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Effects of Nitrogen from Different Sources on Mycelial
Biomass and Polysaccharide Production and Pellet
Morphology in Submerged Cultures of Grifola frondosa

Yi-Cheng Wang, Fang-Yi Lin, and Tai-Hao Hsu *

The effects of nitrogen in the medium on the production of mycelial
biomass, extracellular polysaccharides (EPS), and intracellular
polysaccharides (IPS) was investigated in submerged cultures of Grifola
frondosa. In addition, the effects on pellet morphology were examined.
The maximum production levels of mycelial biomass (2.32 g/L), EPS (1.58
g/L), and IPS (29.1 mg/L) were obtained when the nitrogen sources in the
medium were yeast extract, malt extract, and peptone, respectively. Using
yeast extract as the nitrogen source yielded the maximum mycelial
biomass, and morphological characterization revealed a composition of
47% large pellets (fraction L), 20% small pellets (fraction S), and 33%
adhesive mycelia (fraction A). The maximum circularity value and the
minimum roughness value of the pellets were observed using yeast extract
cultures. Both the compactness (0.53) and circularity (0.15) of the pellets
were the lowest among the seven types of nitrogen sources, but the
roughness (2.86) was the highest in malt extract, which was the nitrogen
source that resulted in maximum polysaccharide production. The results
revealed that the production levels of mycelial biomass, EPS, and IPS of
G. frondosa were associated with changes in pellet morphology due to the
source of nitrogen in the medium.

Keywords: Grifola frondosa; Nitrogen sources; Polysaccharide; Morphological; Pellets

Contact information: Department of Food Science and Biotechnology, Da-Yeh University, No. 168,
University Rd., Dacun, Changhua 51591, Taiwan (R.O.C.);
* Corresponding author: th0123@mail.dyu.edu.tw; Teyizo@gmail.com

INTRODUCTION

Grifola frondosa is a Basidiomycete fungus belonging to the order Aphyllopherales
and the family Polyporaceae. Grifola frondosa is a popular culinary and medicinal
mushroom due to its good flavor, medicinally potent variety, and exceptional texture. The
bioactivities of G. frondosa fruiting body and submerged-cultured mycelia are of great
interest to market them as functional foods (Wu et al. 2016). Physiologically active
polysaccharides can also be obtained from commercially cultivated mushrooms that
usually require three months to culture due to their fruiting body, whereas the submerged
culture of G. frondosa can be employed to grow mycelia with a shorter growth time and
better product quality (Shih et al. 2008; Wu et al. 2021). Therefore, submerged
fermentation of G. frondosa is a promising alternative for the efficient production of
mycelial biomass and polysaccharides. Most of the active polysaccharides from G.
frondosa can be isolated via ethanol precipitation and hot water extraction of its submerged
fermentation broth and mycelium (Mizuno and Zhuang 1995; Lin 2011). Among these
polysaccharides, -(1-3)-D-glucan exhibits antitumor effects (Kodama et al. 2005; Masuda
et al. 2009a), cancer cell apoptosis (Cui et al. 2007; Shi et al. 2007; Mao et al. 2015), liver
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function protection (Kubo and Nanba 1997; Wang et al. 2010), myelosuppression
reduction (Masuda et al. 2009b), anti-atherosclerotic effects (Mori et al. 2008; Ding et al.
2016), control of diabetes (Preuss et al. 2007; Lo et al. 2008; Li et al. 2019), induction of
vascular endothelial growth factor (Lee et al. 2008), and anti-HIV activity (Nanba et al.
2000; Gu et al. 2007). The optimal conditions for the production of polysaccharide via
submerged cultures of G. frondosa have recently received increased attention (Huang and
Liu 2007; Shih et al. 2008; Tao et al. 2018)). Past reports have mainly focused on
extracellular polysaccharides (EPS) rather than intracellular polysaccharides (IPS).
However, the optimal culture factors for the production of both polysaccharide types
should be considered simultaneously.

