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Trichoderma asperellum ZZY has good tolerance to Pb2*, but the tolerance mechanism is not clear. The
manuscript aimed to clarify the tolerance mechanism from the perspective of the response changes of
related active ingredients. The synthesis of polysaccharides, proteins and thiol compounds in
Trichoderma asperellum can be accelerated with Pb®* stress. Under Pb?* stress, Trichoderma asperellum
can synthesize oxalic acid and secrete it extracellularly. In addition, high concentration of Pb?* can
inhibit the synthesis and extracellular secretion of formic acid and malic acid. The tolerance of
Trichoderma asperellum to Pb?* is the results of multiple reactions. The Pb?* can promote the synthesis
of polysaccharides, proteins, thiol compounds and oxalic acid. In the early stage of Pb?* stress,
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Accepted 17th January 2020 acid in mycelia and secrete it extracellularly to remove free Pb“" and alleviate the toxicity of Pb“" to

cells. With the transport of Pb?* into cells, it can promote the synthesis of polysaccharides, proteins, thiol

DOI: 10.1038/¢9ral0517d compounds to adsorb and transform the Pb?* and ease the damage to the cells. The manuscript
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1. Introduction

Heavy metal refers to the metal elements with a density
exceeding 5 g mL ™', Heavy metal elements are initially fixed in
the crust in the form of minerals. But with the exploitation of
resources, various types and quantities of heavy metal elements
are released into the environment to cause serious heavy metal
pollution problems. The existence of heavy metals has caused
serious global health challenges to human society. The envi-
ronmental pollution remediation is an urgent problem. The
bioremediation is a safe and effective way." Various biological
materials were utilized to repair environmental pollutions of
heavy metals, such as biochar, biochar-based nanocomposite,
rhamnolipid (RL)-stabilized nanoscale zero-valent iron, nano-
scale zero valent iron particles and so on.”® In addition,
microorganisms are an important material in bioremediation.
Microorganisms are a class of organisms not only with wide
distribution, various species and faster reproduction speed but

“State Key Laboratory of Food Nutrition and Safety, Tianjin University of Science and
Technology, Tianjin 300457, PR China. E-mail: zhyuanzhu@tust.edu.cn; Fax: +86
2260912390; Tel: +86 2260912390

*Key Laboratory of Food Nutrition and Safety, Ministry of Education, Tianjin
University of Science and Technology, Tianjin 300457, PR China

College of Food Science and Biotechnology, Tianjin University of Science and
Technology, Tianjin 300457, PR China

T Electronic  supplementary
10.1039/c9ra10517d

information  (ESI) available. See DOL

5202 | RSC Adv, 2020, 10, 5202-521

provides theoretical support and scientific explanation for the application of Trichoderma asperellum.

also with strong catabolic capacity and higher metabolic rate.
The heavy metals can inhibit the growth and metabolism of
organisms and even cause death when the concentration of
heavy metals increases to a certain extent.” The literature
reports that some microorganisms have tolerance to heavy
metal ions and also can absorb and transform heavy metals.
Choudhary et al.® reported that the Pseudomonas sp. has good
tolerance and adsorption characteristics to Ni**, Co**, Cu*" and
Cd** with maximum adsorption capacities of 1048 nmol mg ™,
845 nmol mg~", 828 nmol mg~" and 700 nmol mg™~", respec-
tively. Abd-Alla et al.® utilized the Rhizobium leguminosarum bv.
as an adsorbent to remove Cd*>* and Co** from aqueous solu-
tion. The maximum adsorption capacities of Cd*>" and Co>* were
135.3 mg g ' and 167.5 mg g ', respectively.

Microorganisms can survive in high concentrations of heavy
metals which suggesting that they can form an effective defense
system to reduce the toxicity of heavy metals. These defense
systems are based on the metabolites synthesized by the cells in
the extracellular and intracellular and can chelated with heavy
metal ions." The cell wall of microorganism contains various
biological active substances, such as polysaccharides, proteins
and so on. These biological active substances contains func-
tional groups such as a carboxyl, phosphate, hydroxyl, thiol and
amino which can combine with heavy metal ions around
through electrostatic adsorption, complexation, chelation, ion
exchange and covalent adsorption, or form extracellular
precipitates with heavy metal ions to prevent them from
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entering the cell."™** The polysaccharides and proteins in EPS
were primarily responsible for the resistance the toxicity.***
Microorganisms can also immobilize heavy metal ions intra-
cellularly. The metal ions can be transported into the cell
through the ion channel of the cell membrane. Intracellular
metallothioneins, complexins, and peptides can bind to heavy
metal ions and fix the heavy metals."” Microorganisms can also
produce related enzymes which can reduce heavy metal ions to
decrease the toxic effects on the cells.”

