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Abstract Casing layer is one step of Agaricus bisporus
cultivation where there is a competitive environment with a
high number of microorganisms and diversity interacting
with mycelia. It is suggested that a minimal community of
these microorganisms would be necessary to stimulate
fructification. However, A. bisporus is not able to produce
primordia in sterile casing layers or Petri dishes. Thus, the
objective of this study was to characterize bacterial micro-
biota of casing layers from A. bisporus cultivation, isolate,
identify and characterize the bacteria responsible for the
stimulation of primordium and their action mechanism using
Agaricus bitorquis as a primordium stimulation model.
Bacterial and Pseudomonas spp. communities of different
casing layers of A. bisporus cultivation were collected and
quantified. It was concluded that Pseudomonas spp. corre-
sponds to 75-85 % of bacterial population of the casing
layers in A. bisporus cultivation and among those 12 % are
Pseudomonas putida. Four biochemical assays were used to
identify P. putida. In vitro primordium stimulation of living
P. putida and non-living bacterial suspensions, after chem-
ical or physical treatments, was tested using A. bitorquis as a
primordium stimulation model. Primordium stimulation
assay was registered by photographs, and micrographs of
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vertical cut of primordium were registered by scanning
electron microscope. Interaction of living P. putida with A.
bitorquis mycelia is capable of stimulating primordial
instead of non-living bacterial suspensions. Stimulation of A.
bitorquis primordia does not imply or is related to mycelial
growth inhibition, but a hierarchical relation of primordium
succession and development is suggested.

Introduction

Casing layer is one step of Agaricus bisporus (J. E. Lange)
Imbach cultivation in which peat, soil, and/or other alter-
native materials are placed on colonized compost to stimu-
late fructification and the developing basidiocarps; without it
there would be a drastic decrease of basidiocarps [13, 17, 25,
27, 35] or no basidiocarp formation. This competitive
environment has a high number of microorganisms and
diversity interacting with mycelia and it is suggested that a
minimal community of these microorganisms would be
necessary to stimulate fructification [7, 8, 13, 15, 18, 30, 31,
39, 40]. Also, there is no fructification under axenic culti-
vation or sterile casing layer in A. bisporus cultivation [9,
24]. However, Wood [42] was able to mimic microbial
fructification stimulus under axenic cultivation in a sterile
environment with sterile active coal as casing layer.
Pseudomonas genus, specifically Pseudomonas putida
(Trevisan) Migula, has been reported as a stimulator of A.
bisporus fructification [6, 8, 18, 19, 31, 43]. However, it is
not clear if the stimulus of fructification results from bio-
compounds excreted by a microorganism, stress due to the
presence of microorganisms in the cultivation [15, 16, 40,
42] or a combination of them. If it was a combination of
variables, it would be difficult to isolate which one would
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be responsible for stimulation, especially in casing layers
based on peat moss that have a variable composition [14].
It makes the fructification stimulation process and the
relationship of casing layer microbiological properties a
challenging study. Therefore, stimulation and formation of
primordia have not yet been clearly described and under-
stood [4, 11].

Several methods to stimulate primordia in vitro under
sterile conditions were described by Eger [9], Eger [10],
Hume and Hayes [19], Long and Jacobs [23], Peerally [29]
and Rainey and Cole [31]; however, they are laborious and
time-consuming to be implemented, and some of them did
not show consistent results [31, 42]. Agaricus bitorquis
(Quél.) Sacc. [37], a species which is morphologically
similar to A. bisporus but produces primordia in Petri dishes
[33], has been used to study some cytological and bio-
chemical events of primordium stimulation [32]. Therefore,
it is a model species to analyze in vitro formation of pri-
mordia by stimulating bacteria in order to select potential
primordium stimulating bacteria for A. bisporus cultivation
and evaluate primordium stimulation process. Thus, the
objective of this study was to characterize bacterial
microbiota of casing layers from A. bisporus cultivation,
isolate, identify and characterize the bacteria responsible
for the stimulation of primordium and its action mechanism
using A. bitorquis as a primordium stimulation model.

Materials and Methods
Casing Layers

The casing layer formulations were milled brown Irish moss
peat (MBIM) + chalk (8:1), coded as CL1; used rockwool
(UR), discarded after tomato production in a green-
house + chalk (8:1), coded as CL2; UR + MBIM + chalk
(6:2:1), coded as CL3; MBIM + ground dried pasteurized
compost (MC) + chalk (6:3:1), coded as CL4; MBIM +
MC + chalk (8:2:1), coded as CL5; and MBIM + MC +
chalk (16:1:2), coded as CL6. Casing layers were collected in
triplicate along three mushroom flushes of A. bisporus culti-
vation. A sample was analyzed for solid contents by drying in
an oven with air circulation at 75 °C and another sample for
bacterial community quantification.

