
Vol.:(0123456789)1 3

3 Biotech (2021) 11:145 
https://doi.org/10.1007/s13205-021-02696-w

ORIGINAL ARTICLE

Production, characterization, and bioactivities of exopolysaccharides 
from the submerged culture of Ganoderma cantharelloideum M. H. Liu

Zhangde Long1 · Yun Xue1 · Zhenxing Ning1 · Jiansheng Sun1 · Jigang Li1 · Zan Su1 · Qibin Liu1 · Chunping Xu2 · 
Jing‑Kun Yan3 

Received: 15 January 2021 / Accepted: 15 February 2021 / Published online: 26 February 2021 
© King Abdulaziz City for Science and Technology 2021

Abstract
In this study, the submerged culture conditions for exopolysaccharide (EPS) production by Ganoderma cantharelloideum M. 
H. Liu were screened and optimized, and the physicochemical and biological properties of EPS were investigated. Results 
showed that the glucose and tryptone were the best C and N sources for the maximum EPS production, respectively. Under 
the optimal culture conditions, the EPS production achieved 1.60 g/L at day 6 in a 5 L stirred tank reactor. Two purified 
fractions (i.e., Fr-I and Fr-II) were obtained from the G. cantharelloideum EPS by gel permeation chromatography. Fr-II 
had a higher yield (87.54%), carbohydrate (95.86%), and protein (3.07%) contents and lower molecular weight (74.56 kDa) 
than that of Fr-I. Both Fr-I and Fr-II were polysaccharide-protein complexes with different monosaccharide compositions 
and chemical structures. Fr-II also exhibited stronger radical scavenging abilities, antioxidant capacities, and α-amylase and 
α-glycosidase inhibitory activities in vitro than that of Fr-I. Therefore, Fr-II obtained from G. cantharelloideum EPS might 
be explored as potential natural functional components or supplements for applications in food, medicine, and cosmetics.

Keywords Ganoderma cantharelloideum M. H. Liu · Submerged fermentation · Exopolysaccharides · Physicochemical 
characteristics · Biological activity

Introduction

Fungal polysaccharides are isolated from the fruiting body, 
mycelia, and fermentation broths. A class of active poly-
saccharides that can control cell division and differentia-
tion and regulate cell growth and senescence. Many fungal 
polysaccharides play an important pharmacological role 
in regulating immunity, antitumor, antivirus, hypoglyce-
mic, hypolipidemic, and antioxidation activities (Wasser 
2002). Generally, the submerged cultivation and solid cul-
ture of fruit body are the main sources in obtaining fungal 

polysaccharides. However, the formation of fruiting bodies 
needs considerable time of up to several months. Although 
similar substrates and ensuring comparable conditions 
were used, product quality may vary significantly (Fang 
and Zhong 2002). Increasing studies have demonstrated 
that the submerged cultivation of the mycelium has been 
developed as an attractive alternative in producing biomass 
and obtaining high-value metabolites, such as exopolysac-
charides (EPSs), in a compact space and short time without 
significant contamination risk (Jaros et al. 2018; Kachlish-
vili et al. 2005). Meanwhile, considerable attention has been 
paid on bioactive EPS produced using submerged cultures of 
numerous fungi or mushrooms because they always exhibit 
similar biological activities to that of the polysaccharides 
extracted from the fruit body (Kim et al. 2001). For exam-
ple, Osińska-Jaroszuk et al. (2015) pointed on the bioactive 
and biological properties of fungal EPS, thereby covering 
antioxidative properties and immunomodulatory and anti-
tumor activities, as well as potential EPS contributions to 
biofertilization and bioremediation.

Ganoderma cantharelloideum M. H. Liu is a mushroom-
like fungus that is one of the famous traditional Chinese 
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medicinal herbs. G. cantharelloideum that was only found in 
Guizhou province, China belongs to the phylum Basidiomy-
cota, class Basidiomycetes, order Aphyllophorales, and fam-
ily Ganoderma. Similar to G. lucidum, G. cantharelloideum 
has been also customarily used as a health food and medicine 
in Southwest China for a long time due to its unique phar-
macological activities and health benefits, such as activities 
against hepatitis, hypertension, hypercholesterolemia, and 
gastric cancer (Tang and Zhong 2001). The pharmaceutical 
potential of G. cantharelloideum is attributed to its abun-
dant chemical constitutes, especially polysaccharides. By 
contrast, the study and application of G. cantharelloideum 
and its polysaccharides were considerably restricted by its 
lack of natural resources. The submerged fermentation of 
G. cantharelloideum is a promising alternative for efficient 
valuable metabolites, that is, EPS. However, to the best of 
our knowledge, no or only few studies are available on the 
production, physicochemical, and biological properties of 
EPS by submerged fermentation of G. cantharelloideum.

