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Abstract

Agaricus bitorquis (Quél.) Sacc. Chaidam (ABSC) is a wild edible fungus uniquely found in the Tibet Plateau. ABSC is
rich in polysaccharides that are considered biologically active. This study aimed to determine the feasibility of enhancing
exopolysaccharide (EPS) production by ABSC in shake flask culture by supplementing the fermentation medium with
anthocyanin extract. Different concentrations of Lycium ruthenicum Murr. (LRM) anthocyanin crude extract were tested on
ABSC fermentation. The activity of phosphoglucose isomerase (PGI), phosphoglucose mutase (PGM), and phosphomannose
isomerase (PMI), enzymes presumably involved in EPS synthesis by ABSC, was determined. ABSC transcriptomic profile
in response to the presence of anthocyanins during fermentation was also investigated. LRM anthocyanin crude extract
(0.06 mg/mL) was most effective in increasing EPS content and mycelial biomass (by 208.10% and 105.30%, respectively,
P <0.01). The activity of PGI, PGM, and PMI was increased in a medium where LRM anthocyanin extract and its main
components (proanthocyanidins and petunia anthocyanin) were added. RNA-Seq analysis showed that 349 genes of ABSC
were differentially expressed during fermentation in the medium containing anthocyanin extract of LRM; 93 genes were
up-regulated and 256 genes down-regulated. From gene ontology enrichment analysis, differentially expressed genes were
mostly assigned to carbohydrate metabolism and signal transduction categories. Collectively, LRM anthocyanins extract
positively affected EPS production and mycelial biomass during ABSC fermentation. Our study provides a novel strategy
for improving EPS production and mycelial growth during ABSC liquid submerged fermentation.
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Introduction

Agaricus bitorquis (Quél.) Sacc. Chaidam (ABSC), com-
monly known as sand mushroom, is a wild underground
edible fungus naturally occurring in the Qaidam Basin,
Qinghai Province, China. ABSC usually presents hyper-
trophied fruiting bodies, low fruiting temperature, and are
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extracting EPS from fungi commonly result in poor yield,
and further use of other bioactive compounds is also limited.

Submerged fermentation has been widely applied in the
cultivation of edible fungi and secondary metabolite accu-
mulation. Optimization of fungi fermentation conditions
failed to address the needs of product development and sci-
entific research in terms of promoting mycelia and poly-
saccharide production by edible fungi. The incorporation
of specific exogenous substances into fungal fermentation
media is known to alter cell permeability, improve meta-
bolic processes, and stimulate fungal growth and metabolite
accumulation. Specifically, the addition of vegetable oil, sur-
factants, and organic solvents to edible fungi liquid culture
can significantly promote mycelium growth and increase the
recovery of polysaccharides [7-9]. Interestingly, the addition
of antioxidants was shown to effectively promote the accu-
mulation of fungi fermentation byproducts [8].

Lycium ruthenicum Murr. (LRM), belonging to the Solan-
aceae family, is a wild spiny berry with high-stress resistance
that occurs naturally in the Qinghai Tibet plateau, China.
LRM contains a variety of biologically active substances
[10] due to its intrinsic high levels of anthocyanins, a potent
antioxidant [11, 12]. Anthocyanins serve as donors of hydro-
gen atoms to free radicals, thus disrupting the self-propaga-
tion chain reaction [13]. Previous studies have reported that
LRM is one of the plant resources with high proanthocya-
nidin content, with about 5% oligomeric proanthocyanidins
[14]. In addition, the variety of anthocyanins exited in LRM,
of which over 80% are acylated showed strong stability [11,
15]. Currently, there are 13 species of anthocyanins in LRM
[16], 10 of which have been identified [11]. Meanwhile, the
anthocyanin types and components of LRM from different
regions were also different [17], in which petunidin-3-glu-
cose content in Delingha and Turin regions was the highest,
about 1263.23 +15.97 ug/g, accounting for 97% of the total
anthocyanin [18]. Anthocyanins are safe, non-toxic, and can
be used in both food and medicine. Previous studies have
shown that [19] anthocyanins improve lipid and glucose
metabolism, and enhance antioxidant and anti-inflammatory
activities and intestinal microecology. Furthermore, LRM-
derived anthocyanins possess remarkable oxidation resist-
ance, as well as anti-inflammatory and anti-aging proper-
ties, is also used as colorants. Therefore, crude extraction
of anthocyanins from LRM holds promising potential for
application in the healthcare, food and beverage, and phar-
maceutical industries [15, 20, 21]. However, to the best of
our knowledge, no prior studies have attempted to use LRM
anthocyanin extract in macrofungal fermentation.

