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Structural characteristics, sugar
metabolizing enzyme activity and
biological activity of Ganoderma
lucidum polysaccharides at
different growth stages

Shengjian Ma?, Yuliang Chen?, Huaguo Huang?, Xiaorui Pu?, Huangbin Liang?, Yu Kuang** &
Yijun Liu?**

The Ganoderma lucidum polysaccharides (GLPs) content, monosaccharide composition, molecular
weight, sugar metabolism-related enzyme activities and in vitro antioxidant activities of Ganoderma
lucidum fruiting body (GLFB) from cassava stalk cultivation at different growth stages (namely,
differentiation stage, umbrella stage, maturity stage and spore stage) were determined. The results
showed that the monosaccharides of GLPs in GLFB were mainly composed of galactose, glucose,

and mannose. During the maturation of GLFB, the polysaccharide content, hexose kinase and
phosphoglucose isomerase activities showed an increasing trend, the structure of functional groups
did not change significantly, and the molecular weight of GLPs showed a tendency to increase

(112 kDa up to 11358 kDa) and then decrease (11358 kDa down to 7678 kDa). Of the four growth
stages, the spore stage had the highest GLPs content of 4.11%, the highest hexokinase (HK) and
phosphoglucose isomerase (PGM) activities of 4051.4 and 322.1 nmol/(min/g), respectively, the highest
total antioxidant activity (18.79 mmol/mL) and DPPH radical scavenging capacity (36.15%). This study
provided a theoretical basis for the application of cassava stalks in GLFB cultivation and harvesting.
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Ganoderma lucidum is an important medicinal and food fungus in China'. GLFB is the general name of the
whole plant, which consists of a cap and a stalk. GLPs are not only an important functional component of GLFB,
but also one of the most important indicators of the quality of Ganoderma lucidum products*. GLPs have been
demonstrated to play a role in immunomodulation, antitumor, hypolipidemic, and antichemical and immune
liver injury4. Glucose, galactose, arabinose, mannose, xylose, fucose and rhamnose are the main monosaccharide
compositions of GLPs, among which glucose, galactose and mannose account for the largest proportion. In
addition, a variety of factors such as the cultivation substrate also change the composition and content of
monosaccharides in GLPs®. Various monosaccharides in GLPs are linked by a or p conformational glycosidic
bonds through 12, 153, 14 and 16, among which B-polysaccharide plays a major role in biological activity®.

The biological activities of GLPs, such as reducing blood lipid, regulating immunity and resisting tumor, are
related to its structure and molecular weight’~'°. It has been reported that the molecular weight distribution of
GLPs ranges from thousands to millions of Da, and the proportion of each molecular weight is related to its
variety and extraction technology, and the biological activity of GLPs in vitro are also related to its molecular
weight! 12, GLPs were found to significantly reduce weight gain and blood lipid levels by Wang et al.!* GLPs
effectively alleviated oxidative stress and inflammatory responses by activating the Nrf2-Keapl and inhibiting
the NF-kB signaling pathway, promoted reverse cholesterol transport through LXRa-ABCA1/ABCGI signaling,
and increased the expression of CYP7A1 and CYP27A1, which are responsible for the production of bile acids,
as well as inhibited the synthesis of bile acids. Zhang et al.! clarified that GLPs not only increase the reserves
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of HG and MG in mice and reduce the levels of BLA and BUN in the body, but also improve the ability of
mice to scavenge free radicals and reactive oxygen species, and improve the activity of antioxidant enzymes and
thus reduce the lipid peroxidation of the cells, which has better anti-fatigue ability, thus alleviating the damage
caused by exercise fatigue to the body. In addition, GLPs were found to alleviate rheumatoid arthritis in rats by
inhibiting the NF - kB and MAPK signaling pathways'®, and mitigate colorectal cancer by altering the intestinal
flora and modulating the gene expression of colon epithelial cells'®. Zizyphus B-glucan GSP-2 can promote the
release of NO by stimulating the proliferation of B lymphocytes in the mouse spleen, activating the phagocytosis
function of RAW264.7 macrophages!’, increasing the secretion of cytokines such as IL-2, IL-6, and IFN-y,
modulating the secretion of enzymes such as mitogen activated protein kinase, and promoting pancreatic
cancer'. Sugar absorption, nucleotide sugar donor synthesis, sugar chain connection and extracellular output
are four steps of polysaccharide synthesis. Hexokinase (HK), phosphoglucomutase (PGM), glucose phosphate
isomerase (PGI), mannose phosphate isomerase (PMI), GDP-mannose pyrophosphorylase (GMP) and UDP-
glucose pyrophosphorylase (UGP) are key enzymes in sugar synthesis®. These enzymes control the flow of
carbon sources to various nucleotide donors, forming various nucleotide sugars (NDP-sugar)?!. The activities of
PGI, PGM and UGP are related to the yield and monosaccharide composition of GLPs??. Zhou et al.?* showed
that the changes of GLPs content during the growth of GLFB were positively correlated with the changes of
PGI, PGM and UGP activities. Overexpression of PGM and UGP genes has achieved high yield of intracellular
polysaccharide and extracellular polysaccharide®*. The silencing of PGM and UGP genes led to the decrease of
extracellular GLPs production®.