Trichoderma asperellum is a fungus with strong vitality and
simple requirements for nutritional conditions. It has extensive
applications due to its faster reproduction speed and larger
sporulation. Trichoderma asperellum can synthesize cell wall
hydrolase, such as chitinase, glucanase and protease.'*** Tri-
choderma asperellum can inhibit the growth of plant pathogens
by degrading the cell wall of plant pathogens. Therefore, Tri-
choderma asperellum is widely used in the biological control of
plants.”>** In addition, Trichoderma asperellum has strong
ability to degrade cellulose and it can also be applied to degrade
waste with high cellulose content to reduce environmental
pollution and develop new energy.>** In recent years, it has
been found that Trichoderma asperellum has certain tolerance,
adsorption and transformation effects on heavy metal ions.
Trichoderma asperellum has good application prospect in
repairing heavy metal pollution. Su et al.* studied the tolerance
and biotransformation of arsenic (As) by Trichoderma asper-
ellum and found that the strain can transport arsenic to the
bacterial cells to reduce and methylate the arsenic to non-toxic
form. Chang et al.*” isolated Trichoderma asperellum PTN10
which has tolerance and detoxification ability to chromium.
The extracellular enzyme system of PTN10 has strong reducing
ability to Cr(v1), which can reduce the toxicity of Cr(vi) to strain.
In our team, Zhu et al. screened and isolated a strain of Tri-
choderma asperellum from heavy metal contaminated soil. It
found that this strain has good tolerance to Pb>".?® This is the
first report on the study of Pb** tolerance by Trichoderma
asperellum. In previously work, a strain of Trichoderma asper-
ellum ZZY was isolated from heavy metal contaminated soil.
Trichoderma asperellum ZZY was applied in the National Spark
Key Program of China (2015GA610001) and it proved that the
Trichoderma asperellum ZZY can effectively reduce the contents
of heavy metals in grains, fruits and vegetables through
competitive adsorption on heavy metals with plants.

The Trichoderma asperellum ZZY has good tolerance to Pb*",
but the tolerance mechanism is not clear. So the manuscript
aimed to clarify the tolerance mechanism from the perspective
of the response changes of related active ingredients under Pb**
stress. The effects of Pb>* stress on biomass of mycelia were
studied and the experiments of Pb®" stress on Trichoderma
asperellum were performed to determine the scientifically and
accurately the concentrations of Pb*>' stress. The response
changes of the polysaccharides, soluble proteins, thiol
compounds and low molecular organic acids in Trichoderma
asperellum under stress of Pb** were studied to clarify the
tolerance mechanism. The concentration of Pb>" was measured
with atomic absorption spectrophotometry (AAS). The content
of polysaccharides was detected by phenol-sulfuric acid and 3,5-
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dinitrosalicylic acid (DNS). The protein and the thiol
compounds were measured with spectrocolorimetry. While the
low molecular organic acids were detected with HPLC. The
purpose of the manuscript was to provide scientific explanation
and theoretical support for the application of Trichoderma
asperellum.

2. Materials and methods
2.1 Materials and chemicals

Trichoderma asperellum ZZY, isolated from heavy metal
contaminated soil, is a strain with resistant to Pb**. The strain
was preserved in China General Microbiological Culture
Collection Center on January 14, 2016 and the deposit number
is CGMCC no. 12071. The standards of oxalic acid, tartaric acid,
formic acid, malic acid, acetic acid, citric acid and fumaric acid
were bought from ANPEL Laboratory Technologies (Shanghai,
China). The reagents used in HPLC were chromatographically
grade. And all reagents used in manuscript were analytical
grade.

2.2 Determination of Pb?>* concentration

The atomic absorption spectrophotometry (AAS) was applied to
measure the concentrations of Pb>". The solution with Pb**
(1 mg mL ") was used to prepare standard curve. The concen-
tration of Pb*" in measured solution was calculated with stan-
dard curve. The adsorption capacity and the removal ratio of
Pb*" were calculated with formula followed.

_ (Co — Cl) x V
- m
AE() = =S 100
Gy

where «, Cy, C1, m, Vand AE represented the adsorption capacity
of Pb (mg g~ "), initial concentration of Pb>" (mg L"), concen-
tration of Pb>" after adsorption (mg L"), the quality of adsor-
bent (g), volume of adsorption system (L) and removal ratio of
Pb>" (%), respectively.