Quantification and Isolation of Bacterial Microbiota
and of Pseudomonas spp.

A bacterial community from different casing layers of A.
bisporus (Sylvan A12) cultivation was collected and ana-
lyzed at the beginning of the first flush and at the end of the
second and third flushes. To quantify the bacterial commu-
nity, 10 g of each homogenized casing layer was diluted in

90 mL of isotonic solution (Strength Ringer Solution
Tablets; Difco®), previously autoclaved for 15 min at
121 °C, and incubated at 20 £ 1 °C at 200 rpm for 30 min.
A serial dilution of samples (10°~107°) was done with
100 pL of each dilution distributed with a plate spreader on
cultivation medium. Cultivation media were nutrient agar
(NA) by Oxoid® for total bacterial growth and Pseudomonas
isolation agar (PIA) by Difco® for Pseudomonas spp. growth
on a 90 mm Petri dish. Each medium was kept at 25 4+ 1 °C
for three days when the colony-forming units (CFU) per
gram of dried casing layer were counted.

Identification of P. putida

Four biochemical assays, KOH string [3], gelatin hydrolysis,
fluorescent pigment, and arginine dihydrolase, were used to
identify P. putida among Pseudomonas spp. isolated in PIA
[12, 20, 21]. For KOH string assay, a drop of potassium
hydroxide at 3 % was placed on a glass slide. A visible
loopful of cells from a single colony was mixed into the drop.
If the mixture became viscous within 60 s of mixing, it was
considered KOH-positive, an equivalent to the Gram-nega-
tive result for the Gram’s method [3]. For gelatin hydrolysis
assay, Pseudomonas aeruginosa (strain NCTC2744) was
used as positive control and P. putida (strain AN202) as
negative control. For fluorescent pigment, Escherichia coli
(strain NCTC9001) was used as negative control and P.
putida (strain AN202) as positive control on Pseudomonas
agar fluorescent (PAF) medium (Merck®) and ultraviolet
light (<260 nm). For arginine dihydrolase assay, Pseu-
domonas tolaasii (strain NCPPB2192) was used as negative
control and P. putida (strain AN202) as positive control. All
strains were from Horticulture Research International (HRI)
culture collection (Warwick University), Wellesbourne,
England. Isolated P. putida strains were stored at 4 °C in
PAF medium and malt-agar compost (MC) medium.

To prepare MC medium, 70 g of dehydrated compost
was homogenized with 1000 mL of water and kept at
100 °C for 5 min. The mixture was filtered in Miracloth
(22-25 pm) by Calbiochem® and 800 mL of the filtrate
was mixed with 7.5 g of malt extract and 15 g of agar.
After pH adjusted to 7.4, cultivation medium was auto-
claved at 121 °C for 30 min.

Primordium Stimulation by P. putida

To verify in vitro primordium stimulation by P. putida, a
standard test with A. bitorquis (strain W19) from HRI
culture collection with similar physiological characteristics
and harvesting cycle to A. bisporus was used according to
Rainey et al. [32].

A Petri dish with MC medium was inoculated with P.
putida at four equidistant points from each other, located in
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Fig. 1 Quantity of bacteria (log [ First flush [0 Second flush [0 Third flush
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(16:1:2)
1E+00 - f t f f f {
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the peripheral area of the Petri dish in a cross shape at
30 °C for 24 h. A disk containing mycelium of A. bitorquis
was transferred to the center of the Petri dish and after
mycelial growth of 5 mm over the bacterial colony, the
mycelia were stimulated to primordium formation by
decreasing temperature to 25 °C for 24 h [32]. All evalu-
ations were done in triplicate. Besides the P. putida strains
isolated from casing layers, other bacteria from HRI culture
collection were used as control such as P. putida (strain
Paw8), P. putida (strain PRS2000), P. aeruginosa (strain
ED8654), Pseudomonas fluorescens (strain SBW25), En-
terobacteria cloacae (strain WS), Pseudomonas aereofa-
ciens (strain U.t. cccc), Escherichia coli (strain ED8654),
and Pseudomonas syringae (strain ATCC 19310). A.
bitorquis primordia stimulated by P. putida were quanti-
fied, photographed and morphologically analyzed by
scanning electron microscope.

