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The purpose of this study was to investigate the aerosolization of particles (micro- and macroconidia and fragments) from Bo-
trytis cinerea cultures in relation to potential human inhalation in indoor environments. The influence of the following factors
on the aerosolization of B. cinerea particles was studied: exposure to airflow, relative humidity (rh), changing rh, and plant or
building materials. The aerodynamic diameter (da) and the respirable fraction of the aerosolized particles were determined.
Conidia and fragments of B. cinerea were not aerosolized as a response to a decrease in the rh. In contrast, both micro- and mac-
roconidia and fungal fragments were aerosolized when exposed to an airflow of 1.5 m s�1 or 0.5 m s�1. Significantly more parti-
cles of microconidial size and fragment size were aerosolized at a low rh (18 to 40% rh) than at a higher rh (60 to 80% rh) when
cultures were exposed to airflow. The size of the respirable fraction of the aerosolized particles was dependent on the rh but not
on the growth material. At high rh, about 30% of the aerosolized particles were of respirable size, while at low rh, about 70%
were of respirable size. During low rh, more fungal (1¡3)-�-D-glucan and chitinase were aerosolized than during high rh. In
conclusion, exposure to external physical forces such as airflow is necessary for the aerosolization of particles from B. cinerea.
The amount and size distribution are highly affected by the rh, and more particles of respirable sizes were aerosolized at low rh
than at high rh.

Airborne fungi are found in elevated concentrations in build-
ings with water damage and are related to health problems (2,

46, 55). Botrytis cinerea has been found in indoor air (47), includ-
ing in damp buildings (15), and it needs a minimum water activity
of 0.9 for growth (11, 13). Relatively many people are allergic to
the fungus B. cinerea in spite of its low airborne prevalence (26).
For example, 24% of 180 suspected mold-allergic patients (49)
and 4% of 104 greenhouse workers (20) reacted positively to Bo-
trytis in a skin prick test. Fungal growth, aerosolization of fungal
material, and inhalation are steps in the process causing human
exposure of the airways. For some fungi, it is known that their
growth on agar-based media is not dependent on the relative hu-
midity (rh) of the air but on free water on or in the agar medium
(41). Laboratory studies have investigated the aerosolization of
fungal particles from some fungal species on agar media (16, 42),
gypsum boards (29, 35), and ceiling tiles (16) and from naturally
occurring fungi on straw and wood chips (35) when the cultures
were subjected to mechanical handling or to airflow. Studies in-
vestigating aerosolization from gypsum boards have shown that
the aerosolization of spores from different species is affected by air
velocity differently (29). Furthermore, repeated exposure of fun-
gal cultures to the activity causing the aerosolization resulted in
more particles becoming aerosolized during the first exposure pe-
riod than during the following periods (4, 5, 35). The use of agar
media in aerosolization studies has been criticized, as aerosoliza-
tion may be dependent on the growth medium (45). In addition to
spores, particles smaller than fungal spores are shown to be aero-
solized from fungal cultures (16, 28, 37). These particles are re-
ferred to as fungal microparticles (measured sizes between 0.3 and
1.3 �m in da) (37), fungal fragments (measured sizes between 0.3
and 1.5 �m in optical diameter) (16), or fungal hyphal or conidial
fragments (sizes not measured) (18) and can constitute a large
part of bioaerosols in terms of numbers (16, 18, 36, 52).

The aerodynamic diameter (da) of an airborne particle influ-
ences the site of deposition in the respiratory system and the pos-

sible health effects it can cause (10, 22, 23), as well as its ability to
stay airborne and to penetrate small cracks in, e.g., building con-
structions. Fungal spore sizes are typically between 2 and 10 �m
(10, 36). B. cinerea can produce globose microconidia with a phys-
ical size of 2.5 to 3.0 �m, smooth-walled, obovoid macroconidia
of 8 to 14 by 6 to 9 �m, and larger sclerotia which are irregular in
size and shape (7). The aerodynamic diameters of particles aero-
solized from B. cinerea cultures are not known.