2.3 Experiments of Pb*>* stress on Trichoderma asperellum

Microorganisms can grow normally with low concentration of
heavy metal ions, while heavy metal ions with high concentra-
tion can cause damage to cells. To determine the scientifically
and accurately the concentrations of Pb*" stress, the effects of
Pb** stress on biomass of mycelia were studied and the exper-
iments of Pb*>" stress on Trichoderma asperellum were
performed.

2.3.1 Effect of Pb>* stress on biomass of Trichoderma
asperellum mycelia. The strain, stored in 4 °C, needs to be
activated for three generations. Then the spore suspension,
concentration of 4 x 10° cells per mL, was prepared with acti-
vated strain and sterile water and applied to the liquid
fermentation as seed liquid. The fermentation was performed
with Potato Dextrose Medium and seed liquid of 2% at 26 °C
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and 160 rpm for 72 h. When the fermentation time was 24 h, the
Pb(NO;), solution was added in the culture medium to make
the concentrations of Pb*" were 0, 50, 100, 200, 400, 800, 1000
and 2000 mg L™', respectively. In the termination of the
fermentation, the culture mediums with different concentra-
tions of Pb>" were treated with filtration to obtain the mycelia.
The mycelia was washed, dried and weighed.

2.3.2 Experiments of Pb*>* stress on Trichoderma asper-
ellum. The liquid fermentation was performed according to
2.3.1. When the fermentation time was 24 h, the Pb(NOj;),
solution was added in the culture medium to make the
concentrations of Pb>" were 10, 25, 50, 100, 200 and 400 mg L™,
respectively. When the fermentation times were 26, 28, 32, 36,
48, 72 and 96 h, the culture mediums with different concen-
trations of Pb®>" were treated with filtration to obtain the
mycelia. The mycelia was washed, dried and weighed. The
concentration of Pb*>" in culture mediums was detected and
removal ratio Pb** was calculated with previously described.

2.4 Response changes of related active ingredients under
Pb** stress

The tolerance and adsorption of microorganisms on heavy
metal are depended on the related active ingredients synthe-
sized by strain. The response changes of the polysaccharides,
soluble proteins, thiol compounds and low molecular organic
acids in Trichoderma asperellum under stress of Pb** were
studied to clarify the tolerance mechanism.

2.4.1 Response changes of polysaccharides content in 7ri-
choderma asperellum mycelia under Pb>" stress. Bio-
polysaccharide is a metabolite produced by plants or microor-
ganisms during growth. The polysaccharide contains a func-
tional group such as hydroxyl, carboxyl and amino group which
can be effectively combined with metal ions.>**® The response
changes of the polysaccharides in mycelia were explored.

The mycelia of Trichoderma asperellum were grinded and
extracted with distilled water (1 : 20). The temperature and time
were 80 °C and 2 h, respectively. The extraction was performed
three times and all supernatant were combined and the volume
was set to 250 mL. The total sugar and reducing sugar were
measured with phenol-sulfuric acid and 3,5-dinitrosalicylic acid
(DNS), respectively.®* The content of polysaccharides was the
difference of total sugar and reducing sugar. The response
changes of polysaccharides content in Trichoderma asperellum
mycelia under Pb>" stress were investigated.

2.4.2 Response changes of soluble proteins content in
Trichoderma asperellum mycelia under Pb>* stress. The protein
is an important active substance in the cells. The heavy metals
can attach to the metal-binding sites of proteins and stimulate
the synthesis of related enzymes to regulate the synthesis and
transport of related ingredients.** The response changes of the
proteins in mycelia were explored.

The liquid fermentation was performed according to 2.3.1.
The mycelia and culture medium were separated with filtration.
The mycelia were washed five times with sufficient distilled
water and then three times with pre-cooled phosphate buffer
solution (50 mmol mL ™", pH 7.2). The mycelia were pre-cooled
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at 4 °C for 2-3 h and grinded to fine powder with liquid
nitrogen. The mycelia were mixed with phosphate buffer solu-
tion (50 mmol mL ™", pH 7.2, 5 mL) and centrifuged for 30 min
at 12 000 rpm and 4 °C. The extraction of mycelia was repeated
three times to obtain the extract of Trichoderma asperellum
mycelia. The response changes of soluble proteins content in
Trichoderma asperellum mycelia under Pb>" stress were investi-
gated with Bradford (G-250) method.

2.4.3 Response changes of thiol compounds contents in
Trichoderma asperellum mycelia and culture medium under
Pb*>* stress. The thiol compounds are the active ingredients
which contain -SH functional group in organism, such as
reduced glutathione, phytochelatin, metallothionein, etc. These
substances are important components in the detoxification
pathway of heavy metal in different organisms.**-** The content
of thiol compounds in the fermentation broth and mycelia were
determined to study the response changes of thiol compounds
of Trichoderma asperellum under Pb>" stress.

