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Abstract

Fungal cells are surrounded by a tight cell wall to protect them from harmful environmental conditions and to resist lysis. The
synthesis and assembly determine the shape, structure, and integrity of the cell wall during the process of mycelial growth and
development. High temperature is an important abiotic stress, which affects the synthesis and assembly of cell walls. In the
present study, the chitin and (3-1,3-glucan concentrations in the cell wall of Pleurotus ostreatus mycelia were changed after high-
temperature treatment. Significantly higher chitin and (3-1,3-glucan concentrations were detected at 36 °C than those incubated at
28 °C. With the increased temperature, many aberrant chitin deposition patches occurred, and the distribution of chitin in the cell
wall was uneven. Moreover, high temperature disrupts the cell wall integrity, and P. ostreatus mycelia became hypersensitive to
cell wall-perturbing agents at 36 °C. The cell wall structure tended to shrink or distorted after high temperature. The cell walls
were observed to be thicker and looser by using transmission electron microscopy. High temperature can decrease the mannose
content in the cell wall and increase the relative cell wall porosity. According to infrared absorption spectrum, high temperature
broke or decreased the glycosidic linkages. Finally, P. ostreatus mycelial cell wall was easily degraded by lysing enzymes after
high-temperature treatment. In other words, the cell wall destruction caused by high temperature may be a breakthrough for P.

ostreatus to be easily infected by Trichoderma.
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Introduction

Pleurotus ostreatus is a widely cultivated mushroom in China.
It is produced mainly by traditional methods, which is culti-
vated in plastic greenhouse and is easily affected by external
environment. Interestingly, if ventilation and cooling are un-
timely given, green mold disease may breakout in large areas
when mycelia are subjected to high temperature during spawn
running period. Green mold disease, which severely inhibits
mycelial growth and the yield of P. ostreatus, is a severe dis-
ease of this mushroom (Komon-Zelazowska et al. 2007;
Kredics et al. 2009). However, little is known about the reason
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why high temperature-treated P. ostreatus mycelia are easily
infected by Trichoderma.

Fungal cell wall is an important dynamic structure that can
adapt to changes in the external environment to satisfy the
needs for growth and development. In terms of composition,
the fungal cell wall is mainly composed of glucans, chitin,
mannans, and glycoproteins (Mendoza 1992; Oka et al.
2015). Although there are many important changes in the
composition of the cell wall in different species, the frame-
work of the cell wall in basidiomycetes and ascomycetes is
similar. Structurally, the fungal cell wall mainly contains an
electron-transparent inner layer network, which is constructed
mainly of (3-1,3-glucan chains linked with 3-1,6 glycosidic
linkages; the chitin inside the network branches to 3-1,3-glu-
can chains with (3-1,4 glycosidic linkages and (3-1,6-glucan
chains at the outside of network (Klis et al. 2006). The
electron-dense outer layer of the fungal cell wall is a glyco-
sylated mannoprotein layer (Osumi 1998). Proper assembly of
polysaccharide chains is responsible for the strength and elas-
ticity of the cell wall (Rees et al. 1982; Smits et al. 1999). The
main difference between basidiomycetes and ascomycetous
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yeasts is that the former has a multi-layer cell wall that alter-
nately appears in two regions with the electron-dense layer
and the electron-transparent layer (Depree et al. 1993). With
the strength and elasticity of the cell wall, there is an effective
barrier to protect fungal cells (Levin 2011). When fungal cells
suffer from environmental stresses, they initiate a series of
metabolic pathways to maintain cell shape and cell wall integ-
rity (CWI) (Klis et al. 2002). The CWI pathway is a principal
signal pathway to maintain the stability of cell wall in re-
sponse to cell wall stress (Levin 2005).

To resist the adverse environment stresses, CWI signaling
pathway will be activated to synthesize the main cell wall
components. These components are only assembled properly
to form a complete cell wall and consequently alleviate cell
damage (Cabib et al. 2001). High temperature is an important
abiotic stress that can activate the expression of many genes
involved in confirming the CWI (Jung and Levin 1999; Verna
et al. 1997). When the CWI is destroyed, fungal cell will be
sensitive to cell wall-perturbing agents, such as Calcofluor
White (CFW) (Liu et al. 2004), sodium dodecyl sulfate
(SDS) (Bickle et al. 1998), and Congo Red (CR) (Garcia et
al. 2015). In the process of infecting other fungal mycelia,
Trichoderma secretes cell wall-degrading enzymes
(CWDEs, Geraldine et al. 2013). Incomplete cell walls will
decrease the ability to resist CWDEs (Cortes et al. 2004).

