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Abstract The use of fungicides is common in mushroom
cultivation, but no study was carried out applying reduced
doses of fungicides in order to increase yield, taking account
the hormesis effect. The aim of this manuscript was to verify
the effects of different concentrations of fungicides to stimu-
late the productivity of different strains of Agaricus bisporus.
Two stages were developed, an in vitro study to define the
best concentration to be applied in the second experiment an
agronomic study, which consisted of the application of the
selected fungicides, in their respective concentrations, in an
experiment carried out in the mushroom chamber. Clearly,
the result of the hormesis effect on mushroom cultivation
can be verified. The results obtained in the 1st stage of the
study (in vitro) were not always reproduced in the 2nd stage
of the study (in vivo). The kresoxim methyl active ingredient
may be an important chemical agent, while strain ABI 15/01
may be an extremely important biological agent to increase
yield in the study of hormesis effects.
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Introduction

Environmental agents rarely produce a linear response in
biological systems. Regardless of whether it is sunlight, vita-
mins, or alcohol, there are qualitatively different responses
at low and high doses. High doses are generally harmful,
while low doses can be considered beneficial (Sagan 1991).

The term “hormesis” is of relatively recent origin.
According to Luckey (1982), hormesis was first used in
a 1942 publication to describe the stimulation of fungal
growth by low concentrations of a naturally occurring anti-
biotic substance found in tree bark which, at higher concen-
trations, suppresses fungal growth.

The evidence that a wide variety of synthetic and natu-
rally occurring agents are stimulatory at low doses is now
overwhelming. Calabrese et al. (1987) have collected evi-
dence of stimulation (of some form) from exposure to the
following agents: chloroform (five studies), essential trace
elements (five studies), pesticides (nine studies), heavy met-
als (13 studies), polychlorinated biphenyls (three studies),
antibiotics (eight studies), hydrocarbons (four studies), alco-
hols and oleates (four studies), miscellaneous (14 studies).

Among the pesticides mentioned previously, the use of
fungicides was verified. Fungicide is a term designated to
a substance that kills or inhibits the growth of fungi. In the
early 1800s, plant scientists and chemists began the long
journey to discover and invent fungicides that would reduce
disease losses (Klittich 2008). The first scientific studies on
the use of fungicides for the control of mushroom diseases
date back to 1950 (Yoder et al. 1951). The availability of
efficient fungicides for the mushroom industry is limited
not only by stricter regulations, but also by the fact that the
pathogen and the crop are both fungi (Gea et al. 2010).

In this sense, several studies have focused on adjusting the
ideal dose of fungicides for the effective control of several
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pathogens in mushroom cultivation, also taking into account
the emergence of fungicide resistance in pathogenic fungi
(Clough 2000; Grogan and Jukes 2003; Gea et al. 2010;
Kosanovic et al. 2015).

Although the use of fungicide is common in mushroom
cultivation, to our knowledge, no study has been carried out
applying low doses of fungicides in order to increase yield,
taking account the hormesis effect. Thus, the aim of this
manuscript was to verify the effects of different concentra-
tions of fungicides to stimulate the productivity of different
strains of Agaricus bisporus.

Materials and methods

The present manuscript was developed in two stages, an
in vivo study to define the best concentration to be applied
in the second experiment an agronomic study, which con-
sisted of the application of the selected fungicides, in their
respective concentrations, in an experiment carried out in
the mushroom chamber.

Selection of the fungicides

The fungicides were selected according to their active ingre-
dient and mode of action (product 1—carbendazim, product
2—tebuconazole, product 3—kresoxim methyl, and a com-
mercial mix of the previous active ingredient product 4—
carbendazim, tebuconazole, and kresoxim methyl, Table 1).
It should be noted that in different countries, mushroom
growers use a series of fungicides and not only those men-
tioned in this study. However, the doses used as reference are
the same as those used in the commercial cultivation of A.
bisporus to control Lecanicilium fungicola diseases (g of a.i
m~2). It is pertinent to point out that in some countries, these
fungicides are not recommended for commercial application
in mushroom cultivation by regulatory agencies.

