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Abstract Dry bubble disease caused by Lecanicillium
fungicola is a persistent problem in the cultivation of the
white button mushroom (Agaricus bisporus). Because con-
trol is hampered by chemicals becoming less effective, new
ways to control dry bubble disease are urgently required. 1-
Octen-3-ol is a volatile that is produced by A. bisporus and
many other fungi. In A. bisporus, it has been implicated in
self-inhibition of fruiting body formation while it was
shown to inhibit spore germination in ascomycetes. Here,
we show that 1-octen-3-ol inhibits germination of L.
fungicola and that enhanced levels of 1-octen-3-ol can ef-
fectively control the malady. In addition, application of 1-
octen-3-ol stimulates growth of bacterial populations in the
casing and of Pseudomonas spp. specifically. Pseudomonas
spp. and other bacteria have been demonstrated to play part
in both the onset of mushroom formation in A. bisporus, as
well as the inhibition of L. fungicola spore germination. A
potential role of 1-octen-3-ol in the ecology of L. fungicola
is discussed.
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Introduction

The white button mushroom (Agaricus bisporus) is the most
cultivated mushroom in the world. Its production is affected
by a wide variety of pests and pathogens (Fletcher and Gaze
2008; Largeteau and Savoie 2010). A major and persistent
problem in the mushroom industry is Lecanicillium fungicola,
the causal agent of dry bubble disease (Berendsen et al. 2010).
Symptoms caused by this pathogen range from small necrotic
lesions to amorphous masses of mushroom tissue. The disease
can quickly spread on a farm with devastating results. Control
of L. fungicola relies on strict sanitation and the use of fungi-
cides. The few fungicides that have been used are either no
longer available or are becoming increasingly ineffective due
to development of fungicide resistance in the pathogen (Wuest
et al. 1974; Bollen and van Zaayen 1975; Fletcher and Yarham
1976; Gea et al. 2005). Currently, control of the dry bubble
disease relies heavily on the use of prochloraz-manganese;
however, reduced sensitivity to this fungicide has been
reported (Gea et al. 2005). Attempts to implement biological
control agents (Berendsen et al. 2012a) or to elicit induced
resistance (Berendsen et al. 2013) were both not successful to
effectively control the disease. Therefore, newways to combat
the dry bubble disease are needed.

The white button mushroom is grown on a composted
mixture of horse and chicken manure, wheat straw and gyp-
sum. After colonization of the compost by vegetative myceli-
um of A. bisporus, it is covered with a casing soil. The casing
layer typically consists of black peat mixed with spent lime
and/or marl. The microbial community in the casing layer,
Pseudomonas spp. in particular, has been implicated in stim-
ulation of fruiting body formation through the consumption of
a mushroom-formation-inhibiting factor (Visscher 1988;
Grewal and Rainey 1991; Miller et al. 1995). In sterilized
casing, A. bisporus fruiting body formation is inhibited
(Eger 1961); however, it can be reinitiated by addition of
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activated carbon (Eger 1961) or by thorough ventilation
(Noble et al. 2009), which both would lead to removal of
inhibitors.

L. fungicola is unable to infect vegetative A. bisporus
mycelium and can only infect the fruiting bodies (Cross
and Jacobs 1968; Calonje et al. 2000; Bernardo et al.
2004). Infection must therefore take place in the casing
layer. L. fungicola spore germination is inhibited in the
casing through antibiotics produced by the casing micro-
flora (Berendsen et al. 2012b). When the casing is col-
onized by A. bisporus, this inhibition is lifted by
nutrients leaching from A. bisporus hyphae, which
causes the spores to germinate. The time point of infec-
tion by L. fungicola is therefore linked to the formation
of mushrooms.