The liquid fermentation was performed according to 2.3.1.
The mycelia and culture medium were separated with filtration.
The extracts of mycelia were prepared according to 2.4.2. The
thiol compounds contents of extracts of mycelia and culture
medium were detected accordance with literature. The response
changes of thiol compounds contents in mycelia and culture
medium under Pb*" stress were investigated.

2.4.4 Response changes of low molecular organic acid
contents in Trichoderma asperellum mycelia and culture
medium under Pb>" stress. Low molecular organic acids, also
known as small organic acids, generally refer to organic acids
with molecular weight of less than 250 Da. Low molecular
organic acids can not only affect the migration and trans-
formation of heavy metal ions in solid and liquid environments,
but also affect the toxicity of heavy metals to organisms and the
environment.***” Therefore, low molecular organic acids play
vital roles in controlling the dissolution and biological toxicity
of heavy metals. On the one hand, low molecular organic acids
can be ionized to change the charge properties of the environ-
ment and affect the adsorption of heavy metals by the adsor-
bent. On the other hand, low molecular organic acids can also
have complexation with heavy metal ions and immobilize them
to affect the distribution of heavy metals in solid-phase and
liquid-liquid environments.*® The content of low molecular
organic acids in the fermentation broth and mycelia were
determined to study the response changes of low molecular
organic acids of Trichoderma asperellum under Pb>" stress.

The extracts of mycelia and culture medium were prepared
according to 2.4.2. The oxalic acid, tartaric acid, formic acid,
malic acid, acetic acid, citric acid and fumaric acid in extract of
mycelia and culture medium were measured with HPLC (RID-
20A, Shimadzu, Japan) equipped with Kromasil C18 (5 pm)
(TOSOH, Japan) and UV-vis detector. It was eluted with
KH,PO,-H;PO, buffer (0.04 mol L™, pH 2.5). The conditions of
experiment were as follows: injection volume of 10 pL, flow rate
of 0.5 mL min ", detection wavelength of 210 nm and column
temperature of 30 °C. The content of the organic acid was
quantified using an external standard method. With the pre-
test, the formic acid, acetic acid, malic acid, fumaric acid,

This journal is © The Royal Society of Chemistry 2020
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citric acid, tartaric acid were mixed to detect and oxalic acid
alone. The concentration of organic acid and the area of peak
were used as horizontal coordinate and vertical coordinate to
prepare standard curve.

2.5 Statistical analysis

The statistical analysis was done using SPSS 19.0 software. Data
are presented as means + SD at least three independent
experiments.

3. Results and discussion

3.1 Effects of Pb>" stress on Trichoderma asperellum mycelia
biomass

The results related effects of Pb** stress on Trichoderma asper-
ellum mycelia biomass were demonstrated in Fig. 1. When the
Pb>* were 0 mg L' and 50 mg L', the biomass was no
significant difference while decreased significantly when
100 mg L~ ". Then with the increase of Pb®>" concentration, the
biomass began to decrease significantly. Compared with
0 mg L', the mycelial biomass decreased by 14.96%, 33.50%
and 48.80%, respectively, when Pb>" concentration of 200, 400
and 800 mg L~ ". Therefore, for accurately exploring the toler-
ance and mechanism of Trichoderma asperellum to Pb>*, the
stress experiments were performed in the Pb>" concentration of
10, 25, 50, 100, 200 and 400 mg L ™.

3.2 Experiments of Pb*>* stress on Trichoderma asperellum

The concentration of Pb** in fermentation broth and removal
ratios of Pb>" under different concentrations and culture time
were shown in Fig. 2. And the significance analysis on removal
ratio of Pb** was demonstrated in Table $1.1 The Fig. 2a and
b illustrated that, at initial concentrations of 10 mg L™" and
25 mg L', the removal process of is relatively rapid and
completed at 32 h with Pb*>* removal ratios of 98.79% and
99.81%, respectively. The Fig. 2c¢ indicated that, at initial

Biomass (g/1)
-

0 50 100 200 400 800
Concentration of Pb®* (mg/L)