Fungal morphology is an important determinant of the rheological properties of the
fermentation broth, and controlling morphology is highly desired (Park et al. 2002a; Cui
et al. 2016). Fungal morphology is influenced by many factors, including medium
composition (Paul et al. 1999; Ahamed and Vermette 2009), dissolved oxygen
concentration (Park et al. 2002b; Veiter et al. 2018), agitation speed (Chen et al. 2008; Cui
et al. 2016; Veiter et al. 2018), and pH (Kim et al. 2003; Ahumada-Rudolph et al. 2019).
In addition, many studies have reported the relationship between specific fungal
morphology and metabolites (Wagner et al. 2004; Antecka et al. 2016). However, little is
understood about the growth of G. frondosa in submerged cultures. In particular, the
relationship between morphology, nitrogen sources, and polysaccharides remains poorly
understood. This study is the first report that has examined the pellet morphology of the
submerged culture of G. frondosa, its biomass, and polysaccharide production.

This study aimed to investigate the effect of various nitrogen sources on the
production of mycelial biomass and polysaccharides by G. frondosa and characterized the
pellets and mycelia morphology to determine the most favorable form for polysaccharide
production.

EXPERIMENTAL

Strain, Culture, and Inoculation

Grifola frondosa was obtained from the Culture Collection and Research Centre of
the Food Industry Research and Development Institute (Hsinchu, Taiwan; CCRC 36911),
maintained on potato dextrose agar (PDA) slants, and subcultured every month. The slants
were incubated at 25 °C for 21 d and then stored in a refrigerator at 4 °C for further use.
The seed culture transferred from the slant was grown on PDA in a Petri dish at 25 °C for
21 d, and 5 discs of PDA (5-mm diameter agar) containing G. frondosa were punched out
and inoculated into 100 mL of potato dextrose broth (PDB) medium in a shaker at 100 rpm
at 25 °C for 14 d. Subsequently, the flask culture experiments were performed in 500-mL
flasks with 10 wt% of the seed culture at an initial pH of 5.5 at 25 °C, and the samples were
cultured for 30 d (for static cultures) or 14 d (for shaking cultures) at 100 rpm. The original
fermentation medium consisted of the following ingredients (g/L): glucose, 30; yeast
extract, 8; MgSO4-7H20, 0.5; MnSQg4, 0.2; K2HPO4, 0.5.

Nitrogen Sources
To identify the most suitable nitrogen sources for the production of biomass, 0.8%
of the nitrogen source in the original fermentation medium were converted to 0.8%
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inorganic nitrogen (ammonium sulfate [(NH4)2SOa4], ammonium oxalate [(NH4)2C204],
ammonium chloride [NH4CI]), 0.8% organic nitrogen (malt extract, yeast extract, and
peptone), and a mixture of nitrogen sources (0.2% peptone added to 0.6% yeast extract) in
shaking cultures.

Analytical Methods
Biomass fractionation of the components and pH values

The biomass was separated into fractions L (retained by a sieve with 2.0 mm pores,
> 10-mesh), S (passed through both sieves, < 10-mesh), and A (adhered to the internal wall
of the flask) (Wagner et al. 2004). Each fraction was centrifuged (Hitachi CR22E, Tokyo,
Japan) at 6000 rpm for 20 min. The obtained pellets were regarded as mycelia and washed
twice with three-fold volumes of distilled water. Subsequently, the sediment was freeze-
dried to a constant weight. In addition, the obtained supernatants were filtered through a
pre-weighed Whatman filter paper (No. 5, Whatman International Ltd., Maidstone,
England). Next, the pH values were measured, and the exopolysaccharides were
precipitated from the filtrates.

Production of EPS and IPS polysaccharides

The filtrates were precipitated using four-fold volumes of 95% ethanol at 4 °C for
12 h, centrifuged at 8000 rpm for 30 min, and lyophilized to obtain crude EPS. To obtain
IPS, 1 g of lyophilized mycelium was mixed with 10 mL of distilled water, heated at 100
°C for 3 h, and centrifuged at 6000 rpm for 15 min. Each biomass fraction was extracted.
The EPS and IPS quantities were determined using the phenol-sulfuric acid assay
according to Dubois et al. (1956).

Estimation of total nitrogen
Total nitrogen was estimated using the micro Kjeldahl method (Allen et al. 1974).
For each sample, three replicates were analyzed, and the mean values were obtained.

