mixed model on centered log ratio (CLR)
transformed particle ratios (Aitchison 2003; Pawlowsky-Glahn
and Egozcue 2006). CLR transformation was performed with
CoDaPack version 2.01.15 (Department of Computer Science
and Applied Mathematics, University of Girona, Girona
Spain) by dividing each count ratio by the geometric mean of
count ratios for each treatment. This transformation has been
described to remove the constant sum constraint on composi-
tional data (Aitchison 2003; Pawlowsky-Glahn and Egozcue
2006) prior to analysis.

Schematically the models were:

Generator: CLR = constant + Type + Type x Generator +
experiments (random) + residuals

Airflow rates: CLR = constant + Type + Type x Flow +
experiments (random) + residuals (CLR: centered log ratio;
Type represent the nine types of particles; Generator repre-
sents the two generators used; Flow represents the two airflow
rates used).

To detect significant changes in the fungal aerosol composi-
tion between generators or airflows, we tested the significance
of the two interaction terms (Type x Generator) and (Type x
Flow). This was done by likelihood ratio tests between models
with and without the interaction terms. Here, the models with-
out the interaction terms included the two variables of the
interaction term as single fixed effects (Jaeger 2008; Fitzmaur-
ice et al. 2011). Furthermore, particle fractions that signifi-
cantly changed between generators or airflows were
pinpointed by the sign and significance of the individual coef-
ficients of these two interaction terms. Significant p-values
(p < 0.05) were adjusted for multiple comparisons using the
false discovery rate method (Benjamini and Hochberg 1995;
Benjamini 2010). Statistical analysis was performed in Stata
SE 13 (Statacorp LP, College Station, TX, USA).

RESULTS

Size and Shape Characteristics of Spores and Fragment
Particles

All counted particles were classified according to their
physical length measured by FESEM. The average sizes for
spore particles were in the range 2.41-15.04 um and 2.02—
4.26 pum for lengths and widths, respectively (Table 1). The
corresponding sizes for fragment particles were 0.52-
12.80 um and 0.33-5.10 pm (Table 2).

Table 1
Size and aspect ratio of spore particles

A. fumigatus

A. versicolor P. chrysogenum

S1 S2 S3 S4 S5 S6 S1 S2

S3  S4 S5 S6 S1 S2 S3 S4 S5 S6

N 12 12 12 12 12 12 12 12
AM
Length 2.68 477 642 6.83 8.55 1226 2.97 5.87
Width 225 2.61 3.20 3.64 3.65 4.26 2.53 2.66
Aspectratio 1.20 1.83 2.05 1.97 245 3.14 1.18 2.22
SD

Length 0.27 0.61 1.61 1.15 1.03 2.48 0.26 0.78
Width 0.30 0.19 0.46 0.85 094 1.08 0.19 0.21
Aspectratio 0.15 0.23 0.59 0.56 0.58 1.26 0.20 0.34

12 12 12 12 12 12 12 12 12 12

8.00 10.61 12.51 15.04 2.41 4.32 6.77 888 11.45 12.28
320 3.65 3.75 425 2.02 207 222 278 288 334
257 3.10 3770 3.88 1.21 2.16 3.11 345 4.19 4.16

.15 1.82 230 3.17 0.28 0.48 1.10 2.03 1.93 2.11
0.50 097 1.09 1.10 035 0.38 0.31 0.62 0.74 1.13
056 094 144 1.63 020 046 0.63 1.33 1.04 1.63

AM: Arithmetic mean; SD: standard deviation; length and width in pm.
S1: Single spores; aggregates of 2 (S2), 3 (S3), 4 (S4), 5 (S5) and 6 (S6) spores
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Table 2
Size and aspect ratio of fragment particles

A. fumigatus

A. versicolor P. chrysogenum

<l pm 1-2 ym 2-3.5 um >3.5 um <1 pum 1-2 um 2-3.5 um >3.5 pum <1 pum 1-2 pm 2-3.5 pum >3.5 um

