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Airborne actinomycete spores, important contaminants in occupational and residential environments, were
studied with respect to their (i) release into the air, (ii) aerodynamic and physical size while airborne, and (iii)
survival after collection onto agar with an impactor. Three actinomycete species were selected for the tests to
exemplify the three main spore types: Streptomyces albus for arthrospores, Micromonospora halophytica for
aleuriospores, and Thermoactinomyces vulgaris for endospores. The results show that the incubation conditions
(temperature, time, and nutrients) needed for the development of spores for their release into air are different
from the conditions that are needed for colony growth only. Additional drying of M. halophytica and T. vulgaris
cultures was needed before spores could be released from the culture. The aerodynamic sizes of the spores,
measured with an aerodynamic particle sizer, ranged from 0.57 (7. vulgaris) to 1.28 pm (M. halophytica). The
physical sizes of the spores, when measured with a microscope and an image analysis system, were found to be
smaller than previously reported in the literature. The relative recovery of the spores on agar media ranged
from 0.5 (7. vulgaris) to 35% (S. albus). The results indicate that the culturability of the collected airborne
actinomycete spores varies widely and is affected by several variables, such as the species and the sampling flow
rate. Therefore, alternatives to commonly used cultivation methods need to be developed for the enumeration

of actinomycete spores.

Actinomycetes are a diverse group of gram-positive bacteria.
They resemble fungi because they are adapted to life on solid
surfaces (8) and they can produce mycelium and dry spores like
most fungi (15). Actinomycete spores are known to be impor-
tant air contaminants in occupational environments, such as
agriculture and waste composting facilities (18, 26), and have
recently gained special attention as indicators of mold prob-
lems in buildings (31). They do not belong to the normal
microbial flora in indoor air but have been found in buildings
suffering from moisture and mold problems (4, 25). In addi-
tion, airborne spores of several actinomycete species (e.g.,
Saccharopolyspora rectivirgula, Micropolyspora faeni, Thermo-
actinomyces vulgaris, and Streptomyces albus) have been related
to the incidence of allergic alveolitis and other severe health
effects (14, 19, 21, 28, 33). The cellular mechanism of the
health effects caused by actinomycete spores was recently stud-
ied by Hirvonen et al. (11). Their study shows that Streptomyces
spp. are able to stimulate lung macrophage reactions, which
can lead to inflammation and tissue injury.

Actinomycete spores are formed either by subdivision of
existing hyphae by fragmentation or swelling or by endogenous
spore formation. The hyphae that subdivide into spores can be
sheathless or have a sheath, which partly remains in the spores
after fragmentation (35). This leads to three main spore types:
arthrospores (subdivision of sheathed hypha), aleuriospores
(subdivision of sheathless hypha), and endospores. The signif-
icance of the differences in the spore structure is not known,
but these differences are expected to cause differences in the
survival and airborne behavior of these spores.

Although actinomycete spores have been detected in air
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samples, their release into the air is not well understood. In
nature, actinomycete spores can become airborne by mechan-
ical disturbance of the substance they are growing on, e.g., by
operation of an agricultural implement or by exposure to gusty
wind (22). Only a few laboratory studies have been performed
using airborne actinomycete spores. Lacey and Dutkiewicz
(20) released actinomycete spores from contaminated hay by
mechanical handling, whereas Madelin and Johnson (24) re-
leased actinomycete spores from culture media by air currents.
Actinomycete spores are more difficult to aerosolize than fun-
gal spores because they are smaller than fungal spores (30).
More information needs to be gained on the aerodynamic
diameter (d,), agglomeration, and hygroscopicity of airborne
actinomycete spores because these properties affect actinomy-
cete behavior in air, in the human respiratory tract, in air-
purifying filters, and in aerosol samplers.

Actinomycetes have been sampled from the air with impac-
tors and have been analyzed by culturing (4, 7, 25). However,
it is not clear how many of the total number of viable spores
can be enumerated by these techniques. Collection by impac-
tion can cause stress, which may result in the decrease of
microbial culturability. This has been demonstrated with veg-
etative cells of bacteria (32), but no information appears to
have been available prior to this study on the collection stress
of spores. The culturability of impacted microorganisms may
also be decreased when they are insufficiently embedded in the
agar (32). When the impaction velocity is low, the microorgan-
isms may deposit on the top of the collection agar instead of
penetrating into the agar medium. Thus, they may have limited
ability to obtain nutrients and moisture from the agar. On the
other hand, endospores usually need activation, e.g., by heat-
ing, before they are able to germinate and form colonies (15).

