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Abstract

High temperature is one of the major abiotic stresses that limit edible mushroom growth and development. The understanding
of physiological alterations in response to heat stress and the corresponding mechanisms involved is vital for the breeding
of heat-resistant edible mushroom strains. Although trehalose functions as a protectant against abiotic stresses in fungi,
the putative role of trehalose in thermotolerance remains to be elucidated. In this study, we found heat stress inhibited the
growth of two Pleurotus pulmonarius strains, heat-sensitive and less-sensitive, and the inhibition was more significant for
the sensitive strain. Heat stress leads to the increase of lipid peroxidation and intracellular trehalose accumulation, with
a higher level in the heat-sensitive strain, and this effect is independent of exogenous trehalose application. In addition, a
lower concentration of exogenous trehalose application in sensitive strain than in less-sensitive strain was found to alleviate
the inhibition of mycelium growth and further increase the intracellular trehalose concentration by heat stress. Thus, the
protective effects of trehalose were more remarkable in the sensitive strain. The activities of intracellular trehalose metabolic
enzymes, i.e., trehalose-6-phosphate synthase, trehalose phosphorylase and neutral trehalase, were determined, and
our data indicated that the changes of these enzymes activities in the sensitive strain were more beneficial to accumulate
trehalose than that in the less-sensitive strain.
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1. Introduction

Temperature is an important environmental factor that
influences edible mushrooms mycelial growth, fruiting
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betaine (Asthir 2015) and trehalose (Ribeiro et al. 1999;
Luo et al. 2008; Vianna et al. 2008; Kong et al. 2012a) have
been found effective in mitigating heat stress.

Trehalose, a nonreducing disaccharide of glucose, which
plays an important physiological role not only as a reserve
carbohydrate, but also a thermoprotectant in yeasts and
many other organisms (Elbein et al. 2003; Gancedo and
Flores 2004). Trehalose protects proteins and cellular
membranes from inactivation or denaturation under different
stress conditions (Elbein et al. 2003). Mahmud et al. (2010)
and Cao et al. (2014) thought that an increase in trehalose
content was correlated with the increase in stress tolerance
in Saccharomyces cerevisiae. However, different strains
of the same edible mushroom species have different
sensitivities to heat stress in production, whether this is due
to the difference in the synthesis of trehalose is unclear.

Pleurotus pulmonarius (Fries) Quélet also known as
P. sajor-caju (Fr.) Singer (Corréa et al. 2016), one of
the most important Pleurotus species, has been rapidly
increasing in production worldwidely because of its broad
temperatural adaptability during the growth of both mycelia
and fruiting body from 10 to 32°C, ease of cultivation with
high yield potential, and high nutritional value (Rajarathnam
and Bano 1987; Li and Yao 2005; Ruan et al. 2005).
However, the cultivation of P. pulmonarius is always affected
by high temperaute in China and poor tropical countries,
where the traditional non-industrial cultivation mode without
temperature-controlled system is commonly used.

Two representative P. pulmonarius strains, which are
widely cultivated in China and showed different tolerance
to high enviromental temperatures during cultivation were
used as materials in the present study. The possible roles
of trehalose in the heat resistance were investigated through
comparison and analysis of effect of exogenous trehalose,
the relationship between trehalose biosynthesis and
thermotolerance. This information will also provide the basis
for studing the heat-tolerance mechanism of other fungi.

2. Materials and methods
2.1. Strains and growth conditions

The P. pulmonarius strains (CCMSSC 00494 and CCMSSC
00499) were provided by the China Center for Mushroom
Spawn Standards and Control (CCMSSC, Beijing, China).
The mycelia were grown on PDA (Difco™ Potato Dextrose
Agar, Becton, Dickinson and Company, USA) plates for 6
days at the optimal temperature (28°C). For further studies,
mycelial dishes (diam. 5 mm) were removed with a cork
borer from marginal growth of fresh PDA cultures and placed
with the mycelial side down on the center of the Petri dish
(diam. 90 mm) containing 25 mL medium.

2.2. The influences of temperatures on the mycial
growth

The diameter of the mycelial colony was measured after
6 days’ incubation at 10 temperatures (20-38°C with 2°C
intervals). Growth rate (mm d-')=Average colony diameter/6 d.
Growth inhibition rate (%)=(1—-Average colony diameter of
treated group/Average colony diameter of 28°C group)x100.

2.3. Assay of intracellular trehalose content

The mycelia were gently removed from cellophane on Petri
dishes, washed with de-ionized water and blotted on filter
papers. Then the mycelia were ground in liquid nitrogen
and extracted in 10 mL water per gram of fresh mycelial
weight for 10 min at 100°C. The extract was centrifuged
at 10 000xg for 10 min, and the supernatant was filtered
through a 0.45-um filter unit. The trehalose content was
determined by HPLC with a CarboPac PA-10 column
(4 nmx250 nm). Samples were eluted with 100 mmol L™
NaOH and monitored with an electrochemical detector
(Dionex DC Amperometry, USA). Commercially available
trehalose (Sigma, USA) was used as the standard
substance.