Volatiles from compost can inhibit spore germination
of L. fungicola (Wuest and Forer 1975). The volatile
organic compounds produced by A. bisporus are predom-
inantly eight-carbon molecules (Grove and Blight 1983;
Combet et al. 2006; Noble et al. 2009). One of the major
components is 1-octen-3-ol, causing the typical mush-
room smell. In A. bisporus, enzymatic cleavage of
linoleic acid leads to the formation of 1-octen-3-ol and
10-oxo-trans-8-decenoic acid (Wurzenberger and Grosch
1982, 1984). It has been suggested that 1-octen-3-ol
production is a wound-activated chemical defense of
mushrooms (Okull et al. 2003; Spiteller 2008) because
damaged mushrooms produce more 1-octen-3-ol (Wu
and Wan 2000; Combet et al. 2009). In Penicillium
paneum, 1-octen-3-ol is a self-inhibitor of spore germi-
nation (Chitarra et al. 2004, 2005). Conidia of this fun-
gus were shown to self-inhibit germination at high
densities. This mechanism is thought to prevent prema-
ture germination of spores before dispersal. This so-
called crowding effect has also been described for ger-
mination of L. fungicola spores (Fekete 1967; Berendsen
et al. 2012b). The volatiles produced by P. paneum
inhibited the radial growth of fungi from different genera
indicating that the inhibitory effect of 1-octen-3-ol is
rather general (Chitarra et al. 2004).

As 1-octen-3-ol is an inhibitor of spore germination in
other ascomycetes, we hypothesized that L. fungicola
spore germination is also affected by this compound. In
this study, we explored the use of 1-octen-3-ol to control
the dry bubble disease. Application of 1-octen-3-ol re-
duced dry bubble disease to a comparable extent as did
Sporgon (effective compound: prochloraz-manganese),
the only fungicide available for mushroom growers.
Although, 1-octen-3-ol also affected A. bisporus vegeta-
tive growth, negative effects on mushroom yield could
be prevented through timing of application. Also, a po-
tential role of 1-octen-3-ol in the ecology of L. fungicola
is discussed.

Materials and methods

Fungal cultures

L. fungicola var. fungicola strain V9503 (CBS 134154,
Utrecht, the Netherlands) was stored at −80 °C in phos-
phate buffer (0.21 M NaH2PO4, pH 7.2) supplemented
with 10 % glycerol. Spore suspensions were prepared
from cultures that had grown on potato dextrose agar (PDA;
Difco, Lawrence, USA) for 5 days at 24 °C. Spores were
harvested with demineralized water (DEMI) and mycelial
fragments were removed by filtering over sterile glass wool.
The spore density was determined using a haemocytometer
and was set at 2.104conidaml−1. Mushroom compost fully
colonized by A. bisporus strain Sylvan A15 (CNC,
Milsbeek, The Netherlands) was used throughout this
study.

Quantifying spore germination

Spore germination was quantified as described previously
(Berendsen et al. 2012b). Briefly, 5 ml of spore suspen-
sion was filtered over a Cyclopore membrane (diameter,
25 mm; pore size, 0.2 μm; Whatman, Florham Park,
USA) that was supported by a plastic filter holder
(Whatman, Florham Park, USA). The membrane was
cut into four equal parts and incubated under different
experimental conditions. At the end of each experiment,
membranes were lifted from the substrate and adhering
soil particles were removed with water. Membranes were
mounted on microscope slides and spores were stained
with 100 μl Calcofluor white solution (per liter, 1 g
fluorescent brightener 28 (Sigma-Aldrich, Steinheim,
Germany), 50 g KOH, 50 ml glycerol). The percentage
of spore germination was determined using a Axioskop
fluorescence microscope (Zeiss, Oberkochen, Germany)
equipped with a 70-W mercury lamp and Zeiss filter set
02 (excitation 365 nm, emission 420 nm).