N 113 41 27 19 102
AM
Length 0.53 1.38 2.59 1120  0.52
Width 033  0.77 1.41 4.69 034
Aspectratio 1.78  2.12 2.26 3.34 1.78
SD
Length 020  0.27 0.44 10.50 021
Width 0.14 034 0.91 5.10  0.22

Aspectratio 0.77 1.00 0.87 4.15 0.86

0.28 0.35
0.35 0.40 453 0.16 0.28 0.64 2.50

44 25 29 67 36 30 68

1.40 249 12.80  0.63 1.44 2.59 10.6

0.76 1.46 5.10 037 0.5 1.42 3.34
2.19 1.89 3.01 2.00 217 2.08 4.68

11.77 020 0.30 0.43 9.50

1.04 0.83 3.25 1.47  0.94 0.72 5.82

AM: Arithmetic mean; SD: standard deviation; length and width in um

<1 pum: submicronic fragments (SF); 1 - 2 um fragments (LF1); 2-3.5 um fragments (LF2) > 3.5 um fragments (LF3)

Three shape groups were recognized from the aspect ratios
(Table 3). Spherical or near-spherical particles with aspect
ratio in the range 1:1-1.5:1 group specifically the single spores
irrespective to species. The median proportions of this group
were 53%, 7%, and 6% of total aerosolized particles from A.
fumigatus, A. versicolor, and P. chrysogenum, respectively.
A second group of oblong shaped particles has aspect ratios in
the range 1.5:1-3:1 and represents 45%, 68%, and 55%
(median) of the aerosolized particles from A. fumigatus, A.
versicolor and P. chrysogenum, respectively. Further, this
group comprises 0.2-1 um fragments, 1-3.5 pum fragments,
and spore aggregates except the largest aggregates. The third
group has elongate and fiber-like shape with aspect ratio >3:1.
Larger fragments (>3.5 um) and larger spore aggregates
belong to this group which represents 1%, 21%, and 24%
(median) of total particles aerosolized from A. fumigatus, A.
versicolor and P. chrysogenum, respectively. The overall aver-
age lengths (widths) were in the ranges 2.41-2.97 um (2.02-
2.53 pum) for near spherical particles, 0.52-8.55 yum (0.33-
3.65 um) for oblong particles and 3.5-15.04 um (2.22-
5.10 um) for the elongate and fiber-like particles. The micro-
graphs of various particle types observed are shown in
Figure 2.

Number of Spores and Fragment Particles

The total median numbers of aerosolized particles were
4.8x10° per cm ™2 culture of A. fumigatus, 5.6x 10° for A. ver-
sicolor and 8.9 x 10° for P. chrysogenum. Median sum spore
particle numbers were 2.9 x 10°, 0.8 x 10°, and 0.9 x 10> per
cm 2 culture, while the corresponding numbers for fragment
particles were 1.9 x 104, 4.2 x 103, and 8.6 x 10> for per
cm ™2 culture for A. fumigatus, A. versicolor and P. chrysoge-
num, respectively. The median number of spore particles
released from A. fumigatus cultures differed significantly
from A. versicolor and P. chrysogenum cultures (Table 4).

A. fumigatus cultures released over 300 times the median
number from A. versicolor (p < 0.001) and P. chrysogenum
(p < 0.001). The number of fragment particles did not differ
significantly between the tested species (p = 0.2).

Fungal Aerosol Composition

The bioaerosols collected from A. fumigatus was predomi-
nantly composed of single spores (median 53% of total par-
ticles) while submicronic fragment fractions were the highest
in the aerosols from A. versicolor (submicronic fragments,
median 34%) and P. chrysogenum (submicronic fragments,
median 31%). Within the spore particle fraction from A. fumi-
gatus and P. chrysogenum, single spores were most common:
medians 70% and 28%, respectively, whereas the aerosols
from A. versicolor were mainly composed of larger spore
aggregates (aggregates of >5 spores, median 32%) (Table 4).
Moreover, the submicronic fragments were dominant in the
fragment particle fraction from all three isolates: medians
62%, 70%, and 63% of total fragments from A. fumigatus, A.
versicolor, and P. chrysogenum, respectively.