Therefore, the aim of this study was to evaluate the effect
of the addition of LRM-derived anthocyanins on fermen-
tation parameters of ABSC in a liquid medium. ABSC
fermentation dynamics were determined, and the con-
tent of enzymes involved in polysaccharide synthesis was
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measured. The transcriptomic response profile of ABSC was
investigated before and after the addition of LRM-derived
anthocyanins. To enhance the synthesis of ABSC metabo-
lites, the impact of LRM-derived anthocyanin addition on
mycelium biomass and EPS content was also analyzed. Col-
lectively, the findings presented herein serve as the basis for
the development of functional foods.

Materials and methods
Microorganisms and culture conditions

ABSC was preserved in the Food Engineering Laboratory
of Qinghai University, China. Three to five pieces (2-3 cm?)
of activated beveled mother seed were transferred to a 150-
mL triangular flask containing 80~ 100 mL of liquid culture
medium at 26 °C in a shaking incubator at 125 rpm. Cul-
ture medium composition was as follows (g/L): maltose, 20;
peptone, 5.5; MgSO,, 0.12; CaCl,, 0.1; vitamin B complex,
1.5; initial pH 6.8-7.0. Seed solution was transferred into
the fermentation medium at 8% inoculation size and shaken
at 125 rpm and incubated for 6 days at 26 °C. Fermentation
medium composition was as follows (g/L): peeled potato,
250; maltose, 20; peptone, 5.5; MgSO,, 0.12; CaCl,, 0.1;
vitamin B complex, 1.5; initial pH 6.8—7.0. Fermentation
was carried out in 250-mL Erlenmeyer flasks containing
80 mL of fermentation medium and 5% inoculum in an
orbital shaker incubator at 125 rpm and 26 °C for 4 ~ 5 days.

Preparation of crude extracts of natural
antioxidants from LRM

Extraction of LRM anthocyanins was performed as follows:
smashed LRM was mixed with 80% ethanol solution (20:1
v/w) and placed in an ultrasonic device at 48 °C for 25 min.
The residue also underwent the same extraction procedure
detailed above. Anthocyanin extracts were concentrated by
low-temperature vacuum distillation to eliminate ethanol,
followed by vacuum freeze-drying.

Determination of ABSC biomass and EPS content

After fermentation, ABSC mycelium was filtrated, washed
three times, and freeze-dried until constant weight was
obtained, which corresponded to biomass. EPS content was
determined by the phenol sulfuric acid method [22]. The
calibration curve of EPS was generated by linear regression
of absorbance values (OD4q) of glucose solution at different
concentrations. The calibration curve showed good linear-
ity between absorbance values (y) against reduced sugar (x;
pg/mL) over the calibration range (y=15.042x+0.1112,
R*=0.9982).
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Measurement of key enzymatic activities involved
in EPS metabolism in ABSC

After fermentation, 0.1 g ABSC mycelium was placed in a
centrifuge tube, washed three times with 20 mM phosphate
buffer (pH 6.5), ground in a pre-cooled mortar with liquid
nitrogen, and then 2 mL of pre-cooled cell extract buffer
(20 mM potassium phosphate buffer: 0.425% KH,PO,,
0.0292% NaCl, 0.0952% MgCl,, 0.0154% DTT, pH 6.5) was
added to mycelia [23]. Crude enzyme extract was obtained
by retaining the supernatant formed after centrifugation at
4 °C and 10,000 rpm. Following previous methods [24], the
activity of a-phosphoglucomutase (PGM), phosphoglucose
isomerase (PGI), and phosphomannose isomerase (PMI)
was determined in a total volume of 250 pL and reaction
temperature of 30 °C. Enzyme activity was defined as: one
unit of enzyme activity corresponded to 1 Um of NADPH
conversion per minute in the reaction system. The forma-
tion of NADPH is suggested by alteration in absorbance at
340 nm[25]. Protein contents were measured by Bradford
method [26].

Scanning electron microscopy (SEM) analysis

For morphological observations of mycelial structures,
ABSC mycelium was placed in 250-mL flasks and equal
amounts (100 mg) of LRM anthocyanins and proanthocya-
nidins (99% purity, Beijing Solarbio Science & Technol-
ogy Co., Ltd) and petunia anthocyanins (5 mg) (95% purity,
SHANGHAI ZZBIO CO., LTD.) were added to each flask,
and incubated for 4 days. At the end of fermentation, cells
were collected by centrifugation, washed three times with
sterile phosphate-buffered saline (pH 7.2, 0.8% NaCl, 0.02%
KCl, 0.17% Na,HPO,, 0.8% KH,PO,) and fixed with 2.5%
(v/v) glutaraldehyde. The samples were then treated progres-
sively by 20, 30, 50, and 70% ethanol for 5 min [27] and lyo-
philized. Samples were then sent to the State Key Laboratory
of Three Rivers Sources of the Qinghai University, China,
for scanning electron microscopy (SEM JSM-7900S JEOL)
analysis (5.0 kV, 10.5 mm, Secondary electrons mode).