Therefore, the objective of this study was to investigate 
the submerged culture conditions of G. cantharelloideum for 
EPS production under a shake-flask culture and a 5 L stirred 
tank reactor. The physicochemical properties and prelimi-
nary structural features of the purified EPS fractions were 
characterized. Meanwhile, the in vitro biological activities 
of the purified EPS fractions were evaluated.

Materials and methods

Materials and chemicals

Glucuronic acid, trifluoroacetic acid, acarbose, porcine 
pancreatic α-amylase (≥ 1000  units/mg), α-glucosidase 
(≥ 10  units/mg), p-nitrophenyl-α-D-glucopyranoside 
(pNPG), hydrogen peroxide  (H2O2), 1,1-diphenyl-2-pic-
rylhydrazyl (DPPH), 2,2΄-azinobis (3-ethylbenzothia-
zoline-6-sulphonic acid) (ABTS), 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox), and 2, 4, 
6-tris(2-pyridyl)-s-triazine were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA). All other 
chemicals and solvents were of laboratory grade and used 
without further purification.

Microorganism and growth conditions

G. cantharelloideum obtained from the Henan Province 
Microbiological Culture Collection Center (HPMCC, No. 
251901–2#) and was used throughout this study. The stock 
culture was maintained on potato dextrose agar (PDA) slants, 
and then these slants were incubated at 26 °C for 8 days and 
stored at 4 °C. The seed culture was grown in a 250 mL 
flask containing 50 mL of basal medium (3% glucose and 

0.3% peptone) at 26 °C on a rotary shaker incubator (150 
rev  min−1) for 4 days. Flask culture experiments were car-
ried out in 250 mL Erlenmeyer flasks containing 50 mL of 
media after inoculating with 4% (v/v) of the seed culture. G. 
cantharelloideum was initially grown on PDA medium in a 
petri dish and transferred into the seed medium by punching 
out 5 mm of the agar plate culture with a self-designed cutter 
(Park et al. 2001).

Determination of mycelial dry weight and EPS 
production

Samples collected regularly from shake flasks, and the 
mycelia pellets and culture broth were separated through 
filtration. The mycelial pellets were repeatedly washed with 
distilled water several times and dried at 70 °C overnight, 
and then the mycelial dry weight was calculated. The cul-
ture broth was directly precipitated by 4 volumes of 95% 
ethanol, kept overnight at 4 °C, centrifuged at 10,000×g 
for 15 min, and collected the precipitates to obtain the EPS. 
EPS was redissolved in distilled water, and the EPS concen-
tration was determined by the phenol–sulfuric acid method 
(Dubois et al. 1956).

Cultivation in a stirred tank reactor

The batch submerged fermentations were performed in a 5 L 
stirred tank reactor with a six-blade Rushton turbine impel-
ler. The cultivation medium was inoculated with 4% (v/v) 
of the seed culture. The culture was aerated at 2 vvm and 
maintained at 26 °C. During the entire cultivation period, 
the process parameters, including dissolved O tension, pH, 
temperature, and air flow, were continuously monitored. The 
samples were collected at various intervals and subjected 
to morphology measurements by using an image analyzer 
(DT2000 System, China) with a software linked to a light 
microscope (Nikon, Japan) via a CCD camera. Then, the 
detailed operating conditions and methods were described 
in our previous study (Cao et al. 2014). Meanwhile, the EPS 
was harvested and determined as described in Sect. 2.3.

