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As the first step to develop efficient means to control
fungal spore bioaerosols, we designed, manufactured, and
evaluated a fungal spore aerosol generator. We studied the
physical and biological properties of the fungal spore
bioaerosols on two common fungal species. The results
demonstrated that the fungal spore bioaerosol generator
effectively produces fungal spore bioaerosols.
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Bioaerosols, which are airborne microorganisms, include
airborne bacteria, viruses, pollens, fungal spores, and biological
fragments [8]. Of all the airborne microorganisms, fungal
spore bioaerosols have received particular attention because
they are associated with public health problems and also
because they constitute a major portion of airborne
microorganisms in indoor and outdoor air [8, 16, 25, 26].
Fungal spores are associated with asthmatic symptoms,
inflammation, the sick building syndrome, and respiratory
diseases [2, 4, 7,22]. Ambient fungal spore levels are
associated with hospital visits for asthmatic symptoms {3]
and an increase in respiratory symptoms [1]. Fungal spores
also affect respiratory symptoms of children [24]. These
public health problems have raised concerns about airborne
fungal spores, and have highlighted the need for an effective
method of controlling fungal spore bioaerosols.
Researchers have attempted to control bioaerosols,
especially bacterial bioaerosols, by such means as ultraviolet
(UV) mrradiation [20, 21, 23], air electric ion emission [13—
15}, and thermal energy exposure [12, 17, 19]. However,
few studies have focused on the control of fungal spore
bioaerosols. The first step to develop methods to control
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bioaerosols is to develop equipment that can artificially
generate a specific amount of bioaerosols in an experimental
environment. However, in the case of fungal spores, few
studies have been devoted to finding methods of artificially
generating a specific amount of airborne fungal spores. As
for the generation of bacterial bioaerosols, mvestigators
have generally used a method of spraying solutions containing
bacteria [10-12, 17]. On the other hand, the method of
spraying fungal spores containing solutions has been
criticized as being inadequate for simulating the dispersal
of real environmental fungal spores, which usually involves
blowing of a strong airflow over fungal cultures. Thus, the
Jack of an efficient method of artificially generating airborne
fungal spores has been a stumbling block for the development
of efficient methods of controlling airborne fungal spores.

We designed and manufactured a new artificial fungal
aerosol generator and tested its capability of producing
viable fungal spore particles under various conditions. There
are a few studies on the measurement of fungal particles
from indoor contaminated surfaces from a hygiene perspective
[5, 6]. It should be noted that the idea of the measurement
apparatus of the above studies, which involves an artificial
airflow over contaminated surfaces [5, 6], was applied n
the design of our new fungal spore aerosol generator.

Fig. 1 shows the shape and dimensions of our fungal
spore aerosol generator, which is made of plastic. Fig. 2
shows the experimental setup. In Figs. 1 and 2, the airflow
entering the generator accelerates as it passes through
80 nozzles, each of which has a diameter of 2 mm. The
accelerated airflow passes over an agar plate of fungal
cultures inside the generator. When the air flows, the fungal
spores are detached from the fungal cultures because of
frictional force between the airflow and the fungal cultures.
The airflow then carries the detached fungal spores out of
the agar plate. Hence, the exiting airflow from the generator
contains the airborne fungal spore particles. The agar plate
of fungal cultures is inserted between the upper and lower
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Fig. 1. Drawing of the manufactured fungal spore aecrosol generator.

&

The gas flows from the upside through the center inlet of the upper part and passes through the 80 nozzles (right-side figure). This gas flow hits the fungal
culture, which is assumed to be attached at the bottom part of the generator. The gas carries the detached fungal spores and flows to the outlet of the upper

part of the generator.

parts of the generator. Rubber O-rings prevent any leakage
at the connection between the upper and lower parts of the
generator.

To evaluate the fungal spore aerosol generator, we used
two common fungi genera: Cladosporium cladosporioides
(KCTC 16680) and Penicillium citrinum (KCTC 6990).
These fungi genera are common in the environment [16,
25, 26], and the species have been used as test microorganisms
in microbiological studies including hygiene studies [6, 9,
18, 27].

The fungal strains were inoculated on malt extract agar
plates and incubated at 25°C for 7 days before the aerosol
generator was tested. To make the fungal plates for the tests,
we mixed a part of the fungal cultures with 50 ml of sterilized
water. The mixed solution was then shaken thoroughly by
a vortex mixer, and injected into 25 malt extract agar plates
with 2 ml of the mixture in each plate. The plates were
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Fig. 2. Schematic diagram of the experimental setup.

incubated at 25°C for 2 to 4 days and inserted into the
bioaerosol generator for the fungal spore bioaerosol
generation. Therefore, the initial amount of fungal spores
in 25 tested plates was maintained at a similar level.