Analysis of the Action Mechanism
of the Primordium Stimulation

To analyze the action mechanism of primordium stimula-
tion, bacteria with or without the ability to stimulate pri-
mordia were grown in MC medium at 30 °C for 16 h,
transferred by scrapping it to 5 mL of sterile distilled water
and agitated for 30 s. Bacterial suspensions underwent the
following chemical and physical treatments before using for
primordium stimulation assay: (1) gamma radiation of
12.5-25.0 KGray for 200 s; (2) bacterial filtration (0.22 pm
pore filter); (3) autoclaving at 121 °C for 15 min; (4) heating
in dry hot block at 75 °C for 3.5 h; (5) addition of 6 %
sodium hypochlorite solution to bacterial suspension (2:1 at
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Casing layer

30 °C for 3 h), centrifugation at 8000 g and washing twice
with sterile distilled water; and (6) addition of absolute
alcohol to bacterial suspension (3:1 at 30 °C for 4 h).

Each treated bacterial suspension (10 pL) was placed at
equidistant points of the peripheral area on MC medium, and
primordium stimulation assay with A. bitorquis was replicated
according to Raney et al. [32]. A non-chemically-or-physi-
cally-treated bacterial suspension of living P. putida
(132 x 10° UFC mL ') was the positive control and sterile
water was the negative control for each tested bacteria. All
evaluations were done in quadruplicate. The results were
analyzed regarding to positive or negative primordium
stimulation.

Results and Discussion

The total bacterial count in casing layers of A. bisporus
cultivation is shown in Fig. 1. Bacterium quantity along
mushroom cultivation flushes showed variations but it did
not show any pattern. The higher quantity of bacteria in
CL4, CLS5 and CL6 (Fig. 1) may be related to the addition
of pasteurized dehydrated compost in the casing layer
which provides organic matter with the high amount of
microorganisms even after pasteurization. Compost added
in casing layer is often considered toxic for mushroom
production [5, 8, 9, 17, 22] but it increased bacterium
quantity in the casing layer (Fig. 1). According to Mac-
canna [25], casing added compost (CAC) is a technique
used to increase mycelial growth in casing layers homog-
enizing mushroom production, although contaminations
could be promoted instead. In general, the first flush had a
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higher quantity of bacteria in all casing layers than the
second flush (Fig. 1). However, there is no pattern detected
as a general rule for quantity of bacteria along mushroom
flushes.

All casing layers had Pseudomonas spp. in their
microbial community (Fig. 2). In general, CL1, CL4, and
CL5 had the highest quantity of Pseudomonas spp.
(Fig. 2). Comparing quantity of Pseudomonas spp. among
casing layers, CL1 was the highest for the first flush, CL1,
CL5, and CL6 for the second flush, and CL6 for the third
flush. Concentration of Pseudomonas spp. had no pattern
detected along mushroom flushes for several casing layers.

Fig. 3 Photo of Agaricus
bitorquis mycelia on compost
and malt extract agar stimulated
by Pseudomonas putida (a) with
primordium formation (») and
primordium abortion (c)

Casing layer

It seems that there is a tendency of a higher quantity of
Pseudomonas spp. in the first flush, lower in the second
flush and higher again in the third flush. It is speculated that
it is related to chemotaxis between mycelia and Pseu-
domonas spp. [26]. This is evidenced in our study when it
is compared to the quantity of bacteria (Fig. 1) and the
quantity of Pseudomonas spp. (Fig. 2). Pseudomonas spp.
was predominant, representing 75-85 % of total bacteria in
casing layers. Pseudomonas genus has chemotactic activity
and, therefore, moves up to chemoattractants such as
nutrients [2]. Also, besides this bacterium being robust and
resistant to several inhospitable environments [38, 41], its
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quantity is highly reduced in several stored and unused
casing layers [4].

Among 81 bacteria isolated from all casing layers, 50
(61 % of all isolates) were identified as Pseudomonas genus
and 10 (12 % of all isolates) were identified as P. putida.
The last ones stimulated primordia in A. bitorquis assay.
According to Samson et al. [36], Pseudomonas genus rep-
resents more than 50 % of the microbial population of the
casing layer, 47 % of which may be P. putida. Colauto and
Eira [4] reported that high concentration of bacteria, mainly
Pseudomonas spp., occurs in casing layers along A. bisporus
cultivation flushes instead of at the beginning of cultivation.
Moreover, they found that most casing layers do not have
high initial quantities of Pseudomonas spp. but along
mushroom cultivation they increase greatly. In addition,
several reports show that bacteria in casing layer increase
during mushroom production of A. bisporus, and that it is an
important characteristic to study fructification [9, 19, 28, 29,
34]. It is suggested that mycelia exert a selective attraction
of some microorganisms, mainly Pseudomonas spp., and a
syntrophic mutualistic relationship between mycelia and
bacteria might be occurring.