The combined proportions of larger fragments (medians of
1-2 yum fragments, 2-3.5 um, and >3.5 um) amounted to
median 3%, 9%, and 8% of all particles collected from A.
fumigatus, A. versicolor, and P. chrysogenum, respectively
(Table 4). The median proportions of single spores were 53%,
7%, and 6% while the medians of all spore aggregates com-
bined were 26%, 23%, and 10% of all particles from A.
fumigatus, A. versicolor, and P. chrysogenum cultures, respec-
tively (Table 4).

Effect of Generator Types on the Fungal Aerosol
Composition

Significant changes in the aerosol composition related
to the type of generator were demonstrated trough CLR
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Table 4
Particle types aerosolized from A. fumigatus, A. versicolor, and P. chrysogenum (all experiments combined)

A. fumigatus (N = 12)

A. versicolor (N = 12)

P. chrysogenum (N = 12)

Number of % of Number of % of Number of % of K-W test
Particle types particles® total® particles™ total” particles® total® p-value
Spores
S1 170 (7.0—1400) 53 (26—62) 03 (0.02—1.4) 7(0.4—14) 04(0.06—2.4)  6(1—10)  0.001
2 47 (2.0-240) 12(8—17)  02(0.02—1.8) 7(0.3—15) 0.06(0.06—0.40)  1(0.6—5)  <0.001
S3 20 (0.4—107) 4 (2-5) 0.09 (0.02—-0.7) 1(0.3—-6)  0.06 (0.06—0.3) 2(0.7-4) 0.001
S4 11(0.06—118) 3 (2—4)  0.02(0.02—0.4) 1(03—4)  0.06 (0.06—0.1) 1(0.6—3) 0.005
>S5 26 (0.6—140)  5(2—15)  0.3(0.09-2.1) 9(1—19)  0.06(0.06—0.6)  3(0.7—8) 0.01
Sum 290 (9.0—1950) 88(75—-94) 0.9 (0.3—-7.0) 39(5-58) 1.0 (0.3-3.4) 16 (8—42) <0.001
Fragments
SF 13.0 (1.0—300) 5(1-21) 2.0(0.6—5.00 34(7-62) 8.0 (0.6—10) 31 (10—89) 0.2
LF1 2.0 (0.06—4.1) 1(0.2—-1) 0.0600.06—0.5) 2(1-8) 0.06 (0.06—0.6) 2(1-8) 0.2
LF2 2.7(0.06—4.1) 1(0.2—4) 0.06 (0.06—0.6) 4 (0.5-22) 0.06 (0.06—0.7) 2(0.7-6) 0.07
LF3 20(0.06—4.1)  1(0.1=3) 0.06(0.06—02) 3(1—8)  0.06(0.06—3.0) 4 (1—38) 0.2
Sum 19.0 (1.8—350) 12 (6—25) 4.0 (1.0-6.0) 61(42—-95) 9.0 (2.0—-15.0) 84 (58—92) 0.2
TOTAL 480 (17—-2659) 5.6 2.4—14) 8.9 (3—16.5)

Data represent 10° particles cm ™2 of culture media. "Medians, 25th and 75th percentiles (in parentheses); K-W = Kruskal-Wallis test for the three fungal
species. The post-hoc Wilcoxon rank sum test of differences between species for median numbers with A. fumigatus significantly higher than A. versicolor and
P. chrysogenum. Significance level (p < 0.017). S1: Single spores; Aggregates of 2 (S2), 3 (S3), 4 (S4) and >5 (S5) spores. SF: Submicronic fragments, LF1:

1-2 pum fragments, LF2: 2-3.5 pm fragments, and LF3: > 3.5 um fragments.

regression models and likelihood ratio tests of the interaction
terms ‘Generator x Type’ (Table S1). The test was significant
for A. fumigatus cultures aerosolized at 12 L min~' (p =
0.005), for the A. versicolor and P. chrysogenum cultures both
aerosolized at 12 and 20 L min~' (p = <0.001-0.007). The
fraction of submicronic fragments was mainly affected when
changes in the profile were observed between SPG and FSSST
at 12 and 20 L min~". Further, the fraction of submicronic
fragments was significantly higher in SPG (p = 0.001) as com-
pared to FSSST with A. fumigatus cultures aerosolized at 12 L
min~! (Figure 3a) while this fraction was lower in SPG as
compared to FSSST at airflow 12 L min~" for A. versicolor (p
< 0.001) (Figure 3c) and P. chrysogenum (p = 0.007) (Fig-
ure 3e). In addition, the single spore fraction was significantly
larger in SPG versus FSSST with P. chrysogenum cultures (p
< 0.001). At 20 L minfl, no significant difference was
observed between SPG and FSSST in the bioaerosol composi-
tion from A. fumigatus cultures (Figure 3b). But with A. versi-
color cultures, the 2-3.5 um fragments fraction was
significantly lower in SPG compared to FSSST (p = 0.001)
(Figure 3d). Furthermore, the submicronic fragment fraction
from P. chrysogenum cultures was significantly larger in SPG
versus FSSST (p = 0.002) (Figure 3f).

Effect of Airflow Rates on the Fungal Aerosol Composition
Fungal cultures subjected to airflow rates of 12 L min~" and
20 L min~' showed significantly different aerosol profiles. The

likelihood ratio test of the interaction term ‘Flow x Type’ was
significant with both SPG and FSSST for all tested fungal iso-
lates (p = <0.001- 0.003) (Table S2). For A. versicolor, the
fraction of spore particles was the largest at 20 L min~" in
both generators (p = 0.004-0.02) whereas the proportion of
>1 pm fragment particles was highest at 12 L min~' (p =
<0.001-0.03) in FSSST (Figures 4c and d). Similar results
were observed for A. fumigatus, but only in the SPG; the frac-
tion of aggregates of >5spores increased with increasing air-
flow (p = 0.012), while >3.5 um fragments fraction (p
<0.001) and the submicronic fragments fraction decrease with
increasing airflow (p = <0.001- 0.002) (Figure 4a). In the
FSSST, the difference between the single spore fractions at 12
and 20 L min~' was closed to significance (p = 0.006) with
the largest fraction obtained at 20 L min~! (Figure 4b). Frac-
tions of single spore and aggregates of >5spores of P. chryso-
genum were higher at 20 L min~' than at 12 L min™' (p =
0.008) in the FSSST but not in SPG (Figures 4e and f). The
>3.5 um fragments fraction increased with increasing airflow
in both generators (p = <0.001-0.013) (Figures 4e and f) as
opposed to the findings for the Aspergillus isolates. The submi-
cronic fragment fraction decreased with increasing airflow rate
in FSSST (p <0.001), but not significantly in SPG (p = 0.07).

DISCUSSION
With FESEM, the aerosols generated from fungal cultures
revealed diverse arrays of particles with different size, shape,
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FIG. 3. Distribution of mean proportions of particle types aerosolized from A. fumigatus, A. versicolor, and P. chrysogenum cultures; SPG (black columns) and
FSSST (white columns) at 12 L min~" (a, ¢, and e) and at 20 L min~"' (b, d, and f). S1: Single spores; aggregates of 2 (S2), 3 (S3), 4 (S4), >5 (S5) spores. SF:
Submicronic fragments, LF1: 1-2 um fragments, LF2: 2-3.5 pum fragments, and LF3: >3.5 pum fragments. * p < 0.05, ** p < 0.01, *** p < 0.001 (z-test of
interaction coefficients between generator and particle types in the centered log-ratio mixed effect regression model of the proportions of particles; all p-values
were adjusted for multiple comparisons by the false discovery rate method). Error bars represent standard errors.