The aerosolized fungal spores from the generator were
sampled and measured by a Z-A6 Anderson impactor
(Zefon, Arizona, U.S.A.), which was designed to sample
and check the viability of aerosols from the air. The usage
of the Anderson impactor for measuring bioaerosols has
been described previously [17]. The airborne fungal spores
were sampled on an agar plate inside the impactor and
incubated for 1 to 2 days before the number of colonies
was enumerated.

In the experimental system, the airflow had a temperature
of 19.1°C+0.5°C and a relative humidity of 19%+1%. We
tested two variables when evaluating the aerosol generator:
the flow velocity over the agar plates, which was controlled
by the flow rate through the aerosol generator; and the time
sequence, namely the first 5 min, the second 5 min, and the
final 5 min each of a 15 min sampling period.

Fig. 3 shows the number of viable fungal spores generated
from the fungal spore aerosol generator at different air
velocities above the fungal culture plate. We chose four
typical air velocities for indoor and outdoor environments:
indoor air (0.3 m/s), outdoor air (1.33 m/s, 2 m/s), and an
intermediate value (0.6 m/s) [6]. The fungal spore aerosols
were generated and sampled by the impactor for 3 min; the
sampled fungal spores were incubated at 25°C for 24 to
48 h, and the number of colonies was enumerated. Three
experimental replicates with different fungal cultures were
conducted for each species. As shown in Fig. 3, the condition
of the fungal cultures inserted into the fungal aerosol
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Fig. 3. Number of viable fungal spore aerosols generated by
different air velocities over the fungal cultures.

A. Cladosporium cladosporioides, B. Penicillium citrinum. Three
experimental replicates with different fungal cultures (Tests 1, 2, 3) were
conducted for the same species.

generator was controlled to generate a similar number of
fungal spores as expected by the experimental method.
However, owing to a limitation of fungal experimentation,
some deviations occurred in the number of fungal spore
acrosols from each plate tested. In Fig. 3, the number of
viable fungal spores generated increased as the air velocity
on the fungal culture increased. This phenomenon seen in
Fig. 3 can be explained by the fact that frictional force
between the airflow and the fungal culture increases as the
air velocity increases. For the Cladosporium cladosporioides,
the number of fungal colonies at the sampled plates increased
from the range of 10 to 30 for the indoor air velocity
(0.3 m/s) to the range of 200 to 400 for the outdoor air
velocity (2 m/s). For the Penicillium citrinum, the number
of fungal colonies increased from less than 10 colonies for
the indoor air velocity (0.3 m/s) to 400 colonies for the
outdoor air velocity (2 m/s). Overall, the number of generated
fungal spores for the outdoor air velocity (2 m/s) was more
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Fig. 4. Cumulative number of viable fungal spore aerosols
generated during different generation periods.

A. Cladosporium cladosporioides, B. Penicillium citrinum. Three
experimental replicates with different fungal cultures (Tests 1, 2, 3) were
conducted for the same species.

than 10 times greater than the corresponding number for
the indoor air velocity (0.3 m/s). In real environments, the
levels of fungal spore concentration keep changing. These
experimental results, therefore, confirm that the fungal aerosol
generator can be used to simulate and generate various fungal
spore concentrations in fungal spore control experiments
through adjustments of the air velocity on the fungal cultures.

To check the timeline for maintaining the rate at which
the generator generates fungal spores, we sampled fungal
spores at 5 min intervals of a 15 min operational period and
enumerated the incubated colonies. In this experimentation,
to find out the minimum timeline for maintaining the fungal
spore generation, we experimented on the outdoor air
velocity (2 m/s); as shown in Fig. 3, this condition generates
the largest amount of fungal spores. Fig. 4 shows the
cumulative number of sampled fungal spore colonies for a
different sequence of timelines. In Fig. 4B, the lowest, the
middle, and the highest intervals for the condition of test
2 refer to the number of viable fungal spores generated
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during the first 5 min, the second 5 min, and the last 5 min,
respectively. In most cases, the amounts of fungal spores
during the first 5 min and the second 5 min reached similar
levels. These resuits indicate that the fungal spore generator
maintains the rate of spore generation for 10 min. However,
the number of fungal spores generated in most cases
decreased for the last 5 min, suggesting that most spores
are detached during the initial 10 min, and that a smaller
number of spores are detached after the initial 10 min under
the present experimental condition. Hence, fungal spores can
be generated homogeneously for 10 min under the present
experimental condition; namely, the outdoor air velocity
condition (2 m/s). The period of homogeneous generation
is expected to exceed 10 min for a slower air velocity.

In summary, we have designed and manufactured an
artificial fungal spore bioaerosol generator that can produce
various amounts of fungal spores in an experimental system
by adjusting the flow rate and operational period. However,
because these experimental results are based on a fungal
culture condition, the generator needs to be calibrated before
being used in other culture conditions. Our fungal spore
aerosol generator can be used in studies on the development
of effective control methodology for airborne fungal spores.
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