In the present study, we investigated the following proper-
ties of actinomycete spores: (i) their release into the air, (ii)
their aerodynamic and physical sizes in the airborne state, and
(iif) their survival after collection onto agar with an impactor.
The release of actinomycete spores was studied semiquantita-
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TABLE 1. Incubation conditions for actinomycete spores

Incubation conditions recommended
by the ATCC for growth

Incubation conditions recommended
for spore release”

Actinomycete
species . Incubation Incubation . Incubation ! release Drying time (h) before
Medium temp (°C) time (wk) Medium temp (°C) (vlvk) aerosolization
S. albus ISP-2 26 Not indicated ISP-2 37 1 0
M. halophytica NZA 26 Not indicated NZA with 2% agar 37 3 24
T. vulgaris TSA 50 Not indicated TSA with 2% agar 50 3 24

“ Recommendations are from the present study.

tively to find the growth and aerosolization conditions which
ensure a sufficient amount of released spores for the experi-
ments. Information on the properties of actinomycete spores
can be used for the development of new detection and control
methods for them.

MATERIALS AND METHODS

Actinomycete species and their preparation for aerosolization. Three actino-
mycete species available from the American Type Culture Collection (ATCC,
Rockville, Md) were selected to represent the three main spore types: S. albus
(ATCC 3004) represented arthrospores, Micromonospora halophytica (ATCC
27596) represented aleuriospores, and T. vulgaris (ATCC 43649) represented
endospores. S. albus spores are formed in chains and are slightly ellipsoidal in
shape. They have been reported to be 0.7 to 1.0 wm in length and 0.7 pm in width
(24). M. halophytica spores are formed as singlets and are spherical. Their
physical size has been reported to be about 1.2 wm (16). T. vulgaris spores are
produced as singlets, and they are spherical or slightly ellipsoidal. They have
been reported to be 0.5 to 1.5 wm in physical size (18) and to have the same
morphology as endospores of Bacillus and Clostridium spp. (5, 8). As is typical for
endospores, Thermoactinomyces spores are normally dormant and need activa-
tion to enhance their germination. In this study, cold activation was used for
T. vulgaris samples by keeping the samples at 20°C for 24 to 48 h before incu-
bation, as suggested by Kalakoutski and Agre (15).

In the initial phase of this study, the incubation conditions recommended by
the ATCC (1) were used (Table 1). Both NZA medium and tryptic soy agar
(TSA) contained 1.5% agar, whereas ISP2 medium contained 2% agar (NZA
medium contained the following: glucose, 10 g; soluble starch, 20 g; yeast extract,
5 g; N-Z amine type A, 5 g; CaCOs;, 1 g; agar, 15 g; and distilled water, 1 liter;
TSA was obtained from Becton Dickinson Microbiological System, Cockeysville,
Md, and ISP2 medium was from Difco Laboratories, Detroit, Mich.).