During the growth of GLFB, the activity of enzymes controlling sugar metabolism affects the synthesis of
sugar, and the characteristics of sugar content and molecular structure affect its biological activity, and the types
of carbon sources affect the growth of GLFB, and the cultivation of cassava stalk instead of sawdust is helpful
to alleviate the excessive dependence of Ganoderma lucidum industry on forest resources?®~28. Therefore, the
structural characteristics, functional group characteristics, molecular weight distribution, sugar metabolizing
enzyme activity and antioxidant activity in vitro of GLFB at different growth stages were investigated by gas
chromatography-mass spectrometry (GC-MS), infrared spectroscopy (IR) and high-performance gel permeation
chromatography (HPGPC). It is of great significance to provide basic data support for the application of cassava
stalks in the cultivation of GLFB and guide the harvest of Ganoderma lucidum.

Materials and methods

Materials

Mannose, rhamnose, galacturonic acid, galactose, glucose, glucuronic acid, arabinose, xylose, fucose,
glucosamine hydrochloride, N-acetyl-D-glucosamine, fructose, ribose, galactosamine hydrochloride, guluronic
acid and mannuronic acid were purchased from Borui Sugar Biotechnology Co., Ltd. The molecular weight
standards of sucrose, P5, P10, P20, P50, P100, P200, P400, P800 and P2000 were purchased from SHOWA
DENKO company.

Ganoderma lucidum strains (Red Ganoderma lucidum) were provided by Jiangsu Gaoyou Edible Fungi
Research Institute and stored at 4 C. The culture medium consists of 60% (w/w) cassava stalk chips, 30% (w/w)
sawdust, 8% (w/w) wheat bran and 2% (w/w) lime. The differentiation stage, umbrella stage, maturity stage and
spore stage of GLFB growth were defined as GS1, GS2, GS3 and GS4 respectively.

Determination of GLPs content

The content of GLPs were determined according to the method of Liu et al.!? Firstly, 0.1 mg/mL glucose standard
solution was prepared. Secondly, a standard curve was established according to the reaction solution absorption
value (A) of the different concentrations of glucose standard solution (C, mg/mL) with 1.0 mL 6% of phenol
solution and 5.0 mL of concentrated sulfuric acid in a water bath at 100 ‘C at 490 nm. A =8.8032xC+0.0626
(R?=0.9996). Thirdly, 100 mg of GLFB, 5 mL of water and 20 mL of anhydrous ethanol were put into a 50 mL
test tube. The sample solution was extracted in an ultrasonic extractor for 30 min, then centrifuged at 4000 r/min
for 10 min after the extraction, and the supernatant was discarded. The insoluble matter was washed with 10 mL
80% ethanol solution and centrifuged. The insoluble matter and 50 mL of water were transferred into a round-
bottomed flask with water, and extracted at 100 C for 30 min, repeat twice. After cooled to room temperature,
the supernatant was filtered and transferred to a 200 mL volumetric flask, and the residue was washed for 2-3
times. finally, the volumetric flask was filled to the constant volume by water. The absorbance of solution was
measured at 490 nm, and the content of GLPs (w, %) was calculated by the equation. w=(c,xV)/m, x 0.9, where ¢,
represented the concentration of GLPs in the extract, mg/g. m, represented the GLFB mass, mg. 0.9 represented
the glucose correction coeflicient, and V represented the constant volume of the extract, 50 mL.

