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Abstract
Cultivated mushroom, Agaricus bis-
porus strain Sylvan A15, is susceptible to 
a range of fungal diseases. The important 
fungal diseases of A. bisporus are cobweb 
(Cladobotryum dendroides); dry bub-
ble (Verticillium fungicola); wet bubble 
(Mycogone perniciosa) and trichoderma 
green mould, caused by several species 
of Trichoderma. The fungicides avail-
able to control these diseases are limited 
because the crop itself is a fungus. The 
present study is the fi rst from Australia 
to report on the yield response of a com-
monly grown hybrid strain of A. bisporus 
to the different application methods of 
fungicides. The study investigated ima-
zalil, a new fungicide, in comparison with 
carbendazim and manganese prochlo-
raz. The fungicide application methods 
used were: applied to spawn or casing 
or drenched onto casing in split applica-
tions. There were no signifi cant effects 
of the different fungicides or application 
methods on the total yield of A. bisporus. 
Imazalil could be used as an alternative 
to carbendazim, which is currently under 
review by Australian Pesticides and Vet-
erinary Medicine Authority.

Key words: Spawn treatment, drench-
ing, fungicides, cultivated mushrooms.

Introduction
The cultivated mushroom, Agaricus bis-
porus, is susceptible to many fungal 
pathogens. The important fungal diseases 
are dry bubble (Verticillium fungicola), tri-
choderma green mould, caused by several 
species of Trichoderma, cobweb (Cladobotry-
um dendroides) and wet bubble (Mycogone 
perniciosa). Fungal diseases are controlled 
by the use of cultural practices, sanitation 
and chemicals. Smith (1924) suggested 
1.5% copper sulphate for the control of M. 
perniciosa. Bordeaux mixture, a combina-

tion of copper sulphate and hydrated lime, 
was recommended for the control of V. 
fungicola (Beach 1937) but Kligman (1950) 
reported it to be ineffective. Among other 
chemicals, dithiocarbamate fungicides 
(zineb and mancozeb) were fi rst used in 
the 1950s to control dry bubble disease 
and were continually used on mushrooms 
up until 1970 (Fletcher 2002). 

The benzimidazole fungicides were 
developed in the late 1960s and early 
1970s and were quickly adapted for use 
on mushrooms against fungal pathogens. 
Benomyl was the fi rst of this group of 
fungicides to be used on mushrooms in 
1970 (Snel and Fletcher 1971, Holmes et al. 
1971). Initially the use of benomyl caused 
a sharp decline in the incidence of dry 
bubble disease but there were widespread 
reports of fungicide resistance in V. fungi-
cola by 1974 (Fletcher and Yarham 1976). In 
Australia, benomyl and thiabendazole re-
sistance among isolates of V. fungicola was 
fi rst reported in 1987 (Nair and Macauley 
1987). In the early 1980s a new fungicide, 
manganese prochloraz, was introduced to 
the mushroom industry and proved high-
ly effective against Verticillium, Mycogone 
and Dactylium (= C. dendroides) (van Zaay-
en and van Adrichem 1982, Fletcher et al. 
1983, Gea et al. 2005). Allan et al. (2008) 
reported isolates of V. fungicola collected 
from Australian mushroom farms were 
more tolerant of carbendazim than man-
ganese prochloraz.

The pure culture of mushroom myc-
elium growing on a solid substrate such 
as cereal grain is referred to as ‘spawn’. 
The spawn grain is an important food 
source for pathogens and very susceptible 
to green mould caused by Trichoderma spp. 
One trichoderma-inoculated mushroom 
spawn grain in a 45 kg tray of compost 
reduced yield by 12 to 46% (Grogan et al. 
1996). Effective control of Trichoderma can 

be achieved by treating the spawn grain 
with fungicide prior to use (Fletcher and 
Gaze 2008). Treatment of spawn with an-
other benzimidazole fungicide, thiophen-
ate methyl (Topsin® M) is common prac-
tice in North America to prevent major 
crop loss due to T. aggressivum (Romaine et 
al. 2007). Carbendazim applied to spawn 
grains gave the best control against Tri-
choderma compared to other fungicidal 
treatments (Grogan et al. 1996). However, 
the treatment of spawn with fungicides 
before incorporation into compost is not 
yet practiced in Australia.