When the incubation conditions recommended by the ATCC were used, suf-
ficient amounts of spores were not aerosolized for the experiments. Therefore,
different nutritional conditions, incubation temperatures, and incubation times,
ranging from 1 to 5 weeks, were tested to determine which conditions are most
appropriate for each species to produce enough spores for the experiments. In
this report, the incubation times needed for sufficient aerosolization of the spores
are given as “f,jeqs to distinguish them from the incubation times needed for
colony growth on Andersen samples (fandersen) and agar slide samples (¢,4ar slide)
(samplers described below). In order to enhance the release of spores from the
actinomycete culture, the following tests were conducted: irradiation by a UV
lamp, irradiation by infrared (IR) lamp, humidification of the air flow over the
actinomycete culture, and desiccation of that air flow. To test the effect of UV
radiation, one culture was irradiated by an UV lamp (60 Hz; George W. Gates
& Co. Inc., New York, N.Y.) right before aerosolization and another culture was
irradiated 1 day before aerosolization. In another experiment, one culture was
dried by IR radiation (250 W; Philips Lighting Company, Somerset, N.J.) right
before aerosolization and another culture was dried by IR radiation 1 day before
aerosolization. The distance from the radiation source to the actinomycete cul-
ture was 20 cm and the irradiation time was 1 h for both types of irradiation. To
change the relative humidity (RH) of the air flow over the actinomycete culture,
the aerosolizing air was humidified from an RH of 20% up to an RH of 60% by
passage through a vertical glass tube filled with distilled water and Raschig rings
(6-mm-diameter glass rings). The humidified air was applied for 30 min. In
another experiment, a desiccated air flow (20%) was passed over the culture for
30 min. Only incubation conditions that resulted in an adequate release of spores
(Table 1) were used when testing the aerodynamic size, hygroscopicity, and
survival of the spores. The minimum concentration of spores needed in the
experiments (ca. 0.04 spores cm ™) was related to the sensitivity of the aerody-
namic particle sizer, which measured the total concentration of spores as de-
scribed below.

Experimental setup for aerosolization of spores. The physical and microbio-
logical characteristics of actinomycete spores were determined by using the
experimental setup schematized in Fig. 1. To prevent the release of spores
outside the experimental system, all components were housed inside a biosafety

cabinet (Model 6TX; Baker Company, Inc., Sanford, Maine). This setup has
previously been used for testing different dispersion techniques for other micro-
organisms (30). Actinomycete spores were aerosolized by using our recently
developed swirling-flow disperser (30). In this disperser, agar was placed on the
inner walls of the dispersion vessel. The agar was inoculated, covered, and
incubated as described above. After incubation, HEPA-filtered air was blown
through two nozzles, which were directed tangentially toward the actinomycete
growth on the inner wall of the vessel. This air flow (15 liters min~') released
actinomycete spores directly from the microbial growth. The spore aerosol was
diluted with HEPA-filtered air ranging from 15 to 40 liters min~', depending on
the airborne spore concentration desired for the test. The desired concentration
was calculated for the optimal colony surface density on impactor samples with
insignificant masking effect (3). Unless indicated otherwise, the test aerosol flow
was adjusted to 30% *+ 5% RH by mixing appropriate portions of desiccated and
humidified air.

During the hygroscopicity test with S. albus, the RH of the aerosol flow was
increased up to ~100% immediately after aerosolizing the spores. The residence
time of the spores between humidification and measurement was approximately
2 s, which is a typical time for particle exposure to humid air during the human
respiratory cycle. The air temperature ranged from 22 to 24°C during the hygro-
scopicity test.

Measurement of spores. In the measurement chamber of the setup depicted in
Fig. 1, the total concentration and the size distribution of aerosolized actinomy-
cete spores were measured with an aerodynamic particle sizer (Aerosizer, API
Mach II; Amherst Process Instruments, Inc., Hadley, Mass.). The Aerosizer
measures the concentration of particles and the health-related aerodynamic
equivalent diameters, which depend on the shape and density of the particles.
We assume that the detection limit of the Aerosizer is 0.0004 airborne spores
cm 3, which corresponds to the detection of one particle during a 1-min time
interval at a flow rate of 2.5 liters min~'. However, at least 10 particles per size
channel should be measured to achieve reliable size distributions (10). Assuming
that the particle size distribution consists of 10 size channels and the aerody-
namic particle sizer is operated for 1 min at 2.5 liters min~", the minimum total
spore concentration needed for statistically reliable data is 0.04 spores cm 3. The
culturable count of actinomycete spores was measured with the N-6 Andersen
impactor (Graseby Andersen, Smyrna, Ga.) (12) and with an agar slide impactor.
The latter device is not commercially available but has been described in detail
by Juozaitis et al. (13). The relative recovery of collected spores was determined
by relating the culturable count of spores collected on the impactor substrate to
the total count measured upstream and downstream of the impactor with the
Acrosizer, as further described below.
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FIG. 1. Experimental setup.
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Microscopic size measurements. In order to determine the size distribution of
actinomycete spores, a piece of actinomycete culture was taken from an agar
plate with a sterilized knife, placed on a microscopic slide (Superfrost/Plus;
Fisher Scientific, Pittsburgh, Pa.), and allowed to air dry. A drop of permount
medium (Fisher Scientific) was added and then covered with a coverslip. The
sample was then digitally imaged with a color video camera (DXC-760MD
3CCD; Sony Electronics, Inc., Tokyo, Japan) attached to the trinocular head of
a phase-contrast microscope (Eclipse E800; Nikon Corp., Tokyo, Japan). The
phase-contrast optical system consisted of a phase-contrast condenser (0.9 N.A.)
and an oil immersion objective (1.25 N.A., CFI DL 100X; Plan Achromat). The
video camera control unit was connected to a Matrox Millennium video board.
The actinomycete culture sample was analyzed using the Image-1/MetaMorph
imaging software system (Universal Imaging Corporation, West Chester, Pa.)
running on a Pentium 166 MHz CPU platform. Interactive morphometric anal-
ysis of the samples with Image-1/MetaMorph system consisted of decoding the
color image, configuring the decoded image “Lookup Table” as a monochrome,
and then applying a threshold-based boundary detection algorithm. A calibration
scale was then activated and the “Show Regional Statistics” tool was engaged to
display the resulting morphological measurements.