Self-inhibition of spore germination in L. fungicola

L. fungicola strain V9503 was inoculated on PDA in a
compartment of a two-compartment Petri dish (Greiner
Bio-One, Alphen aan de Rijn, the Netherlands). The
culture was incubated for 96 h at 24 °C. Subsequently,
L. fungicola spore containing Cyclopore membranes (see
above) were placed on 100 μl of sterile phosphate buffer
(0.1 M KH2PO4, pH 7) in the second compartment.
Plates were sealed with Parafilm (Bemis Company,
Neenah, WI) and spore germination on the membranes
was quantified after 18 h incubation at 24 °C. The
experiment was carried out with four replicates for each
treatment.
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Effect of 1-octen-3-ol on L. fungicola spore germination

A saturated solution of 1-octen-3-ol (Sigma-Aldrich,
Steinheim, Germany) was prepared in DEMI (2.6 gl−1;
de Beaufort and Voilley 1995). L. fungicola spores on
Cyclopore membranes were incubated on 100 μl
demineralized water or 10 mM glucose solution, or on
potato-dextrose agar in a two-compartment Petri dish
(Greiner Bio-One, Alphen aan de Rijn, the Netherlands).
One ml of the saturated 1-octen-3-ol solution or 1 ml of a
10, 50, or 100-fold dilution (corresponding to 20, 2, 0.4,
and 0.2 μmol 1-octen-3-ol, respectively) was added to the
second compartment of the Petri dishes. The dishes were
sealed with Parafilm and incubated at 20 °C, the tempera-
ture at which mushrooms are formed and 1-octen-3-ol
should be effective. Spore germination was quantified as
described above. Four independent replicates were used for
each treatment.

Effect of 1-octen-3-ol exposure on dry bubble disease

Mushrooms were cultured in controlled climate incubators
(Snijders Scientific, Tilburg, the Netherlands, dimensions
99×63×134 cm). Plastic containers (17.5×27.5×22.5 cm)
were filled with 3.5 kg of compost colonized by A. bisporus
strain A15 (CNC, Milsbeek, the Netherlands) and covered
with 1 kg of casing mix for cutting companies (CNC,
Milsbeek, the Netherlands). The mushroom cultures were
incubated at 24 °C and 95 % relative humidity (RH) for
8 days and from day 9 at 20 °C and 88 % RH. Effects of 1-
octen-3-ol were studied either by exposing the cultures to
the volatile or by applying it as a suspension in water. The
mushroom cultures were inoculated with 106conidiam−2 of
L. fungicola strain V9503 by evenly wetting the casing with
50 ml of a spore suspension (103conidiaml−1 demineralized
water).

Continuous exposure of mushroom cultures to volatile
1-octen-3-ol was established by placing three Petri
dishes, containing 2 ml of pure 1-octen-3-ol, in one
incubator. The Petri dishes were replaced every other
day to have a continuous exposure to 1-octen-3-ol. A
second (control) incubator was not subjected to 1-octen-
3-ol treatment. Mushroom cultures were also temporarily
exposed to 1-octen-3-ol for the first 6 days and then
transferred to the control incubator. Six independent rep-
licates were used for each treatment.

In a separate experiment, high concentrations of 1-octen-
3-ol suspended in water were applied to inoculated mush-
room cultures. Cultures were treated with 200 ml of 1.25 %
or 0.125 % (v/v) 1-octen-3-ol in water on the third day of the
experiment. The control cultures were treated with water in
a separate incubator. Mushroom containers treated with 1-
octen-3-ol were moved to the control incubator on day 6.

In all experiments, mushrooms larger than 1 cm were
harvested. The first two flushes were harvested and scored
in four categories: healthy, spotted cap, stipe blow-out, and
dry bubble (Berendsen et al. 2010). Disease incidence was
scored as the percentage of stipe blow-out and dry bubble.
Six independent replicates were used for each treatment.