EPS isolation and purification

The crude EPS obtained from the culture broth of G. can-
tharelloideum by ethanol precipitation was deproteinized 
using the Sevag reagent, dialyzed (MWCO: 8–14 kDa) 
against distilled water for 48 h, and freeze dried to yield 
the pretreated EPS. The resultant EPS was dissolved in 
0.2 M NaCl buffer and then centrifuged. The supernatant 
was applied to a pre-equilibrium Sepharose CL-6B column 
(2.4 cm × 100 cm, Sigma Chemical Co. St. Louis, MO) and 
eluted with the same buffer at a flow rate of 0.6 mL/min. 
Carbohydrates and proteins in each tube (5 mL/tube) were 
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detected by the phenol–sulfuric acid method and the Brad-
ford method at 490 nm and 280 nm, respectively (Bradford 
1976; Dubois et al. 1956). The collected fractions were 
concentrated, dialyzed, and lyophilized to yield the purified 
EPSs, that is, designated as Fr-I and Fr-II, respectively, and 
used for further studies.

General chemical properties

The total carbohydrate, uronic acid, and protein contents 
were determined by the phenol–sulfuric acid method using 
glucose as a standard (Dubois et al. 1956), via sulfuric 
acid–carbazole method using glucuronic acid as a stand-
ard (Bitter and Muir 1962), and via the Bradford method 
using bovine serum albumin (BSA) as a standard (Bradford 
1976), respectively. Total phenolic content was determined 
by Folin-Ciocalteu assay reagent using gallic acid as a refer-
ence (Siu et al. 2014).

Preliminary structural characterization

The molecular weights (MWs) of Fr-I and Fr-II were deter-
mined by Sepharose CL-6B gel-filtration chromatography as 
described in our previous study (Cao et al. 2014). Dextran 
MW standards ranging from 10 to 2000 kDa (Sigma-Aldrich 
Chemical Co., St. Louis, MO, USA) were used for calibra-
tion and determination of MWs of Fr-I and Fr-II.

The monosaccharide compositions of Fr-I and Fr-II were 
investigated by a series of acid hydrolysis, derivation, and 
gas chromatography-mass spectroscopy (GC–MS) on a 
Varian Star 3600 CX instrument (Varian Co., Lexington, 
MA, USA) with a fused silica capillary column (Na form, 
30 m × 0.25 mm, Supelco Inc., Bellefonte, PA, USA) with 
the conditions as reported before (Zheng et al. 2014). D-Ara-
binose (D-Ara), D-glucose (D-Glc), D-galactose (D-Gal), 
D-mannose (D-Man), L-rhamnose (L-Rha), and D-xylose 
(D-Xyl) (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) 
were used as monosaccharide standards.

Fourier-transform infrared (FT-IR) spectra of Fr-I and 
Fr-II were determined using a FT-IR spectrometer (Bruker 
Tensor 27) in the wavenumber range of 400–4000  cm−1 with 
KBr pellets and referenced against air.

Antioxidant activity assays

The antioxidant activities in vitro of Fr-I and Fr-II were eval-
uated by measuring the hydroxyl radical (·OH) scavenging 
activity, DPPH radical scavenging activity, Trolox equiva-
lent antioxidant capacity (TEAC) assay and ferric reducing 
ability of plasma (FRAP) assay. For all assays, the samples 
were predissolved in distilled water and measured at differ-
ent concentrations (0–3.0 mg/mL) against distilled water as 
the blank and the vitamin C (Vc) at the same concentration 

range as a positive antioxidant reference. The details of the 
operating conditions and methods were described in the pre-
vious studies (Wang et al. 2016).

In vitro α‑amylase and α‑glycosidase inhibitory 
activity assays

The adapted α-amylase inhibitory activity was performed 
according to our previous study (Yan et al. 2019). Briefly, 
100 μL of samples of various concentrations (0–5.0 mg/mL) 
and 200 μL of 12.5 U/mL porcine pancreatic α-amylase (pre-
pared by 0.1 mol/L PBS, pH 6.8) were mixed and incubated 
at 37 °C for 5 min. Then, 500 μL of 1% (w/w) soluble starch 
was added to initiate the reaction and continued to incubate 
at 37 °C for 5 min. The reaction was terminated by adding 
500 μL of dinitrosalicyclic acid color reagent and incubated 
at 100 °C for 5 min. After cooling to room temperature, 
the reaction mixture was diluted to 10 mL with 0.1 mol/L 
PBS (pH 6.8), and absorbance was measured at 540 nm. The 
reaction mixture without sample was used as control and the 
acarbose as a positive reference.