Prior to measuring the size of the actinomycete spores, the microscope and
image analysis system were calibrated with standard polystyrene latex particles
(PSL) of two sizes: 1.02 and 2.43 pm (Bangs Laboratories, Inc., Carmel, Ind.).
When determining the size of PSL particles and of each of the actinomycete
species, at least 100 particles were measured per sample, from which the averages
and standard deviations were calculated.

Assessment of the recovery of aerosolized spores. The relative recoveries (see
definition below) of different actinomycete species were compared with each
other by use of an Andersen impactor, which is widely used in occupational and
public health applications to collect actinomycete spores (4, 7, 25). Because the
spore size distribution was measured with the Aerosizer, only the sixth stage of
the Andersen sampler (N-6) was utilized for spore collection. The flow rate for
the Andersen impactor was 28.3 liters min ™! (air velocity through each of the 400
impaction holes was 24 m s~ ). To test the effect of impact stress on the relative
recovery of S. albus spores, the spores were collected with the agar slide impactor
at flow rates of 3.8, 6, 8, 10, 15, 20, 25, and 28 liters min~'. These flow rates
correspond to air velocities through the single slit of this impactor of 24, 38, 50,
63, 94, 125, 156, and 175 m s~ ', respectively. The velocity of spore impact on the
agar surface is approximately equal to the velocity of the air jet coming from the
slit or from the holes of the impaction plate above the agar surface.

All impactor samples were collected onto the agars recommended by the
ATCC at incubation temperatures described above. No ATCC recommenda-
tions are available for the incubation times of actinomycetes, and therefore,
preliminary experiments were conducted to determine sufficient incubation
times. Initially, three incubation times (1, 2, and 3 weeks) were tested with the
Andersen samples of all the tested actinomycetes. A f 5, gersen INCUbation time of
1 week was found to be sufficient for the colony growth of S. albus and M. halo-
phytica; a tx,gersen Of 2 weeks was found to be sufficient for 7. vulgaris. With
T. vulgaris, incubation was first performed without activation, as traditionally
done. Later, a cold activation at 20°C for 24 h before incubation was added to the
procedure. For S. albus collected with the agar slide impactor, three incubation
times, 18, 24, and 38 h, were tested to find the best incubation time for the growth
of microcolonies. A 7,4, gide iNcubation time of 24 h was selected because it gave
the highest number of colonies.

From the Andersen samples, the macrocolonies were counted and the results
were corrected by the positive-hole correction method (23). From the agar slide
samples, microcolonies were counted with a bright-field phase-contrast micro-
scope (Labophot-2; Nikon Corp.) with a magnification of X100 by the procedure
of Stewart et al. (32). The concentrations in the air were determined and ex-
pressed as CFU m .