Quantification of bacterial populations in casing

Casing soil was sampled from mushroom cultures on days 5
(hyphae started aggregating), 12 (flush 1), and 19 (flush 2)
of the experiment in which mushroom cultures were ex-
posed to 1-octen-3-ol as a volatile. One gram of casing soil
was suspended in 10 ml 10 mM MgSO4. Samples were
taken from all six replicate cultures per treatment. Dilution
series of the suspensions were plated on 1/10 Tryptic Soy
Agar (TSA; per liter, 3 g tryptic soy broth (Difco), 15 g
granulated agar(Difco), and 50 mg natamycin (Delvocid,
DSM, Delft, the Netherlands) for total culturable
populations and on King’s B medium agar+ (KB agar
(King et al. 1954) supplemented with 13 μgml−1 chloram-
phenicol, 40 μgml−1 ampicillin, and 50 μgml−1 natamycin
(Delvocid, DSM, Delft, the Netherlands)) for the population
of Pseudomonas spp. (Doornbos et al. 2011). Colony-
forming units were determined after 5 days of incubation
at 28 °C as standard temperature for quantification of bac-
terial densities.

Effect of 1-octen-3-ol on dry bubble disease in a commercial
setting

The effect of 1-octen-3-ol application on dry bubble disease
was also studied in a large scale set up that closely resem-
bles commercial mushroom growing. Containers (0.2 m2)
were filled with 15 kg of compost colonized by A. bisporus
strain Sylvan A15 (CNC, Milsbeek, the Netherlands) and
covered with a layer of casing mix (CNC, Milsbeek, the
Netherlands). To enhance colonization of the casing, colo-
nized compost was subsequently mixed through the casing
at a density of 200 gm−2. The cultures were subsequently
inoculated with L. fungicola V9503 (see above). On day 3,
600 ml of 1.25 %, 0.25 %, or 0.125 % (v/v) 1-octen-3-ol
suspension was added to the cultures. 1-Octen-3-ol (1.25 %)
was applied to an additional treatment immediately after
harvesting of the first flush. As a positive control, cultures
were treated with 600 ml 0.4 % (w/v) Sporgon (Active
ingredient: prochloraz-manganese, BASF, Arnhem, the
Netherlands) in water. Six hundred-milliliter water was
added to control cultures. Half of the control treated cultures
was placed in the chamber with the 1-octen-3-ol treated
cultures, and the other half in a separate chamber. A control
treatment that was not inoculated with L. fungicola was
kept in the treatment room. Ten replicates were used per
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treatment. The mushroom cultures were incubated at 23 °C
and 95 % relative humidity (RH) for 9 days during which
CO2 concentrations were above 3,000 ppm. On day 10,
ventilation was increased and conditions were changed to
20 °C, 88 % RH and 1,000–1,200 CO2ppm. Mushrooms
were harvested for 3 weeks, and numbers of diseased mush-
rooms and weight of healthy mushrooms were scored.

Effect of 1-octen-3-ol on radial growth

Small blocks of PDA colonized by A. bisporus strain Sylvan
A15 or L. fungicola were excised from the edge of growing
colonies of both fungi. Single blocks were inoculated on
PDA in a two-compartment Petri dish (Greiner bio one,
Alphen aan de Rijn, the Netherlands). Thirty-microliter 1-
octen-3-ol, 1 ml saturated 1-octen-3-ol solution, or 1 ml of
10 or 100-fold dilutions was placed in the second compart-
ment of the Petri dishes (corresponding to 200, 20, 2, and
0.2 μmol 1-octen-3-ol, respectively). The dishes were sealed
with Parafilm and incubated at 20 °C. The radii of three
replicate colonies were determined after 1 week of
incubation.

Statistics

Data were analyzed using analysis of variance (ANOVA)
with a Tukey post hoc test (SPSS 16.0, IBM SPSS software,
Chicago, IL, USA). When data did not fit a normal distri-
bution or homogeneity of variance, non-parametric multiple
comparison with tied ranks was performed (Zar 1999).
Bacterial counts were log transformed before analysis.
Experiments were repeated with similar results except for
the experiments performed in a commercial setting which
was performed only once.