2.4. Exogenous trehalose treatments

In order to test the effect of trehalose on mycelial growth
rate during recovery for 2 days after heat stress, both
strains were grown on PDA with the addition of various
concentrations of trehalose at 28°C for 3 days before 12-h
40°C treatment, with free of trehalose as control. Change
of colony diameter (CCD) (mm)=Average colony diameter
of recovery group—Average colony diameter group before
40°C treatment. Growth promotion rate (%)=CCD of
trehalose treated group/CCD of control group without
trehalosex100. To determine the influence of exogenous
trehalose on the levels of lipid peroxidation, the intracellular
trehalose content, and the trehalose metabolism pathway
during heat stress, the two strains were inoculated to PDA
medium containing 15 g trehalose L~' and were incubated
for 3 days in the dark at 28°C, followed by heat treatment at
40°C for different time durations. All the experiments were
conducted three to five times independently.

2.5. Determination of lipid peroxidation

The lipid peroxidation products were examined based on
the contents of thiobarbituric acid reactive substances
(TBARS) resulted from the thiobarbituric acid (TBA). TBARS
content was determined according to the method of Kong
et al. (2012b), with some modifications. Briefly, about
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0.2 g mycelia were grounded in liquid nitrogen and placed
into a tube containing 200 pL of 5% trichloroacetic acid
(TCA). After centrifugation at 10000xg for 10 min, 200 uL
of the supernatant were collected and mixed with 200 L of
0.67% TBA. The mixture was heated at 95°C for 30 min.
Then the resultant mixture was centrifuged at 10 000xg for
10 min. The absorbance of the supernatant was measured
at 532 nm. The values were corrected for non-specific
absorption by subtracting the absorbance at 600 nm.

2.6. Preparation of crude enzyme solutions

Mycelia (1 g) were grounded with liquid nitrogen and
suspended in 5 mL of extract buffer containing 100 mmol
L-" potassium phosphate buffer (pH 7.0), 10% (v/v) glycerol
and 1 mmol L-' EDTA. After centrifugation at 12 000xg at
4°C for 15 min, the supernatant was used as the crude
enzyme solutions.

2.7. Measurement of the protein content and enzyme
activities

Protein determination was done using a Bradford Protein
Assay Kit (TIANDZ, Beijing, China). The trehalose-6-
phosphate synthase (TPS) activity was assayed according
to Hottiger et al. (1987) with some modifications. The
reaction mixture with a total volume of 0.4 mL consisted
of final concentrations of 50 mmol L' 4-(2-hydroxyerhyl)
piperazine-1-erhanesulfonic acid (HEPES) (pH 7.0),
5 mmol L' uridine diphosphate glucose (UDPG), 10 mmol
L™ glucose-6-phosphate, 12.5 mmol L-' MgCl,, 2 mmol L™
EDTA-Na, and 12.5 mmol L™' KCI at final concentrations,
and enzyme samples. Glucose-6-phosphatase was omitted
in controls. The assay mixtures were incubated at 35°C for
30 min. The reaction was stopped by boiling for 5 min,
and the samples were stored on ice for 10 min. After
centrifugation (5000xg for 10 min), the supernatants
were collected for determination of uridine diphosphate
(UDP). The second reaction mixture with a total volume of
0.5 mL contained 140 mmol L-' HEPES (pH 7.0), 2 mmol
L= phosphoenolpyruvate and 0.3 mmol L' nicotinamide
adenine dinucleotide (NADH) at final concentrations, and
20 U lactic dehydrogenase. The reaction was started by
adding the pyruvate kinase (10 L, 20 U) into the mixture
and incubated at 35°C for 30 min. The decrease of the
absorbance at 340 nm was recorded and used to calculate
the concentration of UDP.

Trehalose phosphorylase (TP) activity was measured
in both directions of trehalose synthesis and trehalose
phosphorolysis (Saito et al. 1998) with some modifications.
In the synthesis direction, the reaction mixture consisted
of 100 mmol L' a-glucose 1-phosphate, 100 mmol L™

glucose, 100 mmol L-' HEPES buffer (pH 7.0) and enzyme
sample in a total volume of 250 pyL. The reaction mixture
was incubated at 35°C for 3 h and boiled for 5 min to stop
the reation. The produced trehalose was measured by high-
performance liquid chromatography (HPLC). Whereas in the
phosphorolysis direction, the reaction mixture consisted of
200 mmol L' trehalose, 40 mmol L-' potassium phosphate
buffer (pH 7.0), 10 mmol L' glutathione, 16 mmol L-' EDTA,
1 mmol L~ NADP*, 1.3 mmol L' MgCl,-6H,0, 67 ymol L™
glucose 1,6-bisphosphate, 1.55 U PGM mL™", 1.75 U
glucose-6-phosphate dehydrogenase (G6PDH) mL~", and
enzyme sample, in a total volume of 2 mL. The formation of
glucose was measured by the hexokinase/G6PDH coupled
assay (Slein 1965).

The neutral trehalase (NTH) activity was measured by
the method of San Miguel and Arguelles (1994), with some
modifications. The reaction mixture consisted of 200 L of
200 mmol L' trehalose prepared in 25 mmol L-' HEPES
buffer (pH 7.1), and 125 ymol L~ CaCl, (final pH 6.7). The
reactions were conducted at 30°C for 30 min and terminated
by heating in a water bath at 100°C for 3 min. The glucose
concentration was determined in the supernatants using
the glucose oxidase-peroxidase method (Kokalis-Burelle
and Rodriguez-Kabana 1994).