The percent relative recovery was determined as Copy/(Ciorar X Econ) X 100,
where Ccgy is the concentration of spores obtained with the Andersen impactor
or the agar slide impactor (CFU m™3), Cy; is the total spore concentration
obtained with the Aerosizer (spores m ), and E_ is the collection efficiency of
the bioaerosol impactor. The last parameter was determined for each actinomy-
cete species and each impactor flow rate by measuring the spore concentrations
up- and downstream of the bioaerosol impactor with the Aerosizer.

Assessment of the effect of spore embedding in agar. The association between
the relative recovery and different levels of spore embedding in agar during
collection with the impactor was studied by conducting two experiments with
S. albus spores. In both experiments, agar plates were first exposed to spores in
the test chamber for 20 s by letting the spores sediment onto the agar. Gravity
settling is not a recommended practice for the quantitative sampling of bioaero-
sols in field situations because it depends on particle size and is influenced
strongly by air turbulence. Our experiments were done in the laboratory in a
measurement chamber with laminar air flow and with monodisperse spore aero-
sols. The gravity settling was used in these experiments to minimize the impac-
tion velocity and thus eliminate the embedding of spores during their retrieval on
the agar.

In the first experiment, the spores were embedded in agar by manually press-
ing against each other two identical agar plates with spores deposited on them.
The agar plates (5 cm in diameter) were prepared as contact plates so that the
surface of the agar was higher than the walls of the agar plates. From 18 agar
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FIG. 2. Effect of excess embedding on the growth of S. albus spores.

plates with spores on them, 6 randomly selected agar plates were incubated as
controls, and the remaining 12 agar plates were randomly divided into six pairs
of agar plates. The two agar plates of each pair were manually pressed against
each other, thus embedding the spores deep into the agar.

In the second experiment, the depth of embedding was studied. A wedge-
shaped agar layer was deposited on top of the spores, as shown in Fig. 2. Thus,
the spores were either fully exposed or covered by an agar layer that varied from
a depth of 0.1 mm on the thin side of the wedge to a depth of 5 mm on the thick
side of the agar wedge. About half of the surface area was left uncovered with
agar to confirm the uniformity of the spore deposition.

Statistical analysis. All statistical tests were conducted in accordance with the
general linear model procedures of the Statistical Analysis System (SAS Insti-
tute, Inc., Gary, N.C.). The Scheffe’s test was used to identify the difference that
the general linear model indicated.

RESULTS

Release of actinomycete spores into air. The first set of
experiments on the study of actinomycete spore release from
surfaces was conducted by growing the actinomycete cultures
under the conditions recommended by the ATCC (Table 1). It
was found that these conditions are sufficient for colony for-
mation and spore production but are not optimal for the effi-
cient release of spores from the swirling-flow disperser. For
instance, regular NZA and TSA media turned out to be too
soft: the dispersing air flow produced holes on the agar layer.
The amount of agar in the growth media was therefore in-
creased from 1.5 to 2% (i.e., to the same level as in the ISP2
medium). Microscopic examination showed that this increase
in agar concentration increased the amount of spores pro-
duced by the actinomycete culture. However, the amount of
spores released from any of the three actinomycete cultures
was still below the detection limit of the Aerosizer (0.0004
spores cm ™~ *) when cultures were incubated for 1 to 5 weeks at
the incubation temperatures recommended by the ATCC.

In the second set of experiments, attempts were made to
enhance the release of spores from the incubated actinomycete
cultures, which contained 2% agar and were incubated at the
temperature recommended by the ATCC. The cultures were
irradiated by a UV lamp and the RH was increased from 20
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FIG. 3. Size distributions of airborne actinomycete spores at an RH of 30%.

to 60%. Such treatments have been reported to enhance the
release of fungal spores (9, 27). The RH was changed by drying
the culture with an IR lamp before aerosolization and desic-
cating or humidifying the aerosolization air. While the spore
release increased above the detection limit of the Aerosizer,
the spore concentration was not yet sufficiently high for statis-
tically significant enumeration by the aerodynamic particle
sizer (the concentration was below 0.04 spores cm™>).