Concerning the α-glycosidase inhibitory activity assay 
method (Yan et al. 2019), 100 μL samples with different 
concentrations (0–5.0 mg/mL) were mixed with 3.0 mL 
0.1 mol/L phosphate-buffered saline (PBS, pH 6.8) and 20 
μL 5 U/mL α-glycosidase (prepared by 0.1 mol/L PBS, pH 
6.8) and incubated at 37 °C for 15 min. The reaction was 
initiated by adding 100 μL 2.5 mmol/L pNPG (prepared by 
0.1 mol/L PBS, pH 6.8) and incubated at 37 °C for 15 min, 
followed by adding 5 mL 0.2 mol/L sodium carbonate to 
stop the reaction. The mixture absorbance measured at 
400 nm against the reaction mixture without sample was 
used as the control and the acarbose as a positive control.

Statistical analysis

All experiments are conducted in three replicates and the 
mean ± standard deviation (SD) is used in the analysis. 
The statistical analysis was performed by Student’s t-test. 
Data Processing System (DPS Version 3.0) was used for the 
experimental designs and statistical differences were con-
sidered significant at P < 0.05.

Results and discussion

Screening of the optimal C and N sources for EPS 
production

As described in previous studies, the submerged culture con-
ditions for EPS production from Cordyceps militaris and 
Cordyceps sinensis (Kim and Yun 2005), Morchella escu-
lenta SO-02 (Meng et al. 2010), Funalia trogii (He et al. 
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2012), and Incutis tamaricis (Zheng et al. 2014) have been 
screened and optimized. However, the optimal C and N 
sources in the submerged culture of G. cantharelloideum for 
mycelial growth and EPS production have not been studied 
in the present work. Figure 1 shows the effects of various C 
and N sources on both mycelial growth and EPS production 
in G. cantharelloideum. Out of all the C sources examined 
(Fig. 1a), the highest EPS production was 1.90 g/L when 
glucose was applied as the C source in the culture medium, 
and the mycelial growth had also the highest level (6.53 g/L) 
among the tested C sources. Thus, glucose, as the best C 
source, used for maximum EPS production, which agreed 
with the results of the previous studies (Chen et al. 2019; 
Meng et al. 2010), while was the opposite of the results 
reported by our group in other fungi or mushrooms, such as 
F. trogii (He et al. 2012) and I. tamaricis (Zheng et al. 2014). 

As shown in Fig. 1b, different N sources exhibited signifi-
cant influences on both mycelial growth and EPS produc-
tion. Among the six tested N sources, tryptone yielded the 
maximum EPS production (1.87 g/L), whereas the highest 
mycelial growth (5.93 g/L) was achieved when yeast extract 
was used. The results suggested that the nutritional require-
ments for EPS production in G. cantharelloideum were not 
always consistent with that of mycelial biomass. Similar 
findings have been also observed in our previous works (He 
et al. 2012; Zheng et al. 2014). On the basis of the results 
above, we can conclude that glucose and tryptone were sepa-
rately regarded as the most favorable C and N sources for 
the maximum EPS production in the submerged culture of 
G. cantharelloideum, respectively, and they were selected 
and applied to EPS production in a 5 L stirred tank reactor.

EPS production in a stirred tank reactor

Figure 2 displays the typical time courses of the EPS pro-
duction in a 5 L stirred tank reactor under the optimal sub-
merged culture conditions (30 g/L glucose, 3 g/L tryptone, at 
26 °C, and pH of 5.0) for EPS production. The EPS produc-
tion gradually increased and then slowly decreased through-
out the submerged fermentation process. The EPS produc-
tion reached a maximum concentration of 1.60 g/L at day 
6. To confirm the EPS production, we observed the typical 
morphological changes during the entire cultivation period 
in the stirred tank reactor, and the results are graphically 
depicted in Fig. 3. The fresh cells mainly formed pellets, and 
the outer hairy region of the fungal pellets was fluffy on the 
early stage of the cultivation period (1–4 days). A complex 
of EPS and mycelium exists in and around the fungal pellet 

Fig. 1  Effect of a carbon and b nitrogen on mycelia growth and EPS 
production by G. cantharelloideum in shake flask cultures. Sub-
merged fermentations were carried out at agitation speed 150  rpm 
and 26 ℃ for 8  days. Each value is expressed as a mean ± standard 
deviation (SD, n = 3)

Fig. 2  The morphological changes in G. cantharelloideum in a 
stirred-tank fermentor. All representative images were taken at four-
fold magnification. 1, 2, 4, 6, and 8 d mean cultivation period in day
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core region. As the submerged culture continues, the fungal 
pellets became clear, and its hair region thinned out con-
stantly (4–6 days). After 8 days of cultivation, the fungal pel-
lets were compact and had a smooth periphery. The results 
indicated that the higher shear force in the stirred tank reac-
tor can substantially destroy the hairiness of the fungal pellet 
and finally resulted in low EPS yield, which agreed with the 
result shown in Fig. 2. Similar phenomena have been found 
in other fungi, such as Pycnoporus sanguineus (Cao et al. 
2014) and P. tenuipes (Xu et al. 2006).