2.8. Statistical analysis

All the experiments were conducted for at least three times,
and the data presented were representative of all the
results. All the data were analyzed by Microsoft Excel 2007
(Microsoft Corporation, Redmond, WA, USA) and SPSS
19.0 (SPSS Inc., Chicago, IL, USA). The experimental data
were assessed by a one-way analysis of variance using
Duncan’s multiple range test. A P-value of less than 0.05
was considered statistically significant.

3. Results

3.1. Two P. pulmonarius strains display distinct heat
stress resistance

The mycelia growth of CCMSSC 00494 and CCMSSC
00499 on PDA were both affected by different temperatures.
The growth rates for the two strains both increased at
20-28°C and decreased at 28-38°C. The optimal growing
temperatures were both at 28°C. Along with the change of
temperature, the growth rate of CCMSSC 00494 changed
more significantly than that of CCMSSC 00499 from 20
to 38°C (Fig. 1-A). Following high temperature treatment
(from 30 to 36°C), both the growth inhibition rates kept rising
as the temperature increased. This meant the growth of
the two strains were both inhibited. However, the growth



LIU Xiu-ming et al. | Journal of Integrative Agriculture 2019, 18(2): 428-437 431

-#- CCMSSC 00494

Growth rate (mm d-')

_2- L L L L L L L L

-4 CCMSSC 00499

os]

-

o

o
1

[
o
T

[o)]
o
T

N
o
T

N
o
T

Inhibition rate of mycelium growth (%)

o

20 22 24 26 28 30 32 34
Temperature (°C)

36 38 30 32 34 36
Temperature (°C)

Fig. 1 Influences of temperatures on the mycelial growth of CCMSSC 00494 (black square) and CCMSSC 00499 (white triangle).
A, mycelium growth rates. B, inhibition rates of mycelium growth. Error bars represent standard deviations from 5 independent
experiments. Different letters indicate statistical significances according to the Duncan’s multiple range test (P<0.05).

inhibition rates of CCMSSC 00494 were significantly higher
than those of CCMSSC 00499 (Fig. 1-B). From the above
results, it was determined that CCMSSC 00494 was the
heat-sensitive strain, and CCMSSC 00499 was the heat
less-sensitive strain.

3.2. Heat stress induced the accumulation of intra-
cellular trehalose

At the optimal growth temperature (28°C), there were no
significant differences in trehalose content between the
two strains (Fig. 2). When exposed to heat stress (40°C),
both strains showed significant accumulations of trehalose
compared with their respective controls. Trehalose
accumulation reached the highest level at 12-h heat
treatment. At this time, the intracellular trehalose content
of the sensitive strain (CCMSSC 00494) was 1.06-fold of
thatin the less-sensitive strain (CCMSSC 00499). And after
24-h heat treatment, the ratio increased up to 1.33-fold.
These results revealed that the heat stress induced the
accumulation of intracellular trehalose. During the entire
heat shock period, the sensitive strain (CCMSSC 00494)
accumulated more trehalose than the less-sensitive strain
(CCMSSC 00499).

3.3. Exogenous trehalose application can further pro-
mote the increased content of intracellular trehalose

under heat stress

Exogenous trehalose (15 g trehalose L") lead to higher

content of intracellular trehalose in the sensitive strain
(CCMSSC 00494) during entire heat stress period than that
in the samples with no trehalose addition (Fig. 2). While for
the less-sensitive strain (CCMSSC 00499), the intracellular
trehalose started to increase after 24-h heat treatment.
These results suggested that exogenous trehalose addition
induced the significant accumulation of intracellular
trehalose for both strains under heat stress at 40°C. Butthe
induction seemed more significant for the sensitive strain
as the intracellular trehalose for the less sensitive strain
accumulated only at high extent of heat stress.

3.4. Exogenous trehalose application promotes
growth recovery of mycelia after heat stress

It's well known that the extent of growth recovery was
related to the resistance to stress. The effects of exogenous
trehalose on growth recovery after heat stress were shown
in Fig. 3. Addition of lower concentration of trehalose (5 or
10 g L") significantly improved mycelial recovery growth of
the sensitive strain (CCMSSC 00494), but not less-sensitive
strain (CCMSSC 00499). The addition of 15 g L' trehalose
significantly improved recovery growth of both strains,
though the significant levels were different. At the addition
of 20 or 30 g L' trehalose, the growth promotion rates for
the two strains did not differ significantly. Thus, we selected
the addition of 15 g trehalose L~ treatment method for further
research. These results indicated that exogenous trehalose
was able to promote recovery growth after heat stress at
some extent, especially in the sensitive strain.
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Fig. 2 Effect of exogenous trehalose on the intracellular trehalose content level under 40°C heat stress. DW, dry weight. Error
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Fig. 3 Effect of exogenous trehalose on colony diameter for
CCMSSC 00494 and CCMSSC 00499 after 2 days recovery
from 12-h 40°C treatment. Error bars represent standard
deviations from 5 independent experiments. Different letters
indicate statistical significances according to the Duncan’s
multiple range test (P<0.05).