B. cinerea is able to grow parasitically or saprophytically on many
plant materials (11, 33), and indoor plantings are described as sources
of indoor exposure of fungi in general (3, 51). It is not known whether
B. cinerea grows on common building materials, such as gypsum
boards or floor paper. However, airborne, culturable B. cinerea units
have been found in water-damaged buildings (43), and the exposure
source may have been building materials or household waste.

In this study, we investigate whether the aerosolization of particles
from B. cinerea cultures in terms of size distribution and number are
affected by rh, changing rh, airflow, and growth media. As growth
media, we have chosen gypsum boards and floor paper as represen-
tatives of indoor building materials and a vegetable to represent
household waste. All may be considered common potential growth
media for fungi in indoor environments such as homes.

MATERIALS AND METHODS
Cultivation on building materials and aubergines. An isolate of Botrytis
cinerea Pers.:Fr. (DSM5144; Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH, Braunschweig, Germany) was used. The build-
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ing materials gypsum boards and floor paper were used, as they are com-
monly present in indoor environments. As a vegetable, aubergine (Sola-
num melongena var. Esculentum, Valstar Westland, Holland), also called
eggplant, was chosen, as it is used globally for fresh consumption and as B.
cinerea is a common postharvest pathogen on aubergines (9). It is the
most widely grown aubergine variety in Europe and North America; it has
an elongated ovoid shape, 12 to 23 cm long and 6 to 9 cm wide with dark
purple skin.

B. cinerea was cultivated on pieces (area � 800 cm2) of sterilized, wet
gypsum boards without wallpaper (Knauf, Danogips, Denmark),
pieces of sterilized, water-saturated floor paper (Icopal, Herlev, Den-
mark) (area � 132 cm2), and round slices of surface-sterilized aubergine
(area � 32 to 36 cm2, thickness � 1 cm) and incubated at a relative
humidity (rh) of approximately 95% as described below. Distilled Milli-Q
water was used for wetting the boards and floor paper. Inoculation was
performed by placing four sclerotia per 100 cm2 or spraying 50 macro-
conidia per 100 cm2. The gypsum boards, floor paper, and aubergine slices
were placed in sterilized stainless steel boxes with tightly fitting glass cov-
ers. A saturated solution of K2SO4 controlled the rh (29, 57). The B. ci-
nerea-inoculated materials were incubated at 20°C in darkness. The cul-
tures were, as a standard, incubated for 8 to 10 weeks on gypsum boards,
for 10 to 12 weeks on floor paper, and for 2 to 6 weeks on aubergines. In
one experiment, cultures on floor paper were incubated for 200 days.

P-FLEC measurements. The P-FLEC (particle-field and laboratory
emission cell) (Chematec, Denmark) was used for measuring the aerosol-
ization of airborne particles from surfaces as described by Kildesø et al.
(29). The lid from the steel box was removed, and the P-FLEC was placed
on the B. cinerea cultures. Airflow was directed toward the surface at an
angle of 45°. The jets were scanned over the surface, covering a surface area
of 130 cm2 gypsum board or floor paper or 32 to 36 cm2 aubergine slice. A
bar with 10 0.8-mm nozzles was rotated 1.0 cm over the surface; one
complete rotation was 60 s, and each measurement lasted 300 s in this
study. A flow of 5.0 liters min�1 through the 10 nozzles gave a mean
velocity over the surface of 1.5 m s�1, while a flow of 1.7 liters min�1 gave
a mean velocity over the surface of 0.5 m s�1. The particles were trans-
ported by the airflow to the outlet at the top. Particles were either mea-
sured every second with an aerodynamic particle sizer (APS 3320; TSI
Inc.) in 51 size ranges between 0.54 and 19.8 �m and in one fraction of
particles smaller than 0.52 �m or collected on a polycarbonate filter (pore
size, 0.8 �m) using a GSP sampler (Gesamtstaubprobenahme; conical
inhalable sampler [CIS] by BGI, Inc., Waltham, MA) or a Triplex cyclone
(BGI, MA). The sampling was performed for 300 s. The Triplex cyclone
sampled airborne particulate matter with a Da50 of 1 �m (PM1) particles
(flow rate, 3.5 l min�1) and PM2.5 (flow rate, 1.5 l min�1). The Triplex
cyclone has a well-defined, sharp penetration curve, and at a flow rate of
3.5 liters min�1, only about 1% of particles with a da between 1.7 and 2.0
�m penetrates the cyclone (21). The GSP samples inhalable particles
(flow, 3.5 liters min�1). The filters were analyzed for N-acetyl-�-D-gluco-
saminidase (NAGase) activity and (1¡3)-�-D-glucan (�-glucan) content
and by microscopy. The respirable fractions of particles were calculated
from the APS data according to EN481 (6, 23). The fraction of particles
smaller than 0.52 �m is not included in the calculation of the size of the
respirable fraction because the measurement of this fraction is less precise
than the measurements of the other fractions. The measured particles are
also categorized in fractions of particles smaller than 0.52 �m, 0.54 to 1.6
�m (particles smaller than microconidial size), 1.8 to 3.3 �m (particles
covering the sizes of microconidia), and 3.5 to 10.4 �m (particles covering
the sizes of macroconidia).