In commercial mushroom production, 
when the compost has been colonized by 
the mushroom mycelium (introduced to 
the compost as spawn), it is covered with 
a casing layer. The casing layer is a mix-
ture of peat and lime. The function of the 
casing layer is broadly defi ned as ‘to in-
duce sporophore production in quantity’ 
(Flegg 1956). The casing surface provides 
the fi rst point of entry for airborne patho-
gen spores. An effi cient way to get even 
incorporation of fungicides throughout 
the casing layer is by adding the chemical 
to the water used in preparing the casing 
layer (Clift and Terras 1992). Grogan et 
al. (2000) reported that when manganese 
prochloraz was incorporated into the cas-
ing, the levels of the fungicides declined 
with time such that <25% of the active in-
gredient applied (110 g a.i. 100 m−2) was 
recovered 21 days later. At this low con-
centration (<9 ppm a.i.) it is likely that 
disease establishment will occur (Grogan 
et al. 2000). Fungicidal incorporations into 
casing generally become ineffective by the 
third fl ush of the mushroom crop. Anoth-
er common method for the application of 
fungicide is drenching onto the surface of 
the casing layer. Persistence is improved 
if the same total amount of active ingredi-
ent is applied spread over two treatments, 
the fi rst one at the time of casing and the 
second application after the fi rst fl ush of 
mushrooms (Grogan et al. 2000). Drench-
ing of fungicides in split applications is 
considered effective to prevent infection 
by airborne spores of fungal pathogens 
(Clift et al. 2004). 

To provide effective control of fungal 
pathogens, a fungicide must be applied 
at the right time and in the right place 
(Fletcher 2002). Fungicides used in the cul-
tivation of mushrooms are selective fun-
gicides which aim to suppress the fungal 
pathogen without signifi cantly reducing 
the yield of the crop. For example, chlo-
rothalonil applied as a drench reduced in-
cidence of V. fungicola by up to 90%. How-
ever, chlorothalonil was toxic to the culti-
vated mushrooms when incorporated into 
the casing (Gandy and Spencer 1976).

Clift and Terras (1991) examined the my-
cotoxic effects of pesticides, including two 
fungicides benomyl and thiabendazole, 
on two standard and six hybrid strains of 
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A. bisporus in the Australian mushroom 
growing system. They reported that the 
strains of A. bisporus responded differ-
ently to the pesticide formulations when 
the treatments were done by incorpora-
tion into casing. This was the last study 
reported on fungicides in Australia. 

The Australian Pesticide and Veteri-
nary Medicine Authority (APVMA) has 
initiated a review of carbendazim and 
thiophanate-methyl, the registrations of 
products containing carbendazim or thi-
ophanate-methyl, and the approvals of all 
associated labels because of occupation-
al health and safety, residue and public 
health concerns. This action was based on 
advice from the Offi ce of Chemical Safety 
(OCS) that exposure to carbendazim and 
compounds that can form it (namely, 
benomyl and thiophanate-methyl) could 
cause developmental abnormalities in ex-
perimental animals and hence might pose 
a potential public and occupational health 
and safety risk (APVMA 2007). 

The fungicides available for control of 
the fungal pathogens are limited not only 
by government regulations but also the 
biological similarity of the pathogen and 
host species (Bonnen and Hopkins 1997). 
There have been no new approvals of 
fungicides for use on mushrooms in any 
country since the early 1980s with the in-
troduction of prochloraz manganese. Re-
lying on one fungicide could lead to fun-
gicide resistance. There is a strong need to 
develop alternate fungicides to be used for 
mushroom cultivation. The availability of 
new fungicides in the Australian mush-
room industry is also required due to the 
current review of carbendazim.