RNA-Seq analysis

Total RNA was extracted using Total RNA Miniprep Kit
(Axygen, Hangzhou, China) following the manufacturer’s
instructions. RNA quality was performed in an Agilent 2100
Bioanalyzer (Agilent Technologies Inc.). RNA-Seq libraries
were prepared from cDNA generated using iScript™ cDNA
synthesis kit (Bio-Rad, Hercules, CA, USA) at Sangon Biotech
(Shanghai, China) and sequenced in an Illumina Hiseq4000
(Illumina Inc., San Diego, CA, USA). ORF prediction was
performed using the TRINITY method (http://trinityrnaseq.
sourceforge.net/). Gene expression and differential expression

levels were analyzed using RSEM (http://deweylab.bio.stat.
wisc.edu/rsem/) and EDGER software (http://www.biocond.
uctor.org/packages/2.12/bioc/html/edgeR.html). Gene ontol-
ogy (GO) enrichment analysis was performed using the goseq
R package based on a Wallenius non-central hypergeometric
distribution. Functional annotation of the assembled ORFs was
performed using the following databases: BLASTX with the
NCBI’s non-redundant database, STRING, SWISSPROT.

Data analysis

IBM SPSS Statistics 22.0 was used to determine statistical
significance. Graphs were created in Origin 9.0 (OriginLab,
Northampton, MA, USA). Lowercase letters were used to
indicate P <0.05 level of significance; uppercase letters were
used to indicate P <0.01 level of significance.

Results

Effect of the addition of different concentrations
of LRM anthocyanin extract on ABSC fermentation

To determine the effect of LRM anthocyanins on ABSC
growth and metabolism, different concentrations (0.00,
0.03, 0.06, 0.12 mg/mL) of LRM anthocyanins extract were
added to the ABSC fermentation medium, and biomass and
EPS contents (mg/mL) were used as parameters to deter-
mine the optimal concentration leading to improvement in
ABSC fermentation. After 5 days of fermentation, biomass
and EPS content initially increased and then decreased with
the addition of increasing concentrations of LMR antho-
cyanins (Fig. 1). Specifically, 0.06 mg/mL of anthocyanins
significantly increased biomass and EPS content (P <0.05).
Compared with the control group (fermentation medium
without the addition of anthocyanins), biomass increased
by 1.05-fold (47.32 +0.82 mg/mL), and EPS content showed
a twofold increase (13.67 +£0.25 mg/mL). Hence, the addi-
tion of 0.06 mg/mL anthocyanins had an effective influence
on the production of biomass and EPS during ABSC fer-
mentation. To further study the effect of anthocyanin extract
and its main components, i.e., proanthocyanidin and petunia
anthocyanin, on ABSC fermentation, aliquots of anthocya-
nin crude extract, proanthocyanidin, and petunia anthocya-
nin extracts (0.06 mg/mL) were, respectively, added to the
ABSC fermentation medium, and the effect on biomass and
EPS content was investigated.

Effect of the addition of different types
of anthocyanins on ABSC biomass and EPS synthesis

ABSC fermentation was carried out in a liquid medium con-

taining different fractions obtained from LMR anthocyanin
crude extract (0.06 mg/mL) to determine which fraction was
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Fig.1 Effect of the addition of different concentrations of LRM
anthocyanins on mycelial biomass and polysaccharide content during
ABSC fermentation

most effective in promoting ABSC fermentation. Samples
were obtained every 24 h for the determination of biomass
and EPS contents and ABSC growth status. Biomass in all
three experimental groups was significantly higher compared
with the control (P <0.05) (Fig. 3). Among added extracts,
LMR anthocyanin had the greatest effect on promoting
effective biomass accumulation (P < 0.05) (Fig. 2), followed
by proanthocyanidins and petunia anthocyanin. ABSC grew
well for 72 h, after which mycelia entered the decay phase,
accompanied by increasing viscosity of fermentation broth
and mycelial autolysis with gradual decrease in biomass.
Therefore, the addition of anthocyanins to the ABSC fer-
mentation medium promotes the accumulation of biomass
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Fig.2 Effect of the addition of different anthocyanins on mycelium
biomass accumulation during ABSC fermentation
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Fig.3 Effect of the addition of different anthocyanins extracts on
exopolysaccharide (EPS) production by ABSC during fermentation

produced by ABSC, and the degree of biomass accumula-
tion is likely determined by the nature of the anthocyanin
molecule added to the fermentation medium.

EPS content stimulated by the addition of anthocyanin
extracts in the ABSC fermentation medium was higher com-
pared with the control (P <0.05), and peaked after 72 h of
fermentation. As shown in Fig. 3, in the early stage of fer-
mentation (24-72 h), exogenous addition of anthocyanins
promoted significantly EPS accumulation. In the late stages
of fermentation (96—120 h), with mycelia decay and catabo-
lism prevailing over anabolism, a decrease in EPS accumula-
tion was observed. Additionally, proanthocyanidins were the
most effective compound to induce EPS synthesis, followed
by petunia anthocyanin.