Purification and physicochemical properties of EPS

The pretreated EPS obtained from the submerged culture 
of G. cantharelloideum by a series of ethanol precipita-
tion, deproteinization, and dialysis was applied to purify 
and fractionize by gel permeation chromatography on a 
Sepharose CL-6B column. As shown in Fig. 4, EPS was 
fractionized into two purified fractions, namely, Fr-I and 
Fr-II. The two fractions also showed simultaneous absorb-
ance at 490 and 280 nm, which indicated both Fr-I and 
Fr-II consisted of polysaccharides and proteins through 
covalent bonds. The two characteristic peaks at approx-
imately 200 and 280 nm were found in the UV visible 
spectra of Fr-I and Fr-II (data not shown), respectively, 
thereby confirming that they were polysaccharide-protein 
complexes. As shown in Table 1, the Fr-I and Fr-II yields 
were 6.89% and 87.54%, respectively, and the fraction 
Fr-II was viewed as the main component. Both Fr-I and 
Fr-II had high carbohydrate contents (> 95%) and a small 

amount of proteins, without uronic acids (Table 1). Fr-I 
and Fr-II also contained small amounts of polyphenols. 
According to the calibration curve derived by the dex-
tran standards (Fig. 5), the MWs of Fr-I and Fr-II were 
approximately 627.72 and 74.56 kDa, respectively, which 
demonstrated that Fr-II had the lower MW than Fr-I. Peng 
and Zhang (2003) found that the MWs of two fractions 
of water-soluble polysaccharide-protein complexes from 

Fig. 3  Time profiles of EPS in submerged culture of G. cantharelloideum in a stirred-tank fermentor

Fig. 4  Elution profiles of the EPSs (Fr-I and Fr-II) from G. cantharel-
loideum in Sepharose CL-6B column chromatography. The volume 
of each fraction was 5  mL. Elutes were analyzed by measuring the 
absorbance at 490 nm for carbohydrate (black circle) and the absorb-
ance at 280 nm for protein (blank circle)
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the mycelium of G. tsugae were characterized to be 3550 
and 630 kDa, which were larger than those of Fr-I and 
Fr-II. The monosaccharide compositions of Fr-I and Fr-II 
were investigated by acid hydrolysis and GC–MS analy-
sis, respectively, and the results are presented in Table 1. 
Fr-I was mainly composed of D-Xyl, D-Man, D-Glc and 
D-Gal with the molar ratio of 1.0:49.6:5.8:2.5, and Fr-II 
was comprised by L-Rha, D-Xyl, D-Man, D-Glc, and 
D-Gal in a molar ratio of 2.5:1.0:91.6:119.5:15.2. The 
results revealed that Fr-I and Fr-II were both heteropoly-
saccharides with different monosaccharide compositions 
and molar ratios. D-man was detected as the predominant 
monosaccharide in Fr-I, and L-Rha was absent in Fr-I. 
In comparison, D-Glc and D-Man were considered as 
the main monosaccharides in Fr-II, and a small amount 
of L-Rha was observed in the Fr-II structure. However, 
Zhen et al. (2018) showed that a homogenous polysac-
charide (GAP-3S) purified from G. applanatum consisted 
of D-Glc, D-Gal, D-Fuc, and D-Xyl in the molar ratio of 
7.1: 2.6: 1.1:1. Xu et al. (2019) found that polysaccharides 
(GLP) and ultrasound-degraded polysaccharides  (GLPUD) 
from G. lucidum were both acidic heteropolysaccharides, 
comprising by L-Rha, D-Xyl, D-Man, fructose, D-Gal, 
D-Glc, galacturonic acid and glucuronic acid with vari-
ous molar ratios. These results were different from our 
present data, which was due to their different source of 
materials and separation protocols. Therefore, these results 
demonstrated that Fr-I and Fr-II purified from the G. can-
tharelloideum EPS had different MWs and monosaccha-
ride compositions in their molecular structures.
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Preliminary structural characterizations of EPS