Morphological characterization

The morphological properties of the samples collected were evaluated using an
image analyzer (Simple PCI) with software (Hamamatsu Corp., version 5.1, Bridgewater,
NJ, USA) linked to a light microscope (Olympus, Center Valley, PA, USA) equipped with
an MIC-D camera. For each sample, the morphology of 20 pellets was characterized by
measuring the area and perimeter of the pellet core and the maximum diameter of the pellet.
Then, their mean diameter, circularity, roughness, and compactness were characterized
based on pellet morphology. A magnification of 20x was used. The circularity or shape
factor was estimated as the ratio of the Fieret’s minimum to maximum diameters of the
pellets or aggregates. The compactness was estimated as the ratio of the projected areas of
the hyphae in a clump to the projected convex area of that clump; the projected convex
area being the area after filling the internal voids and concavities in the clump’s external
perimeter. In addition, the roughness (R) was measured using Eq. 1 (Riley et al. 2000; Park
et al. 2002a,b):

R = (pellet / aggregate perimeter) 2/ (4 x pellet area). 1)
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Image analyses

First, the freeze-dried pellet was placed in a dish of the stereo microscope
(LABOMED CZM6, Labomed, Los Angeles, CA, USA). Next, the freeze-dried mycelia
were coated with gold in an atmosphere of argon at a current of 10 mA for 2 min using an
ion-sputtering device (JFC-1100E, JEOL Ltd., Tokyo, Japan). The coated materials were
examined, and images were acquired using scanning electron microscopy (JOEL 5400;
JEOL Ltd., Tokyo, Japan) at 20 KV (Hsieh et al. 2006).

RESULTS AND DISCUSSION

Effect of Nitrogen

Grifola frondosa was cultured using three types of inorganic (ammonium sulfate,
ammonium chloride, and ammonium oxalate), organic (malt extracts, yeast extracts, and
peptone), and dual (0.6% yeast extracts plus 0.2% peptone) nitrogen sources. The mycelia,
EPS and IPS production, and the final pH medium are presented in Fig. 1. Among the
sources examined, yeast extracts yielded the highest mycelial biomass (2.32 g/L), which
was noticeably higher than the nitrogen content (1.30 g/L) produced from ammonium
sulfate in the medium. A similar result was previously reported for nitrogen utilization by
G. frondosa (Lee et al. 2004; Shih et al. 2008). In much previous research, the mushroom
mycelium used yeast extracts as nitrogen sources in liquid medium, such as Lyophyllum
decastes (Pokhrel and Ohga 2007a), Cordyceps jiangxiensis (Xiao et al. 2006), Lentinus
subnudus (Gbolagade et al. 2006), Lentinus squarrosulus (Das et al. 2015), and Pleurotus
albidus (Kirsch et al. 2016). This is mainly because yeast extract is rich in protein, amino
acids, and vitamins, which contributes to cell growth.
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Fig. 1. Effect of single and dual nitrogen sources for the production of mycelia biomass by G.
frondosa on the final pH of the medium (a) extracellular polysaccharides (EPS), and intracellular
polysaccharides (IPS) (b); Nitrogen sources: S, ammonium sulfate; C, ammonium chloride; O,
ammonium oxalate; ME, malt extract; YE, yeast extract; P, peptone; YEP, yeast extract plus
peptone

In this study, the mycelial biomass (1.98 g/L) of G. frondosa in dual nitrogen
sources was not higher in this study than that of yeast extracts. However, some previous
studies have suggested the use of dual nitrogen sources to promote the production of
mycelium biomass. Fang and Zhong (2002) found that a single nitrogen source resulted in
a lower mycelia yield, and mixed yeast extracts and peptone were more conducive for the
growth of Ganoderma lucidum cultures. Dang et al. (2018) also indicated that using an
optimal ratio of yeast extract and skim milk for the nitrogen source can produce high
amounts of mycelial biomass. In a study by Shih et al. (2008), dual nitrogen sources of G.
frondosa were used. Considering the earlier reports and the results of this study, different
combinations and proportions of dual nitrogen sources may affect mycelial production.
When a composition of non-nitrogen sources is added to a single source of nitrogen,
mycelial growth is enhanced, which indicates a key starting point for future studies.