Effects of changing rh on aerosolization. Aerosolization of particles
from gypsum boards, floor paper, and aubergines was studied when af-
fected by a decreasing rh but with no exposure to airflow. This was studied
for 5, 13, and 8 h for, respectively, gypsum boards, floor paper, and au-
bergines. The rh was lowered using silica gel. The silica gel absorbs ap-
proximately 14 g water per 100 g silica gel (P. Kruse, personal communi-
cation). The rh of the air in the P-FLEC was measured using a humidity

and temperature probe (Vaisala HM141; Vaisala, Finland), and the rh of
the gypsum boards and aubergines were measured using a moisture/tem-
perature meter (Testo 606-2; Testo, Germany).

The release was also studied on floor paper and aubergine slices during
an increasing rh.

Effects of rh and airflow on aerosolization. Four days before the ex-
posure to an airflow of 1.5 m s�1, the rh of the air in the incubation boxes
with gypsum boards, floor paper, or aubergines was adjusted using differ-
ent amounts of silica gel. In an experiment with only aubergines, cultures
on aubergines were exposed to an airflow of 0.5 m s�1 also at different rh’s.

Effects of repeated exposure on aerosolization. The particle aerosol-
ization was studied for B. cinerea on gypsum boards to see how it was
affected by repeated agitation of the same area by an airflow of 1.5 m s�1

14 days after the first exposure.
Extraction of particles. The B. cinerea particles on polycarbonate fil-

ters were extracted in 6.0 ml sterile 0.05% Tween 80 and 0.85% NaCl
aqueous solution by shaking it for 15 min (500 rpm) at room temperature.
The suspensions were then stored at �80°C until analysis of �-glucan,
NAGase, and microscopy was performed.

Microscopy. The particle suspension was incubated with wheat germ
agglutinin (WGA) (L-4895; Sigma) in phosphate-buffered saline, pH 7.2,
for 20 min in darkness, with subsequent filtration through a polycarbon-
ate filter (25 mm, 0.4 �m; Nuclepore, Cambridge, MA) to label chitin. The
presence of microconidia and macroconidia was confirmed by micros-
copy at a magnification of 1,250 times using epifluorescence microscopy
(Orthoplan; Leitz, Wetzlar, Germany).

The (1¡3)-�-D-glucan and NAGase assay. Concentrations of �-glu-
can were extracted using 0.3 M NaOH for 60 min (34). After extraction
with NaOH, �-glucan was quantified in duplicate using the kinetic Fun-
gitic G test (Seikagaku Co., Tokyo, Japan). A standard curve with �-glu-
can (Pachyman derived from the sclerotia of Poria cocos) ranging from 4.0
to 100 pg ml�1 was used.