Imazalil is an imidazol plant fungicide 
that was fi rst evaluated in 1977 and has 
been reviewed several times up to 1989 
(IPCS – INCHEM 2008). Romaine et al. 
(2007) were the fi rst to report the effi cacy 
of imazalil against a highly benzimidazole 
resistant, pathogenic Trichoderma aggressi-
vum genotype without a measurable toxic 
side effect on the American mushroom 
crop. The present study is the fi rst from 
Australia to report on the yield response 
of a commonly grown hybrid strain of A. 
bisporus to imazalil in comparison with 
carbendazim and manganese prochloraz. 
The study also investigated the effect of 
different application methods of fungi-
cides (applied to spawn or incorporated 
into casing or drenched onto casing in 
split applications) on the total mushroom 
yield.

Materials and methods
A short description of the prominent fea-
tures and terminology related to commer-
cial mushroom production are outlined in 
Figure 1. 

The fungicides used were manganese 
prochloraz (Octave, 500 g kg−1 WP, Avent-
is Crop Science Pty Ltd, Hawthorn East, 

Figure 1. Diagrammatic representation of the process of commercial 
mushroom production (a) Phase I, initial composting of raw ingredients 
(7–33 days 75°C); (b) Phase II, a pasteurization process to produce an 
Agaricus bisporus-selective compost which is followed by cool down (4–8 
days 65–53°C); (c) spawn-run, colonization of compost by A. bisporus 
mycelium (14 days 25°C); (d) casing, addition of moist peat-lime layer to 
induce sporophore production and (e) pre-cropping or pinning, mycelial 
growth through compost and casing layer concluding in production of 
pinheads (20 days 25°-18°C); (f) cropping period, production of mushrooms 
(28 days 18°C) (adapted from White 1997).

Victoria), carbendazim (Howzat, 500 
mL L−1 SC, Farmoz Pty Ltd, St Leonards, 
NSW) and imazalil (Magnate WG, 750 g 
kg−1, Farmoz Pty Ltd, St Leonards, NSW). 
Rates of fungicides and application meth-
ods used are presented in Table 1.

Cultivation of A. bisporus
The commonly grown white hybrid strain 
of A. bisporus, Sylvan A15, was used. 
The pasteurized compost was obtained 
from Gromor Pty Ltd, Singleton, NSW. 
Normally the compost is spawned at the 

(a) (d)

(b) (e)

(c) (f)

Table 1. Rates of fungicides and application methods used in the 
experiments.
Fungicides Incorporation 

with spawn 
treatment 

(one application)

Incorporation 
with casing 
treatment 

(one application)

Drenched onto 
casing treatment

(two applications)

Manganese prochloraz – 3 g m−2 1.5 g m−2

Carbendazim 0.25 mL m−2 1 mL m−2 0.5 mL m−2

Imazalil 1.33 g m−2 2 g m−2 1 g m−2
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Carbendazim applications, incorporat-
ed into either spawn or casing or drenched 
onto casing in split applications, also had 
no signifi cant effect on total mushroom 
yield (F = 2.06, df = 3, 40; P = 0.120, Figure 
3). The yield in the second fl ush was lower 
than the fi rst and third fl ushes (F = 128.95, 
df = 2, 80; P <0.001). Yield in the fi rst fl ush 
was greater from the carbendazim incor-
porated into casing treatment than from 
the control (F = 2.96, df = 3, 40; P = 0.043). 
There was no consistent treatment effect 
within second fl ush (F = 1.24, df = 3, 40; P 
= 0.305) and third fl ush (F = 2.27, df = 3, 40; 
P = 0.094). The change in treatment effects 
between fl ushes produced a signifi cant 
treatment × fl ush interaction (F = 2.32, df 
= 6, 80; P = 0.040).