1000 2000

Fig.1 Effects of Pb?* on the biomass of Trichoderma asperellum (The
different uppercase letters and lowercase letters showed that the
difference between the groups was extremely significant (P < 0.01) and
significant (P < 0.05), respectively. The same lowercase letters indi-
cated that the difference between the groups was not significant (P >
0.05).).
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concentrations of 50 mg L', the removal process reached
equilibrium at 48 h with Pb*>" removal ratio of 96.88%. The
Fig. 2d indicated that, at Pb*>" initial concentration of
100 mg L, the removal process was relatively slow and reached
equilibrium at 72 h with Pb** removal ratio of 92.70%. With the
fermentation time increased to 96 h, Pb>* removal ratio had no
significantly changes. It can be seen from Fig. 2e and f that, at
initial concentrations of 200 mg L™ and 400 mg L™, Pb>"
removal ratio both increaseds rapidly in 24-28 h. With the
increase of fermentation time, the increase speed of Pb>"
removal ratio had a tendency to slow down in 28-36 h. This may
be due to the saturation of the Pb*" adsorption sites on the
surface to inhibit the transportation of Pb** into cells in time. It
may be caused by the high concentration of Pb>* can inhibit the
growth of Trichoderma asperellum and some response changes
should be triggered to accommodate the growing conditions.
When the Pb*" initial concentrations were 200 mg L~ " and
400 mg L' and the fermentation time at 96 h, the removal
ratios of Pb>" were 89.66% and 61.49%, respectively. When the
Pb** initial concentrations were 100, 200 and 400 mg L™ *, the
decrease speed of Pb*" concentration in fermentation broth is
proportional to the initial concentration of Pb>".

With comprehensive analysis, the Trichoderma asperellum
can quickly complete the removal of Pb>" at low concentrations
of Pb**. This could be because that the Pb®>" can be quickly
combined with adsorption sites on the surface or the mycelia
secrete active substances precipitated with Pb®*". While the
higher the concentration of Pb®>" can urge the startup of the
defense system on Pb>" to alleviate the toxicity on mycelia. To
clarify the tolerance mechanism, the response changes of
polysaccharides and proteins in mycelia, thiol compounds and
low molecular organic acids in mycelia and fermentation broth
were further studied. From the above experimental results,
Trichoderma asperellum can quickly complete the removal of
Pb>" when the initial concentrations were 10 mg L' and
25 mg L. Therefore the stress experiments were performed
with the Pb®" initial concentrations of 0, 50, 100, 200 and
400 mg L~ " to reduce the repeatability and increase the accuracy
of experiment.

3.3 Response changes of polysaccharides content in
Trichoderma asperellum mycelia under Pb>* stress

The response changes of polysaccharides content in mycelia
were illustrated in Fig. 3 and the significance analysis was
shown in Table S2.f The contents of polysaccharides in all
groups were increased gradually from 24 h to 48 h and no
significant changes after 48 h. In the control group (Pb(0)) and
experimental group (Pb(50), Pb(100), Pb(200), Pb(400)), when
the fermentation time was 48 h, the polysaccharides content
were 7.44%, 7.43%, 7.85%, 8.50%, 8.64%, respectively, which
indicated that the Pb** can promote the synthesis of poly-
saccharides. The result was consistent with the literature. Li
et al. analyzed the biochemical changes of polysaccharides
under Pb(u) stress in Rhodotorula mucilaginosa.*® It concluded
that the survived cells displayed a stress response and secreted
more polysaccharides to resist Pb>* toxicity at high Pb level.

RSC Adv, 2020, 10, 5202-5211 | 5205
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Fig. 3 Response changes of polysaccharides content in mycelia of
Trichoderma asperellum under Pb?* stress.
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Kopycinska et al. explored the role of extracellular poly-
saccharide in the response of Rhizobium leguminosarum, free-
living and during symbiosis to zinc stress. The zinc stress can
stimulate extracellular polysaccharide synthesis and it effec-
tively protected the cells to against the zinc stress.** The poly-
saccharides can provide more adsorption sites for Pb>" and
reduce the toxicity of Pb>* on cells.

3.4 Response changes of soluble proteins content in
Trichoderma asperellum mycelia under Pb** stress

The response changes of soluble proteins content in mycelia
were illustrated in Fig. 4 and the significance analysis was
shown in Table S3.1 In all groups, the soluble proteins contents
in mycelia decreased sharply in the early stage after the addition
of Pb>* (24-32 h) and the downward trend was inversely
proportional to the concentration of Pb>". There were no

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Response changes of soluble proteins content in mycelia of
Trichoderma asperellum under Pb>* stress.

difference in the degree of decrease between groups of Pb(0),
Pb(50) and Pb(100). But the groups of Pb(200) and Pb(400) had
obviously lower degree of decrease. In all groups, the trends
remained stable after 32 h. The addition of Pb>" can affect the
normal growth of mycelia and the synthesis of proteins. The
Pb>" stress can stimulate the synthesis of related enzymes to
strengthen the synthesis and transport of related ingredients to
enhance the tolerance. The conclusion is consistent with liter-
atures. Yuan et al. reported that the small heat shock proteins in
Macrobrachium plays vital role against heavy metal toxicity.*’
Mota et al. found that the proteins related to photosynthesis,
CO,, fixation and carbohydrate metabolism, translation, and
nitrogen and amino acid metabolism in Cyanothece sp. CCY
0110 had significant difference in the presence and absence of
heavy metal ions.**