and origin. The composition varied substantially between spe-
cies and aerosolization conditions. The aspect ratio revealed
three major particle shapes: near spherical, oblong and fiber-
like. All single spores were fitted in the group of near spherical
particles which is in close agreement with morphology
described for spores from these species (Samson et al. 2004).

The aerodynamic diameter of these particles could there-
fore be a good predictor of their behavior in the respiratory
tract as suggested by Reponen (1995) assuming that surface
ornamentation has negligible effects. Further, most submi-
cronic fragments were oblong while most of spores aggregates
and larger fragments were elongate and fiber-like in shape. It
is therefore likely that motion and deposition models of these
particles in the respiratory tract will have to consider their
shape characteristics in addition to aerodynamic equivalent
diameter as reviewed by Lacey (1991).

Based on the physical sizes of various particles (micro-
scopic length and width), 3-9% (median) of total particle
counts were large fragments in the same size range as single
spores and spore aggregates. Obviously, the heterogeneity of
size and shape of fragment particles will confound the recogni-
tion of spore particles by large fragments when automatic
counters or sizers are used. For example, Gorny et al. (2002;
Goérny and Lawniczek-Watczyk 2012) used optical diameter

of 1.6 um (a size delimitation) to discriminate between small
fragments and spores from Aspergillus versicolor, Penicillium
melinii, P. chrysogenum, and Cladosporium cladosporioides
culture (Gorny et al. 2002; Gorny and Lawniczek-Watczyk
2012). Similarly, Madsen described the composition of aero-
sols from Botrytis cinerea by allocating specific aerodynamic
diameter ranges to specific particles types such as fragments
(<1.6 um), microconidia (1.8-3.3 um), and macroconidia
(3.5-10.4 pm) (Madsen 2012). In these studies, the spore or
conidia fractions are likely to comprise both spore aggregates
and large fragments.

Using aerosol size fractionation samplers, spores, and frag-
ment fractions have been reported likewise as studies that used
automatic particle counters. Further quantification of fungal
biomarker in the specific fractions allows the application of
this approach in field settings for quantification of fungal sub-
micronic fraction. For example, the mass of B-glucans was
estimated in different size fractions of air samples collected by
cyclones from indoor environments with molds contamination.
The fungal aerosol profile was thus described as submicronic
fragments fraction (<1 pum), a mixture fraction of spores and
fragments (1.05-2.25 pum) and a spore fraction (>2.25 um)
(Reponen et al. 2007; Seo et al. 2009, 2014). Moreover,
multi-stage impactors (Gorny et al. 2002; Cho et al. 2005) as
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FIG. 4. Distribution of mean proportions of particle types aerosolized from A. fumigatus, A. versicolor, and P. chrysogenum cultures. Airflow 12 L min~" (black
columns) and 20 L min~" (white columns) with SPG (a, ¢, and e) and FSSST (b, d, and f). S1: Single spores; aggregates of 2 (S2), 3 (S3), 4 (S4), >5 (S5) spores.
SF: Submicronic fragments, LF1: 1-2 pm fragments, LF2: 2-3.5 pum fragments and LF3: >3.5 um fragments. * p < 0.05, ** p < 0.01, *** p < 0.001 (z-test of
interaction coefficients between airflow and particle types in the centered log-ratio mixed effect regression model of the proportions of particles; all p-values
were adjusted for multiple comparisons by the false discovery rate method). Error bars represent standard errors.

well as filters with different pore size in series (Brasel et al.
2005) have been used to disclose the fungal aerosol composi-
tion. However, the problem of spore bounce associated with
impactor and cyclone sampling (Lindsley et al. 2006; Madsen
et al. 2009) as well as the cut-off characteristics of impactors
and cyclones suggest possible contamination of the submi-
cronic fragment fraction by larger particles.