In the third set of experiments, the actinomycete cultures
were again prepared with 2% agar but incubation was tested at
three different temperatures: 26, 37, and 50°C. As expected,
mesophilic S. albus and M. halophytica did not grow at 50°C,
and thermophilic 7. vulgaris did not grow at 26°C. Among these
temperatures, 37°C turned out to be most suitable for growing
S. albus and M. halophytica for aerosolization experiments.
S. albus released an average concentration of 1.21 * 0.43
spores cm ° (n = 5) after 1 week of incubation at 37°C, which
was sufficient for the experiments. When testing 7. vulgaris and
M. halophytica, it was found that drying the culture after incu-
bation was necessary before the spores could be released from
the culture. Incubation of M. halophytica for 3 weeks at 37°C
and of T. vulgaris for 3 weeks at 50°C with subsequent drying
were found to be suitable for sufficient spore release. In the
subsequent experiments, the cultures were dried by keeping
the culture vessels in the incubator uncovered for 24 h before
aerosolization. The average concentrations of aerosolized
M. halophytica and T. vulgaris spores were 0.13 = 0.10 and
0.21 =+ 0.10 spores cm >, respectively (n = 5 for both species).

The conditions found for sufficient release of the three ac-
tinomycete spore species are summarized in Table 1.

Physical characteristics of airborne actinomycete spores.
Typical size distributions of spores representing the three ac-
tinomycete species are presented in Fig. 3. The Aerosizer mea-
sured the number concentration, N, of spores in equal loga-
rithmic intervals of particle size, with the size expressed as d,
(29, 30, 34). For a particle density of 1 gcm ™2, the d, equals the
physical diameter of a spherical particle (2). As seen, the geo-
metric mean of the d,,, d,, ranged from 0.57 wm for T. vulgaris
to 1.28 wm for M. halophytica, and the geometric standard
deviation, o, was fairly narrow, ranging from 1.24 for M. halo-
phytica to 1.54 for T. vulgaris. The sizes for the three different
actinomycete spores were all statistically significantly different
from each other (P = 0.0001).

The physical sizes of the spores, measured with the micro-
scope and image analysis system, are presented in Table 2. The
spore sizes indicated by the image analysis system were con-
firmed by measuring PSL spheres. PSL spheres of 1.02 pm
were measured to be 1.04 pm in diameter and 2.43 pm PSL
spheres were measured to be 2.51 pm in diameter. Hygroscop-
icity tests with S. albus spores showed that the d, of these

spores increased from 0.85 * 0.03 pm at RH = 30% to 1.07
0.03 pm at RH ~ 100% (n = 3), which was a statistically
significant size increase (P = 0.0001).

Spore survival during sampling. The relative recovery val-
ues for spores of the three different actinomycete species were
as follows: 35.3% = 11.6% for S. albus (n = 4), 7.4% * 5.2%
for M. halophytica (n = 3),0.5% * 0.1% for T. vulgaris without
activation (n = 3), and 4.6% = 1.0% for T. vulgaris (n = 5) with
cold activation. The relative recovery of S. albus was statisti-
cally significantly higher than the recoveries of the two other
actinomycetes (P = 0.0001).

The effect of the impaction process on the relative recovery
of actinomycete spores was studied more closely with the agar
slide impactor. The relative recovery of S. albus spores varied
from 30 to 86%, depending on the flow rate (Table 3). The low-
est air flow rate, 3.8 liters min ! resulted in the lowest relative
recovery, 30%. The recovery rate reached its maximum at an
air flow rate of 20 liters min~ ' and decreased with further in-
creases in the flow rate.

In the first set of experiments on the effect of embedding
actinomycete spores into the agar, an agar plate with spores
deposited on it was pressed against another agar plate. This
embedding resulted in an average of 1.9 times higher microbial
recovery than without embedding. However, this increase was
not statistically significant (P = 0.3418). The second set of em-
bedding experiments showed that actinomycete growth may be
inhibited if the embedding is too deep, as shown in Fig. 2.
When the thickness of the agar layer above the collected
spores did not exceed 1.5 mm, the colony growth was the same
as without that layer. When the agar layer was between 1.5 and
3.5 mm in thickness, the colony growth was slower and the
resulting number of colonies was half or less. When the agar
layer exceeded 3.5 mm, no colony growth was observed.