The preliminary structural features of Fr-I and Fr-II were 
qualitatively characterized by FT-IR spectroscopy, and the 
results are displayed in Fig. 6. Fr-I and Fr-II had similar 
IR spectra. A broad and strong absorption peak at approxi-
mately 3277.1 (or 3280.1)  cm−1 was assigned to the O–H 
stretching vibration, and a weak peak at approximately 
2927.6 (or 2941.0)  cm−1 was attributed to the C–H stretch-
ing vibration. No absorption peak was observed at approx-
imately 1730  cm−1. This result indicated the absence of 
uronic acids in their structure and further confirmed that 
Fr-I and Fr-II were both neutral heteropolysaccharides. 
The absorption bands at approximately 1634.4 (or 1632.3) 
(amide I) and 1548.2 (or 1537.8)  cm−1 (amide II) were 
caused by the presence of proteins (Yan et al. 2017), which 
agreed with the results presented in Fig. 4 and Table 1. 
Zhang et al. (2016) demonstrated that two water-soluble 
polysaccharides (GPS-1 and GPS-2) isolated from the 
spent mushroom compost of G. lucidum might be amino-
polysaccharides due to the -NH-CO- stretching vibration 
at 1642.63 (or 1623.67)  cm−1, which was similar to our 
present study. The strong absorption bands in the range 
of 1000–1200   cm−1 were attributed to the C–O–C and 
C–O–H stretching vibrations. In the FT-IR spectrum of 
Fr-I, two characteristic peaks were found at approximately 
916.0 and 809.2   cm−1 indicate the presence of α- and 
β-anomeric configurations in Fr-I. By contrast, a charac-
teristic peak at approximately 918.2  cm−1 was observed 
in Fr-II, thereby suggesting that β-glycosidic bond existed 
in Fr-II.

In vitro antioxidant activity

The oxidative damage of the kidneys and liver and hem-
orrhage of the heart and brain are often associated with 
excess free radicals in the body. Thus, in this experiment, the 
in vitro antioxidant activities of Fr-I and Fr-II purified from 
the G. cantharelloideum EPS were investigated and com-
pared with the positive reference Vc by different biochemical 
methods, such as DPPH and ·OH radical scavenging abilities 
and TEAC and FRAP assays. As shown in Figs. 7a and b, 
both Fr-I and Fr-II exhibited DPPH and ·OH radical scaveng-
ing abilities in dose-dependent manners. Within the meas-
ured concentration range (0.5–3.0 mg/mL), the scavenging 
activities on DPPH and ·OH radicals of Fr-II were stronger 
than those of Fr-I but lower than those of Vc. At the concen-
tration of 3.0 mg/mL, the scavenging effects on DPPH and 
·OH radicals were 60.25% and 59.87% for Fr-I, and 78.14% 
and 71.30% for Fr-II, respectively. This finding suggested 
that the Fr-II showed stronger free radical scavenging abil-
ity than Fr-I. Shi et al. (2014) reported that the ·OH radi-
cal scavenging abilities of two polysaccharides (GLP-I and 
GLP-II) obtained from fermented soybean curd residue by 
G. lucidum were 68.74% and 66.10%, respectively, at the 
concentration of 10 mg/mL, which was lower than that of 
Fr-II (71.30%, 3.0 mg/mL). The TEAC and FRAP values for 
the Fr-II were 233.97 μmol Trolox/g sample and 85.80 μmol 
 Fe2+/g sample, respectively, which were slightly larger than 
those for Fr-I (157.82 μmol Trolox/g sample and 53.93 μmol 
 Fe2+/g sample, respectively; Fig. 7c). The result indicated 
that the Fr-II had stronger antioxidant capacities than that of 
Fr-I, which agreed with the results of DPPH and ·OH radi-
cal scavenging abilities possibly due to the fact that Fr-II 
had the lower MW than Fr-I (Table 1; Fig. 5). Xing et al. 
(2005) indicated that the antioxidant capacities for low-MW 
polysaccharides are more pronounced than that of high-MW 
polysaccharides due to the intramolecular H bond effect. 
Similarly, Kang et al. (2019) reported that  GLPUAE extracted 
from G. lucidum with ultrasound-assisted extraction with a 
lower MW (465.55 kDa) exhibited relatively higher levels 
of radical-scavenging abilities on DPPH and ·OH than that 
of  GLPHWE (703.45 kDa) extracted via hot water extraction. 
The radical-scavenging ability and antioxidant capacity of 
Fr-I and Fr-II were also closely related to their carbohy-
drate and protein contents, monosaccharide compositions, 
and chemical structures. Therefore, Fr-II with high carbo-
hydrate and protein contents and low MW exhibit evident 
antioxidant activity.