A variety of Trichoderma species can cause Pleurotus
green mold disease. Many previous studies have identified
the pathogenic Trichoderma species which cause Pleurotus
green mold disease (Blaszczyk et al. 2013; Kredics et al.
2009). Nevertheless, the role of high temperature in the out-
break of green mold disease is still poorly understood. In our
previous study, we found that high temperature reduces the
resistance of P. ostreatus mycelia to Trichoderma asperellum
(Qiuetal. 2017). After P. ostreatus mycelium was treated with
high temperature, it is easily infected by 7. asperellum. The
aim of this study is to detect the effects of high temperature on
the CWI and structure of P. ostreatus mycelia and to explain
the relationship between cell wall disruption and Trichoderma
infection.

Materials and methods
Strain, media, and culture condition

P. ostreatus P89 (CCMSSC 00389) was provided by the
China Center for Mushroom Spawn Standards and Control.
For pure culture of P. ostreatus, a piece of P89 disc (a diameter
of 5 mm punch) from solid medium was inoculated on potato
dextrose agar (PDA; Difco-Becton Dickinson, Sparks, MD)
and incubated at 28 °C for 7 days. For P89 mycelium collec-
tion, ten P89 mycelial discs (5 mm) were inoculated into
250 mL Erlenmeyer flasks containing 100 mL of potato
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dextrose broth (PDB; Difco-Becton Dickinson, Sparks, MD)
and incubated at 28 °C, 150 rpm for 5 days. Subsequently, the
flasks were transferred into different rotary shakers (ZQLY-
180F, Shanghai Zhichu Instrument Company Limited,
Shanghai, China) with different temperatures (28, 32, 36,
and 40 °C) for 2 days. The effects of different temperatures
on P. ostreatus mycelia cultured with submerged cultivation
were observed, and the temperature of the mycelia in sub-
merged culture was more homogeneous.

Determination of chitin and B-1,3-p-glucan contents
in P. ostreatus mycelia

Two days after treatment under different temperatures (28, 32,
36, and 40 °C), mycelia were collected by filter paper
(Whatman, ®11, GE Healthcare Ltd., New Jersey, USA),
washed three times with NaOH (0.1 M), dried in a vacuum
freeze dryer (Christ ALPHA 1-2 LD plus, Osterode,
Germany), and ground into powder. The aniline blue assay
was used to detect the effects of different temperatures on [3-
1,3-pD-glucan concentrations in P. ostreatus P89 mycelia
(Fortwendel et al. 2009). Fluorescence readings were mea-
sured in Thermo Scientific Microplate Reader (Scientific
Fluoroskan Ascent FL, Waltham, MA, USA) at an excitation
wavelength of 405 nm and emission wavelength of 460 nm.
To normalize values, curdlan, a (3-1,3-D-glucan analog
(Sigma-Aldrich, St. Louis, MO, USA) was used to construct
the standard curve. Values were calculated and obtained from
the fluorescence units of curdlan in unit weight. Each sample
was performed in triplicate.

Chitin concentration was measured according to a previ-
ously described method (Bulik et al. 2003). The standard
curve was created with GlcNAc (Sigma-Aldrich, St. Louis,
MO, USA). Absorbance was measured at 585 nm using the
Thermo Scientific Microplate Reader (Scientific Fluoroskan
Ascent FL, Waltham, MA, USA). Measurement was per-
formed three times for each sample.