Imazalil applications, incorporated into 
either spawn or casing or drenched onto 
casing in split applications, caused no sig-
nifi cant reduction in total mushroom yield 
(F = 0.351, df = 4, 31; P = 0.84, Figure 4). 
Yield in the third fl ush was lower than the 
fi rst and second fl ushes (F = 59.744, df = 
2, 62; P <0.001) but the treatment × fl ush 
interaction was not signifi cant (F = 0.841 
df = 8, 62; P = 0.569). There was no con-
sistent treatment effect within fi rst fl ush 
(F = 0.77, df = 4, 31; P = 0.551) and second 
fl ush (F = 0.31 df = 4, 31; P = 0.866). Within 
the third fl ush yield was lower from the 
drench treatment than the casing incorpo-
ration treatment although this difference 

Figure 2. Mean yield (±SE) for each fl ush and mean total yield (±SE) for 
manganese prochloraz. MnPz Inc. = manganese prochloraz incorporated 
into casing; MnPz W = manganese prochloraz drenched onto casing. 
Different letters above grouped bars indicate signifi cant differences 
between treatments within a fl ush (Tukey’s HSD, P <0.05) and on total 
yields between treatments. 
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compost yard via a spawning machine that 
ensures even mixing of spawn through-
out the compost as used for manganese 
prochloraz experiment. For carbendazim 
and imazalil treatments applied to spawn, 
pasteurized but un-spawned compost 
was obtained from the same compost 
yard. Spawning was done manually at 
the Marsh Lawson Mushroom Research 
Unit (MLMRU), the University of Sydney. 
The compost was delivered in the form 
of blocks, wrapped in plastic, measuring 
380 × 600 × 200 mm and weighing 18 kg 
± 1.5 kg each. Each block was placed into 
a crate of the same size and placed on the 
shelves in the growing room. Each experi-
ment was laid out in a balanced factorial 
design (n = 6 replicates per treatment). The 
growing crates were kept in this room at 
25°C, 95% relative humidity and 3000 ppm 
CO2 concentration. 

The fungicides carbendazim and ima-
zalil were incorporated into the spawn us-
ing pasteurized, un-spawned compost that 
was delivered to MLMRU. Spawning was 
done on the same day that the compost 
was delivered. For the spawn incorpora-
tion treatment, the fungicides were diluted 
in 20 g of gypsum (Gypsum, Manutec Pty 
Ltd, Australia) and then incorporated into 
200 g spawn. The gypsum assisted with 
even incorporation of the fungicide into 
the spawn grains (Fletcher and Gaze, 2008). 
Treated spawn (40 g per crate) was thor-
oughly mixed into the compost by hand. 
Spawn for the control (no fungicide) treat-
ment was incorporated with gypsum only. 
The spawn was prepared in the same man-
ner as the control treatment for the casing 
incorporation and drenched onto casing 
treatments. For the manganese prochlo-
raz experiment, spawn was incorporated 
into compost mechanically (according to 
standard commercial practice). 

After two weeks, the casing layer con-
sisting of moist neutralized peat moss was 
applied to all treatments. The incorpora-
tion of fungicides into casing was done us-
ing a ribbon mixer before the casing layer 
was applied to the compost. Environmen-
tal conditions were maintained at 25°C, 
95% relative humidity and 3000 ppm CO2 
concentration for another 7–10 days. After 
the onset of pinning, the temperature was 
reduced from 25 to 17–18°C and CO2 con-
centration from 3000 ppm to 600 ppm over 
a seven hour interval. For drench treat-
ments, the fi rst application of the fungi-
cide was done at fresh air which is usually 
7–9 days after application of the casing 
layer. The second fungicide treatment was 
applied after the fi rst fl ush of mushrooms 
had been picked. The fungicides were 
mixed in 1.5 L water and drenched onto 
casing at a rate of 250 mL per crate for each 
application. A shake bottle was used to en-
sure even application. Harvesting began 
16–19 days after casing and continued for 
three weeks. 