Results

Self-inhibition of spore germination in L. fungicola

The effect of volatiles produced by a colony of L. fungicola
on germination of its own spores was investigated. Spores of
L. fungicola germinated within 18 h on phosphate buffer in
the absence of a growing L. fungicola colony (data not
shown). In the presence of such a culture, germination of
spores was significantly reduced by 45 %.

Effect of 1-octen-3-ol on L. fungicola spore germination

In a two-compartment Petri dish, 20 μmol of 1-octen-3-ol
completely inhibited spore germination on water and
10 mM glucose, while on potato dextrose broth (PDB)
2 % of L. fungicola spores germinated (Fig. 1). Non-

germinating spores of L. fungicola that were exposed to
20 μmol 1-octen-3-ol for 18 h in the presence or absence
of glucose were dead, since they did not germinate after
transfer to fresh PDA (data not shown). 1-Octen-3-ol
(2 μmol) reduced L. fungicola spore germination on water
5-fold. Spore germination was reduced to a lesser extend
(55 % and 67 %, respectively) on 10 mM glucose or PDB
(Fig. 1). Lower amounts of 1-octen-3-ol did not affect
germination of L. fungicola spores.

Control of dry bubble disease with 1-octen-3-ol as a volatile

The effect of exposure of mushroom cultures to volatile 1-
octen-3-ol (47 mmolm−3 per 48 h) on dry bubble disease
was investigated. In non-exposed containers, disease inci-
dence was low (6.8 %) in the first flush, but increased to
58 % in the second flush (Fig. 2a). Consequently, infection
by L. fungicola did not significantly reduce the weight of
healthy mushrooms in the first flush, but did reduce the
weight of healthy mushrooms in the second flush (Fig. 2b).
In both the first and the second flush, continuous or temporal
exposure to 1-octen-3-ol completely suppressed disease
(Fig. 2a). In the first flush, cultures that were continuously
exposed to 1-octen-3-ol produced a significantly lower weight
of healthy mushrooms than the non-exposed, non-infected
cultures. Weight of healthy mushrooms in temporarily ex-
posed containers did not differ from non-exposed controls.
In the second flush, the weight of healthy mushrooms from
both temporarily and continuously exposed containers did not
differ significantly from the non-infected, non-exposed treat-
ment (Fig. 2b). However, the infected non-exposed treatment
produced significantly less healthy mushrooms than the
exposed cultures. The total number of mushrooms (both
healthy and diseased) per container did not differ significantly
between treatments.

No effect on the total number of culturable bacteria in the
casing was observed after 5 days of exposure to 1-octen-3-ol
(Fig. 3a). Continuous exposure for 12 days significantly
increased population densities and increased populations
were sustained after 19 days. In mushroom cultures that
were exposed to raise 1-octen-3-ol levels for the first 5 days
only, population densities had also significantly increased
after 12 days, but were significantly lower than after con-
tinuous exposure. After 19 days, population densities of the
temporarily exposed casings were no longer significantly
higher than those of non-exposed controls.

Population densities of fluorescent pseudomonads were
significantly increased by both continuous and temporary
exposure to volatile 1-octen-3-ol (Fig. 3b). The effect of
continuous exposure was significant on all sampling dates
and reached a maximum 100-fold increase over the control
treatment after 12 days of exposure. Temporary exposure
significantly increased population densities of fluorescent
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pseudomonads on days 5 and 12; but after 19 days, the
effect was no longer significant.