Fluorescence staining and microscopy

To observe the particular location of chitin in the skeletal
structures, fluorescent brightener (F3543, Sigma-Aldrich,
St. Louis, MO, USA), a kind of CFW, was applied with
some modifications (Song et al. 2010). P89 mycelial discs
were grown on a thin layer of PDA on the microscope
slides. After 3 days of incubation at 28 °C, mycelia were
transferred to incubators with different temperatures (28,
32, 36, and 40 °C) and incubated for 2 days. For staining,
mycelia were incubated with fluorescent brightener (10 pg/
mL) at 28 °C for 5 min. Finally, mycelial fluorescence was
observed under laser scanning confocal microscopy (Zeiss
LSM700, Jena, Germany).
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Sensitivity of P. ostreatus mycelia to cell
wall-perturbing agents

To investigate the effects of high temperature on the CWI of
P89, cell wall-perturbing agents (i.e., CFW, SDS, and CR) were
applied. P89 mycelial discs (5 mm) were inoculated onto the
center of PDA plates with or without different concentrations of
CFW (400 pg/mL), SDS (0.005%), and CR (300 pg/mL). The
plates were first incubated at 28 °C for 3 days, and the colony
diameter was recorded (D1). Subsequently, the plates were
transferred to incubators with temperatures of 28 and 36 °C.
After 2 days of incubation, the colony diameter was recorded
(D2). The relative inhibitory rate of cell wall-perturbing agents
on mycelial growth at 36 °C was calculated as follows.

D2-Dl1

The relative inhibitory rate = (1— ) *100% (1)

Observation of cell wall under scanning electron
microscope (SEM) and transmission electron
microscopy (TEM)

To clearly observe the effects of temperature on cell wall struc-
ture, the SEM (Inspect S50, FEI, OR, USA) and TEM (Tecnai
G2 Spirit, FEI, OR, USA) were used. Ten P89 mycelial discs
(5 mm) were inoculated into 250 mL Erlenmeyer flasks contain-
ing 100 mL of PDB and incubated at 28 °C, 150 rpm for 5 days.
Afterward, the flasks were transferred into rotary shakers at
different temperatures (28 and 36 °C) for 2 days. Mycelia were
collected by centrifugation (Sigma 3K30, Osterode, Germany)
at 10,000 xg for 10 min. Samples for SEM were prepared ac-
cording to a previously described method (Staniszewska et al.
2013). Samples for TEM were also prepared according to a
previously described method (Zhang et al. 2011).

Effect of high temperature on cell wall porosity

Proper cross-linking of cell wall main components can establish
a tight cell wall. Mannose in the outermost layer of fungal cell
wall can determine the cell wall porosity. The mycelial culture
method was the same as that mentioned previously. Mycelia
were collected by centrifugation and washed thrice with distilled
water. Relative cell wall porosity was detected as previously
described (De Nobel et al. 1990). Mannose content was mea-
sured by HPLC (Akabane et al. 2014). P89 mycelia were dried in
a vacuum freeze dryer and ground into powder. Standard man-
nose was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Infrared absorption spectrum of alkali-insoluble
B-glucan

To investigate the effects of high temperature on the cross-
linking between {-glucan units, alkali-insoluble (3-glucan

was extracted according to the method of a previous study
with some modifications (Gopal et al. 1984). Two days after
treatment under different temperatures (28 and 36 °C),
mycelia were collected by centrifugation at 10,000 xg for
10 min and washed thrice with distilled water. Mycelia
(0.1 g) were mixed with 50 mL NaOH (1 M) and then boiled
at 100 °C for 1 h. After cooling to room temperature, samples
were centrifuged at 6000 rpm for 15 min. Precipitate was
suspended in NaOH (0.75 M) and maintained at 100 °C for
15 min. After cooling, the pH value was adjusted to 4.5 by
HCI (1 M). Briefly, samples were centrifuged at 10,000 xg for
5 min and washed with distilled water. Finally, samples were
washed twice with absolute ethyl alcohol, dehydrated with
ether, and dried at 37 °C. Samples and potassium bromide
were ground evenly and scanned with infrared spectrometer
(VERTEX?70, Bruker, Ettlingen, Germany).