Hence, the addition of different types of anthocyanins
into the ABSC fermentation medium led to remarkable
changes in mycelial biomass and EPS production, as well
as in mycelial growth. At 72 h of fermentation, biomass and
EPS production peaked, resulting in mycelial biomass and
EPS yield 3.27 and 2.11 higher, respectively, compared to
the control group. Therefore, anthocyanins extracted from
LRM can promote ABSC biomass accumulation and EPS
production. This promoting effect is presumably related to
the nature of the active component (procyanidins or petunia
anthocyanin) and might be caused by a synergistic effect
among the bioactive components.

Effect of different types of anthocyanins on ABSC
hyphal morphology

Mycelium growth is closely related to hyphae morphology
and structure. To investigate the effect of the addition of the
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LRM anthocyanin extract and its major components (pro-
cyanidins and petunia anthocyanins) on ABSC, fermentation
was conducted for 5 days in a medium containing different
anthocyanins. Mycelial morphology investigated by SEM
revealed a different degree of change in ABSC hyphae struc-
tures after the addition of LRM anthocyanin extract and its
major components to the fermentation medium. Mycelial
density after stimulation by LRM anthocyanins and major
components was altered, with mycelium showing more
branches under stimulation by LRM anthocyanins. The sur-
face of the mycelium in the control group was smooth and
intact after 72 h of fermentation (Fig. 4a). In contrast, ABSC
mycelium in medium containing LRM anthocyanins showed
evident folds and slight indentations (Fig. 4b). Therefore,
we speculated that the addition of LRM anthocyanins led
to an increase in cell membrane fluidity and alterations in
permeability, which was conducive to greater exchange of
nutrients and elimination of metabolites, thus accelerating
ABSC growth and synthesis of polysaccharides.

Effect of LRM anthocyanins on the activity
of enzymes involved in EPS synthesis

PGM and PGI are enzymes known to be involved in
determining the composition of EPS monosaccharides in
Ganoderma lucidum [24]. Therefore, the effect of LRM
anthocyanins extract on the activity of these enzymes was
investigated. PGI activity in ABSC is shown in Fig. 5. PGI
activity after the addition of LRM anthocyanins increased
initially and then decreased, reaching a peak at 48 h. PGI
activity in the medium containing LRM anthocyanins
was significantly different from that in the control group
(P <0.05), with an increase in PGI conversion rate by
349.9%. Interestingly, PGI activity in the medium contain-
ing proanthocyanidin or petunia anthocyanin extracts was
100% and 88% compared with the control group, respec-
tively, which indicates a less-pronounced effect of such
fractions compared to the LRM anthocyanin crude extract.
Moreover, PGM activity in medium with LRM anthocyanin
crude extract, proanthocyanidin, and petunia anthocyanin
extracts group were 171.6, 150.0, and 120.0% (P <0.05),
respectively, compared with the control group.

Moreover, PMI activity during ABSC fermentation
in medium with added LRM anthocyanin crude extract,
proanthocyanidin, and petunia anthocyanin extracts was
20.3%, 14.8%, and 7.5% higher than in the control group
(P <0.05), respectively. Therefore, it can be inferred that
the addition of LMR anthocyanin crude extract, and to a
less-pronounced degree of proanthocyanidins and petunia
anthocyanin extracts, had a remarkable effect in enhancing
PGI, PGM, and PMI activity in ABSC during fermentation.

Collectively, LMR anthocyanin crude extract has been
shown to increase the activity of key enzymes involved in

the synthesis of EPS, thus positively affecting EPS yield.
Moreover, LRM anthocyanins showed a more pronounced
effect than proanthocyanidins and petunia anthocyanins in
promoting the activity of a key enzyme involved in EPS syn-
thesis. Overall, LRM anthocyanins contributed to promoting
growth and EPS accumulation during liquid fermentation
of ABSC, and this strategy can be applied to accelerate the
fermentation process.

Transcriptomic and functional analysis of ABSC
by RNA-Seq

To further explore the mechanism underlying the LRM
anthocyanin-mediated effect on EPS synthesis in ABSC,
RNA-Seq analysis was conducted to evaluate the transcrip-
tomic response of ABSC in medium containing LRM antho-
cyanins. Transcriptomic data revealed a total of 56,115 tran-
scripts; the average transcript size was 3450.28 bp, average
GC content was 53.73%, and Q30 score was between 96.14
and 96.16% (Table 1). A total of 349 genes were differen-
tially expressed, among which 93 genes were up-regulated
and 256 genes were down-regulated (log, Fold Change > 2,
False discovery rate (FDR) <0.05) (Fig. 6). Gene ontology
(GO) enrichment analysis was used to assign and quantify
transcripts according to their presumed function in the cell
(Fig. 7). GO analysis indicated 22 subgroups in cellular
components, 17 subgroups in molecular functions, and 26
subgroups in biological processes. Differentially expressed
genes (DEGs) in the cellular components category mainly
included cell, cell part, organelle, and cell membrane.
Within the molecular function category, the highest number
of transcripts of DEGs were assigned to binding and cata-
lytic activity. In addition, a high number of transcripts were
included in biological processes, cell processes, metabolic
processes, and response to stimulus categories.