3.5 Response changes of thiol compounds contents in
fermentation broth and mycelia of Trichoderma asperellum
under Pb*" stress

The response changes of thiol compounds content (significance
analyses) in the fermentation broth and mycelia were demon-
strated in Fig. 5a (Table S41) and Fig. 5b (Table S47), respec-
tively. In Fig. 5a, the thiol compound contents in all groups
gradually increased at 24-32 h, reached maximum at 32 h and
then gradually decreases with the increase of culture time. The
rate and extent of reduction is inversely proportional to the
initial concentration of Pb>". In Fig. 5b, the thiol compounds
contents in the mycelia increased first and then decreased with
the culture time in all groups. The increase degree of the
experimental group was higher than the control group. In the
groups of Pb(100) and PDb(200), the increase trends of thiol
compounds was obvious and, at 48 h, the thiol compounds
contents reached the maximum (59.44 pmol ¢~ and 65.00 pmol
g !, respectively) which were significantly higher than control
group (45.44 pmol g~ '). The thiol compounds content in the
group of Pb(400) was similar with Pb(50) which revealed that the
Pb>" can inhibit the production of thiol compounds. With
comprehensive analysis, it can be concluded that Pb>" stress
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Fig. 5 Response changes of thiol compounds in fermentation broth
(a) and mycelia (b) Trichoderma asperellum under Pb®* stress.

can promote the synthesis of thiol compounds, but high
concentrations of Pb** have inhibition to the synthesis. The
thiol compounds content in the mycelia reached the highest
while in the fermentation broth was in a downward trend which
revealed the Pb** inhibits extracellular secretion of thiol
compounds. With comparison of Fig. 5a and b, in the late stage
of Pb”" stress, there are many thiol compounds can be synthe-
sized by mycelia but less thiol compounds was secreted extra-
cellularly. It is speculated that, with the transportation of Pb>*
into the intracellular, the mycelia can synthesize thiol
compounds to complex or transform Pb*" intracellular. But this
mechanism can be affected by the concentration of Pb**. This
conclusion is consistent with the literatures. Xu et al. explored
the response changes of thiol compounds in Agaricus bisporus
under stress of heavy metal ions. It revealed that the thiol
compounds contents was promoted under the stress of Cu®*
and Zn*" which indicated that the stress of Cu** and Zn”>* can
induce the synthesis of thiol compounds of Agaricus bisporus.*
Guimaraes-Soares et al. studied the response changes of thiol
compounds in Fontanospora fusiramosa and Flagellospora curta
under stress of heavy metal ions. The results indicated that the
stress of Cd®>" can induce the synthesis of protein thiol
compounds in mycelia.*®
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3.6 Response changes of low molecular organic acid
contents in Trichoderma asperellum mycelia and
fermentation broth under Pb>* stress

The contents of low molecular organic acids were measured
with HPLC. In Fig. 6a and b, the retention times of oxalic acid,
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tartaric acid, formic acid, malic acid, acetic acid, citric acid and
fumaric acid were 2.348 min, 2.659 min, 2.868 min, 3.342 min,
4.349 min, 6.018 min and 6.554 min, respectively. The
fermentation broth and cell extracts of mycelial were detected
by HPLC. The results indicated that, under Pb*" stress, the
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Fig. 6 (a) HPLC chromatogram of oxalic acid; (b) HPLC chromatograms of tartaric acid, formic acid, malic acid, acetic acid, citric acid and
fumaric acid (2.659 min: tartaric acid; 2.868 min: formic acid; 3.342 min: malic acid; 4.349 min: acetic acid; 6.018 min: citric acid; 6.554 min:
fumaric acid); response changes of oxalic acid content in fermentation broth (c) and mycelia (d) of Trichoderma asperellum under Pb** stress;
response changes of formic acid content in fermentation broth (e) and mycelia (f) of Trichoderma asperellum under Pb?* stress; response
changes of malic acid content in fermentation broth (g) and mycelia (h) of Trichoderma asperellum under Pb?* stress.
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contents of oxalic acid, formic acid and malic acid in fermen-
tation broth and mycelia had significant response changes.
Therefore, the response changes of oxalic acid, formic acid and
malic acid under Pb** stress were analyzed.