Lysing enzyme sensitivity assays

The sensitivity of P. ostreatus mycelia to lysing enzymes (pur-
chased from Guangdong Institute of Microbiology,
Guangzhou, China) was also performed to evaluate for defects
in the CWI. Lysing enzymes were a kind of cell wall-
degrading enzymes which were produced by Trichoderma.
Ten P89 mycelial discs (5 mm) were inoculated into 250 mL
Erlenmeyer flasks containing 100 mL of PDB and incubated
at 28 °C, 150 rpm for 5 days. Subsequently, these flasks were
transferred into rotary shakers at different temperatures (28
and 36 °C). After 2 days of treatment, mycelia were collected
by filter paper and washed thrice with sterile mannitol (0.6 M).
Afterward, 0.2 g of mycelia was added into lysing enzymes
(1.5% in mannitol (0.6 M)) and incubated at 30 °C for 2.5 h.
The number of protoplasts was counted using a hemocytom-
eter at 0.5 h intervals. Experiments were performed in
triplicate.

Statistical analysis

Data are presented as the mean and the standard deviation
(SD). Analysis of variance (ANOVA) and Duncan’s multiple
range tests (p < 0.05) were applied for data analysis. SPSS
version 20.0 software (SPSS Inc., Chicago, IL, USA) was
used for statistical analyses.

Results

Cell wall main components were altered after high
temperature

Temperature can affect the synthesis of main cell wall compo-

nents. The concentrations of chitin and (3-1,3-D-glucan in P
ostreatus P89 mycelial cell were measured. After high-
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temperature treatment (32, 36, and 40 °C), the chitin and f3-
1,3-D-glucan concentrations in P. ostreatus mycelia were
changed. Significantly (p < 0.05) more chitin accumulated in
the cell wall after high temperature (Fig. 1a). Chitin concen-
trations were remarkably increased by 148.5%—238.5% after
high temperature compared to that of mycelia incubated at
28 °C. After P89 mycelia were treated with 32 and 36 °C for
2 days, the 3-1,3-D-glucan concentrations were also signifi-
cantly (p < 0.05) increased compared to those incubated at
28 °C (Fig. 1b). However, the (3-1,3-D-glucan concentration
after treatment at 40 °C was significantly (p <0.05) lower than
those in other treatments.

High temperature changed the distribution of cell
wall chitin

To further characterize the distribution of chitin in P89
mycelia, CFW was applied. CFW can bind to fungal cell
wall chitin. Consequently, chitin distribution can be indi-
cated by CFW fluorescence under laser scanning confocal
microscopy. Chitin was evenly distributed throughout the
mycelia incubated at 28 °C; the fluorescence at the sep-
tum and tips was slightly stronger than those in other
parts (Fig. 2a). The fluorescence of mycelia treated with
moderately high temperature (32 °C) was similar to that
incubated at 28 °C. A slight difference was that few chitin
deposition was observed in the cell wall (Fig. 2b).
However, chitin distribution was abnormal in the cell wall
after mycelia were treated with 36 °C. A considerable
amount of aberrant chitin deposition was also observed,
and extensive bright patches were unevenly distributed on
the cell wall of P. ostreatus P89 mycelia (Fig. 2c).
Additionally, the whole mycelia treated at 40 °C showed
intense fluorescence (Fig. 2d). These results were consis-
tent with the chitin concentrations in the cell wall after
high-temperature treatment.
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Fig. 1 Effect of high temperature on the concentrations of cell wall main
components. a Chitin concentrations in mycelia treated with different
temperatures. b 3-1,3-pD-Glucan concentrations in mycelia treated with
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B-1,3-D-Glucan content in

High temperature enhanced the sensitivity of mycelia
to cell wall-perturbing agents

Disruption of CWI can enhance the sensitivity of mycelia to
cell wall-perturbing agents. The mycelial growth of P89 was
inhibited under the condition of CFW, SDS, and CR at 28 °C
(Fig. 3a). Moreover, high temperature (36 °C) can also inhibit
mycelial growth (Fig. 3a). However, the mycelial growth of
P89 was strongly inhibited in the plates with cell wall-
perturbing agents at 36 °C. The sensitivity of P89 mycelia to
these agents at 36 °C was also significantly enhanced accord-
ing to the relative inhibitory rate (Fig. 3b). The increased sen-
sitivity to cell wall-perturbing agents at 36 °C indicated that
the cell wall integrity of P89 mycelia was defective. The
above-mentioned results together suggest that high tempera-
ture can destroy the integrity of the cell wall.