3.5. Exogenous trehalose application leads to reduc-
tion of lipid peroxidation under heat stress

To further investigate the effect of exogenous trehalose
in overcoming damages by heat stress, stress parameter
of lipid peroxidation was determined. Lipid peroxidation
is considered a primary cause of membrane oxidative
degradation under heat stress. TBARS is the product of lipid
peroxidation, and is considered as an indicator of membrane
damage under abiotic stresses (Nagesh and Devaraj 2008).

Increased TBARS content was observed in both strains
during the period of heat treatment even when exogenous
trehalose was added (Fig. 4). However, exogenous
trehalose significantly reduced the levels of lipid peroxidation
after 12-h heat treatment. In the sensitive strain (CCMSSC
00494), the TBARS content fell by 18.59 and 23.08% at 12
and 24 h treatments, respectively, compared with that of
no trehalose treatments. While in the less-sensitive strain
(CCMSSC 00499), it fell by 13.80 and 24.42%, respectively.
Thus, more membrane damages were induced by the heat
treatment in both strains, and the exogenous trehalose can
reduce the level of membrane damages.

3.6. Changes in the activities of intracellular treha-
lose metabolic enzymes during heat stress

In general, there are three pathways for intracellular
trehalose metabolism in mushrooms: TPS-TPP pathway,
TP pathway and NTH pathway. Moreover, the intracellular
trehalose accumulation levels were significantly different
between the two strains under heat stress. Therefore,
changes in the activities of intracellular trehalose metabolic
enzymes in both strains were determined.

TPS-TPP pathway was also known as OtsA-OtsB
pathway in Escherichia coli (Elbein et al. 2003). The TPS
activities, involved in the synthesis of trehalose from UDP,
increased in mycelia of both strains under heat treatment,
compared with their respective controls. Specifically,
TPS activity increased markedly after 6-h treatment for
both strains, while the sensitive strain (CCMSSC 00494)
exhibited higher increase than the less-sensitive strain
(CCMSSC 00499) (Fig. 5-A). Interestingly, after 12-h
treatment, the TPS activities of both strains declined.
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Fig. 4 Effect of exogenous trehalose on the lipid peroxidation level under 40°C. TBARS, thiobarbituric acid reactive substances.
FW, fresh weight. Error bars represent standard deviations from 3 independent experiments. Different letters indicate statistical
significances according to the Duncan’s multiple range test (P<0.05).

The activity of TP, which catalyzes the reversible
phosphorolysis of trehalose into glucose-1-phosphate and
glucose (Saito et al. 1998), was highly influenced by heat
stress (Fig. 5-B and C). The response to heat stress differed
in the trehalose synthesis and breakdown activity. In the
direction of trehalose synthesis, the activity of TP sharply
increased at 3-h heat treatment. The highest peak occurred
at 12 h, followed by a rapid decrease. In the direction of
degradation, i.e., trehalose phosphorolysis, the activity of TP
decreased rapidly before 6-h heat treatment and increased
sharply at 12-h treatment. After 12-h treatment, the TP
degradation activity didn’t change in the sensitive strain
(CCMSSC 00494), whereas decreased significantly in the
less-sensitive strain (CCMSSC 00499).

Under the treatment of heat stress, the activities of
NTH, which related to degradation of endogenous cytosolic
trehalose into two glucose molecules (Thevelein 1984)
reduced (Fig. 5-D). The reduction in NTH activity of the
sensitive strain (CCMSSC 00494) was greater than that of
the less-sensitive strain (CCMSSC 00499) during the early
treatment period. At 24-h treatment, the NTH activity slightly
increased in both strains, but still lower than that of control.

All these data indicated that P. pulmonarius accumulated
trehalose in response to heat stress (40°C) from 3to 12 h, by
increasing the activities of TPS and TP in trehalose synthesis
direction to synthesize more trehalose, and reducing the
activities of TP in trehalose degradation direction and NTH
at the same time to relieve the degradation of trehalose.
After a longer duration of heat stress (12 to 24 h), the
activities of trehalose synthesis enzymes reduced and
that of degradation enzymes increased, which resulted in
the intracellular trehalose contents decreasing gradually.
These data showed a clear response involving trehalose

biosynthesis under the treatment of heat stress.

4. Discussion

Heat stress is one of the major abiotic stress factors
impacting microorganisms growth and development.
Thus, breeding or selecting edible mushroom cultivars
adapted to high temperature can ensure fruit body quality
and yield, especially for the non-industrial cultivation lack
of facility to control temperature. Although the screening
indexes for heat resistance have been studied in plants in
detail, such as scavenging and detoxifying ROS capacity,
membrane thermal stability (MTS) and photosynthetic
apparatus function intact (Asthir 2015), not all clarified
concepts may apply to edible mushrooms because of
different development and metabolism between mushrooms
and plants. In this study, we tried to detect some indexes
that referred in plants under heat stress in P. pulmonarius.
In addition, exogenous trehalose or overexpression of
trehalose biosynthetic genes can improve abiotic stress
resistance by increased trehalose accumulation in many
organisms (Soto et al. 1999; Garg et al. 2002; Cortina and
Culiahez-Macia 2005; Kong et al. 2012a; Yang et al. 2014;
Rathod et al. 2016). The relationship between trehalose
biosynthesis and thermotolerance, however, is not clear.
Therefore, we studied the relationship in P. pulmonarius,
which would provide a basis for research on the screening
thermotolerance indexes for other mushrooms.