The EPS production amounts with various nitrogen sources ranged from 0.75 g/L
to 1.58 g/L. Malt extract and ammonium sulfate were the best nitrogen sources for the
production of EPS at 1.58 g/L and 1.54 g/L, respectively, and their influence on EPS
production did not differ significantly. The EPS production in the medium that contained
ammonium chloride and ammonium oxalate was higher than that using yeast extracts and
peptone. A similar result was reported on Lyophyllum decastes (Pokhrel and Ohga 2007a;
Lin 2011; Anike et al. 2015); in particular, a correlation between mycelia growth and EPS
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production was observed. Thus, EPS production was reduced with maximum mycelial
growth. Conversely, with minimum mycelial growth, high EPS production was observed.

Figure 1 shows that, utilizing various sources of nitrogen, IPS production ranged
from 5.3 mg/L to 29.1 mg/L. The best nitrogen source for the production of IPS was
observed to be peptone (29.1 mg/L), followed by yeast extract (22.4 mg/L), and ammonium
sulfate (22.2 mg/L). For EPS (g/L) and IPS (mg/L) production, the second-best source of
nitrogen was ammonium sulfate. Moreover, malt extract was more productive for EPS and
IPS than yeast extract. These results indicated that inorganic nitrogen sources appeared to
positively affect polysaccharide production, while utilizing a specific nitrogen source. Such
a phenomenon was also reported in submerged cultures of Lentinus squarrosulus (Ahmad
et al. 2013).

Distribution Percentage of Biomass (DPB) in Fractions L, S, and A

Organic, inorganic, and dual nitrogen sources were compared in terms of L, S, and
A fractions in the fermentation broth, and the size distribution percentage of the total
biomass was calculated (Fig. 2). Among the various nitrogen sources, yeast extract yielded
the highest mycelial growth, and the proportions of the L, S, and A fractions were 47%,
20%, and 33%, respectively. Similarly, in mycelial biomass production cultured with dual
nitrogen sources (YEP) of the second-best DPB for (Fig. 2), fractions L, S, and A were
39%, 7%, and 53%, respectively. This result was calculated in terms of dry weight, which
was mainly provided by large pellets.
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Fig. 2. Effect of nitrogen sources on the DPB in terms of pellet size and adhesive mycelium in
fractions L, S, and A in cultures of G. frondosa. Nitrogen sources: S, ammonium sulfate; C,
ammonium chloride; O, ammonium oxalate; ME, malt extract; YE, yeast extract; P, peptone; YEP,
yeast extract plus peptone
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The distribution ratio of the fractions was revealed by comparing the sizes of the
pellets in the fermentation broth. The lower percentage of fraction A and the higher
percentage of fraction S in the media broth indicated an increase in mycelial production.
These data clearly showed that the morphological change was affected by the metabolic
activity, and an optimal morphology of the pellets was maintained, which resulted in a high
yield of metabolites. These results were consistent with those previously reported for
Aspergillus niger (Hille et al. 2005), G. lucidum (Fang and Zhong 2002), and Grifola
frondosa (Tao et al. 2018).

Distribution Percentage of Intracellular Polysaccharides (DPI) in Fractions
L,S,and A

Pellet morphology has been cited as a key determinant of fermentation productivity.
In this study, individual IPS production levels in fractions L, S, and A were determined to
understand the different mycelial pellet types for IPS production. The supply percentages
for fractions, L, S, and A were calculated with Eq. 2:

Individual IPS /Total amount of IPS x 100% 2

The supply percentage of IPS production using peptone culture consisted of 71%
fraction L, 11% fraction S, and 16% fraction A, as shown in Fig. 3.
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Fig. 3. Effect of various nitrogen sources on the distribution percentage of intracellular
polysaccharides in terms of pellet size and adhesive mycelium in fraction L, S, and A in the
culture of G. frondosa. Nitrogen sources: S, ammonium sulfate; C, ammonium chloride; O,
ammonium oxalate; ME, malt extract; YE, yeast extract; P, peptone; YEP, yeast extract plus
peptone

The second highest productivity of polysaccharides was observed in malt extract
cultures, but the IPS supply percentage by fraction L accounted for 76%, and fractions S
and A accounted for 8%, and 14%, respectively. These results revealed that the optimum
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IPS production and accumulation was the cause for the morphology of the large pellets
(fraction L), whereas the hyphae formed by smaller pellets (fraction S) and the adhesive
hyphae on the sides of the bottle (fraction A) were unable to accumulate IPS. A relationship
between pellet morphology and metabolite production was also reported by Papagianni and
Murray (2002) and Chen et al. (2016).