Application of 1-octen-3-ol in suspension to control dry
bubble disease

Because saturating large mushroom growth chambers
with volatile 1-octen-3-ol would require copious amounts
of 1-octen-3-ol, it was first tested if dry bubble disease
could also be controlled by applying 1-octen-3-ol in
water (1.25 % and 0.125 %w/v) in small incubators. In
the first flush, disease incidence was low; and although
1-octen-3-ol treatment reduced disease incidence, the ef-
fects were not significant (Fig. 4a). In the second flush,
disease incidence was 30 % in the control treatment.
Treatment with 1.25 % 1-octen-3-ol eliminated disease
incidence, whereas disease incidence after treatment with
0.125 % 1-octen-3-ol did not significantly reduce disease
incidence.

In the first flush, treatment with 1.25 % 1-octen-3-ol
reduced the weight of healthy mushrooms significantly,
whereas in the second flush, weight of healthy mushrooms

was significantly increased. Effects of 0.125 % 1-octen-3-ol
on weight of healthy mushrooms was in none of the cases
significant (Fig. 4b). In both flushes, the total numbers of
mushrooms (healthy and diseased) were not significantly
affected by 1-octen-3-ol treatments (Fig. 4c).

Effect of 1-octen-3-ol on dry bubble disease in a commercial
setting

The effect of 1-octen-3-ol on dry bubble disease was tested
in a large climate-controlled chamber mimicking commer-
cial mushroom cultivation. Treatment with 1.25 % 1-octen-
3-ol in water reduced the number of mushrooms with symp-
toms of dry bubble disease after three flushes significantly
(Fig. 5a). The reduction in disease incidence by the 1.25 %
1-octen-3-ol treatment was comparable to the disease reduc-
tion obtained by the standard treatment with Sporgon.
Treatments with more diluted 1-octen-3-ol did not affect
the number of diseased mushrooms significantly.

The weight of healthy mushrooms was significantly re-
duced after inoculation with L. fungicola (Fig. 5b). In the
first flush, both Sporgon and treatment with 1.25 % 1-octen-

A) B) C)

Fig. 2 Effect of exposure to volatile 1-octen-3-ol on a disease inci-
dence, b weight of healthy mushrooms, or c the total (diseased and
healthy) number of mushrooms. Mushroom cultures were not exposed
and inoculated with L. fungicola (gray bars), or not (diagonal stripes),
temporarily exposed and inoculated (black bars) or continuously ex-

posed and either (white bars) or not (horizontal stripes) inoculated with
L. fungicola. Bars represent the average of six replicates. Significant
(α=0.05) differences were determined by non-parametric multiple
comparison. Letters indicate significant differences in each flush. The
number of mushrooms did not differ significantly between treatments
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Fig. 1 Effect of 1-octen-3-ol on L. fungicola spore germination on
different media. Spore germination was determined after 18 h on sterile
water, 10 mM glucose or potato dextrose broth (PDB) in the presence

of different quantities of 1-octen-3-ol. Bars represent average germi-
nation after 18 h of 4 replicates. Error bars represent standard
deviation
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3-ol reduced the weight of healthy mushrooms significantly
(p<0.003 and p<0.001, respectively) compared to the inoc-
ulated control in the same room; however, this negative
effect was compensated in the second and third flush. The
total weight of healthy mushrooms after application of
1.25 % 1-octen-3-ol was not significantly different from
the non-inoculated control. Application of 1-octen-3-ol after
the first flush reduced the weight of healthy mushrooms that
were produced in the second and third flush. Mushroom that
had already partially formed at the time of 1-octen-3-ol
application discolored within a day.

Effect of 1-octen-3-ol on vegetative growth of L. fungicola
and A. bisporus

As colonization of the casing by A. bisporus appeared to be
retarded in 1-octen-3-ol treated mushroom cultures (data not
shown), the effect of 1-octen-3-ol on vegetative growth was
investigated. Vegetative growth of both A. bisporus and L.
fungicola on PDA was negatively affected by 1-octen-3-ol
(Fig. 6). Whereas 0.2 or 2 μmol 1-octen-3-ol did not affect
fungal growth, 20 μmol 1-octen-3-ol reduced growth of
both fungi and 200 μmol inhibited their growth completely.