In this study, intracellular trehalose contents for both
the two P. pulmonarius strains tended to rise at first and
then decline, but they were still significantly higher than the
control group throughout the entire heat treatment period
(Fig. 2). The changing trend of trehalose content was similar
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in both Pleurotus eryngii var. tuoliensis and Flammulina
velutipes during the heat shock (Kong et al. 2012a; Liu
et al. 2016). It is well known that heat stress inhibited
mycelial growth or decreased biomass production (Ordaz
et al. 2012; Zhang X et al. 2016). And the thermotolerance
was related with the recovery growth ability (Rangel
et al. 2010). In this study, addition of trehalose into PDA
medium promoted mycelial growth recovery after heat
stress (Fig. 3). Similar results were also found in other
studies: Luo et al. (2014) reported that trehalose pretreated
wheat seedlings ameliorated some adverse effects and
exogenous trehalose partially promoted recovery from
heat stress; likewise, Nounjan and Theerakulpisut (2012)
described that the supplement of exogenous trehalose to
NaCl-stressed rice showed markedly higher percentage
of growth recovery than those treated with NaCl only. We
further confirmed that exogenous trehalose treatment not
only significantly promoted the increase of intracellular
trehalose concentrations, but also promoted the decrease
of lipid peroxidation levels in two P. pulmonarius strains
under heat stress (Figs. 2 and 4). Several studies showed

that exogenous or intracellular trehalose has the ability to
reduce ROS and lipid peroxidation levels resulted from
stress (Benaroud;j et al. 2001; Luo et al. 2008; Li et al. 2010).
Thus, endogenous and exogenous trehalose both played
protective effects against heat stress in P. pulmonarius.
Although extensive work regarding trehalose
accumulation under heat stress has been done, it still
remains to be investigated that how enzymes or genes in
trehalose metabolism pathways are regulated and how they
play different roles under stress. In F. velutipes, trehalose
accumulation induced by heat stress was regulated by TPS-
TPP pathway, the TP pathway and NTH pathway together
(Liu et al. 2016). However, Boo et al. (2013) suggested
that the trehalose accumulation under thermal stress
condition in Glaciozyma antarctica was possibly caused by
the repression of nth1 but was not due to over-expression
of the tps7 and fps2 genes. In deep contrast with these
results, studies of Winkler et al. (1991) reported a dramatic
increase in the concentration of the substrates (UDP-
glucose and glucose-6-phosphate) for TPS, which caused
an increase in trehalose concentration under heat stress.
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In this study, similar to F. velutipes, TPS activities increased
and NTH activities decreased for trehalose accumulation,
TP has a reversible reaction activity in the biosynthesis
and phosphorolysis of trehalose during the period of heat
stress (Fig. 5). Moreover, there were significant positive
correlations between the trehalose concentrations and TPS
activities in both sensitive strains (r=0.942, P<0.05) and
less-sensitive strain (r=0.872, P<0.05) (data now shown).
Thus, TPS-TPP pathway may play a pivotal role in the heat
resistance in P. pulmonarius.

The different germplasms have distinct abilities in the heat
resistance. The present results showed that exogenous
trehalose was more effective in promoting mycelial growth
recovery in sensitive strain than that in less-sensitive strain
when the lower concentration of trehalose was added
(Fig. 3). The sensitive strain produced more trehalose
(Fig. 2) and activated the trehalose metabolic enzymes more
quickly and stronger than the less-sensitive strain (Fig. 5).
These results suggested that protective effects of trehalose
were more pronounced in sensitive strain than that in less-
sensitive strain of P. pulmonarius. These results were in
accordance with the reports by Theerakulpisut and Gunnula
(2012) and Nounjan and Theerakulpisut (2012). Trehalose
itself alone cannot explain the difference in thermotolerance
between sensitive strain and less-sensitive strain, although
the heat resistance was both enhanced by exogenous
or endogenous accumulated trehalose differently in
P. pulmonarius.

Various substances related to trehalose metabolism may
involve in heat resistance. For example, T6P (trehalose-6-
phosphate, an intermediate of TPS-TPP pathway) is
an important sugar signaling molecule for plant stress
responses. It controls glycolysis in yeasts and filamentous
fungi (Eastmond and Graham 2003), and inhibits the
catalytic activity of SnRK1 (sucrose non-fermenting-1-
related protein kinase 1), a key transcriptional regulator that
responds to carbon and energy supply (Zhang et al. 2009;
Paul et al. 2010). Moreover, a new conclusion was recently
reported that yeast tolerance to various stresses relies on
the TPS protein, not on trehalose (Petitjean et al. 2015). And
the new functions of TPS protein as a key pro-survival factor
during growth, chronological ageing, and apoptotic stress
in yeast have been reported (Petitjean et al. 2017). The
synthesises of HSPs are also key processes in response
to heat stress. Almost all HSPs functions as molecular
chaperones, preventing deleterious protein conformations
and eliminate non-native aggregations (Morimoto 1998;
Feder and Hofmann 1999). The HSP104 has been shown
to exhibit synergistic (Elliott ef al. 1996) or complementary
effect for loss of trehalose (Tapia and Koshland 2014). And
the robust increase in transcription of HSPs genes by heat-
shock factor-1 (Hsf1) was linked to the combined effects of

trehalose (Bulman and Nelson 2005; Conlin and Nelson
2007). In addition, a high trehalose level maintains Hsf1 in
a highly active state, preventing the decrease in activity of
Hsf1 that occurs during a sustained heat shock response
(Conlin and Nelson 2007). It was also shown that signaling
molecules NO can effectively protect mycelia of P. eryngii
var. tuoliensis from heat stress-induced oxidative damage
and is involved in the regulation of accumulation of trehalose
(Kong et al. 2012a, b).