High temperature altered the cell wall structure

The ultrastructural features of cell wall surface and structure
can be clearly examined by using SEM and TEM. The
mycelia incubated at 28 °C showed a smooth and homoge-
nous cell wall surface and intact cell wall structure (Fig. 4a, b).
After P89 mycelia were treated with 36 °C for 2 days, the cell
wall structure shrank or became distorted (Fig. 4c, d).
Transmission electron micrographs of P89 mycelia were
shown in Fig. 5. The cell wall structure of mycelia incubated
at 28 °C was intact and tightly cross-linked (Fig. 5a). After
mycelia were treated with 36 °C for 2 days, the cell wall
thickness increased. This result was consistent with the chang-
es in the concentrations of the main cell wall components.
Nonetheless, the construction of electron-dense outer cell wall
became loose (Fig. 5b). High temperature also caused the
occurrence of plasmolysis (Fig. 5Sb—d). The cell membranes
of some cells were also destroyed, which resulted in extrava-
sation of cytoplasm (Fig. 5d).
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different temperatures. Data were analyzed by Duncan’s ANOVA test.
Error bars represent the standard deviation of three replicates. Different
letters indicate significant differences between the lines (p <0.05)
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Fig. 2 Effect of high temperature on chitin distribution (bar =50 pm). The distribution of chitin on the cell wall at different temperatures: a (28 °C), b
(32 °C), ¢ (36 °C), and d (40 °C). Red arrowhead represents the location of chitin deposition

High temperature increased the cell wall porosity of P.
ostreatus mycelia

Relative cell wall porosity can be indicated by the man-
nose content (%) and relative DEAE-dextran sensitivity
(Nishikawa et al. 2002). After high-temperature treatment,
the mannose content in P89 mycelia significantly
(» < 0.05) decreased by 26% (Fig. 6). Furthermore, the
relative DEAE-dextran sensitivity significantly (p < 0.05)
increased by 20% (Table 1). These results showed that
cell wall porosity increased after high-temperature
treatment.

High temperature destroyed the glycosidic linkage
in cell walls

Infrared absorption spectrum is an efficient method to
study cell wall components and their cross-links (Abidi

PDA CFW SDS CR

Fig. 3 Sensitivity of cell wall-perturbing agents on the growth of P89
mycelia at 36 °C. a Sensitivity of mycelia grown on PDA plates with or
without cell wall-perturbing agents. b The relative inhibitory rate of cell
wall disrupting agents on mycelial growth at 36 °C. The relative

et al. 2014). The alkali-insoluble 3-glucan collected from
mycelia treated with 28 and 36 °C showed similar absorp-
tion bands (Fig. 7). The (3-glycosidic linkage showed an
absorption band at 893 c¢cm '. The bands at 1374 cm™
were characteristic of C-H variable-angle vibration. Two
absorption bands at 1030 and 1069 cm ™' were for asym-
metric vibration of C-O-C pyranose ring. However, the
intensity of vibration bands at 893, 1030, 1069, and
1374 cm ™' all showed descending trends. The linkage
between (3-glucan units and the structure of (-glucan
were altered after high-temperature treatment.

Mycelia were sensitive to lysing enzymes
after high-temperature treatment

The number of released protoplast was quantified at

0.5 h intervals. After high-temperature treatment, the
ability of P89 mycelia to resist the degradation of lysing
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inhibitory rate was calculated according to Formula (1). Asterisks indicate
a significant difference between the lines (p < 0.05). Data were analyzed
by Duncan’s ANOVA test. Error bars represent the standard deviation of
three replicates
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Fig. 4 Scanning electron
micrographs (SEMs) of P89
mycelia. a, b SEMs of P89
mycelia incubated at 28 °C. ¢, d
SEMs of P89 mycelia incubated
at 36 °C

PM|20.00 kv| 5 000

enzymes was decreased. Results showed that less proto-
plast was liberated from the mycelia which were grown
at 28 °C than from the mycelia which were grown at
36 °C (Fig. 8). Significantly (p < 0.05) high number of
protoplast was released from mycelia in the unit time
treatment for 0.5, 1, 1.5, and 2 h. Taken together, these
results indicate that the cell wall is altered after high
temperature.