Determination of monosaccharide composition in GLPs
The composition of monosaccharide in GLPs was determined by ion chromatography (ICS5000, ThermoFisher)
with reference to Liu et al.!%.

Preparation of standard solution: 16 of monosaccharide standards (including fucose, rhamnose, arabinose,
galactose, glucose, xylose, mannose, fructose, ribose, galacturonic acid, glucuronic acid, galactosamine
hydrochloride, glucosamine hydrochloride, N- acetyl -D glucosamine, guluronic acid and mannuronic acid)
were prepared into standard mother solution. The concentration standard of each monosaccharide standard
solution was taken as the mixed standard, and the spectrum was shown in Table 1. According to the absolute
quantitative method, different monosaccharide mass concentrations were determined, and the molar ratio was
calculated according to the molar mass of monosaccharide. C (standard) /A (standard) = C (sample) /A (sample).
Wherein, C (standard) and C (sample) respectively represented the concentration of the standard and sample,
and A (standard) and A (sample) respectively represented the peak area of the standard and sample.
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No. | Name Name | Concentration (mg/L) | RT Area

1 Fucose Fuc 2.5 5.809 | 7.605
2 Galactosamine hydrochloride | GalN 1.5 10.459 | 13.191
3 Rhamnose Rha 25 10.875 | 5.483
4 Arabinose Ara 1.875 11.434 | 7914
5 Glucosamine hydrochloride | GIcN 25 12,900 | 19.511
6 Galactose Gal 25 14.200 | 8.468
7 Glucose Glc 2.5 16.042 | 13.453
8 N-acetyl-D glucosamine GIcNAc | 2.5 17.684 | 7.120
9 Xylose Xyl 25 18.509 | 12.468
10 | Mannose Man 2.5 19.084 | 7.278
11 | Fructose Fru 7.5 21.592 | 6.545
12 | Ribose Rib 5 23.642 | 12.135
13 | Galactouronic acid GalA 2.5 44159 | 4.575
14 | Guluronic acid GulA 5 44.709 | 9.965
15 | Glucuronic acid GlcA 25 46.709 | 5.345
16 | Mannuronic acid ManA |5 49.259 | 15.545

Table 1. Peak area and concentration parameters of monosaccharide mixed standard solution.

Preparation of GLPs solution: A 5 mg of GLFB powder and 3 M TFA 2 mL were placed in 15 mL ampoules
and hydrolyzed at 120 C for 3 h. A 1 mL of acid hydrolysis solution was put into 2 mL test tube and dried in
nitrogen blower (UGC-24 M, Lichen Technology). After blow-drying, 5 mL of distilled water was added into the
test tube, mixed by vortex to obtain sample solution 1. Then, 50 uL of sample solution 1 and 950 uL of deionized
water were put into a 2 mL centrifuge tube, and the solution was centrifuged at 12,000 rpm for 5 min and the
supernatant was collected for analysis.

Detection conditions of ion chromatograph: A 25 uL GLPs sample passed through Dionex CarbopacTM
PA20 (3 x 150 mm) chromatographic column at the flow rate of 0.3 mL/min, and the sample was separated by the
column and then detected by electrochemical detector. Mobile phases A, B and C were H,O, 15 mM NaOH and
15 mM NaOH and 100 mM NaAc respectively. Elution gradient: mobile phase A /B /C was eluted for 18 min at
the ratio of 98.8:1.2:0, mobile phase A /B /C for 2 min at the ratio of 50:50: 0, mobile phase A /B /C for 30 min at
the ratio of 50:50: 0, mobile phase C for 16 min and mobile phase B for 4 min.

Determination of molecular weight of GLPs
The determination of molecular weight and purity of GLPs were determined by high performance gel permeation
chromatography (HPGPC) according to Liu et al.!2.

Preparation of standard solution: A 5 mg of standard (dextran) was dissolved in 1mL 0.05 mol/L NaCl
solution to prepare a 5 mg/mL solution, and then the standard solution was placed in a 1.8 mL injection vial.