Levels of PGI and PGM in ABSC grown in the pres-
ence of LRM anthocyanins extract varied compared with
the control group (Fig. 5), but no significant differences in
the expression of genes involved in key metabolic pathways
were observed (Fig. 8). Findings discussed earlier indicated
that activity of PGI and PGM was greater in treated groups
than in the control group. Therefore, LRM anthocyanins
extracts alter the activity of PGI and PGM at the protein
level, but do not induce changes at the transcription sites of
polysaccharide-related genes.

Discussion

Polysaccharides from edible and medicinal fungi have a
variety of biological functions, such as anti-tumor, antivi-
ral, antioxidant, and immunomodulatory properties [4—6].
In recent years, the method for obtaining polysaccharides
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produced by such fungi through submerged fermentation = production of polysaccharides. It has been reported that
has become more sophisticated [28, 29]. Optimization of  some exogenous additives or regulatory factors increase the
culture condition and medium composition has shown to  mycelial growth of edible fungi and lead to an accumulation
be essential for promoting adequate mycelial growth and  of active fungal metabolites and might also induce changes
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of EPS by ABSC during fermentation

Table 1 Summary of raw RNA-Seq data of ABSC grown in medium with and without LRM anthocyanins

Samples Number of reads Number of bases covered GC content (%) %Q30
ABSC grown in control fermentation medium 58,229,850 8,148,180,728 53.58 96.14
ABSC grown in fermentation medium containing 54,491,054 7,705,162,685 53.73 96.16

anthocyanin extract

in metabolites structure hence affecting their biological
activity [8, 30]. Xu et al. [31] reported that the addition of
Gastrodia elata extract during fermentation of the fungus
Grifola frondosa promoted its growth and increased myce-
lial biomass by 1.06-fold. Lee et al. [32] found that the addi-
tion of ascorbic acid at low concentration (0.1 mg/mL) to
the liquid fermentation medium of Hericium erinaceus could
effectively promote hyphae growth and led to a significant
increasing in the yield of polysaccharide. Moreover, Yang
et al. [33] used liquid fermentation medium with 2% Coix
Lacryma-Jobi oil during growth of Ganoderma lucidum,

which led to an increase in mycelial biomass (3.34-fold) and
higher recovery of triterpenes, EPS, and IPS (2.76-, 2.2-,
and 2.23-fold, respectively). Collectively, the results showed
that the LRM anthocyanins crude extract acted as a positive
regulatory factor, which promoted growth of and increased
metabolite production by ABSC. Moreover, the main frac-
tions present in the crude extract (proanthocyanidins and
petunia anthocyanins) seemingly played an important role
in the observed phenomenon. At optimal supplementation
level (0.06 mg/mL), the biomass of ABSC and EPS yield
was 47.32 mg/mL and 13.67 mg/mL, which were higher by
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LRM-derived anthocyanins are rich in proanthocya-
nidins and other types of anthocyanins, among which
petunia anthocyanins are the main representatives [11].
To evaluate the effect of LRM anthocyanins on ABSC
during fermentation, LRM anthocyanin crude extract
and its main fractions (proanthocyanidins and petunias
anthocyanins) were added to the fermentation medium
at different concentrations. The effect was preliminarily
analyzed by assessing mycelial biomass accumulation and
EPS yield. The present findings revealed that anthocyanin
crude extract and its main component fractions had dif-
ferent effects on ABSC. Interestingly, LRM anthocyanin
crude extract showed the best ABSC growth-promoting
effect compared with the use of single anthocyanins. At
72 h of fermentation, biomass and EPS production peaked,
which was 3.27- and 2.11-fold higher, respectively, than
Fig.6 The number of differentially expressed genes (DEGs; log, fold ¢ o the control group. Previous studies have found that
change) of ABSC grown in the absence or presence of LRM antho- . N o
cyanins plant oils are recommendable stimulants rather than indi-
vidual fatty acids to Cordyceps militaris fermentation and
metabolism [37]. Therefore, it can be assumed that during
1.05- and 2.08-fold, respectively, compared to the control ~ fermentation, anthocyanin extract had a composite effect
group (Fig. 1). However, the higher anthocyanins extract of ~ on ABSC, which can be likely attributed to the synergistic
LRM had an inhibitory effect on the growth of ABSC. This  effect among the various bioactive substances present in
is similar to the study of Xiang et al. [34], indicating that the ~ the crude extract. Moreover, fungi mycelial morphology is
alcohol extract of LRM can inhibit a variety of microorgan-  known to be related to the production of secondary metab-
isms such as Escherichia coli, Staphylococcus aureus, and  olites [38]. The present findings showed that the three
Salmonella, the inhibitory ability of bacteria to fungi gradu-  exogenous additives evaluated in this study had different
ally decreased. In addition, anthocyanins of LRM may also  effects on mycelium morphology of ABSC, which may
contain active substances such as betaine and tannins [35], affect biomass and EPS production. Similarly, Lee et al.
which denaturant cell membrane proteins and thus inhibit [39] evaluated the addition of surfactant to Trichoderma
harzianum fermentation culture medium and observed that
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Fig. 7 Gene ontology enrichment analysis of differentially expressed genes of ABSC
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Fig. 8 Differentially expressed

genes (yellow boxes) and down-
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changes in fungal morphology from aggregation to disper-
sion affected the accumulation of cellulase.