NAGase activity was quantified according to the assay described by
Møller et al. (39), with minor modifications. Briefly, 100 �l of 200 �M
4-methylumbelliferyl (MUF) N-acetyl-B-D-glucosaminide (Sigma-Al-
drich) was added to 1.0 ml 50 mM Tris-maleate buffer (pH 5). An amount
of 50 �l of test sample was then added to the solution and incubated at
25°C for 30 min. The enzymatic reaction was stopped by adding ice-cold
96% ethanol. Tubes were then centrifuged for 5 min (4,000 rpm; 2°C),
and Tris buffer (2.5 M; pH 10) was added to the supernatant to reach pH
10. An amount of 200 �l of this solution was added to a black microtiter
plate in replicas of three. Fluorescence at 446 nm derived from the release
of 4-methylumbelliferone (4-MU) was quantified by a spectrometer using
an excitation wavelength of 377 nm. Activity of NAGase was calculated by
comparing sample fluorescence with that of a standard curve containing
4-MU (0 to 35.5 nmol ml�1).

Treatment of data. In total, B. cinerea was cultured on 15 pieces of
gypsum boards, 18 pieces of floor paper, and 36 aubergine slices. The
number of aerosolized particles, NAGase activity (30 samples), and
amount of �-glucan (30 samples) were standardized to the exposed area
and are expressed in unit cm�2 exposed area. All experiments with the
P-FLEC were performed in triplicate. The number of aerosolized parti-
cles, NAGase activity, and amount of �-glucan as affected by different rh’s
were log transformed and compared using the analysis of variance proce-
dure (PROC ANOVA) in SAS (SAS 9.1), and the standard deviation (s*)
was calculated (32). The amount of �-glucan in PM1 per amount in the
inhalable fraction was normally distributed, and the standard deviation
was calculated.

RESULTS

B. cinerea was able to grow on sterilized gypsum boards, floor
paper, and slices of aubergines. On all three materials it produced
hyphae, micro- and macroconidia, and, over time, also sclerotia. It
colonized aubergine slices faster than gypsum boards, and it col-
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onized gypsum boards faster than floor paper; therefore, different
incubation times were used for the three materials.

Influence of changing rh on aerosolization of particles. The
particle aerosolization from a B. cinerea culture on a gypsum
board not exposed to airflow was studied for 5 h; no particles were
aerosolized during this period. During the measurement period,
the air rh decreased continuously from 83 to 62% while the tem-
perature increased from 25 to 28°C.

The aerosolization of particles from B. cinerea on floor paper
was studied for a 1-h period, during which the rh increased from
71 to 78%, and subsequently for a 13-h period, during which it
decreased from 78 to 20%. The temperatures during the periods
were between 25 and 28°C. During the 14 h, almost no particles
were aerosolized. During a decrease in rh from 33 to 30%, only
0.015, 0.023, and 0.015 particles of fungal fragment size, micro-
conidial size, and macroconidial size, respectively, were released
per cm2. This corresponds to 0.022% of the particles of fungal
fragment size, 0.11% of microconidial size, and 0.11% of mac-
roconidial size aerosolized per minute relative to the number
aerosolized during exposure to airflow (1.5 m s�1, rh � 34%).
The fastest decrease in rh was a decrease from 76 to 56% within
38 min. In that period, no particles smaller than microconidial
size were aerosolized; a fraction of 0.034% of both micro-
conidial and macroconidial sizes were aerosolized per minute
relative to the number aerosolized during exposure to airflow
(1.5 m s�1, rh � 62%).

The aerosolization of B. cinerea particles from aubergines with-
out exposure to airflow was studied for 8 h during an increase in rh
from 30 to 55% and during a subsequent decrease from 55 to 29%;
the temperature was between 26 and 28°C. During the whole pe-
riod, almost no particles were aerosolized, and the very few parti-
cles that were aerosolized were of macroconidial size.

Influence of rh on the aerosolization of particles when af-
fected by airflow. The rh had a significant influence on the num-
ber and size distribution of particles aerosolized when B. cinerea
cultures on gypsum boards, floor paper, and aubergines were af-
fected by an airflow of 1.5 m s�1. At low humidities (air rh � 18 to
34%), many particles smaller than 1.6 �m were aerosolized, while
at higher humidities, fewer particles were aerosolized (Fig. 1, 2,
and 3). Microscopy revealed that both micro- and macroconidia
were present in the inhalable fraction of the aerosols. The fraction
of the particles being of respirable size was highest for particles
aerosolized at the low rh. During low-rh conditions, many parti-
cles smaller than 0.52 �m were aerosolized (Table 1).