Preparation of sample solution: A 5 mg of GLPs were dissolved in 1 mL of 0.05 mol/L NaCl solution to
prepare a 5 mg/mL sample solution, which was ultrasonicated for 10 min and centrifuged at 12,000 rpm for
10 min. The collected supernatant was filtered with a 0.22 pm water-based microporous membrane, and then
the sample was transferred to a 1.8 mL injection vial.

Detection parameters of HPGPC: 25 ul GLPs solution passed through a series gel column (8 x300 mm) of
BRT105-103-101 at a speed of 0.8 mL/min, and eluted with 0.05 mol/L NaCl solution for 60 min. The signal
value of the peak was detected in RID-20 A differential detector. The linear regression equation of retention
time (RT, min) with peak molecular weight (Mp), weight average molecular weight (Mw) and number average
molecular weight (Mn) was established. Lg Mp = —-0.238 RT +11.86, R>=0.99. lg Mw=-0.243 RT +12.03,
R2=0.99. g Mn=-0.238 RT +11.88, R2=0.99.

Infrared spectrum characteristics of GLPs

The functional groups of GLPs were determined by infrared spectrometer (Thermo Nicolet iN10, Thermo Fisher
Scientific, USA) with reference to Liu et al.'> The concentration of GLPs solution was diluted to 1 mg/mL,
the scanning range was 4000-400 cm™?, the resolution was 4 cm™!, and the total reflection mode (ATR) was
adopted.

Determination of enzyme activity
GLFB at different growth stages were picked, cooled by liquid nitrogen, and ground into powder in a grinder.
Then, the activities of hexokinase (HK) and phosphoglucose isomerase (PGM) were determined.
Determination of HK activity: The activity of HK was measured by HK kit (ADS-F-T001, Shenzhen anpei
biology science and technology Co., Ltd) method with reference to Chen etal.? A 0.1 g of GLFB powder and 1mL
extract were homogenized in ice bath, and then the extract was centrifuged at 4 ‘C for 10 min at 12,000 rpm. The
supernatant was taken and diluted 10 times with distilled water, and stored it in an ice bath.
Reactants 2 and 3 were preheated at 25 C for 5 min before use. An 80 uL of the sample diluted 10 times, 40
uL of reagent 2 and 680 pL of reagent 3 were added into a 1 mL quartz cell, and mixed them evenly. When the
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absorption values of the samples measured at the absorption wavelength of 340 nm at the 1 min and 16 min were
A, and A, respectively. Then, AA=A -A , and the distilled water was zeroed. The activity of HK (nmol/min/g
fresh weight) = [A A+(exd) XV, x10°] + (wx V|, + V) +t=1071.8 X A A+w.

Where & was the molar extinction coefficient of NADPH, 6.22 x 103 L/ (mol /cm). d was the length of 1 mL
quartz cell, 1 cm. V, V| and V, were the extraction volume (1 mL), sample volume (0.08 mL) and total volume of
reaction system (8 x 10~* L) respectively. W was the sample mass, g. T was the reaction time, 15 min.

Determination of PGM activity: The activity of PGM was measured by PGM kit (ADS-F-FM032, Shenzhen
anpei biology science and technology Co., Ltd) method with reference to Xia et al.?? A 0.1 g of GLFB powder
and 1mL extract were homogenized in ice bath, and then the extract was centrifuged at 4 C for 10 min at
12,000 rpm. The supernatant was taken and diluted 10 times with distilled water, and stored it in an ice bath.

Reactants 1, 2, 3, 4 and 5 were preheated at 37°C for 5 min before use and the sample solution was diluted
10 times. A 40 pL of sample solution, 20 pL of reagent 1, 20 pL of reagent 2, 40 uL of reagent 3 and 640 pL of
reagent 4 were added into a ImL quartz cell, and mixed them evenly and incubated for 10 min at 37 “C. Then, the
40 pL of reagent 5 were mixed at 37 ‘C. When the absorption values of the samples measured at the absorption
wavelength of 450 nm at the 1 min and 11 min were A and A, respectively. NA= Ay-A, and the distilled water
was zeroed. The activity of PGM (nmol/min/g fresh weight) = [(AA +0.0095) + 0.0317] +(WxV, +V)+T=78.86
x (AA+0.0095) +W. Where V and V| were respectively the volume of the extract (1 mL) and the sample (0.01
mL), W was the sample mass, and T was the reaction time (10 min).