The proposed stimulatory effect linked to the exogenous
addition of oil or fatty acids to liquid fermentation of edi-
ble macrofungi can be attributed to changes in membrane
composition and increased membrane permeability, or by
directly affecting the synthesis rate of enzymes involved
in stimulating metabolism [33, 37, 40]. PGM and PGI are
key enzymes in the synthesis of G. lucidum polysaccharide
[24]. Moreover, it has been previously described that the

stimulating effect of Coix lacryma-Jobi oil on Ganoderma
lucidum polysaccharide production might be related to the
synthesis of PGM and PGI [33]. In addition, coixenolide
has been shown to increase the synthesis of G. lucidum
EPS. Herein, LRM anthocyanin extract and its other related
components affected EPS production in ABSC through PGI,
PGM, and PMI to varying degrees, with LRM anthocyanin
crude extract showing the best-promoting effect. Similarly,
Zhou et al. [30] described that the stimulatory mechanism
of coixenolide on G. lucidum polysaccharides would directly
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affect the synthesis of PGM and PGI. In the present study,
the transcriptomic analysis showed the anthocyanins extract
of LRM could significantly affect carbohydrate metabolism
and change the direction of carbon flux. The expression
genes of PGI and PGM were different partly in the process
of gene transcription, but the expression was not significant
(Fig. 8). However, the results showed that the enzyme activi-
ties of PGI and PGM improved to different extend under
the influence of anthocyanins, which indicated anthocya-
nins or its decomposing compounds could change the con-
tent of ROS [41] or combine with enzyme activity centers
[42], thereby changing the activities of the related enzymes.
Collectively, the present findings revealed that the use of
anthocyanin extract from LRM as inducers significantly
altered liquid fermentation of ABSC. Among anthocyanins
recovered from LRM, procyanidins and petunia anthocya-
nin contributed greatly to the growth- and EPS-promoting
effect. Further studies are needed to evaluate the different
properties of the LRM anthocyanin extract on fungi, as well
as to elucidate which compounds have growth- and EPS-
promoting effects and whether the addition of such com-
pounds during fermentation of ABSC affects their structure
and activity.

Acknowledgements This work was financially supported by the Natu-
ral Science Foundation of China (k021917) and the Science and Tech-
nology Project of Qinghai (No. 2020ZJY40).

Author contributions SW conceptualized, investigated, carried out all
the experimental work, interpreted the data and wrote the manuscript.
YCIJ supervision, to verify the research and study of the manuscript.
QHC, HCX and HYL contributed to the explanation of the data. All
authors have contributed to the editing of the manuscript, and approved
the final version of the manuscript.

Declarations

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

1. Jiao YC, Kuang H, Wu JA, Chen QH (2019) Polysaccharides from
the edible mushroom Agaricus bitorquis (Quel.) Sacc. Chaidam
show anti-hypoxia activities in pulmonary artery smooth muscle
cells. Int J Mol Sci 20(3):15

2. Jiao YC, Kuang H, Hu JJ, Chen QH (2018) Structural charac-
terization and anti-hypoxia activities of polysaccharides from the
sporocarp, fermentation broth and cultured mycelium of Agaricus
bitorquis (Quel.) Sacc. Chaidam in mice. J Func Foods 51:75-85

3. Li HJ, Chen HY, Fan LL, Jiao ZH, Chen QH, Jiao YC (2015)
In vitro antioxidant activities and in vivo anti-hypoxic activity of
the edible mushroom Agaricus bisporus (Lange) Sing Chaidam.
Molecules 20(10):17775-17788

4. Martel J, Ojcius DM, Chang CJ, Lin CS, Lu CC, Ko YF, Tseng SF,
Lai HC, Young JD (2017) Anti-obesogenic and antidiabetic effects
of plants and mushrooms. Nat Rev Endocrinol 13(3):149-160

5. Barbosa JR, Freitas MMD, Martins LHD, de Carvalho RN (2020)
Polysaccharides of mushroom Pleurotus spp.: New extraction
techniques, biological activities and development of new tech-
nologies. Carbohyd Polym 229:115550