In any case whether fungal aerosols are studied with auto-
matic counter or size fractionation coupled to biomarkers,
characterization of the aerosol composition revealed only a
one-dimensional size description of spores and fragment par-
ticles. In contrary, two-dimensional size measurements reveal-
ing shapes and sizes characteristics of various constituents
present in the fungal aerosol was achieved in the present study
using field emission scanning electron microscopy. Such visu-
alization of particles favors their classification whether as
spore or fragments. The present microscopic approach pro-
vides therefore more detailed characteristics of the fungal
aerosols as compared to other approaches.

The total numbers of spore particles aerosolized from A.
fumigatus were significantly higher as compared to A. versi-
color and P. chrysogenum (p < 0.001), but no species differ-
ence was observed for fragment numbers (p = 0.2). We found
no significant differences between A. versicolor and P. chryso-
genum either for spore or fragment particles. This is in contra-
diction to results reported by Gorny and Lawniczek-Walczyk

2012 who also conducted aerosolization experiments on these
species and observed significantly higher numbers of spores
and fragments from A. versicolor as compared to P. chrysoge-
num. We can only speculate about what causes the deviating
results: differences in experimental parameters such as genera-
tor, airflow, culture age, and the variation between isolates
from the same fungal species. Nevertheless, the dominance of
the submicronic particle fraction in the aerosols from A. versi-
color or P. chrysogenum is in agreement with previously
reported studies based on automatic particle counters or sizers
(Gorny et al. 2002; Cho et al. 2005; Madsen et al. 2005; Seo
et al. 2009; Gorny and Lawniczek-Walczyk 2012). Further,
the level of spore propagules (single spores and spore aggre-
gates) aerosolized from A. versicolor grown on gypsum board
has been previously assessed using microscopic counts (Siva-
subramani et al. 2004). They reported higher levels: about
7x10° per cm ™2 as compared to 0.9x10% per cm™2 of total
spore particles in our study. This may be due to longer aerosol-
ization period (10 min versus 2 min) and longer incubation
time (12 months versus 8 weeks) applied in that study.

The presence of large spore aggregates in the aerosols is of
concern because they carry much more antigenic substances
into the respiratory tract despite their smaller number in the
generated aerosols. The long chained aggregates have fiber-
like shape with aerodynamic properties that may increase their
chance to reach the trachea-bronchial region. It has been
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recently demonstrated that neutrophils sense the microbe size
and selectively release neutrophils extracellular traps (NETSs)
in response to large particles including fungal hyphal frag-
ments and spore aggregates, but not in response to single
spores (Branzk et al. 2014). It is therefore likely that different
response mechanisms with substantially different cellular
pathology will be induced upon inhalation and deposition of
fungal particles in the respiratory tract. Large spore aggregates
are likely to induce NETosis, whereas single spores are phago-
cytized. This size-dependent response should be emphasized
in future exposure-response studies, and it will be important to
include particle size determination in the characterization of
fungal aerosols. The present study provides important infor-
mation of fungal aerosols in this respect. The composition of
aerosols generated from A. fumigatus including submicronic
fragments has, to our knowledge, not been previously
reported. Single spore outnumbered other particles suggesting
that there is higher probability to detect spores from this spe-
cies if growing in indoor environments as compared to A. ver-
sicolor and P. chrysogenum with aerosols dominated by
fragments.