3.6.1 Response changes of oxalic acid. The response
changes of oxalic acid content (significance analyses) with
culture times in fermentation broth and mycelia were illus-
trated in Fig. 6¢ (Table S61) and Fig. 6d (Table S7t), respectively.
In Fig. 6¢, the oxalic acid contents in fermentation broth had
significant difference in all groups. The oxalic acid content was
292.5 mg L' when the fermentation was 24 h. Then the Pb**
was added into the fermentation broth. After 4 h, the oxalic acid
content in group of Pb(0) had no obviously change, but the
experimental groups increased significantly. The increase
degree of oxalic acid content in fermentation broth was
proportional to the initial concentration of Pb*". With the
increase of culture time, the oxalic acid contents slowly
decreased to a stable level except for the experimental group of
Pb(400). The Fig. 6¢c indicated that the oxalic acid contents in
mycelia increases first and then decreases with the increase of
fermentation time. With the addition of Pb**, the oxalic acid in
the mycelia increased sharply in all experimental groups. The
increase degree of oxalic acid in mycelia was proportional to the
initial concentration of Pb**. After 36 h, the oxalic acid in the
mycelia in all groups gradually decreased. The downward trend
and the oxalic acid in the mycelia were inversely proportional
and proportional, respectively, to the initial concentration of
Pb>*. Comparing the contents of oxalic acid in group of Pb(0)
and experimental groups (Pb(50) and Pb(100)), the content of
oxalic acid in the fermentation broth is very low, while the
synthesis of oxalic acid in the mycelia does not stop with the
increase of fermentation time. It indicated that, with the
transport of Pb** into mycelia, the decreased of Pb*" concen-
tration in the fermentation broth can induce the closure of
cellular pathways related to the transportation of oxalic acid.
With comprehensive analysis, it can be speculated that the
addition of Pb*" can induce the synthesis of oxalic acid,
promote the efflux of oxalic acid in the mycelia and accelerate
the secretion of oxalic acid. The oxalic acid can be reacted with
Pb>" and generated precipitate to remove the free Pb>" and
alleviate the toxicity of Pb®" to mycelia.** With the trans-
portation of Pb** from fermentation broth to mycelia, the
amount of oxalic acid secreted by mycelia is also gradually
reduced. In conclusion, the oxalic acid played a crucial role in
the tolerance of Trichoderma asperellum to Pb>".

3.6.2 Response changes of formic acid. The response
changes of formic acid content (significance analyses) with
culture times in fermentation broth and mycelia were illus-
trated in Fig. 6e (Table S8) and Fig. 6f (Table S97), respectively.
As Fig. 6e showed, the formic acid content in the fermentation
broth decreased first and then increased with the increase of
fermentation time in all groups. The reduction rate of formic
acid in fermentation broth and the rate of recovery in late stage
were proportional and inversely proportional to the initial
concentration of Pb>", respectively. In group of Pb(0), the formic
acid was decreased from 38.31 mg L™ ' t0 9.13 mg L™ " and the
formic acid returned to 40.48 mg L™ ' and remained stable with

This journal is © The Royal Society of Chemistry 2020
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the increase of fermentation time. In groups of Pb(200) and
Pb(400), the formic acid in the fermentation broth decreased
from the initial of 38.31 mg L™ " (24 h) to none (32 h) and there is
a rebound trend in the late stage of fermentation. In groups of
Pb(50) and Pb(100), the change trend was similar to control
group, but the change rates were between the group of Pb(0) and
the group of Pb(400). The Fig. 6f showed that the formic acid in
mycelia was greatly affected under stress of Pb>". In all groups,
the formic acid increased first and then decreased. However,
the increase degrees of formic acid were significantly different.
The Pb** can significantly inhibit the increase of formic acid
and the inhibition was proportional to the concentration of
Pb>". In summary, Pb>" stress can inhibit the synthesis of for-
mic acid and, in the early stage of Pb>" stress, the sharply
decrease of formic acid in the fermentation broth may be due to
the extracellular secretion of oxalic acid cause inhibition on the
formic acid secretion.