6. Meng X, Liang H, Luo L (2016) Antitumor polysaccharides
from mushrooms: a review on the structural characteristics,
antitumor mechanisms and immunomodulating activities. Car-
bohyd Res 424:30-41

7. Hsieh C, Wang HL, Chen CC, Hsu TH, Tseng MH (2008) Effect
of plant oil and surfactant on the production of mycelial bio-
mass and polysaccharides in submerged culture of Grifola fron-
dosa. Biochem Eng J 38(2):198-205

8. Ma XK, Zhang H, Fam H (2013) Influence of rutin, FeSO4,
Tween 80, aspartate and complex vitamins on synthesis of fun-
gal exopolysaccharide. Carbohyd Polym 92(2):1188-1196

9. HeP, Wu S, Pan L, Sun S, Mao D, Xu C (2016) Effect of Tween
80 and acetone on the secretion, structure and antioxidant activ-
ities of exopolysaccharides from Lentinus tigrinus. Food Tech-
nol Biotechnol 54(3):290-295

10. Wang H, Li J, Tao W, Zhang X, Gao X, Yong J, Zhao J, Zhang
L, Li Y, Duan J-a (2018) Lycium ruthenicum studies: molecu-
lar biology, phytochemistry and pharmacology. Food Chem
240:759-766

11. Zheng J, Ding C, Wang L, Li G, ShiJ, Li H, Wang H, Suo Y
(2011) Anthocyanins composition and antioxidant activity of wild
Lycium ruthenicum Murr. from Qinghai-Tibet Plateau. Food Chem
126(3):859-865

12. Wang Y, Luan G, Zhou W, Meng J, Wang H, Hu N, Suo Y (2018)
Subcritical water extraction, UPLC-Triple-TOF/MS analysis and
antioxidant activity of anthocyanins from Lycium ruthenicum
Murr. Food Chem 249:119-126

13. Rice-Evans CA, Miller NJ (1996) Antioxidant activities of fla-
vonoids as bioactive components of food. Biochem Soc Trans
24(3):790-795

14. Zhang C, Wu W, Zhou L, Cheng H, Ye X, He Y (2020) Devel-
oping deep learning based regression approaches for determina-
tion of chemical compositions in dry black goji berries (Lycium
ruthenicum Murr.) using near-infrared hyperspectral imaging.
Food Chem 319:126536

15. Tang P, Giusti MM (2018) Black goji as a potential source of
natural color in a wide pH range. Food Chem 269:419-426

16. Liu P, Li W, Hu Z, Qin X, Liu G (2020) Isolation, purification,
identification, and stability of anthocyanins from Lycium rutheni-
cum Murr. LWT-Food Sci Technol. 126:109334

17. Liu Z, Tang X, Liu C, Dong B, Shao Y, Liu B, Yue H (2020)
Ultrasonic extraction of anthocyanins from Lycium ruthenicum
Murr. and its antioxidant activity. Food Sci Nutr 8(6):2642-2651


http://creativecommons.org/licenses/by/4.0/

Bioprocess and Biosystems Engineering (2021) 44:2303-2313

2313

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Zhang G, Chen S, Zhou W, Meng J, Deng K, Zhou H, Hu N,
Suo Y (2019) Anthocyanin composition of fruit extracts from
Lycium ruthenicum and their protective effect for gouty arthritis.
Ind Crops Prod 129:414-423

Mehmood A, Zhao L, Wang Y, Pan F, Hao S, Zhang H, Iftikhar
A, Usman M (2021) Dietary anthocyanins as potential natural
modulators for the prevention and treatment of non-alcoholic fatty
liver disease: a comprehensive review. Food Res Int 142:110180
Zhou L, Xie M, Yang F, Liu J (2020) Antioxidant activity of high
purity blueberry anthocyanins and the effects on human intestinal
microbiota. LWT-Food Sci Technol. 117:108621

Zhang Y, Meng Q, Yin J, Zhang Z, Bao H, Wang X (2020) Antho-
cyanins attenuate neuroinflammation through the suppression of
MLK3 activation in a mouse model of perioperative neurocogni-
tive disorders. Brain Res 1726:146504

Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F (1956)
Colorimetric method for determination of sugars and related sub-
stances. Anal Chem 28(3):350-356

Zhu ZY, Liu XC, Dong FY, Guo MZ, Wang XT, Wang Z, Zhang
YM (2016) Influence of fermentation conditions on polysac-
charide production and the activities of enzymes involved in the
polysaccharide synthesis of Cordyceps militaris. Appl Microbiol
Biotechnol 100(9):3909-3921

Peng L, Qiao S, Xu Z, Guan F, Ding Z, Gu Z, Zhang L, Shi G
(2015) Effects of culture conditions on monosaccharide composi-
tion of Ganoderma lucidum exopolysaccharide and on activities
of related enzymes. Carbohyd Polym 133:104-109

Ren Y-y, Sun P-p, Li H-r, Zhu Z-y (2020) Effects of Na2SeO3 on
growth, metabolism, antioxidase and enzymes involved in poly-
saccharide synthesis of Cordyceps militaris. Process Biochem
97:64-71