The present study revealed also significant changes in the
bioaerosol composition related to the generators and airflows
used for all tested isolates. For example, with A. fumigatus cul-
tures the bioaerosol profile changed significantly to relatively
fewer single spores and more submicronic fragments in SPG
compared to FSSST when the airflow was 12 L min~"'. Simi-
larly the proportions of submicronic fragments and >3.5 um
fragments increased at 12 L min~' compared to 20 L min~'
when SPG was used. Gorny and co-authors (Goérny and
Lawniczek-Walczyk 2012) reported that generation factors
such as air jet velocity, direction and movements have signifi-
cant effects on the number of small fragments (<1.6 um) and
spores released from fungal cultures of A. versicolor and
P. chrysogenum. Different physical parameters such as the
level of turbulence inside the generator, impaction of particles
onto the substrate and mycelia, and electrostatic charges on
the particles and generator surfaces may collectively influence
the release, the transportation, and loss of particles during
in vitro aerosolization. These factors may even differ between
particle types. The particle types (spores, spore aggregates, or
fragments) that are mostly affected are likely of great impor-
tance for how the final composition of the bioaerosol may
look.

The fraction of submicronic fragments was mostly influ-
enced by the generator and airflow used. The most striking
change was observed with P. chrysogenum aerosolized in the
FSSST where the submicronic fragment fraction was 93% at a
flow rate of 12 L min~' which was reduced to 6% at a flow
rate of 20 L min~". Only the results for A. versicolor seemed
fairly consistent, showing increased spore fractions and lower
fragment fractions at higher flow rate in both generators. The
other fungal isolates showed more diverse results. Thus, the
composition of fungal aerosols in these in vitro experiments

was greatly influenced by generation conditions. As changes
in the fungal profiles often were in opposite directions, extrap-
olation of our results to environmental conditions appears dif-
ficult. Direct measurements in the environment are therefore
required in order to assess exposure to fungal particle types
different from spores.

Although detailed characteristics of fungal particles were
obtained with FESEM, this microscopic method has been criti-
cized for introducing two biases. First, the imaging that is per-
formed in a vacuum chamber may cause distortion, collapse or
disintegration of spore aggregates (Vestlund et al. 2014). Nev-
ertheless, the morphological characteristics and the size meas-
urements found are quite consistent with the literature
(Frisvad and Samson 2004). In SEM, naturally collapsed
spores have similar size (length and width) as compared to
whole spores (Beckett et al. 1984). Furthermore, spores will
desiccate when the relative humidity is below 100%, and des-
iccated spores are likely to occur naturally in the environment
(Beckett et al. 1984). Secondly, the analyzed filter area is a
small fraction (0.1-1%) of the exposed filter area. Although
the distribution of particles in filter samples collected in elec-
trically conducting cassettes is fairly homogenous (Eduard and
Aalen 1988) the enumeration at higher resolution (3000-
6000x) may lead to very low numbers or zero counted par-
ticles leading to highly Poisson distributed particle counts.
However, the high resolution microscopic method is the
only approach that permits classification and size and shape
characterization of a broader range of fungal particles that
include submicronic fragments, large fragments and spore
particles.

CONCLUSIONS

The high-resolution microscopic characterization of fungal
aerosols from A. fumigatus, A. versicolor, and P. chrysogenum
revealed a complex profiles with different shape, origin, and
size. Fungal spores were aerosolized as single spores, chained,
or clustered spore aggregates with shape and size that favor
their deposition in different regions in the respiratory systems.
Released fragments were mainly submicronic fragments but
also included larger fragments with sizes that partly overlap
those of spore particles. The FESEM method used in the pres-
ent study was satisfactory for assessing shape and size as well
as the source of fungal particles aerosolized from pure cultures
grown on gypsum board.

The composition of the experimentally generated fungal
aerosols was significantly influenced by the generator or the
airflow rate used. Changes in the profiles were too diverse to
enable extrapolation to real conditions. The complexity and
variability of the bioaerosol composition and the dominance
of fragments in the fungal aerosol from A. versicolor and
P. chrysogenum supports previous recommendations on
detecting broader range of particles types during fungal expo-
sure assessment studies.
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