Heat stress resulted in the inhibition of mycelium growth,
increased lipid peroxidation level and intracellular trehalose
contentin P. pulmonarius. Furthermore, trehalose played a
role as a thermoprotectant, because exogenous trehalose
increased the intracellular trehalose content and further
alleviated the negative impact on mycelial growth induced
by heat stress. The intracellular trehalose concentrations
in less-sensitive strain were significantly lower than that in
heat-sensitive strain, and the endogenous and exogenous
trehalose protective effects in the heat-sensitive strain were
significantly higher than that in the less-sensitive strain
under heat stress. This indicated that differences in levels
of trehalose biosynthesis may not be the only reason to the
difference of thermotolerance. As shown above, trehalose
plays an important role in heat resistance, however, it is
very complicated that the mechanism underlying the heat
resistance may involve the alteration of signaling cascades
and transcriptional control, increasing production of stress
proteins, osmoprotectants and antioxidants (Hasanuzzaman
et al. 2013). Therefore, we presume that trehalose
biosynthesis is just one aspect of the heat resistance
mechanisms. Further research needs to be done to clarify
the mechanisms of heat resistance in P. pulmonarius.

5. Conclusion

Heat stress inhibited the mycelial growth of Pleurotus
pulmonarius and accelerated the lipid peroxidation.
Trehalose plays protective roles on heat resistance of the
two strains and the protective effects were more remarkable
in the sensitive strain. The trehalose metabolic enzymes
in the sensitive strain act more positively to accumulate
trehalose than those in the less-sensitive strain.

Acknowledgements

This work was supported by the National Basic Research
Program of China (2014CB138303) and the earmarked
fund for China Agriculture Research System (CARS20).
The authors thank the Department of Quality and Safety
Test Technology in the Institute of Vegetables and Flowers,
Chinese Academy of Agricultural Sciences for providing the
experimental facilities.



436 LIU Xiu-ming et al. | Journal of Integrative Agriculture 2019, 18(2): 428—437

References

Ancin-Azpilicueta C, Barriuso-Esteban B, Nieto-Rojo R,
Aristizabal-Lopez N. 2012. SO, protects the amino nitrogen
metabolism of Saccharomyces cerevisiae under thermal
stress. Microbial Biotechnology, 5, 654—-662.

Asthir B. 2015. Mechanisms of heat tolerance in crop plants.
Biologia Plantarum, 59, 620-628.

Benaroudj N, Lee D H, Goldberg A L. 2001. Trehalose
accumulation during cellular stress protects cells and
cellular proteins from damage by oxygen radicals. Journal
of Biological Chemistry, 276, 24261-24267.

Boo S'Y, Wong C M V L, Rodrigues K F, Najimudin N, Murad
A M A, Mahadi N M. 2013. Thermal stress responses in
Antarctic yeast, Glaciozyma antarctica P112, characterized
by real-time quantitative PCR. Polar Biology, 36, 381-389.

Bulman AL, Nelson H C M. 2005. Role of trehalose and heat in
the structure of the C-terminal activation domain of the heat
shock transcription factor. Proteins, 58, 826—-835.

Cao T S, Chi Z, Liu G L, Chi Z M. 2014. Expression of
TPS1 gene from Saccharomycopsis fibuligera A11 in
Saccharomyces sp. W0 enhances trehalose accumulation,
ethanol tolerance, and ethanol production. Molecular
Biotechnology, 56, 72—78.

Chang ST, Miles P G. 2004. Mushrooms: Cultivation, Nutritional
Value, Medicinal Effect, and Environmental Impact. 2nd ed.
CRC press, Boca Raton, FL.

Conlin L K, Nelson H C M. 2007. The natural osmolyte trehalose
is a positive regulator of the heat-induced activity of yeast
heat shock transcription factor. Molecular and Cellular
Biology, 27, 1505-1515.

Cortina C, Culianez-Macia F A. 2005. Tomato abiotic stress
enhanced tolerance by trehalose biosynthesis. Plant
Science, 169, 75-82.

Corréa R C G, Brugnari T, Bracht A, Peralta R M, Ferreira |
C F R. 2016. Biotechnological, nutritional and therapeutic
uses of Pleurotus spp. (Oyster mushroom) related with its
chemical composition: A review on the past decade findings.
Trends in Food Science & Technology, 50, 103-117.

Eastmond P J, Graham | A. 2003. Trehalose metabolism: A
regulatory role for trehalose-6-phosphate? Current Opinion
in Plant Biology, 6, 231-235.

Elbein AD, PanY T, Pastuszak |, Carroll D. 2003. New insights
on trehalose: A multifunctional molecule. Glycobiology, 13,
17R-27R.

Elliott B, Haltiwanger R S, Futcher B. 1996. Synergy
between trehalose and Hsp104 for thermotolerance in
Saccharomyces cerevisiae. Genetics, 144, 923-933.