Discussion

The volatile 1-octen-3-ol is a potent inhibitor of fungal growth
and spore germination. In P. paneum, this volatile is a self-
inhibitor that prevents spore germination at high spore densi-
ties (Chitarra et al. 2005). 1-Octen-3-ol also inhibits radial
growth of several fungi (Okull et al. 2003; Chitarra et al. 2005),
suggesting that it has a broad antifungal effect. 1-Octen-3-ol is
a major component of the volatiles that cause the typical smell
of the white button mushroom (Combet et al. 2006; Noble et
al. 2009). As germination of spores of L. fungicola is strongly
inhibited by 1-octen-3-ol, we investigated if exogenous appli-
cation of high concentrations of 1-octen-3-ol is effective in
controlling dry bubble disease.

Indeed, both continuous exposure to volatile 1-octen-3-ol
and exposure for only the first 5 days of mushroom cultiva-
tion were effective in controlling the disease. Continuous
exposure to 1-octen-3-ol negatively affected the formation
of mushrooms. It reduced the weight of mushrooms in the
first flush of mushroom cultures and the number of fruiting
bodies was also lower. In the second flush, however, mush-
room cultures continuously exposed to 1-octen-3-ol had
equal number and higher weight of mushrooms than the

A) B)

Fig. 3 Effect of 1-octen-3-ol exposure on population densities of a
total culturable bacteria or b Pseudomonas spp. Bars represent average
log of colony-forming unitsg−1 of casings that were not (white bars),

temporary (gray bars), or continuously (black bars) exposed to 1-
octen-3-ol. Letters represent significant (α=0.05) differences between
the treatments within a time point as determined through ANOVA

A) B) C)

Flush 1 Flush 2 Flush 1 Flush 2 Flush 1 Flush 2

Fig. 4 The effect of 0–1.25 % 1-octen-3-ol in water on a dry bubble
disease incidence, b average weight of healthy mushrooms per con-
tainer, or c average number of mushrooms (diseased and healthy) per
container. Mushroom cultures are treated with water (gray bars),

0.125 % 1-octen-3-ol (black bars), or 1.25 % 1-octen-3-ol (white bars).
Bars represent an average of 6 replicates. Significant (α=0.05) differ-
ences were determined by non-parametric multiple comparison. Letters
indicate significant differences in each flush
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non-exposed control treatment. It was observed that vegeta-
tive growth in the continuously exposed cultures was retard-
ed (data not shown) and that radial growth of A. bisporus
was inhibited by high levels of 1-octen-3-ol. Inhibition of
growth could explain the observed inhibition of fruiting
body formation by 1-octen-3-ol found by Noble et al.
(2009). The negative impact of 1-octen-3-ol on mushroom
yield was prevented by only exposing the mushroom cul-
tures for the first 5 days of the experiment. Apparently, the
casing layer acts as a buffer and protects the A. bisporus
mycelium that it covers. Treatment of infected mushroom
cultures with a 1.25 % suspension of 1-octen-3-ol in water
also significantly reduced the dry bubble disease in small-
scale mushroom incubators. Under culturing conditions
closely resembling commercial mushroom cultivation,
1.25 % 1-octen-3-ol was as effective as Sporgon, the
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Fig. 5 Effect of treatment with 0–1.25 % 1-octen-3-ol in water on a
the number of diseased and b the weight of healthy mushrooms in a
setting resembling commercial production of mushrooms. Mushroom
cultures were inoculated with L. fungicola on day 1 and treated on
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fungicide that is generally used by the industry to control
dry bubble disease (Gea et al. 2005; Berendsen et al. 2010).