Statistical analysis 
All data analysis was conducted using 
STATISTICA software (StatSoft Inc. 2005). 
Mushroom yield data were subjected 
to repeated measures ANOVA to detect 
changes between fl ushes and treatments 
over time and one-way ANOVA was used 
to detect treatment effects on total yield. 
One-way ANOVA was also used to de-
tect treatment effects within individual 
fl ushes. Tukey’s Honestly Signifi cant Dif-
ference was used to separate means for the 
appropriate treatment or fl ush.

Results
Application of manganese prochloraz, 
either by incorporation into or drenching 
onto casing, did not cause any signifi cant 
reduction in total mushroom yield (F = 
0.35, df = 2, 22; P = 0.705, Figure 2). Yield 
per fl ush declined over time for all treat-
ments (F = 380.20, df = 3, 66; P <0.001). In 
the fi rst fl ush, yield from the drench treat-
ment was the least of the three treatments. 
However, yield from the drench treatment 
was highest in the second and fourth fl ush-
es, which probably accounts for the signifi -
cant treatment × fl ush interaction (F = 2.49, 
df = 6, 66; P = 0.031). There was no consist-
ent treatment effect within fi rst fl ush (F = 
2.77, df = 2, 22; P = 0.178), second fl ush (F 
= 1.86, df = 2, 22; P = 0.178), third fl ush (F 
= 0.48, df = 2, 22; P = 0.621) or fourth fl ush 
(F = 2.51, df = 2, 22; P = 0.104).
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was only marginally signifi cant (F = 0.48, 
df = 4, 31; P = 0.055). 

Discussion 
In Australia, manganese prochloraz is 
available to control benzimidazole resist-
ant V. fungicola (Nair and Macauley 1987). 
This study demonstrates that manganese 
prochloraz does not have mycotoxic ef-
fects on yield of A. bisporus hybrid strain 
Sylvan A15 when incorporated into casing 
or applied as a drench. This is similar to 
the work done by van Zaayen (1983) us-
ing a different commercially grown strain 
of A. bisporus. The volume of water used 
in a fungicide drench is very important. 
For example, manganese prochloraz is 
most effective against pathogens when 
applied using 90 L of water per 100 m2 of 
mushroom growing bed, rather than the 
180 L of water recommended in the United 
Kingdom (Grogan et al. 2000). The present 
study used 100 L of water per 100 m2 of 
mushroom growing bed with no mycotox-
ic effects on the total yield of A. bisporus.

Although the mushroom industry 
in Britain relied heavily on manganese 
prochloraz for the control of incidents of 
V. fungicola until 2000 (Grogan et al. 2000), 
there had been reports of V. fungicola on 
their farms despite the use of manganese 
prochloraz. Spanish mushroom farms 
used manganese prochloraz against V. 
fungicola from 1985 to 1992 when a greater 
incidence of the disease was observed 
despite use of the fungicide (Bernardo et 
al. 2002). A survey of the Verticillium sp. 
isolates from mushroom farms in the UK 
conducted in 1997 found two distinct 
populations of the pathogens. These iso-
lates were tested in vitro against Sporgon® 
(Prochloraz) 50WP. Isolate 182 represented 
the weakly resistant population while iso-
late 620 represented the more sensitive 
population. Sporgon® gave good control 
of both pathogens. Untreated control pots 
inoculated with isolate 620 showed a high-
er disease incidence than the isolate 182 
indicating that while isolate 620 was more 
sensitive to Sporgon®, it was the more vir-
ulent pathogen (Grogan et al. 2000, Keeling 
et al. 1999). This raised concerns about the 
use of manganese prochloraz around the 
world. So far no manganese prochloraz 
resistance has been reported from mush-
room pathogens in any part of Australia 
(Allan et al. 2008). 