Feder M E, Hofmann G E. 1999. Heat-shock proteins, molecular
chaperones, and the stress response: Evolutionary and
ecological physiology. Annual Review of Physiology, 61,
243-282.

Gancedo C, Flores C L. 2004. The importance of a functional
trehalose biosynthetic pathway for the life of yeasts and
fungi. FEMS Yeast Research, 4, 351-359.

Garg A K, Kim J K, Owens T G, Ranwala A P, Do Choi Y,
Kochian L V, Wu R J. 2002. Trehalose accumulation in
rice plants confers high tolerance levels to different abiotic

stresses. Proceedings of the National Academy of Sciences
of the United States of America, 99, 15898-15903.

Hasanuzzaman M, Nahar K, Alam M M, Roychowdhury R,
Fujita M. 2013. Physiological, biochemical, and molecular
mechanisms of heat stress tolerance in plants. International
Journal of Molecular Sciences, 14, 9643-9684.

Hoa H T, Wang C L. 2015. The effects of temperature
and nutritional conditions on mycelium growth of two
oyster mushrooms (Pleurotus ostreatus and Pleurotus
cystidiosus). Mycobiology, 43, 14-23.

Hottiger T, Schmutz P, Wiemken A. 1987. Heat-induced
accumulation and futile cycling of trehalose in
Saccharomyces cerevisiae. Journal of Bacteriology, 169,
5518-5522.

Kashangura C. 2008. Optimisation of the growth conditions and
genetic characterisation of Pleurotus species. Ph D thesis,
University of Zimbabwe, Zimbabwe.

Kokalis-Burelle N, Rodriguez-Kabana R. 1994. Changes
in populations of soil microorganisms, nematodes, and
enzyme activity associated with application of powdered
pine bark. Plant and Soil, 162, 169-175.

Kong WW, Huang CY, Chen Q, Zou Y J, Zhao MR, Zhang J X.
2012a. Nitric oxide is involved in the regulation of trehalose
accumulation under heat stress in Pleurotus eryngii var.
tuoliensis. Biotechnology Letters, 34, 1915-1919.

Kong W W, Huang C Y, Chen Q, Zou Y J, Zhang J X. 2012b.
Nitric oxide alleviates heat stress-induced oxidative damage
in Pleurotus eryngii var. tuoliensis. Fungal Genetics and
Biology, 49, 15-20.

Li H, Wang H L, Du J, Du G, Zhan J C, Huang W D. 2010.
Trehalose protects wine yeast against oxidation under
thermal stress. World Journal of Microbiology and
Biotechnology, 26, 969-976.

Li XL, Yao Y J. 2005. Revision of the taxonomic position of the
Phoenix Mushroom. Mycotaxon, 91, 61-73.

LiuJH, Shang XD, LiuJ Y, Tan Q. 2016. Changes in trehalose
content, enzyme activity and gene expression related to
trehalose metabolism in Flammulina velutipes under heat
shock. Microbiology, 162, 1274—1285.

Luo Y, Li W M, Wang W. 2008. Trehalose: Protector of
antioxidant enzymes or reactive oxygen species scavenger
under heat stress? Environmental and Experimental Botany,
63, 378-384.

Luo Y, Gao Y M, Wang W, Zou C J. 2014. Application of
trehalose ameliorates heat stress and promotes recovery of
winter wheat seedlings. Biologia Plantarum, 58, 395-398.

Mahmud S A, Hirasawa T, Shimizu H. 2010. Differential
importance of trehalose accumulation in Saccharomyces
cerevisiae in response to various environmental stresses.
Journal of Bioscience and Bioengineering, 109, 262—266.

Morimoto R I. 1998. Regulation of the heat shock transcriptional
response: Cross talk between a family of heat shock factors,
molecular chaperones, and negative regulators. Genes &
Development, 12, 3788-3796.

Nagesh B R, Devaraj V R. 2008. High temperature and salt
stress response in French bean (Phaseolus vulgaris).
Australian Journal of Crop Science, 2, 40—48.

Nounjan N, Theerakulpisut P. 2012. Effects of exogenous



LIU Xiu-ming et al. | Journal of Integrative Agriculture 2019, 18(2): 428—437 437

proline and trehalose on physiological responses in rice
seedlings during salt-stress and after recovery. Plant, Soil
and Environment, 58, 309-315.

Ordaz A, Favela E, Meneses M, Mendoza G, Loera O. 2012.
Hyphal morphology modification in thermal adaptation by
the white-rot fungus Fomes sp. EUM1. Journal of Basic
Microbiology, 52, 167—-174.

Paul M J, Jhurreea D, Zhang Y H, Primavesi L F, Delatte
T, Schluepmann H, Wingler A. 2010. Up-regulation of
biosynthetic processes associated with growth by trehalose
6-phosphate. Plant Signaling and Behavior, 5, 386—-392.

Petitiean M, Teste M A, Francois J M, Parrou J L. 2015. Yeast
tolerance to various stresses relies on the tehalose-6P
synthase (Tps1) protein, not on trehalose. Journal of
Biological Chemistry, 290, 16177-16190.

Petitiean M, Teste M A, Léger-Silvestre |, Frangois J M, Parrou J
L.2017. A new function for the yeast trehalose-6P synthase
(Tps1) protein, as key pro-survival factor during growth,
chronological ageing, and apoptotic stress. Mechanisms
of Ageing and Development, 161, 234—246.