Inhibitory effects on α‑amylase and α‑glycosidase

The α-amylase and α-glycosidase inhibitory assays as simple 
and effective methods have been widely used in the evalu-
ation of hypoglycemic activities of bioactive compounds Fig. 6  FT-IR spectra of Fr-I and Fr-II
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in vitro (Wu et al. 2016; Yan et al. 2019). Therefore, in 
the current work, the inhibition effects of Fr-I and Fr-II 
on the α-amylase and α-glycosidase activities by applying 
acarbose as the positive control were evaluated, and the 

results are presented in Fig. 8. Both Fr-I and Fr-II showed 
concentrate-dependent inhibitory effects on α-amylase and 
α-glycosidase activities within the determined concentra-
tion range (1–5 mg/mL). At 5.0 mg/mL concentration, the 
inhibitory effects of Fr-II on α-amylase and α-glycosidase 
activities were 60.70 and 63.06%, respectively, which were 
stronger than those of Fr-I (40.73 and 50.11%, respectively) 
but weaker than those of acarbose (78.62 and 90.66%, 
respectively). The inhibitory effects on α-amylase and 
α-glycosidase activities were associated with the carbohy-
drate and protein contents, MWs, monosaccharide composi-
tions, and chemical structures of Fr-I and Fr-II. Fr-I and Fr-II 
presented strong inhibitory ability against α-glycosidase 
than that of α-amylase under the same concentrations, which 
was due to the different mechanisms of action between 
α-amylase and α-glycosidase, and a moderated inhibition 
on α-amylase and a strong α-glycosidase inhibition should 

Fig. 7  Antioxidant activities in vitro of Fr-I and Fr-II in terms of their 
scavenging abilities on a scavenging abilities on DPPH, b·OH, and 
c TEAC and FRAP assays. Each value is expressed as mean ± SD 
(n = 3)

Fig. 8  Inhibitory effects of Fr-I and Fr-II on a α-amylase and b 
α-glycosidase activities. Each value is expressed as mean ± SD (n = 3)
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be preferred. Similar results have been found in our previ-
ous study (Yan et al. 2019). Consequently, Fr-II possessed 
excellent α-amylase and α-glycosidase inhibitory activities 
in vitro.

Conclusions

This work on the production and characterization of bio-
active EPSs from the submerged culture of G. cantharel-
loideum M. H. Liu has not been conducted elsewhere. Our 
results demonstrated that glucose and tryptone were the most 
favorable C and N sources for the maximum EPS produc-
tion, and the EPS production reached a maximum concen-
tration of 1.60 g/L at day 6 in a 5 L stirred tank reactor 
under optimal cultivation conditions (30 g/L glucose, 3 g/L 
tryptone, 26 °C, and pH 5.0). The two fractions (i.e., Fr-I 
and Fr-II) with yields of 6.89 and 87.54%, respectively, were 
purified from G. cantharelloideum EPS by gel permeation 
chromatography on a Sepharose CL-6B column. Fr-II pos-
sessed higher carbohydrate (95.86%) and protein (3.07%) 
contents and lower MW (74.56 kDa) than that of Fr-I (95.35, 
2.18%, and 627.27 kDa). They were both neutral heteropoly-
saccharides and had different monosaccharide compositions 
and chemical structures. Fr-II exhibited stronger scavenging 
abilities on DPPH and ·OH radicals, antioxidant capacities, 
and α-amylase, and α-glycosidase inhibitory activities than 
that of Fr-I via in vitro assays, which was attributed to its 
high carbohydrate and protein contents and low MW. There-
fore, Fr-II obtained from G. cantharelloideum EPS might be 
explored as potential natural functional components or sup-
plements for applications in food, medicine, and cosmetics. 
Further investigations on the structural elucidation, in vivo 
bioactivity evaluation and molecular mechanism of Fr-II are 
in progress.
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