Bradford MM (1976) A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal Biochem 72:248-254

Li X, Hu P, Dang Y, Liu B (2014) Purification and partial charac-
terization of a novel bacteriocin produced by Lactobacillus casei
TN-2 isolated from fermented camel milk (Shubat) of Xinjiang
Uygur Autonomous region. China Food Control 43:276-283
Asadi F, Barshan-Tashnizi M, Hatamian-Zarmi A, Davoodi-
Dehaghani F, Ebrahimi-Hosseinzadeh B (2021) Enhancement
of exopolysaccharide production from Ganoderma lucidum
using a novel submerged volatile co-culture system. Fungal Biol
125(1):25-31

Rousta N, Ferreira JA, Taherzadeh MJ (2021) Production of
L-carnitine-enriched edible filamentous fungal biomass through
submerged cultivation. Bioengineered 12(1):358-368

Zhou H, Bi P, Wu X, Huang F, Yang H (2014) Improved poly-
saccharide production in submerged culture of Ganoderma

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

lucidum by the addition of coixenolide. Appl Biochem Biotechnol
172(3):1497-1505

Xiao-bao X (2012) The effect of exopolysaccharide biosynthesis
and related enzyme activities of Grifola frondosa by the addition
of ethanol extracts from traditional Chinese medicine Gastrodia
tuber. Afr J Biotechnol 11(15):3656-3662

Lee JS, Wee JW, Lee HY, An HS, Hong EK (2010) Effects of
ascorbic acid and uracil on exo-polysaccharide production with
Hericium erinaceus in liquid culture. Biotechnol Bioprocess Eng
15(3):453-459

Yang H, Min W, Bi P, Zhou H, Huang F (2013) Stimulatory effects
of Coix lacryma-Jobi oil on the mycelial growth and metabolites
biosynthesis by the submerged culture of Ganoderma lucidum.
Biochem Eng J 76:77-82

Xiang Y-J, Zhang M-E, Zhu L-X (2016) Study on antibacterial
activity of extracting solution of fruits of Lycium ruthenicum
Murr. Food Res Dev 37(1):26-29

Xiuling Z (2015) A review on bioactives from Lycium ruthenicum
Murr. J Food Sci Biotechnol 35(06):561-568

Liu X-L, Yi B, Wu Y (2020) Antibacterial and antioxidant activi-
ties of Lycium ruthenicum Murr extracts in Minqin Gansu Prov-
ince. J Anhui Agric 48(15):180-182

Park J-P, Kim S-W, Hwang H-J, Cho Y-J, Yun J-W (2002) Stimu-
latory effect of plant oils and fatty acids on the exo-biopolymer
production in Cordyceps militaris. Enzyme Microb Technol
31(3):250-255

Keller N, Turner G, Bennett J (2006) Fungal secondary metab-
olism - From biochemistry to genomics. Nat Rev Microbiol
3:937-947

Lee H, Lee YM, Heo YM, Hong JH, Jang S, Ahn BJ, Lee SS,
Kim JJ (2017) Optimization of fungal enzyme production by
Trichoderma harzianum KUC1716 through surfactant-induced
morphological changes. Mycobiology 45(1):48-51

Reese ET, Maguire A (1969) Surfactants as stimulants of enzyme
production by microorganisms. Appl Microbiol 17(2):242-245
Qi S, Wu-Lin C, Hua J, Ai-Hua Z, Xiang-Cai M (2016) H202
Improves quality of radix scutellariae through anti-oxidant effect.
Pharmacogn Mag 12(45):84-90

Miao L, Xu Y, Jia C, Zhang B, Niu M, Zhao S (2021) Structural
changes of rice starch and activity inhibition of starch digestive
enzymes by anthocyanins retarded starch digestibility. Carbohyd
Polym 261:117841

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Anthocyanin extract from Lycium ruthenicum enhanced production of biomass and polysaccharides during submerged fermentation of Agaricus bitorquis (Quél.) Sacc. Chaidam
	Abstract
	Introduction
	Materials and methods
	Microorganisms and culture conditions
	Preparation of crude extracts of natural antioxidants from LRM
	Determination of ABSC biomass and EPS content
	Measurement of key enzymatic activities involved in EPS metabolism in ABSC
	Scanning electron microscopy (SEM) analysis
	RNA-Seq analysis
	Data analysis

	Results
	Effect of the addition of different concentrations of LRM anthocyanin extract on ABSC fermentation
	Effect of the addition of different types of anthocyanins on ABSC biomass and EPS synthesis
	Effect of different types of anthocyanins on ABSC hyphal morphology
	Effect of LRM anthocyanins on the activity of enzymes involved in EPS synthesis
	Transcriptomic and functional analysis of ABSC by RNA-Seq

	Discussion
	Acknowledgements 
	References