Determination of in vitro antioxidant activity
The determination of total antioxidant capacity (T-AOC) and DPPH free radical scavenging capacity refer to the
method described by Liu et al.!2.

Results and analysis

Polysaccharide content and monosaccharide composition of GLFB at different growth stages
The results of polysaccharide content and monosaccharide composition of GLFB at different growth stages were
shown in Fig. 1, and Table 2 respectively. As could be seen from Fig. 1, the GLPs content of GLFB was gradually
increasing during the ripening process, and the GLPs content was the highest (4.11%) in spore stage (GS4),
which was about 4 times higher than that in GS1. The content of GLPs in GLFB obtained in four growth stages
was significantly different. It could be seen from Table 2 that monosaccharides in GLPs were mainly composed
of galactose (111.86-247.08 ug/mg), glucose (168.01-248.45 pg/mg), mannose (14.58-50.72 pg/mg), fucose
(12.08-30.57 ug/mg), glucuronic acid (7.18-16.07 pg/mg) and glucosamine hydrochloride (2.75-3.61 pg/mg).
Among them, the contents of galactose and glucose were the highest, and the content of galactose in GLPs was
the largest in the growth stages of differentiation stage (GS1), umbrella stage (GS2) and maturity stage (GS3).
The glucose content was the highest in the spore stage (GS4). The contents of galactose, glucose, mannose,
glucuronic acid and fucose increased at first and then decreased, and reached the maximum at the umbrella
stage (GS2).

Infrared spectral characteristics of GLPs from GLFB at different growth stages

The infrared spectra of GLPs at different growth stages were shown in Fig. 2. As could be seen from Fig. 2,
3358 cm™!, 2963 cm™!, 2926 cm™!, 1639 cm™, 1462 cm™!, 1373 cm™!, 1041 cm™! and 808 cm™! were the
characteristic absorption peaks of GLPs, of which 3358 cm™! was the -OH stretching®, 2926 cm~! and 2963 cm™!
was the C-H stretching vibrations with alkyl groups’!, 1639 cm™! was the C=0 stretching®!, 1462 cm™! was
caused by the variable angle vibration of -CH, 1373 cm™! was the absorption peak of -COOH, and 1041 cm™!
was a common resonance absorption peak of pyranose cyclolactone and hydroxyl group. 808 cm™! was the
characteristic absorption peak of mannose®. In addition, the peak at 1041 cm™! was due to the asymmetric
stretching vibration of the C-O-C ether bond on the sugar ring, which constituted the characteristic absorption
peak of sugar, and would also dextran the typical infrared spectrum signal®***. The peak types of GLPs obtained
at different growth stages were very similar, and the peak strength was different, which might be caused by the
difference of monosaccharide content in GLPs.

Molecular weight distribution of GLPs from GLFB at different growth stages

The difference of molecular weight distribution of GLPs in different growth stages were shown in Fig. 3. As
could be seen from Fig. 3, there were differences in the number of peaks, retention time and strength of GLPs
in the gel chromatography column in different growth stages of GLFB. The peak molecular weight (Mp), peak
weight average molecular weight (Mw) and number average molecular weight (Mn) were three parameters to
characterize the molecular weight of GLPs, as shown in Table 3. From Table 3, the molecular weight distribution
of GLPs obtained at different growth stages was quite different, and Mw, Mn and Mp were all positively correlated.
The greater the Mw, the greater the Mn and Mp. The Mw of GLPs obtained in GS1, GS2, GS3 and GS4 stages were
11,249 Da (accounting for 100%), 10,046 Da (accounting for 76.16%), 9709 Da (accounting for 70.38%) and
7603 Da (accounting for 51.44%) respectively. Different from the GS1, the GLPs from the GS2, GS3 and GS4 had
a molecular weight of millions or even tens of millions of Daltons. The Mw value of GS3 was the largest, which
was 11,358,056 Da, accounting for 7.365%, and the Mw of GS3 was 1,000 times that of GSI.