Initial NH4* Concentration and NHs*Utilization

Several earlier studies have reported that organic nitrogen increases mycelium
biomass and its metabolites (Lee et al. 2004; Xu et al. 2008; Wen et al. 2014; Salami et al.
2017). Likewise, in this study, higher biomass production due to yeast extract and dual
nitrogen sources (Fig. 1) was observed. In particular, ammonium sulfate yielded the third-
highest amount of inorganic nitrogen. This may have been due to a positive correlation
between the concentration of NH4 * in the medium and the extent of nitrogen utilization.

Using a Kjeldahl analysis, it was observed that initial NH4™ concentrations over
2.01 g/L and less than 0.29 g/L were not suitable for mycelial growth (Table 1). Similar
results were observed in a study on Cordyceps militaris, in which the medium that
contained 10 mM NH4* was optimal for mycelial growth. Further, high growth inhibition
(low growth) was observed in 10 mM NH4" (Mao and Zhong 2006). In addition, the initial
NH4" concentration from organic nitrogen was noticeably low, and the results showed that
other substances (i.e., amino acids, minerals, and vitamins) may also be important for cell
growth in addition to NH4*. When the nitrogen sources were favorable for mycelial growth,
NH2 " utilization was over 97%. Thus, the levels of NH4* affected the utilization of growth
factors in the production of mycelia. This was consistent with the NH4* content in peptone,
which was exhausted; then, a different NH4" source (ammonium sulfate) was fed for
cordycepin production in C. militaris (Miqueleto et al. 2010).

Table 1. Initial NH4* Concentration and NH4* Utilization from Nitrogen Sources in
Media by Grifola frondosa

Ammonium Cation (NHs*)
Nitrogen Sources
in Medium
Original (g/L) Residue (g/L) Utilization Rate (%)
Ammonium sulfate 1.58 0.023 98.5
Ammonium chloride 2.01 0.799 60.7
Ammonium oxalate 3.12 0.552 72.7
Malt extract 0.29 0.088 69.7
Yeast extract 0.65 0.005 99.2
Peptone 0.98 0.027 97.2
YEP* 0.70 0.012 98.3
* Utilization rate = (Depletion of NH4*/ Original of NH4*) x100%
** YEP = yeast extract plus peptone

Morphological Parameters

The morphological properties of filamentous fungus play an important role in their
metabolism during fermentation (Moreira et al. 1996; Nielsen 1996; Wan-Mohtar et al.
2016). Accordingly, estimates of the compactness, circularity, roughness, and the total
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number of pellets in submerged cultures of G. frondosa using different nitrogen sources
are shown in Table 2. There was remarkable variation in the morphological parameters
between the pellets grown under organic and inorganic nitrogen sources. The maximum
circularity and minimum roughness values were observed when the yeast extract was used
as the nitrogen source for mycelial biomass production. Similar results were obtained after
using both ammonium sulfate and a dual source of nitrogen. In addition, the maximum
compactness value and the minimum total number of pellets in the broth were desirable for
biomass production. To obtain a smaller diameter, the hairy hyphae were sheared to form
denser circular pellets, which increased the productive morphological forms and mycelium
biomass production by G. frondosa.

Table 2. Compactness, Circularity, Roughness, and Total Number of Pellets of
Grifola frondosa Grown Using Seven Different Nitrogen Sources

Nitrogen Sources Pellets

in Medium Compactness Circularity Roughness Total Number
Ammonium sulfate 0.96 0.36 1.64 48
Ammonium chloride 0.69 0.18 2.46 120
Ammonium oxalate 0.69 0.19 2.43 102
Malt extract 0.53 0.15 2.86 73
Yeast extract 0.85 0.63 1.24 23
Peptone 0.69 0.27 1.98 77
YEP* 0.60 0.44 1.69 253