Strains

The following strains of A. bisporus were used in the pre-
sent work: ABI 04/02, ABI 11/16, ABI 11/19, ABI 11/20,

ABI 15/01, and ABI 15/02. The strains ABI 04/02, ABI
11/16, ABI 11/19, ABI 11/20 were previously characterized
by Zied et al. (2015). The strains ABI 15/01 and ABI 15/02
were isolated by commercial growers of Mogi das Cruzes,
State of Sdo Paulo (April 2015), who had imported them
from the USA. The strains are deposited in the public culture
collection of Sao Paulo State University, Campus de Dra-
cena and accessible to other researchers who are interested
in continuing the present research.

First stage

The in vitro test was carried out using PDA (Difco, Law-
rence, USA) as a culture medium. To study hormesis effects,
the culture medium was mixed at different concentrations of
the fungicides (Table 1) in order to verify the reduction or
the stimulation in the mycelial growth of A. bisporus accord-
ing to the active ingredient (a.i.). The fungicides were dis-
solved in autoclaved distilled water and added as solutions
to molten sterile PDA to obtain the following concentra-
tions: 5500, 550, 55 and 5.5 ppm. All fungicide-amended
media were prepared 24 h before use. A 5-mm diameter
PDA plug was taken from the growing edge of the fungal
colony from each strain and transferred to the center of each
Petri dish containing PDA with its respective fungicide treat-
ment. The Petri dishes were incubated at 22 °C over a period
of 12 days. Mycelial growth was determined by measur-
ing two mutually perpendicular diameters after 12 days of
incubation.

Second stage

According to the results obtained in the 1st stage (in vitro)
of the project, and in order to verify the hormesis effect on
mushroom production, we selected the following concen-
trations of fungicides: product 2—-55 and 5.5 ppm, product
3-55 ppm, and product 4-5.5 ppm. The strains ABI 04/02,
ABI 11/16, ABI 15/01, and ABI 15/02 were selected for the
in vivo experiment in the mushroom chamber.

Spawns of each strain were produced on sterile sor-
ghum-based substrate (Sorghum bicolor) supplemented
with gypsum (160 g kg™!) and lime (20 g kg™!). All

Table 1 Description of general

o . Denomination ~Composition  Active ingredient ~Chemical group Dose a.i. Mode of action
characteristics and dose (a.i.) o ) o
applied for the growers in the &l (i) (gm™)
Z?;;::;imal cultivation of A. Product 1 500 Carbendazim Benzimidazol 0.0275 Systemic
Product 2 200 Tebuconazole Triazole 0.017 Systemic
Product 3 500 Kresoxim methyl  Strobilurin 0.015 Contact
Product 4 200 Carbendazim+ Benzimidazol+  0.025+ Systemic and contact
100 Tebuconazole+ Triazole+ 0.0125+
125 Kresoxim methyl  Strobilurin 0.01825
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preparation and sterilization procedures were done in
accordance with Zied et al. (2010, 2014).

The mushroom compost was provided by Compobras
Company, Castro, in the State of Parani. At the end of
Phase II, the compost exhibited 68% humidity, follow-
ing the quality indicators described by Zied et al. (2011).
We inoculated 4 kg of compost with 40 g of the respec-
tive spawn strain of A. bisporus; the compost was then
filled into a plastic box, pressed, and incubated at 25 °C
for 15 days. A loamy oxisol-alfisol was used as the cas-
ing soil. Soil pH was adjusted to 7.0 by adding calcium
carbonate (10 kg m~?) 20 days before casing. After this
period, soil moisture was adjusted to 30, and 20% (V/V)
wood charcoal (1-2 cm diameter) was mixed in. The mix-
ture was then pasteurized at 60 °C for 12 h. The casing
layer was added on top of the colonized compost until
it reached a height of 4 cm. Three days after casing, the
fungicides were applied according to their respective
concentrations.