Rajarathnam S, Bano Z. 1987. Pleurotus mushrooms. Part IA.
Morphology, life cycle, taxonomy, breeding and cultivation.
Critical Reviews in Food Science and Nutrition, 26, 157—-223.

Rangel D E N, Fernandes E K K, Dettenmaier S J, Roberts D
W. 2010. Thermotolerance of germlings and mycelium of
the insect-pathogenic fungus Metarhizium spp. and mycelial
recovery after heat stress. Journal of Basic Microbiology,
50, 344-350.

Rathod J P, Prakash G, Vira C, Lali A M. 2016. Trehalose
phosphate synthase overexpression in Parachlorella
kessleri improves growth and photosynthetic performance
under high light conditions. Preparative Biochemistry &
Biotechnology, 46, 803—-809.

Ribeiro M J S, Leao L S C, Morais P B, Rosa C A, Panek A
D. 1999. Trehalose accumulation by tropical yeast strains
submitted to stress conditions. Antonie van Leeuwenhoek,
75, 245-251.

Ruan H D, Chen X J, Lin R B. 2005. Biological characteristics
and cultivation techniques of Pleurotus pulmonarius. Fujian
Agricultural Science and Technology, 6, 24—26.

Saito K, Yamazaki H, Ohnishi Y, Fujimoto S, Takahashi E,
Horinouchi S. 1998. Production of trehalose synthase from a
basidiomycete, Grifola frondosa, in Escherichia coli. Applied
Microbiology and Biotechnology, 50, 193—198.

San Miguel P F, Arguelles J C. 1994. Differential changes in
the activity of cytosolic and vacuolar trehalases along the
growth cycle of Saccharomyces cerevisiae. BBA General
Subjects, 1200, 155-160.

Slein M W. 1965. D-Glucose: Determination with hexokinase
and glucose-6-phosphate dehydrogenase. In: Bergmeyer

H U, ed., Methods of Enzymatic Analysis (Second Printing,
Revised). Academic Press, USA. pp. 117-130.

Song C, Chen Q, Wu X L, Zhang J X, Huang C Y. 2014. Heat
stress induces apoptotic-like cell death in two Pleurotus
species. Current Microbiology, 69, 611-616.

Soto T, Fernandez J, Vicente-Soler J, Cansado J, Gacto M.
1999. Accumulation of trehalose by overexpression of
tps1, coding for trehalose-6-phosphate synthase, causes
increased resistance to multiple stresses in the fission yeast
Schizosaccharomyces pombe. Applied and Environmental
Microbiology, 65, 2020-2024.

Tapia H, Koshland D E. 2014. Trehalose is a versatile and
long-lived chaperone for desiccation tolerance. Current
Biology, 24, 2758-2766.

Theerakulpisut P, Gunnula W. 2012. Exogenous sorbitol and
trehalose mitigated salt stress damage in salt-sensitive
but not salt-tolerant rice seedlings. Asian Journal of Crop
Science, 4, 165-170.

Thevelein J M. 1984. Regulation of trehalose mobilization in
fungi. Microbiological Reviews, 48, 42—59.

Vianna C R, Silva C L C, Neves M J, Rosa C A. 2008.
Saccharomyces cerevisiae strains from traditional
fermentations of Brazilian cachaca: Trehalose metabolism,
heat and ethanol resistance. Antonie van Leeuwenhoek,
93, 205-217.

Winkler K, Kienle I, Burgert M, Wanger J C, Holzer H. 1991.
Metabolic regulation of the trehalose content of vegetative
yeast. FEBS Letters, 291, 269-272.

Yang L, Zhao X J, Zhu H, Paul M, Zu Y G, Tang Z H. 2014
Exogenous trehalose largely alleviates ionic unbalance,
ROS burst, and PCD occurrence induced by high salinity
in Arabidopsis seedlings. Frontiers in Plant Science, 5, doi:
10.3389/fpls.2014.00570

ZhangRY,HuDD, Zhang Y'Y, Goodwin P H, Huang C Y, Chen
Q, GaoW, Wu XL, ZouY J,Qud B, Zhang J X. 2016. Anoxia
and anaerobic respiration are involved in “spawn-burning”
syndrome for edible mushroom Pleurotus eryngii grown
at high temperatures. Scientia Horticulturae, 199, 75-80.

Zhang X, Ren A, Li M J, Cao P F, Chen T X, Zhang G, Shi
L, Jiang A L, Zhao M W. 2016. Heat stress modulates
mycelium growth, heat shock protein expression, ganoderic
acid biosynthesis, and hyphal branching of Ganoderma
lucidum via cytosolic Ca?*. Applied and Environmental
Microbiology, 82, 4112—4125.

Zhang Y H, Primavesi L F, Jhurreea D, Andralojc P J, Mitchell
R A C, Powers S J, Schluepmann H, Delatte T, Wingler A,
Paul M J. 2009. Inhibition of SNF1-related protein kinase1
activity and regulation of metabolic pathways by trehalose-
6-phosphate. Plant Physiology, 149, 1860-1871.

Executive Editor-in-Chief HUANG San-wen
Managing editor WENG Ling-yun