The effect of exposure to airflow at different rh’s was also stud-
ied for 200-day-old B. cinerea cultures on floor paper. For these
old cultures, the same patterns for particle release were seen as
those shown in Fig. 2 (data not shown).

The amount of �-glucan measured in the inhalable fraction
aerosolized from B. cinerea-colonized gypsum boards was not af-
fected significantly by the rh of the air (Fig. 4a), while the NAGase
activity and amount of �-glucan in PM1 and PM2.5 decreased with
increasing rh (Fig. 4a and b). The amounts of �-glucan in PM1 per
amount in the inhalable fraction were 0.59 � 0.07, 0.58 � 0.10,
and 0.25 � 0.04 at rh’s of 22, 59, and 66%, respectively. The ac-
tivity of NAGase and amount of �-glucan measured in the inhal-
able fraction as well as in PM1 aerosolized from floor paper (Fig. 4c
and d) and aubergines (Fig. 4e and f) decreased with increasing rh.
From both floor paper and aubergines, the amounts of �-glucan
in PM1 per amount in the inhalable fraction were between 0.36
and 0.41 independently of the rh’s.

Low airflow. When exposing a culture of B. cinerea on auber-
gine slices to an airflow of 0.5 m s�1, only very few particles were
aerosolized. At rh’s of 34 to 37%, only 0.04% of the total numbers

FIG 1 (a to d) The effects of an airflow of 1.5 m s�1 and air humidity on the aerosolization of particles from Botrytis cinerea cultures grown on gypsum boards.
Numbers over the curves are the aerodynamic diameters (da) of particles constituting the dominating size fraction in terms of numbers.
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of particles aerosolized when exposed to an airflow of 1.5 m s�1

were aerosolized. The aerosolization was dependent on the rh. At
an rh of 34%, a fraction of 51% of the total number of particles
aerosolized at an rh of 27% were aerosolized. The dominating size
fraction in terms of numbers had das between 2.3 and 3.1 �m.

Repeated exposure. Throughout the 5 min of exposure to air-

flow, particles were aerosolized from B. cinerea cultures on all
three materials, but the numbers of aerosolized particles de-
creased during periods of air exposure. This was seen at both low
(18 to 25%) and high (60 to 72%) humidities. There was a ten-
dency to a higher relative decrease at lower humidities. In Fig. 5a
and b, the following example is shown for B. cinerea on gypsum

FIG 2 (a and b) The effects of an airflow of 1.5 m s�1 and air humidity on the aerosolization of particles from Botrytis cinerea cultures grown on floor paper.
Numbers over the curves are the aerodynamic diameters (da) of particles constituting the dominating size fraction in terms of numbers.

FIG 3 (a to d) The effects an airflow of 1.5 m s�1 and air humidity on the aerosolization of particles from Botrytis cinerea cultures grown on aubergines. Numbers
over the curves are the aerodynamic diameters (da) of particles constituting the dominating size fraction in terms of numbers.
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boards: the average number of particles of each size fraction aero-
solized during the fourth and fifth minute at an rh of 18 and 64%
constituted 41 and 59% of the average number of particles aero-
solized during the first 2 min of air exposure.

When a culture on gypsum board (rh 71 to 72%) was exposed
twice to airflow for 5 min (10 days between the two exposures), a
portion between 25 and 50% of the number of particles aerosol-
ized during the first 5-min period was aerosolized during the sec-
ond 5-min period (example in Fig. 5c).

Under all conditions, particles with das around 5 �m were
aerosolized. In 89% of 39 studies, the das of these aerosolized
particles were larger during the first minute of air exposure than in
the following minutes (example in Fig. 5d).

DISCUSSION

The release of conidia from some fungal species is described to be
regulated by a hygroscopic mechanism after a drop in humidity (7,
25). In this study, we saw that a decrease or increase in rh did not
in itself cause aerosolization of conidia. In contrast, exposure to an
airflow of 1.5 m s�1 caused an immediate aerosolization of both
macro- and microconidia and fungal fragments. A survey of the
mycological flora of wine cellars has shown a larger amount of
airborne B. cinerea after grape-pressing activity than before (48).
Furthermore, an investigation of airborne fungi in water-dam-
aged buildings showed culturable B. cinerea spores during demo-
lition activity but neither before nor after demolition (43). These
studies together with the present study show that exposure to
airflow or mechanical handling such as human activity is impor-
tant in the aerosolization of B. cinerea conidia. This study further
shows that an air jet exposure is also necessary for aerosolization of
small fragments of B. cinerea.