During the first 8 days after casing, compost tempera-
ture was maintained at 25 °C, the atmospheric CO, con-
tent below 5000 ppm and the relative humidity at 95%. To
initiate primordia, temperature, CO, content, and humid-
ity were lowered to 19 °C, 1000 ppm, and 87%, respec-
tively. The mushrooms were harvested every day at their
optimal commercial stage of development, corresponding
to morphogenetic stages 2, 3, and 4 of the classification
established by Hammond and Nichols (1976). Mushroom
weight after stipe trimming (cut to remove the casing,
approximately 1.5 cm) and the total number of mushrooms
picked from each box were recorded daily. The yield was
calculated as fresh weight (fw) of mushroom divided by
fw of compost multiplied by 100 and expressed as % (Zied
et al. 2015).

Experimental design

In the first stage, four experiments were carried out, each
one using a fungicide (product 1, 2, 3, or 4) in a dou-
ble factorial design that consisted of 30 treatments (six
strains X four concentrations + control), with six replicates
(referring to a Petri dish). In the second stage, an experi-
ment in double factorial design that consisted of 20 treat-
ments (four strains X five products/concentrations), with
six replicates (a box with 4 kg of compost) was carried
out. The results are expressed as mean values + standard
deviations according to each variable analyzed in the 1st
(mycelial growth) and 2nd stage (yield, weight, and num-
ber of mushrooms) of the study. An ANOVA was used to
analyze the data, followed by the least significant differ-
ence (LSD) test at p < 0.05.

Results
First stage

Mycelial growth of A. bisporus was completely inhibited,
for all strains studied, by the products 2 and 4 in the con-
centrations of 5550 and 550 ppm. Product 3 caused a strong,
but not complete reduction of the mycelial growth at the
same concentrations, except for strain ABI 11/16, which was
completely inhibited for all tested concentrations. Product 1
caused a mild inhibition of mycelial growth in the concentra-
tions of 5550 and 550 ppm (Table 2).

A stimulatory effect was observed for the strains ABI
04/02, ABI 11/19, ABI 15/01, and ABI 15/02 at 55 ppm
of product 2, increasing mycelial growth by 2.5, 3, 1, and
14.5%, respectively, similar statistically with the control.
The same stimulatory effect of product 4 at 55 ppm was
observed for the strains ABI 15/01 and ABI 15/02, with an
increase of mycelial growth by 14.5 and 4.5%, respectively,
similar statistically with the control.

Product 2 was the only one that showed a stimulatory
effect on mycelial growth at a concentration of 5.5 ppm,
statistically significant differences for the strain ABI 15/02,
with an increase of 45.5%, and without significant dif-
ferences for the strains ABI 04/02 and ABI 11/19, with
increases of 9.0 and 10.2%, respectively, compared to the
control.

Second stage

Only the strain ABI 15/01 showed an increase of yield in the
Ist flush for all products and their respective concentrations,
with rates of increase ranging from 10.5 to 32.5%. Strains
ABI 04/02 and ABI 11/16 showed an inexpressive increase
of yield when products 2 and 4 were used at different con-
centrations. Strain ABI 15/02 showed a decrease of yield
during the 1st flush for all fungicide treatments (Table 3).
These results were not statistically significant, different from
the results obtained by the ABI 15/01 strain compared to
the other strains that showed high precocity and yield in the
Ist flush.

In the 2nd flush, product 2 (55 ppm) and product 4
(55 ppm) showed increases of yield for all strains. The
strain ABI 04/02 stood out in the second flush, showing an
increase in yield for all fungicide treatments. Similar results
were observed for the strain ABI 15/01, except for product 3
(55 ppm), and for ABI 15/02, except for product 2 (5.5 ppm).
Strain ABI 15/02 was significantly superior in the 2nd flush.