Activities of HK and PGM in GLFB at different growth stages

The changes of HK and PGM activities in GLFB at different growth stages and the correlation of enzyme activities
were shown in Fig. 4. Figure 4A showed that the activities of HK and PGM were gradually increasing during the
growth of GLFB. The activities of HK and PGM in GS4 were highest, which were 4051.4 nmol/(min/g) and 322.1
nmol/(min/g), respectively. The activities of HK and PGM in GS4 were 85.6 and 221.2% higher than those in
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Fig. 1. Variation of GLPs content in GLFB at different growth stages.

Fucose 27.12 | 30.57 |20.93 12.08
Glucosamine hydrochloride | 2.8 2.75 3.44 3.61
Galactose 247.08 | 276.62 | 211.83 | 111.86
Glucose 226.17 | 248.45 | 175.25 | 168.01
Mannose 43.88 |50.72 |33.30 |14.58
Glucuronic acid 1223 | 16.07 [1299 |7.18

Table 2. Monosaccharide composition of GLPs in GLFB at different growth stages.

GS1, respectively. The results of significant analysis showed that there were significant differences in the activities
of HK and PGM between the GS4 and the other three growth stages, but there were no significant differences in
the activities of HK between GS1 and GS2, and PGM between GS2 and GS3.

It could be seen from Fig. 4B that there was a significant correlation between the activities of HK and PGM
in GLFB at different growth stages. HK was the first key enzyme in the metabolic pathway of GLPs, which
was responsible for catalyzing glucose to glucose-6-phosphate. PGM was the key enzyme responsible for the
branch of glucose —6- phosphate from GLPs synthesis path to fructose-6-phosphate. There was a close positive
correlation between glucose - 6- phosphate and during the growth of GLFB, which was consistent with the
research report of Zhou et al.?* and Xu et al.¥.
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Fig. 2. IR spectra of GLPs from GLFB with different growth stages.

In vitro antioxidant activity of GLPs from GLFB at different growth stages

The total antioxidant capacity and DPPH radical scavenging capacity of GLPs in GLFB at different growth stages
were shown in Fig. 5. As could be seen from Fig. 5, the total antioxidant capacity of GLPs showed an increasing
trend during the growth of GLFB, and the total antioxidant capacity of GLPs was the highest at the GS4, which
was 18.8 mmol/mL. The scavenging capacity of DPPH showed a trend of decreasing at first and then increasing,
and the DPPH scavenging capacity was the highest in GS4, accounting for 36.2%. The results of significant
analysis showed that in terms of total oxidation capacity, there was no significant difference between GS1 and
GS2, but significant difference between GS1 and GS3 and GS4. There was no significant difference between GS1
and GS3. In terms of DPPH scavenging ability, there was no significant difference between GS1 and GS3, but
significant difference between GS1 and GS2 and GS4. There was a significant difference between the GS2 and
GS3 and GS4. There were also significant differences between GS3 and GS4.

Discussion
Carbon source was one of the important factors for the growth of Ganoderma lucidum. Shu® reported that
the addition of 25-75% mulberry branches had a significant effect on the growth rate of Ganoderma lucidum
mycelium, the infection rate, the thickness and polysaccharide content of GLFB, and the highest GLPs was 1.75%
when the addition of mulberry branches was 75%. At the same time, it was also revealed that the GLPs was not
necessarily related to the agronomic shape of GLFB (including the thickness and diameter, etc.). Zhang et al.>’
found that the addition of 10-80% of lotus seed shells affected the growth of GLFB, and the highest GLPs content
was 1.057% with 80% addition. In this study, cassava stalk was used as carbon source to cultivate Ganoderma
lucidum, and the GLPs content was 4.11%, which was better than that of mulberry branches and lotus seed shells
reported. It might be that the differences in fiber and nutrient components in different cultivation substrates
affected the polysaccharide metabolism of Ganoderma lucidum, thus affecting the growth of GLFB and its
polysaccharide content.

The content, composition, molecular structure characteristics and related enzyme activities of polysaccharides
in the GLFB from the different growth stages of Ganoderma lucidum were affected by the differential expression
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Fig. 3. High performance gel permeation chromatography of GLPs at different growth stages. 38.3min is the
peak of mobile phase.