1-Octen-3-ol could play a role in the ecology of the
interaction between A. bisporus and L. fungicola. The for-
mation of fruiting bodies in A. bisporus is inhibited by 1-
octen-3-ol, and this inhibition is lifted when 1-octen-3-ol
concentrations are lowered (Noble et al. 2009). Thus the fact
that this fungal pathogen can only infect the fruiting bodies
of A. bisporus (Calonje et al. 2000; Bernardo et al. 2004)
may coincide with 1-octen-3-ol levels in the mushroom
cultures. Germination of L. fungicola is postponed until
the levels of 1-octen-3-ol drop and fruiting body formation
starts. Germination of L. fungicola spores is inhibited by 1-
octen-3-ol; but on PDA or 10 mM glucose, the spores were
less sensitive. Thus when more nutrients are available, L.
fungicola is less affected by 1-octen-3-ol. Similarly, it was
shown that nutrients leaching from A. bisporus hyphae lift
inhibition of L. fungicola spore germination that is caused
by bacterial activity in the casing (Berendsen et al. 2012b).

The effect of 1-octen-3-ol on dry bubble disease may also
have been indirect by affecting microbial populations in the
casing. Noble et al. (2009) demonstrated that 1-octen-3-ol
exposure results in increased population densities of total
bacteria and Pseudomonas spp. in the casing layer. Also in
our study, exposure to 1-octen-3-ol, either continuous or
temporary, caused an increase in population densities of
total bacteria and Pseudomonas spp. Because spore germi-
nation of L. fungicola is inhibited by the casing’s microbial
population, a phenomenon known as fungistasis (Garbeva et
al. 2011; Berendsen et al. 2012b), an increase in bacterial
populations by 1-octen-3-ol could have consequences for
the casing’s pathogen-inhibiting potential.

It was also found that colonies of L. fungicola, the causal
agent of dry bubble disease, produce volatile metabolites
that inhibit the germination of L. fungicola spores. However,
static head-space analysis of growing L. fungicola colonies
showed that L. fungicola does not produce detectable levels
of 1-octen-3-ol (unpublished results) and it therefore seems
that some other Lecanicillium-produced compound is re-
sponsible for this self-inhibition.

L. fungicola is not the only pathogenic fungus that is
sensitive to 1-octen-3-ol. We observed that 1-octen-3-ol in-
hibits radial growth (on PDA) of the mushroom pathogens
Mycogone perniciosa and Trichoderma aggressivum and the
plant pathogens Rhizoctonia solani, Fusarium oxysporum f.
sp. raphani and Botrytyis cinerea (unpublished results).
Thus 1-octen-3-ol may be used to control a broad range of
fungal diseases both in mushroom and plant crops. Also, 1-
octen-3-ol has been shown to trigger a defense response in
Arabidopsis thaliana (Kishimoto et al. 2007). Combined
effects of induced defense responses and direct inhibition
by 1-octen-3-ol could result in robust effectiveness in con-
trolling fungal diseases in plants.

Recently, it was postulated that 3-octanone is the
main volatile produced by whole fruiting bodies of A.
bisporus (Combet et al. 2009). Noble et al. (2009)
found that, similar to 1-octen-3-ol, 3-octanone was pro-
duced by A. bisporus in compost and casing under
axenic conditions and was also detected at lower con-
centrations in non-axenic cultures. In the same study, 3-
octanone did not affect the formation of primordia. We
have found that 3-octanone does inhibit L. fungicola in
vitro (unpublished results). Given the effectiveness of
1-octen-3-ol in this study it seems worthwhile to also
study effects of 3-octanone on dry bubble disease in
vivo and its effects on growth of A. bisporus.

This study demonstrated that 1-octen-3-ol effectively
controls dry bubble disease. Although application of 1-
octen-3-ol can also negatively affect the production of
mushrooms, this can be prevented by applying 1-octen-3-
ol before the casing is colonized by A. bisporus. We showed
that 1-octen-3-ol and Sporgon are equally effective in con-
trolling dry bubble disease. 1-Octen-3-ol therefore has the
potential to be used as an alternative by mushroom growers
in treating dry bubble disease.
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