Particles of microconidial size were aerosolized in large
amounts at low rh, and microscopy revealed that microconidia
were present. Microconidia are uninucleate and function primar-
ily as spermatia (12, 58) and are not able to germinate and grow on
agar media (14, 19). In studies of aerobiology, fungi are tradition-
ally quantified as culturable units on agar media and hence micro-

conidia are not quantified. The lack of germinability of micro-
conidia and the importance of exposure to airflow or mechanical
handling to cause particle aerosolization may be reasons why, as
concluded in a review paper, B. cinerea is not measured to be
among the dominating fungi in indoor air (26). The facts that B.
cinerea is able to grow on building materials and on many com-
mon fruits and vegetables, that it produces microconidia and par-
ticles smaller than conidial size, and that relatively many people
are allergic to B. cinerea (24, 27, 30, 31) may indicate that exposure
to B. cinerea is more common than what has been measured in
exposure studies. The allergenic properties of B. cinerea spores are
higher if they are germinated (17), but how often they are present
in the air as germinated micro- or macroconidia is not known.

In this study, we measured the influence of rh of the air be-
tween 19 and 83%. The rh of the air in buildings varies according
to activities in the building, season, number of persons in the
building, climate zone, etc. In a study in Baltimore, MD, the aver-
age rh in 85 homes measured during four seasons was 36% (38),
and in a British study performed in 1,095 dwellings during the
winter, the median rh in living rooms was 43% and in bedrooms
was 49% (40). According to the present study, many of the aero-
solized B. cinerea particles will be aerosolized as respirable parti-
cles at these average rh’s found in indoor air. During drying of
water-damaged building materials colonized by B. cinerea,
conidia of this fungus will be aerosolized only if it is concurrently
exposed to external forces such as airflow. Thus, the drying out
may increase release of B. cinerea microconidia from conidio-
phores or hyphae and the airflow may cause aerosolization.

We have shown that not only plant material but also water-
damaged gypsum boards and floor paper are probable growth
materials for B. cinerea and thus sources of exposure to B. cinerea
in indoor air. Microscopy showed that micro- and macroconidia
and sclerotia were produced on all three materials. It was also
possible to cultivate B. cinerea on slices of aubergines without
contamination by other microorganisms; furthermore, it was pos-
sible to get slices of aubergines of almost the same size and to fit the
colonized slices of aubergines into the P-FLEC–APS-GSP or Tri-

TABLE 1 Influence of relative humidity on the number of particles aerosolized per cm2 gypsum board, floor paper, or aubergine when exposed to
an airflow of 1.5 m s�1 for 5 min (n � 3)

Material

No. of particlesa with an aerodynamic diam of:

rh (%)
Fragment size
�0.52 �m (s*)

Fragment sizeb

0.54–1.6 �m (s*)
Microconidial
size 1.8–3.3 �m (s*)

Macroconidial
size 3.5–10.4 �m (s*) Sum 0.54–19.8 �m (s*)

Respirable
fraction
(%)

Gypsum board 19 176 A (1.32) 460 A (1.12) 675 A (1.37) 534 B (1.22) 1,669 A (1.39) 74
23 39 B (1.24) 321 A (1.23) 362 A (1.37) 891 AB (1.29) 1,574 A (1.40) 70
65 54 B (1.31) 19 B (1.34) 27 B (1.41) 736 AB (1.34) 784 B (1.19) 31
72 26 C (1.21) 38 B (1.40) 49 B (1.32) 1,202 A (1.36) 1,378 AB (1.86) 22