RT (min) (LgMp |LgMw |[LgMn | Mp/Da |Mw/Da | Mn/Da Peak area ratio%
GS1 | 32.835 4.05 4.05 4.07 11,099 11,249 11,622 | 100
20.578 6.96 7.03 6.98 9,171,408 | 10,703,998 | 9,603,643 | 11.643
GS2 | 33.037 4 4 4.02 9936 10,046 10,404 | 76.163
36.55 3.16 3.15 3.18 1449 1407 1517 | 12.193
20.472 6.99 7.06 7.01 9,719,949 | 11,358,056 | 10,178,036 | 7.365
GS3 | 33.098 3.98 3.99 4 9609 9709 10,062 | 70.383
36.58 3.15 3.14 3.17 1425 1384 1493 | 22.252
20.758 6.92 6.99 6.94 8,309,904 | 9,678,454 | 8,701,538 | 10.823
GS4 | 33.535 3.88 3.88 39 7563 7603 7919 | 51.444
36.07 3.28 3.26 33 1885 1841 1974 | 37.733

Table 3. Molecular weight parameters of GLPs in different growth stages.

of enzymes related to sugar metabolism and genes related to controlling enzyme synthesis®?>%3. Li et al.® showed
that the contents of metabolites (polysaccharides, 12 triterpenoids, ergosterol, uridine and uracil, etc.) showed
a downward trend with the continuous growth of GLFB. The GLPs content in bud stage was the highest. The
changes of GLPs content during the growth of GLFB were positively correlated with the changes of PGI, PGM
and UGP activities®. This study also clarified that with the continuous maturity of GLFB, the activities of HK
and PGM enzymes in GLFB also showed an increasing trend, thus increasing the content of GLPs by regulating
the activity of sugar synthase. The difference in enzyme activity between GLFB with cassava stalk as carbon
source and GLFB with basswood as carbon source might be due to the influence of carbon source types on sugar
synthesis.

The biological activity of GLPs was not only related to the species of GLFB, the culture medium and the
extraction process, but also related to the maturity of GLFB***°. Li et al.*! found that the different proportions
of galactose and mannose had little effect on the yield and biomass of GLPs, while the proportion of carbon
source had great influence on the activity of GLPs. Lu et al.!! reported that different concentrations of ethanol
precipitated GLPs, which affected the antioxidant activity and other biological activities in vitro by changing the
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composition, functional group characteristics and molecular weight distribution of GLPs. Microwave extraction,
alkali extraction and alcohol precipitation affect the biological activity of GLPs by changing its relative molecular
weight*2. The molecular weight of water-soluble GLPs was more than 100 thousand Da, while the alkali-soluble
polysaccharide was less than 10 thousand Da, which lead to better antioxidant activity of water-soluble GLPs.
Zhang et al.*® reported that polysaccharides mainly produce antioxidant activity through targeting NF-x B
and NRF2/Kea P1 were signaling pathways, and the length of molecular weight and other characteristics of
polysaccharides would affect their water solubility and other properties, resulting in differences in biological
activities. The results of this study showed that the molecular weight of GLPS showed an increasing trend in
different growth stages. When the GLFB was in GS4 stage, the high molecular weight GLPs accounted for a
higher proportion, and the antioxidant activity of GLPs was the highest.

Conclusion

In this study, the regulatory effects of the growth of GLFB on the monosaccharide composition, molecular weight
distribution, hexokinase and glucose phosphate isomerase activities of GLPs and their antioxidant activities in
vitro were revealed by gas chromatography-mass spectrometry, infrared spectroscopy and gel chromatography.
The content of GLPs, the activities of HK and PGM were increasing, and the monosaccharide composition and
molecular structure characteristics of GLPs were also changing dynamically in GLFB. The molecular structure
characteristics also affected the in vitro antioxidant activity of GLPs. GLFB in GS4 had high polysaccharide
content, strong enzyme activity and strong antioxidant activity. Therefore, picking the mature GLFB had
better biological activity, which provided a scientific basis for the application of cassava stalks in Ganoderma
lucidum cultivation. In the future, it was of great significance to further reveal the expression differences of genes
related to polysaccharide synthesis in the process of Ganoderma lucidum maturation from gene expression and
transcription.

Data availability
The data that support the findings of this study are available from the corresponding author, upon reasonable
request.
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