DISCUSSION

The experiments on the release of actinomycete spores
showed that the incubation conditions needed for the devel-
opment of spores for their release into air are different from
the conditions needed for colony growth only. An increase in

TABLE 2. Physical size of tested actinomycete spores measured
by microscope and image analysis system”

Actinomycete species Width (um) Length (pum)
S. albus 0.68 = 0.13 0.84 = 0.17
M. halophytica 0.55 = 0.12 0.72 £ 0.17
T. vulgaris 0.66 = 0.12 0.79 = 0.12

“ A total of 100 spores were tested for each species.
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TABLE 3. Relative recovery of S. albus spores as a function of the
collection flow rate measured with the agar slide impactor

Flow rate Impaction velocity Relative recovery
(liters min™") (ms™h " (%)
3.8 24 5 30 = 4%
6 38 6 56 =20
8 50 6 68 £ 18
10 63 7 56 =20
15 94 7 54 =17
20 125 4 86 = 11*
25 156 5 75 £ 14*
28 175 6 62+ 12

“ Values marked with asterisks indicate statistically significant differences from
recovery values for the other flow rates tested (P < 0.05 by the general linear
model of the Statistical Analysis System followed by the Scheffe’s test). See text
for more detail.

agar concentration from 1.5 to 2% was found to increase the
production of spores such as M. halophytica and T. vulgaris. An
increase in spore production with increasing agar concentra-
tion has also been observed by Kalakoutski and Agre (15) in
their tests with Streptomyces spp. They showed that lower agar
concentrations favor vegetative growth, whereas higher agar
concentrations enhance the sporulation of Streptomyces spp.
However, in the present experiments, spore release was not
enhanced with increasing amounts of spores in the actinomy-
cete culture. S. albus needed elevating the incubation temper-
ature, 7. vulgaris needed drying of the culture, and M. halo-
phytica needed both of these treatments for sufficient spore
release. One explanation for the need for these specific con-
ditions to enhance spore release may be found in the spore
maturation process. S. albus and M. halophytica are formed by
the fragmentation of hyphae. If the fragmentation process is
not totally completed, e.g., due to insufficient temperature, the
spores may not be readily released even when they have grown
into spore chains that are observable under the microscope.
T. vulgaris is formed inside the hyphae and may also need
specific conditions before the spores can be effectively released
from the hyphae.

Only limited information on the concentrations of individual
actinomycete species in air is available in the literature. Made-
lin and Johnson (24) aerosolized three different actinomycete
species that were growing on a mixture of agar and hay and
measured the airborne concentrations of their spores with
an aerodynamic particle sizer. The concentrations of S. albus
spores in their experiments were below 4.5 spores cm ™, while
the concentrations of two thermophilic actinomycetes, Faenia
rectivirgula and Saccharomonospora viridis, were as high as 170
spores cm . Nevalainen et al. (25) measured mesophilic ac-
tinomycetes in moldy buildings and found concentrations close
to 10° CFU c¢cm 2. In some occupational environments, ther-
mophilic actinomycete concentrations have been reported to
be as high as 10° CFU cm > (7, 17). In the present laboratory
study, S. albus spores were aerosolized by the air currents in
the swirling-flow disperser at concentrations of up to 1.8 spores
cm%; the concentrations of airborne M. halophytica and T. vul-
garis were about 0.3 spores cm ™ >. We conclude that the latter
two spore species were not tested at their optimal maturation
conditions. One reason for the low concentrations of labora-
tory-generated spores in this study, relative to those found in
the nature, is that the natural aerosolization of actinomycete
spores is rather complex and involves other mechanisms in
addition to mechanical release by air currents. In outdoor
environments, actinomycete spores can be released from the
soil by gusty winds or rain drops (22). In indoor environments,
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the release may be enhanced by mechanical disturbance of the
actinomycete growth by people or animals. In this study, how-
ever, the laboratory-generated spore concentrations were con-
sidered sufficient for adequate measurements of the particle
size distributions and the determination of the microbial re-
covery of actinomycete spores. More research is needed to
better understand the release mechanisms and the optimum
release conditions for actinomycete spores from biocontami-
nated building materials in indoor environments.