Floor paper 34 99 A (1.33) 283 A (1.34) 9,801 A (1.31) 6,325 A (1.43) 16,420 A (1.37) 69
43 31 B (1.30) 41 B (1.41) 76 B (1.30) 4,688 A (1.39) 4,809 B (1.41) 37
79 1.2 C (2.11) 1.3 C (2.09) 5.3 C (2.00) 327 B (1.31) 337 C (2.03) 28

Aubergine 37 670 A (1.26) 211 A (1.34) 6,312 A (1.29) 952 B (1.66) 8,348 A (1.34) 79
50 329 B (1.23) 16 B (1.39) 1,182 B (1.31) 237 C (1.50) 1,441 B (1.49) 79
55 155 C (1.35) 30 B (1.34) 926 B (1.55) 4,020 A (1.30) 4,987 A (1.57) 39
60 4.0 D (1.93) 15 B (1.75) 6.3 C (1.88) 226 C (1.83) 318 C (1.42) 33
65 1.2 D (1.87) 12 B (1.72) 9.0 C (1.76) 432 BC (1.71) 456 BC (1.73) 29

a Comparison (within a material, within a certain size fraction) of numbers of aerosolized particles at different rh’s. Numbers followed by the same letter are not significantly
different (P � 0.05). s*, standard deviation.
b The sizes are the aerodynamic diameters measured by an APS; the respirable fraction is calculated for particles between 0.54 and 19.8 �m. The cultures on the different materials
have different ages.
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plex cyclone system, and thus aubergines seem to be a good model
plant or model household waste material for studying aerosoliza-
tion of B. cinerea. This system may also be used with other fungi,
e.g., Rhizopus stolonifer, and it may be used in relation to aerosol-
ization and exposure in, e.g., kitchens, vegetable storage, work
with household rubbish, and vegetable fields. B. cinerea is the most
common postharvest plant pathogen (58), and thus, exposure can
also potentially occur from other commonly sold plant materials
such as strawberries, grapes, tomatoes, and onions.

Throughout the 5 min of exposure to airflow, particles were

aerosolized from B. cinerea cultures on all three materials. How-
ever, most particles were aerosolized during the first 1 or 2 min.
For another fungus, Penicillium chrysogenum, it has been shown
that the aerosolization of spores growing in an air handling system
duct (4) and on wallpapered gypsum boards (35) or placed on
flooring materials (5) was also higher in the beginning of the
exposure period than later. For B. cinerea, this paper shows that
at low rh’s, the number of aerosolized particles decreased faster
than during higher rh’s. This is probably because the particle
source is drained faster at low rh’s. Thus, the exposure period

FIG 4 (a to f) Content of �-glucan or NAGase in aerosols from Botrytis cinerea-colonized gypsum boards, floor paper, or slices of aubergines. The total column
is the inhalable fraction sampled with the GSP sampler, the middle fraction of the column is the fraction called PM2.5 (only measured for gypsum board), and the
bottom fraction is called PM1. The numbers of each size fraction followed by the same letter on each figure are not significantly different (P � 0.05; n � 3). s*,
standard deviation. The cultures on the three materials are different ages. Percentages on the x axis indicate relative air humidity.
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may be shorter and the immediate exposure higher at low rh’s
than at high rh’s.

Fragments of B. cinerea and particles of microconidial size were
aerosolized in the largest amounts at low rh when concurrently
exposed to an airflow of 1.5 m s�1. The number of particles aero-
solized of macroconidial size was different at different rh’s. In
another study, B. cinerea on grapes was exposed to an airflow of 0.6
m s�1 and conidia were only aerosolized during incubation at an
rh of 94%, not during incubation at rh’s of 90% and 69% (54). The
aerosolization of Aspergillus fumigatus, Penicillium sp., and Cla-
dosporium sp. from an agar medium and measured as culturable
units has also been shown to be affected by both airflow and rh but
not in a simple way. For example, when exposed to an airflow of
1.5 m s�1, A. fumigatus aerosolized more culturable units at 37 to
42% rh than at 12 to 18% and 71 to 73%, while Penicillium sp.
aerosolized more at an rh of 12 to 18% than at the two other rh’s,
and Cladosporium sp. aerosolized most at an rh of 71 to 73% (42).
In the present study, we also saw an effect of rh when B. cinerea was
exposed to airflow with a low flow (0.5 m s�1).