*YEP = yeast extract plus peptone

Next, the association between extracellular polysaccharides with the imaging
parameters was examined. As shown in Fig. 1a, both the compactness (0.53) and circularity
(0.15) of the pellets were low in 7 types of nitrogen sources, but pellet roughness was the
highest when malt extract was used, which was the nitrogen source that resulted in
maximum polysaccharide production. A pellet morphology with high hairiness, fluff
hyphae, and a small core area in media was observed for EPS production with nitrogen
from ammonium chloride, and other similar morphologies were observed. During
fermentation, the outer hairy region of the pellets was shaved off because shaved hyphae
are a function of hydrodynamic forces. The new pellets were developed from hyphal
fragments. This phenomenon indicated an increase in the total number of pellets, which
enhanced the yield of the mycelial biomass. Further, pellet autolysis was accelerated using
specific nitrogen sources, which led to the formation of fewer mycelial pellets. In addition,
the IPS was released into the fermentation broth and enhanced the EPS yield.

Fungal Morphology

Medium composition has been recognized as a strong determinant of fungal
morphology, and both the type of nitrogen source and concentration are particularly
influential. As shown in Fig. 4, the typical fungal morphologies, which were assessed using
the Stereo microscope and an ion-sputtering device, were dependent on different nitrogen
sources.

A smooth pellet growth with a less hairy region (Fig. 4e) and hyphae relative to
cross-linkages (Fig. 5e), resulted in fewer pellets (Table 2), and a high rate of adhesive
hyphae formed on the sides of the bottle (Fig. 2) using the yeast extract. Therefore, it was
concluded that the hyphae began to detach from the original pellets. These detached
fragments adhered to the bottle. The hyphae were easily broken, and the re-formation of
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pellets was difficult, which caused stacking. Intermittent control of the fluid shear stress to
maintain a particular hyphae form may increase the mycelium biomass (Park et al. 2002a;
Cui et al. 2016).

Fig. 4. Typical morphologies of G. frondosa after using different nitrogen sources assessed using
a stereo microscope. Nitrogen sources: (a) ammonium sulfate; (b) ammonium chloride; (c)
ammonium oxalate; (d) malt extract; (e) yeast extract; (f) peptone; (g) yeast extract plus peptone

In cultures using malt extract, the freeze-drying treatment of the pellets resulted in
aggregation (Fig. 4d) and peak roughness (Table 2). Pellets with high hairiness resulted in
aggregation with reduced fluid shear stress. The intermingling of hyphae from the surface
was not compact (Fig. 5d). Such conditions may have resulted in easier access to the pellet
center via the broth and cause the release of EPS to the fermentation broth. An obvious
pellet formation was demonstrated using peptone (Fig. 4f) and malt extract (Fig. 4d).

AP, 1) 5 dET. 7. \
Fig. 5. Typical morphologies of pellets formed using different nitrogen sources and examined
through the ion sputtering device. Nitrogen sources: (a) ammonium sulfate; (b) ammonium
chloride; (c) ammonium oxalate; (d) malt extract; (e) yeast extract; (f) peptone; (g) yeast extract
plus peptone
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The surface of the mycelial hyphae was thick (Fig. 5d and Fig. 5f), and the pattern

may have helped to protect the mycelium and facilitate the accumulation of IPS in the
hyphal body.

CONCLUSIONS

1.

The fungus G. frondosa was effectively grown in submerged cultures for the production
of both extracellular polysaccharides (EPS) and intracellular polysaccharides (IPS).

Yeast extract is beneficial to the formation of mycelial biomass, and malt extract and
ammonium sulfate were the best sources of nitrogen for EPS production, whereas
peptone was preferred for high IPS production. However, higher NH4* utilization (up
to 97%) resulted in the production of mycelial biomass; thus, the stimulatory effect of
NH4" on metabolic biosynthesis requires further investigation.

Knowledge of the growth physiology of G. frondosa remains limited. It is still unclear
why the morphological change varies depending on the nitrogen source used. From a
morphological perspective, maximum circularity value and minimum roughness were
desirable for mycelial biomass production. In addition, the minimum compactness
value was desirable for mycelial biomass production, and production of IPS resulted in
large mycelial pellets.

The results of this study have identified several phenomena and opened avenues for
future studies, particularly those investigating the underlying mechanism linking pellet
morphology with metabolic activities. However, further studies are required to improve
the production of the mycelia and polysaccharides of G. frondosa.
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