5 pm
PKUPH

5 pm
PKUPH

PKUPH

Discussion

Green mold disease occurs frequently during the cultivation of
P. ostreatus. Cell wall is an important line of defense for the
mycelium against a Trichoderma infection. This layer pro-
vides the cell with rigidity to prevent lysis and highly elastic
network to resist adverse environment (Klis et al. 2006). The
cell wall remodeling mechanism adapts to changes in the
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Fig. 5 Transmission electron micrographs (TEMs) of P89 mycelia (bar=250 nm). a TEMs of mycelia incubated at 28 °C. b—-d TEMs of mycelia
incubated at 36 °C. Plasmolysis is indicated with arrowheads. The cell interior is located on the left side of the image
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The content of mannose in
dry mycelium (mg/g)
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4 o
Fig.6 Mannose content in P89 mycelia. Data were analyzed by Duncan’s
ANOVA test. Error bars represent the standard deviation of three

replicates. Different letters indicate significant differences between the
lines (p <0.05)

environment by synthesizing and assembling the main
components.

The remodeling and synthesis of fungal cell wall are a
complex process controlled by multiple genes and numerous
biosynthetic pathways (de Groot et al. 2001). Severe environ-
mental conditions may result in changes in the cell wall com-
position, disordered assembly, and structure destruction
(Aguilar-Uscanga and Francois 2003). The content of chitin
in mycelia of P. ostreatus P89 increased significantly
(p < 0.05) when mycelia were subjected to high temperature
stress (Fig. 1a). The compensatory response of chitin synthesis
to cell wall stress is essential. Previous study found that sev-
eral metabolic precursors of chitin are up-regulated in re-
sponse to cell wall stress (Bulik et al. 2003). Gfal catalyzes
the production of glucosamine-6-phosphate, which is a rate-
limiting step in the accumulation of UDP-GIcNAc for biosyn-
thesis of chitin can be induced by several folds (Orlean 1997;
Sobering et al. 2004). Ectopic expression of GFA! can also
effectively increase the accumulation of chitin in lateral cell
wall (Lagorce et al. 2002). Moreover, [3-1,3-D-glucan concen-
trations increased by approximately 12% in P89 mycelia
which were incubated at 32 and 36 °C. Moderately high tem-
perature can induce the expression of FKS2, which is an al-
ternative subunit of the glucan synthase complex and is re-
sponsible for the synthesis of (3-1,3-D-glucan (Zhao et al.
1998). However, when incubated at 40 °C, P89 mycelia

Table 1 Relative DEAE-dextran sensitivity under different
temperatures
Treatment  Cell leakage (A260) Relative DEAE-dextran
sensitivity (%)
DEAE- Poly-L-
dextran lysine
28 °C 0.196 0.258 43.64+2.19b
36 °C 0.224 0.274 52.38+2.41a

showed a significantly decreased [3-1,3-D-glucan concentra-
tion in the cell wall. This result was similar to that in previous
study, which demonstrated that excessive temperature could
inhibit glucan synthase activity and increase chitin content
(Ufano et al. 2004). These results indicated that high temper-
ature can alter the concentrations of the main components in
the cell wall of P. ostreatus.

During vegetative proliferation of fungal mycelia, the fun-
gal cell wall is remodeled to establish and maintain cell shape.
In P89 mycelia incubated at 28 °C, the chitin was evenly
distributed on the cell wall and mostly distributed at the tips
and septa (Fig. 2). The metabolism of mycelial tips and septa
is relatively vigorous, the cell wall synthesis is fast, and the
chitin content is high (Song et al. 2010). The present study
revealed that abnormal distribution of cell wall chitin was
found in the mycelia which were treated with 36 °C (Fig. 2).
Many bright patches representing chitin deposition also ap-
peared on the surface of cell wall. Although high temperature
can promote the synthesis of chitin, the chitin assembly
showed a defect, which resulted in chitin deposition.
Abnormal chitin deposition is a characteristic of impaired
CWI (Ufano et al. 2004). The signal pathway of CWI ensures
the normal synthesis and assembly of cell wall components
under external discomfort (Levin 2005). Although increased
temperature can activate the CWI pathway to synthesize the
main cell wall components, these components should be tight-
ly assembled in a certain order to form a complete cell wall
(Zhou et al. 2007). In the present study, P89 mycelia were
hypersensitive to cell wall-perturbing agents at 36 °C. This
result suggested that excessive heat will damage the CWI of
P89 mycelia.