Ten P. putida isolated from A. bisporus cultivation
stimulated primordia on A. biforquis assay. Among these,
three isolates (CP3, T1/4, and T2/6) stimulated primordia in
25 % of the assay, one isolate (T2/6) stimulated 17 %, and
six isolates (CP1/1, CP1/2, T2/5, T3/2, UR6/2, and UR7)
stimulated 8 %. Primordium stimulation occurred hetero-
geneously although A. bitorquis stimulation primordium
assay had four replications (stimulation places, Fig. 3a) in
one Petri dish and this system had three replications, which
reduced environmental and nutritional variables (Fig. 3).
According to Wood [42], this suggests that there is the
presence of non-identified variables acting on fructification
stimulation assay. On the other hand, Peerally [30] sug-
gested that, in order to keep a constant production of
basidiocarps, there is a sequential and hierarchical formation
and development of basidiomas on mushroom cultivation.
Also Babikova et al. [1] reported a mycelial network acting
as a conduit for signaling herbivore attack between plants,
demonstrating the mycelial ability of communicating infor-
mation along the mycelia. Considering what was stated
above and because most primordium stimulation assay had
showed abortion of primordium formation after primordia
are formed, it suggests that the development of primordia
could inhibit the formation of others (Fig. 3b, ¢). We sup-
pose that when mycelia are undergoing any stimulation, they
responded as one, affecting primordium formation and
development.

Primordium stimulation on A. bitorquis assay was also
tested by randomly choosing bacteria from HRI culture col-
lection. P. putida (strain Paw8) that was isolated from non-
casing layer sources, caused a modification in the mycelial

@ Springer

Fig. 4 Micrograph of vertical cut of an Agaricus bitorquis pri-
mordium stimulated by Pseudomonas putida by scanning electron
microscope. Photo: a overview of primordium; b primordium
enlargement showing texture of external-oriented-tissue surrounding
internal-non-oriented-mycelial mass; ¢ enlargement of indistinct
internal-non-oriented-mycelial mass

shape and a primordium stimulation that was aborted after-
wards, making evident that P. putida is an inducer of fructi-
fication. Conversely, P. putida (strain PRS2000), used in
bioremediation, caused inhibition of mycelial growth and no
primordium stimulation. P. aeruginosa, P. fluorescens, E.
cloacae, P. aereofaciens, and E. coli inhibited mycelial
growth and did not stimulate primordia. Pseudomonas
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syringae (strain ATCC 19310) did not present any visible
effect on mycelial growth such as mycelial inhibition or pri-
mordium stimulation. It is suggested that only P. putida,
probably selected by chemotaxis in the mushroom cultivation,
was suitable for primordium stimulation.

The micrograph of A. bitorquis primordium induced by
P. putida (Fig. 4a) shows a formation of differentiated
tissue surrounding the non-oriented mycelial mass (Fig. 4b,
¢), a characteristic of developed basidiocarps. It is sug-
gested that the formed structure is a primordium instead of
a non-organized mycelial mass from an antagonist region
of the mycelium due to the bacterial presence, or a mycelial
aggregate from the mycelial structural formation that
occurs just before primordium formation.

For analysis of the action mechanism of the primordium
stimulation, bacterial suspensions underwent chemical and
physical treatments before primordium stimulation were
not able to stimulated primordia in A. bitorquis stimulation
primordium assay. It is suggested that biocompounds from
those bacteria were not able to stimulate primordia in A.
bitorquis assay and, therefore, were not responsible for
primordium stimulation. On the other hand, living bacterial
suspension of P. putida (1.32 x 10° UFC mL~!) was able
to stimulate primordia. This reinforces that in vivo inter-
action between mycelia and bacteria is mandatory to
stimulate A. bitorquis primordia.

It was concluded that Pseudomonas spp. corresponds to
75-85 % of bacterial population of the casing layers in A.
bisporus cultivation and among those 12 % are P. putida.
Interaction of living P. putida with A. bitorquis mycelia is
capable of stimulating primordial instead of non-living
bacterial suspensions. Stimulation of A. bitorquis primordia
does not imply or is related to mycelial growth inhibition,
but it suggests a hierarchical relation of primordium suc-
cession and development.
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