During the 3rd flush, strain ABI 04/02 kept producing
above the control, except for product 4 (55 ppm). The other
strains showed a lower yield or an inexpressive difference
compared to the control.
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Table 2 Mycelial growth (mm) of A. bisporus strains submitted of the application of different fungicides and their respective concentrations

(experiments 1, 2, 3 and 4)

55 ppm

5.5 ppm

Control

Strains 5550 ppm 550 ppm
(Mycelial growth, mm)
Product 1 ABI 04/02 17.00+2.73%B 20.57 +2.56°B
ABI 11/16 21.85+0.71°C 29.31+1.10°B
ABI 11/19 19.62+4.17°€ 30.48 +2.86* B
ABI 11/20 11.63+0.72°€ 9.73+4.28°€
ABI 15/01 21.53+3.823CP 27.11+5.19*8
ABI 15/02 17.11+2.26°P 26.10+1.05°€
Product 2 ABI 04/02 (0 08
ABI 11/16 0°¢ 0°¢
ABI 11/19 (0 08
ABI 11/20 08 08
ABI 15/01 08 08
ABI 15/02 0°¢ 0°¢
Product 3 ABI 04/02 5.20+2.25*P 7.37+2.64*P
ABI 11/16 098 0°B
ABI 11/19 4.83+1.77%C 5.46+0.98%C
ABI 11/20 1.47+0.65%P 2.48 +0.49%P
ABI 15/01 1.91+0.98%P 474+0.58®P
ABI 15/02 4.60+2.03%¢ 6.40+1.25%¢
Product 4 ABI 04/02 0B 08
ABI 11/16 08 08
ABI 11/19 08 08
ABI 11/20 08 08
ABI 15/01 0°¢ 0°¢
ABI 15/02 08 08

20.66+1.68°B
33.34+2.03*8
33.06+3.472AB
24.06+4.73%48B
26.07 +5.28% BC
30.21 +3.31%BC
36.23+17.1404
14.13+6.72°B
31.03+12.07°4
31.14 24704
39.31+13.1724
20.09 +3.48°AB
12.23+4.38°€
Oh B
10.54+2.90°B
11.09+1.38°€
12.42+3.55°¢
10.36 +0.86*AB
19.194+9.03°A
15.97 +5.99°B
26.04+8.69°4
39.20+1.30*4
33.81+£8.70*4
21.33+£2.8204A

29.03+3.764
32.68+6.01*8
33.04+3.022 4B
23.44+6.59°B
20.33 +5.40°P
31.39+3.772 4B
38.56+7.32%4
20.82+4.41°AB
33.19+8.3324
32.75+1.29%4
33.33+1.00**
25.50+1.420¢4
16.84+1.63%B
Oc B
12.09+3.40°B
16.20+4.44%B
18.18 +1.95B
9.76 +2.00° B
1420+2.73°A
15.50+6.55°B
26.10+6.20°4
36.19+3.5324
24.77+10.62°8
18.70 +£2.86°A

3049 +4.17°4
46.25+5.11*4
37.94+2.33%4A
35.65+6.22°4
39.69+2.95°4
35.39+5.39°4A
35.37+7.83®4
22.08+3.73°4
30.11+12.47°4
32.96+1.734A
38.93+1.4974
17.54+3.06°B
2591 +3.67°4
62.93+5.55%4
22.34+3.60°4
23.33+5.08%4
24.51+2.61%A
13.12+1.4344
19.55+ 1.46°4
20.40+3.40°4
29.14+4.69°A
39.96+1.29° 4
30.18+5.43%A8
20.40+2.59°4

Each value is expressed as mean + standard deviation (n=6). Values followed by different lower case letters within a column and upper case let-

ters within a line are significantly different at p <0.05

Total yield results were extremely interesting, high-
lighting the yield increase of ABI 15/01 strain for all fun-
gicide treatments, in the order of 10, 10.5, 23, and 19%,
respectively, for product 2 (55 ppm), product 2 (5.5 ppm),
product 3 (55 ppm), and product 4 (55 ppm). Strain ABI
15/02 was the only strain that showed a decrease of total
yield for all treatments tested in relation to the control.
Strains ABI 15/01 and ABI 15/02 were significantly supe-
rior to the other strains, and this result was evidenced in
the ABI 15/01 strain by the hormesis effect when the prod-
ucts were applied at a reduced dose.

The increase in total yield of the ABI 15/01 by strain
applying product 3 (55 ppm) and product 4 (55 ppm)
was due to the increase in the weight of the mushrooms
harvested and not due to the increase in the number of
harvested mushrooms. We also verified that product 4
(55 ppm) tends to increase the weight of the harvested
mushrooms, although without statistically significant dif-
ferences in any case.