In Australian commercial mushroom 
production systems, the average mush-
room yield is 30 kg m−2 of mushroom grow-
ing bed (Clift unpublished data). The total 
yield in the manganese prochloraz experi-
ment was comparable to commercial pro-
duction (e.g. control = 28.4 kg m−2, manga-
nese prochloraz watered on = 28.7 kg m−2). 
However the total yield of all treatments in 
the carbendazim and imazalil experiments 
was lower than expected from commer-
cial production (e.g. carbendazim control 

Figure 3. Mean yield (±SE) for each fl ush and mean total yield (±SE) for 
carbendazim. Cbz Inc. = carbendazim incorporated into casing; Cbz W = 
carbendazim drenched onto casing; Cbz S = carbendazim incorporated into 
spawn; S control = spawn control. Different letters above grouped bars 
indicate signifi cant differences between treatments within a fl ush (Tukey’s 
HSD, P <0.05) and on total yields between treatments. 
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Figure 4. Mean yield (±SE) for each fl ush and mean total yield (±SE) 
for imazalil. Imz Inc. = carbendazim incorporated into casing; Imz W = 
carbendazim drenched onto casing; Imz S = carbendazim incorporated into 
spawn; S control = spawn control. Different letters above grouped bars 
indicate signifi cant differences between treatments within a fl ush (Tukey’s 
HSD, P <0.05) and on total yields between treatments.
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= 12.48 kg m−2 or imazalil control = 17.48 
kg m−2). This may be due to the manual 
incorporation of spawn that was neces-
sary for these experiments. Normally the 
compost is spawned at the compost yard 
via a spawning machine that ensures even 
mixing of spawn throughout the compost 
(as used for the manganese prochloraz ex-
periment). Despite the general reduction 
in yield across all treatments, application 
of carbendazim or imazalil did not affect 
A. bisporus when applied as a drench or 
incorporated into either spawn or casing. 
In Australia, carbendazim is used under 
a permit for minor use by the mushroom 
industry. In vitro, carbendazim increased 
the yield of A. bisporus and was more effec-
tive against T. harzianum compared with 
the control and treatment with benomyl 
(Danesh and Goltapeh 2006). 

Carbohydrate-rich spawn grains also 
require protection from fungal pathogens 
because they serve as an immediate nu-
trition supply for Trichoderma infections 
(Fletcher and Gaze 2008). Incorporation 
of manganese prochloraz with spawn has 
not yet been tested, possibly because it 
was developed initially to control benz-
imidazole resistant strains of V. fungicola 
– this is a pathogen of the sporophore and 
not the mycelium (Fletcher et al. 1983). In 
Australian mushroom growing systems, 
manganese prochloraz is allowed to be 
used only as a drench in split applications 
under a permit for minor use. If manga-
nese prochloraz is shown to be effective 
when incorporated with spawn, it would 
be an additional option for management 
of fungal pathogens in mushroom crops. 

The biological similarity of the patho-
gen and host species, and government reg-
ulations limit availability of fungicides for 
control of fungal pathogens in cultivated 
mushrooms (Bonnen and Hopkins 1997). 
Since the early 1980s with the introduc-
tion of manganese prochloraz, there have 
been no new approvals of fungicides for 
use on mushrooms in any country. With 
carbendazim under review by APVMA, 
relying on one fungicide i.e. manganese 
prochloraz, is likely to promote develop-
ment of fungicide resistance. Our results 
indicate that imazalil does not reduce 
yield and agree with the fi ndings of Ro-
maine et al. (2007) that it has no measur-
able side effects on yield in American 
mushroom crops. They also reported that 
imazalil provided effective control against 
the highly pathogenic T. aggressivum geno-
type. The effectiveness of imazalil against 
Trichoderma sp. is the subject of experimen-
tal trials in Australia.

Yield of the commonly grown A. bis-
porus strain Sylvan A15 was not affected 
by manganese prochloraz when incor-
porated in or drenched onto the casing. 
Yield was also not affected by imazalil or 
carbendazim when incorporated in either 
spawn or casing, or drenched onto casing. 

If imazalil proves to be effective for control 
of Trichoderma sp. then it offers an alter-
native fungicide treatment for Australian 
mushroom crops. 
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