3.6.3 Response changes of malic acid. The response
changes of malic acid content (significance analyses) with
culture times in fermentation broth and mycelia were illus-
trated in Fig. 6g (Table S101) and Fig. 6h (Table S117), respec-
tively. The Fig. 6g showed that the Pb>" stress had significant
effect on the malic acid in fermentation broth. In group of
Pb(0), the malic acid increased in 24-36 h, reached the highest
(271.58 mg L") at 36 h and gradually decreased after 36 h. In
group of Pb(50), the response changes of the malic acid was
similar to group of Pb(0) but the rate and extent of changes were
weaker at 24-36 h and reached the highest (183.82 mg L) at
36 h. In group of Pb(100), the change trend is slowly decreased
first, then starts to rise after 32 h. In groups of Pb(200) and
Pb(400), the change trends of malic acid were similar to each
other and, after the addition of Pb**, the malic acid decreased
with the increase of fermentation time. The Fig. 6h showed that,
the change trends of malic acid in mycelia were increased first
and then decreased in all groups. In group of Pb(0), Pb(50) and
PDb(100), the malic acid in the mycelia reached the maximum at
36 h which were 54.79 mg g™, 42.47 mg g~ " and 35.70 mg g,
respectively, and then gradually decreased to a steady state with
the increase of fermentation time. While in groups of Pb(200)
and Pb(400), the malic acid reached the maximum at 28 h which
were 22.72 mg g~ and 20.45 mg g, respectively. The malic
acid decreased to a steady trend with the increase of fermen-
tation time in group of Pb(200) and gradually decreased in
group of Pb(400). With comprehensive analysis of Fig. 6g and h,
it can be concluded that the Pb®>" can inhibit the synthesis and
secretion of malic acid in Trichoderma asperellum and the
inhibition is proportional to the concentration of Pb>".

With the comprehensive analysis of response changes of
oxalic acid, formic acid and malic acid in fermentation broth
and mycelia of Trichoderma asperellum under Pb>" stress, it can
be obtained the following conclusions. Under Pb>" stress, Tri-
choderma asperellum can synthesize large amounts of oxalic acid
and secrete it extracellularly to eliminate the free Pb®" in the
system and alleviate the toxicity of Pb*>" to mycelia. In addition,
the high concentration of Pb®>" can not only inhibit the synthesis
and extracellular secretion of formic acid and malic acid. The
oxalic acid is a low molecular organic acid and commonly found
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in living organisms. There are many ways to synthesize it and
one of the synthetic pathways is the oxaloacetate fragmentation
pathway.** The oxaloacetate is an important substance involved
in the tricarboxylic acid cycle (TCA), while oxaloacetate in TCA
can be synthesized by malic acid with the catalysis of malate
dehydrogenase.* It is speculated that Pb>" stress promotes the
conversion of malic acid to oxaloacetate which has promotion
on the production of oxalic acid. On the other hand, the oxalic
acid can be degraded to formic acid and carbon dioxide. The
Pb>" stress can inhibit the synthesis and secretion of formic
acid in Trichoderma asperellum which may be due to the inhi-
bition of Pb>" stress on the conversion of oxalic acid to formic
acid.

In conclusion, under stress of Pb>*, the polysaccharides,
soluble proteins, thiol compounds, oxalic, formic acid and
malic acid all had varying degrees response changes to enhance
the tolerance of Trichoderma asperellum to Pb>*. The synthesis of
polysaccharides and proteins can be accelerated to enhance the
tolerance. The synthesis of thiol compounds can be promoted
with Pb** stress to complex or transform Pb>* intracellular.
Under Pb>" stress, Trichoderma asperellum can synthesize large
amounts of oxalic acid and secrete it extracellularly to eliminate
the free Pb>" in the system and alleviate the toxicity of Pb>* to
mycelia. In addition, the high concentration of Pb>* can inhibit
the synthesis and extracellular secretion of formic acid and
malic acid. By comprehensively analysis, it revealed that the
tolerance of Trichoderma asperellum to Pb*" is the results of
multiple reactions. The Pb*>" can promote the synthesis of
polysaccharides, proteins, thiol compounds and oxalic acid. In
the early stage of Pb*" stress, Trichoderma asperellum can rapidly
initiate an extracellular emergency mechanism, synthesize
oxalic acid in mycelia and secrete it extracellularly to remove
free Pb®>" and alleviate the toxicity of Pb*>" to cells. With the
transport of Pb>" into cells, it can promote the synthesis of
polysaccharides, proteins, thiol compounds to adsorb and
transform the Pb>" and ease the damage to the cells.

4. Conclusion

The manuscript mainly studied the tolerance mechanism of
Trichoderma asperellum to Pb** with exploring the response
changes of related active ingredients under Pb*" stress. The
polysaccharides, soluble proteins, thiol compounds, oxalic,
formic acid and malic acid all had varying degrees response
changes to enhance the tolerance of Trichoderma asperellum to
Pb?*. The tolerance of Trichoderma asperellum to Pb** is the
results of multiple reactions. The manuscript provides theo-
retical support for the application of Trichoderma asperellum
and has contributions to the remediation of heavy metal
pollution in the environment and the environmental safety.
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