@ Springer

Discussion

Our results clearly verified the hormesis effect on mushroom
cultivation. Although this is the first study, we can report
that there is a response in the physiological behavior of A.
bisporus as a function of the strain vs product vs concentra-
tion used. The results obtained in the 1st stage of the study
in vitro were not always repeated in the 2nd stage of the
study in vivo. The absence of a direct relationship between
the laboratory and the field test suggests that the effect of
fungicides on mycelial growth does not directly reflect in the
mushroom yield. Considering regular crops, the fungicide
yield concentration use do be pretty much higher than the
IC50 determined by in vitro tests (Reis et al. 2015).
According to the positive results obtained during the 1st
stage of the study, where the stimulation on mycelial growth
was verified, the strains ABI 04/02, ABI 15/01, and ABI
15/02 were selected for the experiment of mushroom pro-
duction. In a similar way, products 2 and 4 were selected
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Table 3 Cultivation of A. bisporus strains submitted of the application of different fungicides and their respective concentrations

Strain Product 2 55 ppm  Product 2 5.5 ppm  Product 3 55 ppm  Product 4 55 ppm  Control
Lst flush (yield, %) ABI04/02  14.25+8.09° 12.60+9.59* 11.03+8.16° 14.20+2.42° 14.00 + 6.62
ABI11/16  2.30+2.38° 2274220 0.05+0.10° 1.63+2.19° 0.80+1.79¢
ABI 15/01  18.95+3.33% 18.08 +5.16 21.70+3.93% 19.90+2.98° 16.37 +6.54*
ABI 15/02  7.24+6.14° 5.49+3.52° 7.02+3.82° 7.28+5.21° 9.24 +4.42°
2nd flush (yield, %) ABI 04/02  1.32+0.78° 1.58+0.82° 1.27+0.78° 1.12+1.68° 0.84+0.84°
ABI11/16  3.86+1.20° 2.34+0.48° 1.59+1.51° 3.00+1.74° 2.68+2.17°
ABI 15/01  4.46+3.26° 470+1.34° 2.93+1.51° 430+2.37° 3.44+3.06°
ABI 15/02  12.78 +5.09* 11.16 +£5.46* 12.87+0.92¢ 13.14+3.14° 12.03+4.29°
3rd flush (yield, %) ABI04/02  0.72+1.03%® 0.54+1.21° 0.50+0.77° 0.14+0.31° 0.4+0.89"
ABI11/16  0.20+0.43° 0.69 +0.94° 0.74+1.12% 0.59+£0.63% 1.51+1.10%®
ABI15/01  0.88+1.30% 1.71£1.49% 2.53+1.51° 2.15+1.91° 2.30+0.46
ABI 15/02  2.37+2.68 3.07+2.26* 1.31£0.90% 1.98+2.81° 2.26+1.62°
Yield (total, %) ABI 04/02  16.30+9.46° 14.73+£9.39° 12.80+8.91° 15.45+3.58° 15.23+7.55°
ABI11/16  6.36+1.96° 530+ 1.53¢ 2.38+2.54° 5.22+1.39¢ 5.00+3.16°
ABI 15/01  24.30+4.70° 24.48+537° 27.16 £3.12% 26.35+3.05" 22.11 +4.09%
ABI15/02  22.4+7.83® 19.72+7.37% 21.2+2.65a 22.40+3.57* 23.53+4.87*
Weight of mushroom (g) ABI 04/02 15.17+4.45°B 17.33 +6.46%AB 18.34+3.998AB 2218+ 56424 20.71+8.312AB
ABI11/16  7.68+4.61° 8.52+5.62° 7.46+4.85° 10.45+3.23° 10.31+3.55°
ABI 15/01 14.10+3.18? 13.78 +3.22% 16.64+5.99* 15.48 +3.62° 15.36 £9.74%
ABI 15/02 11.82+1.39%® 12.62 +1.64% 13.29 +2.59% 12.17+3.38° 13.33+2.41°
Number of mushrooms (uni) ABI 04/02 43+31%® 33421% 28+23° 27+12° 32+21°
ABI 11/16 19+12° 16+£13¢ 10+11° 18+5° 17+12°
ABI 15/01 62+ 16 67+25° 62+19* 63+18° 65+32°
ABI 15/02 68 +26" 56+22% 58+13* 67+13% 64 +25°