Some fungi are described to be hygroscopic (42) or slightly
hygroscopic (44). For B. cinerea, two or three size fractions were
dominating and the da of the aerosolized particles in the numeri-
cally dominating fraction was dependent on the rh. However, this

seems not to be due mainly to hygroscopic extensions because a
dominating fraction of particles with a da of 5.4 �m could be
found at rh’s of both 18 and 66% (Fig. 1). It is more likely that
particles agglomerate at a higher rh or that macroconidia are
adapted to be aerosolized at a higher rh than microconidia be-
cause of their different roles in the life cycles of B. cinerea. Micros-
copy showed that many macroconidia were released at high rh.
Nonfungal particles of nanosizes have also been shown to agglom-
erate at high rh (56). In this study, the aerosolization of the small-
est measured fraction of particles (da, �0.52 �m) was also highly
affected by the rh.

We found surprisingly high concentrations of �-glucan in the
PM1 fraction compared to the inhalable fraction and compared to
what was expected from the APS data. This high �-glucan concen-
tration in PM1 may partly come from fragments of B. cinerea
conidia, conidiophores, or hyphae. For the fungi Trichoderma
harzianum and Chaetomium globosum, the release of fungal frag-
ments is seen to increase during autolysis of hyphae (37). It has
been shown that B. cinerea during growth produces extracellular
�-glucan, which forms an adhering capsule around the hyphae
(50). The �-glucan found in the PM1 fraction may also come from
this extracellular capsule of �-glucan, and when the capsule dries
out, it may become airborne if exposed to airflow. This hypothesis

FIG 5 Aerosolization of particles from Botrytis cinerea cultures on gypsum boards when exposed to airflow (1.5 m s�1). The average numbers of particles of each
size fraction aerosolized during the first and second minute of air exposure and during the fourth and fifth minute at an rh of 18% (a) and of 64% (b), from a
culture exposed twice with a 10-day interval between each 5-min exposure period (c), and during the first and second minute of exposure to air jets (d) are shown.
The sizes in the figures are the aerodynamic diameters (da) of the dominating fractions in terms of numbers during the first or second exposure minutes (a, b)
or minute (d) or period (c).

Release of Particles from Botrytis cinerea

June 2012 Volume 78 Number 11 aem.asm.org 4005

http://aem.asm.org


is further supported by the measurement showing a higher con-
centration of �-glucan in PM1 from aubergines than from floor
paper and gypsum boards because, according to Stahmann et al.
(50), a degradation of the extracellular �-glucan occurs during
low nutrient conditions. The amount of �-glucan in PM1 per
amount in the inhalable fraction was between 0.3 and 0.6. This is
higher than between the amount of �-glucan in PM1 per amount
in PM2.5 in aerosols of Stachybotrys chartarum and Apergillus ver-
sicolor growing on agar media and gypsum boards (45). The pres-
ence of �-glucan in the PM1 fraction causing a potential exposure
to small particles containing �-glucan is of importance because
exposure to �-glucan has been related to airway symptoms and
inflammation (8).

Higher activity of NAGase as a marker of fungal exposure
has been found in homes of patients with sarcoidosis (53), and
NAGase can stimulate exposed cells to interleukin-8 secretion
(1). In this study, activity of NAGase was found in all particle
size fractions and the aerosolization of NAGase increased with
decreasing rh.

In conclusion, B. cinerea grows well on both gypsum boards
and floor paper as representatives of indoor building materials
and on a vegetable representing household waste. Exposure to
external physical forces such as airflow was necessary for the re-
lease of particles from B. cinerea. The amount and size distribution
of the particles were highly affected by the rh, and more particles of
respirable size were released at low rh than at high rh. This is of
relevance in relation to human inhalation of indoor air in general
and specifically during remediation of water-damaged buildings.
Drying out a material does not in itself cause aerosolization of B.
cinerea particles but may cause the release of the particles from the
hyphae and conidiophores, thus making the particles easier to
aerosolize. Part of the �-glucan found in the PM1 fraction may
come from the extracellular �-glucan produced by B. cinerea.
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