The aerodynamic spore size distributions of S. albus and
M. halophytica were found to be close to monodisperse: the o,s
were 1.33 and 1.24, respectively (Fig. 3). The d, of the T. vul-
garis spores was the smallest of the three tested species; these
spores also showed the largest variation in spore size. All the
physical sizes of the actinomycete spores measured in this
study with the microscope and image analysis system were
smaller than those reported by Madelin and Johnson for
S. albus (24) by Kawamoto for M. halophytica (16), and by
Lacey for T. vulgaris (18). By measuring monodisperse stan-
dard PSL particles with this system, we found that the mea-
surement system used was suitable for determining the physical
size of spores, as the error rate was =3%. The differences be-
tween the physical sizes of the spores determined in this study
and those reported in the literature appear to be related to the
preparation technique for microscopic analysis. Typically, slides
are prepared by staining the spores with water-based stains.
Water may be absorbed by the spores, causing them to extend
to their maximum diameter. However, hygroscopicity tests with
S. albus spores showed that large size increases of the spores
are not likely to occur during the normal human breathing
cycle. For a growth time of 2 s, typical for the residence time of
spores in the humid air environment of the human respiratory
tract, their size increased by no more than 26%. When spores
are exposed to dry conditions, e.g., in normal indoor air
environments, the water inside the spores evaporates and
the spores shrink to their minimum size. Therefore, the size
measurements of dry spores, as shown in this study, appear to
be more appropriate for human health-related studies.

Comparison of the relative spore recoveries for the three
actinomycete species obtained after collection from the air
showed that S. albus spores have the highest survival level. The
difference in survival level between S. albus and M. halophytica
appears to be due to the different structure of the spore wall.
S. albus spores have an outer sheath, which protects them
against physical damage and drying, whereas M. halophytica
spores do not have such a sheath. The low relative recovery of
T. vulgaris spores is probably related to the dormant nature of
these spores, i.e., they need activation before they can germi-
nate. Although the conventionally used mechanism for bacte-
rial spore activation is heating (15), we used cold activation in
this study instead of heat activation because the heat would
have melted the agar. If the spores had been collected on a
filter, activation by heating could also have been used. How-
ever, heat activation was not tested in this study, and therefore,
the change in relative recovery by heat activation remains to be
determined. When T. vulgaris was activated at 20°C for 24 h
before incubation, the relative recovery increased about 10-
fold but was still lower than those of the other two tested ac-
tinomycete species.

The effect of impact velocity was studied with S. albus
spores. The lowest relative recovery was measured at the low-
est sampling air flow rate (3.8 liters min~'). Similar results
have been found in an earlier study with vegetative bacterial
cells (32) and can be explained as being due to insufficient em-
bedding of the spores at low sampling flow rates. After reach-
ing a maximum at about 20 liters min ", the relative recovery
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decreased with higher air flow rates. We attribute this to me-
chanical injury of the inner structures of spores by their im-
paction onto the agar medium. At a flow rate of 28 liters min ™~
the impaction velocity is very high, about 175 m s™*, resulting
in injury or excess embedding or a combination of both. Our
results showed that the growth of S. albus spores can be de-
creased or totally prevented if they are too deeply embedded in
agar. This result appears to be related to the high oxygen need
of actinomycetes (6). If the spores are embedded too deeply in
the agar, they may not get the amount of oxygen needed for
their germination and growth. At flow rates of 10 to 15 liters
min ', the relative recovery rate seems to decrease. If this ob-
servation is not due to measurement error, an explanation may
be sought in the two competing processes of insufficient em-
bedding and excessive embedding or injury of spores. A third
competing process might be that of spore activation due to im-
paction. These competing processes deserve further study.

Our results show that the recovery of actinomycete spores
varies considerably depending on the species, the sampling flow
rate, and other sampling parameters. Surprisingly low recovery
rates were measured for 7. vulgaris. To increase the accuracy
and precision of spore enumeration, new noncultivation meth-
ods need to be developed for the analysis of actinomycete
spores. Among the conventional methods, direct microscopic
counting with bright-field or epifluorescence microscopy is
used for fungal spores in situations when the total (not cultur-
able) count is of interest. This method is not appropriate for
actinomycete spores due to their small size, which makes them
difficult to distinguish if the sample also contains a high con-
centration of fungal spores or other particles.
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