Each value is expressed as mean + standard deviation (n=6). Values followed by different lower case letters within a column and upper case let-

ters within a line are significantly different at p<0.05

due to the positive results obtained in the concentrations of
55 and 5.5 ppm. Strain ABI 11/16 and product 3 (concen-
tration of 55 ppm) were also selected because none showed
a stimulus on mycelial growth; therefore, they were used
to check for a hormesis effect on in vivo cultivation. In
this sense, we named them as test agents. The higher total
yield (27.16%) was observed with ABI 15/01 and product 3
(55 ppm, a.i. kresoxim methyl). This strain showed a slight
increase in mycelial growth, but only for product 2 (55 ppm),
while product 3 (test agent) did not show any stimulation on
mycelial growth for any strain. These results suggest dif-
ferent physiological responses regarding mycelial growth
and mushroom yield. In a similar way, the fastest mycelial
growth on the mushroom substrate not always results in
higher mushroom yield (Siwulski et al. 2010).

The highest stimulus on mycelial growth was verified in
the combination of strain ABI 15/02 and product 2/5.5 ppm
concentration, with an increase of mycelial growth in the
order of 45.5% compared to the control. However, when this
same combination was tested, a negative effect was observed
in the in vivo experiment, with a reduction of 16% on mush-
room yield compared to the control.

Considering an in vivo experiment, several factors may
contribute directly to the quantitative results involved in
mushroom production. Among different factors, we can
highlight chemical, physical, microbiological, and envi-
ronmental factors and their interactions with compost,
casing layer, and strains (Mamiro and Royse 2008; Royse
and Chalupa 2009; Pardo et al. 2010; Pardo-Gimenez et al.
2016), besides low doses of pesticides, such as those used
in this work. The ideal time for application of the fungicides
remains as another important subject for future research,
either 2, 4, 6, or 8 days after casing. It might also be advis-
able to apply the fungicides between the flushes.

The use of pesticides, such as fungicides, acaricides,
and insecticides, is a common practice in the cultivation of
A. bisporus, which places this products between the list of
highest number of pesticides registered by the regulatory
agencies for commercial mushroom cultivation. However,
the objective of this manuscript was not to control any pest/
disease, but to verify the effect of the application of reduced
doses of fungicides on the physiological behavior of A.
bisporus. Perhaps this is a tool or alternative to carry out an
experiment involving a pest/disease and reduced doses of
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pesticides, to check the effect of the product on the physi-
ological behavior of the mushroom to increase yield and the
possible reduction of the pest/disease.

The active ingredient of the product probably has a direct
relation with the physiological response of the mushroom.
During the first stage, mycelial growth was affected by prod-
ucts 2 (tebuconazole) and 4 (all a.i.), while in the second
stage, the most expressive effect on the mushroom yield was
observed for product 3 (kresoxim methyl—test agent), fol-
lowed by product 4 (a.i., including kresoxim methyl). There-
fore, we may conclude that tebuconazole was more effec-
tive in positively affecting mycelial growth, while kresoxim
methyl was more effective in positively affecting mushroom
yield. Besides that, strain ABI 15/02 was most positively
affected by the fungicide treatment, followed by ABI 15/01,
concerning mycelial growth. On the other hand, considering
mushroom yield, strain ABI 15/01 was the most positively
affected by the fungicide treatment, while ABI 15/02 was not
positively affected or showed a decrease of mushroom yield.
Therefore, strain ABI 15/01 may be a very useful model for
futures hormesis studies.

Although the hormesis effect is known in medicinal,
pharmacological, and agronomical science, it has no practi-
cal definite application for technological development on
mushroom cultivation. Further studies should be performed
to clarify the mechanisms of the hormesis effect, such as
transcriptome analysis, to better understand the process and
to suggest an adequate management strategy for commercial
production of A. bisporus.
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