The formation of a tight cell wall is a complicated process
that requires complex enzyme systems, component synthesis,
and cross-linking between components (Garcia et al. 2015).
Although high temperature led to the increase of major cell
wall components content, the links among these components
became less compact, and plasmolysis and extravasation of
some cytoplasm were also found (Fig. Sb—d). These results
indicated that 36 °C was a relatively high temperature for P
ostreatus P89, which can hardly alleviate the high
temperature-induced damage with its self-compensatory
mechanism in mycelia. Consequently, the CWI and structure
were altered. Mannans are also the major cell wall compo-
nents of fungi that can maintain cell morphology and cell wall
porosity; decreased mannose will cause high cell wall porosity
(Nishikawa et al. 2002; Shimma et al. 1997). After high-
temperature treatment, the mannose content was remarkably
decreased (Fig. 6), and the relative cell wall porosity was
significantly increased (Table 1). These results demonstrated
that cell wall porosity was increased after high temperature.
The reduced mannose content causes a partial disorganization
on the cell wall (Henry et al. 2016). With high cell wall po-
rosity, the cell wall is highly sensitive to lyticase which can
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Fig. 7 Infrared absorption spectrum of (3-glucan. a Infrared absorption spectrum of 3-glucan in mycelia grown at 28 °C. b Infrared absorption spectrum

of 3-glucan in mycelia treated with incubated at 32 °C for 2 days

hydrolyze poly-3-1,3-glucose on fungal cell wall (Ganeva et
al. 2013). Moreover, several macromolecules can penetrate
into the cell wall; consequently, the cell will be hypersensitive
to antibiotics (Jigami and Odani 1999).

Rigid cell wall structure is closely related to the synthesis
and assembly of (3-glucan in the inner layer of the cell wall
(Lesage and Bussey 2006). 3-Glucan units are linked with 3-
1,3- and 3-1,6-glycosidic linkages (Kanetsuna and Carbonell
1970). In the present study, the glycosidic linkage intensity
was decreased after high-temperature treatment (Fig. 7). This
result indicated that glycosidic linkages were broken down, or
their amount in the cell wall glucan was decreased. Moreover,
the C-H and C-O-C intensities were decreased, which sug-
gested that 3-glucan structure was also damaged. All these
results resulted in loose -glucan connection and damaged
cell wall. Loose cell wall will reduce the resistance to lysing
enzymes. During mycoparasitism, 7richoderma can secrete
CWDEs to degrade fungal cell wall (Geraldine et al. 2013).
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Fig. 8 Lysing enzyme sensitivity assays for P89 mycelia. The released
protoplast was quantified at 0.5 h intervals. Data were analyzed by
Duncan’s ANOVA test. Error bars represent the standard deviation of
three replicates. Different letters indicate significant differences between
the lines (» <0.05)
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In our study, P89 mycelia treated with incubated at 36 °C were
easily degraded by lysing enzymes, and more protoplasts were
released in unit time (Fig. 8). Our previous study found that P
ostreatus mycelia treated with high temperature can induce
the activities of CWDEs (Qiu et al. 2017). In the present study,
cell wall chitin and (3-1,3-glucan contents were increased after
treatment at 36 °C. In the presence of cell wall main compo-
nents, CWDEs activities can be induced (Huang et al. 2011).
On the basis of our results, we infer that high temperature
causes the increase in chitin and (3-1,3-glucan contents and
their irregular assembly, thereby resulting in incomplete cell
walls that can be easily degraded by lysing enzymes. Taken
together, these results indicate that the disruption of the cell
wall may reduce the resistance to Trichoderma.

This paper is the first to report about the effects of high
temperature on the cell wall of P. ostreatus mycelia. In sum-
mary, the present results indicated that although high temper-
ature can increase the main components of cell wall in P
ostreatus, the loose structure and cross-linking can negatively
affect the maintenance of CWI and structure. Consequently, P,
ostreatus mycelia will be easily degraded by lysing enzymes
because of the disruption on CWI and structure, which may be
the reason why high temperature-treated P. ostreatus mycelia
will be easily infected by Trichoderma.
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