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The medicinal mushroom Ganoderma lucidum is a source of polysaccharides used in disease 
treatment. The objective of this study was to investigate the relationships between G. lucidum mycelium 
morphology and the production of extracellular polysaccharides (EPS) in submerged fermentation. 
Mycelium pellets were classified according to diameter as either S, M or L pellets. M pellets were the 
main source of EPS. Changes in mycelium morphology and EPS production were obtained when cells 
were grown in different culture media; medium that contained a high concentration of glucose and low 
peptone enhanced the formation of M pellets. The proportion of M pellets in the culture was influenced 
greatly by KH2PO4 concentration and increase was accompanied by enhanced EPS production. Dry cell 
weight was affected mostly by the percentage of total M and L pellets present, while S pellet numbers 
had little effect. The production of EPS and the accumulation of mycelia were influenced mainly by G. 
lucidum pellet morphology. This study suggests that in large scale fermentation, high yields of EPS 
would be obtained by the control of mushroom morphology. 
 
Key words: Medicinal mushroom, Ganoderma lucidum, morphology, extracellular polysaccharides, submerged 
fermentation. 

 
 
INTRODUCTION 
 
Ganoderma lucidum (Fr.) Krast (Polyporaceae) is a well 
known traditional Chinese mushroom used as a 
treatment for various diseases. It possesses medicinal 
value because of the presence of bioactive substrates 
such as polysaccharides and terpenoids. 
Polysaccharides have been shown to have antitumor, 
hypoglycaemic and antioxidative effects (Berovic et al., 
2003; Chang et al., 2006; Hikino et al., 1989; Liu et al., 
2011; Mohammed et al., 2007; Sone et al., 1985; Zhang 
et al., 2011) and are a recent area of research interest. 

Traditional production of G. lucidum polysaccharide 
employs solid-state fermentation (SSF) using waste  
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(Mayszumi et al., 1993) such as sawdust, wheat bran, 
and wood as substrate. Submerged fermentation has 
several advantages compared with SSF, such as a short 
cultivation time and easy control of polysaccharide 
quality. In submerged fermentation, polysaccharide 
production and mycelium growth are greatly affected by 
culture conditions (Yang and Liau, 1998). Glucose and 
peptone are favourable carbon and nitrogen sources for 
biomass and extracellular polysaccharides (EPS) 
accumulation in various fungal strains (Lin and Chen, 
2007). Moreover, the presence of K

+
 and Mg

2+
 favours 

conditions for biomass and EPS production (Simonić et 
al., 2008; Kwon et al., 2009). 

Fungal mycelia exhibit a range of phenotypes, including 
filamentous, clumps and pellets, under different 
submerged fermentation conditions. Change in 
morphology has a considerable effect on metabolic 
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Table 1. Classification of different mycelium forms. 
 

Diameter (mm)  Roundness 

S-Fraction M-Fraction L-Fraction  Rough pellet Smooth pellet 

D < 0.8 0.8 ≤ D <2.5 D ≥ 2.5  R > 1.5 R ≤ 1.5 

 
 
 
product synthesis (Papagianni, 2004). The effect of 
mycelium morphology on the synthesis of metabolic 
products has been investigated previously (Park et al., 
1999; Papagianni et al., 1999; Domingues et al., 2000). 
Developments of image analysis technology software, 
such as IPlab spectrum (Park et al., 1999) and Image-pro 
plus (Oncu et al., 2007), have provided a favourable 
platform to study the relationship between morphology 
and metabolic yield. However, little research has focused 
on the relationship between polysaccharide production 
and morphology in G. lucidum mycelia. 

In this study, we investigated changes in morphology 
and EPS production under different medium 
compositions. A new aspect of G. lucidum mycelium 
morphology and EPS production was found based on 
form regularity, which suggested that high yields of 
polysaccharide could be realized by the control of 
mycelium morphology. 
 
 
MATERIALS AND METHODS 

 
Organisms and media 

 

G. lucidum was maintained on potato dextrose agar (PDA) slants. 
The slants were inoculated and incubated at 30°C for 16 days, then 
stored at 4°C. Seed medium consisted of 20 g L

–1
 glucose, 10 g L

–1
 

peptone, 4.5 g L
–1

 KH2PO4 and 2 g L
–1

 MgSO4·7H2O. The 
composition of the basic fermentation medium was same as that of 
the seed medium, except concentrations of glucose, peptone, 
KH2PO4 and MgSO4·7H2O were varied for different experiments. All 
media were sterilized at 121°C for 20 min; the glucose was 
sterilized separately to prevent the Maillard reaction. 
 
 
Culture conditions 

 
For the seed culture, 80 ml medium with an initial pH of 6.0 was 
prepared in a 250 ml flask, approximately 3 cm × 3 cm of mycelia 
from a PDA slant was inoculated into the culture; cultures were 
incubated for 16 days at 30°C on a rotary shaker (150 rpm). Next, 5 
ml of the seed culture medium was inoculated into the fermentation 
culture and grown in a 500 ml shake flask that contained 150 ml 

liquid medium. This culture was incubated at 30°C on a rotary 
shaker at 150 rpm for 8 days. 
 
 
Analytical methods 
 
Determination of dry weight and exopolysaccharide 

 
Dry cell weight (DCW) was obtained by centrifugation (4186 × g, 5 

min); cells were washed three times with distilled water, and dried at 
60°C to a constant weight. The residual sugar was assayed by the 
dinitrosalicylic acid method (Miller, 1959) and the total sugar content 

was determined by phenol–sulfuric acid assay according to the 
method developed by Dubois et al. (1956). 
 
 

Image analysis and morphology classification 
 
In order to investigate the pellet morphology, 20 ml of culture broth 
was transferred to a Petri dish using a graduated cylinder. A CCD 
camera (IXUS115, Canon, Japan) was used to take images for 
every sample.  

Pellet morphology was characterized using image analysis (Cox 
and Thomas, 1992), and Image-Pro Plus 6.0 software (Media 
Cybernetics Inc., Silver Spring. MD, USA). The pellets in the culture 
broth were classified into three morphological forms according to 
diameter (D). Pellets were classified as rough or smooth (Table 1) 
based on roundness (R). 

Diameter was calculated as follows: 
 

4 Area
D=

π



 
 
Roundness was calculated as follows: 
 

2P
R=

4π×Area
 

 
Where P is pellet perimeter. 
 
 
RESULTS 
 
Effect of time course of cultivation on morphology 
and EPS 
 

G. lucidum mycelia were classified into three forms 
depending on diameter (Table 1). The S pellet form 
predominated initially in culture broth, while M pellet was 
the main form during fermentation (Figure 1). At day 7, 
the L pellet form was the predominant mycelium form in 
the culture broth and the percentage of M pellets declined 
sharply.  

After day 7, the ratio of different size pellets was stable 
again, but the L pellet form predominated. EPS 
concentration reduced in the first 3 days and then 
increased to the maximum value at day 6 (Table 2). After 
a second reduction in concentration, EPS concentration 
was stable until the end of fermentation. Changes in EPS 
concentration were linked to morphological changes in G. 
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Figure 1. Change of mycelium morphology during submerged culture of G. lucidum. The 
error bars represent the standard deviation of three independent experiments. ( ) S 
pellet; ( ) M pellet; ( ) L pellet. 

 
 
 

Table 2. DCW and EPS concentration and percentage of rough pellets during fermentation*. 

 

Parameter 
Day of fermentation 

1 2 3 4 5 6 7 8 9 10 

DCW (g L
-1
) 0.11 ± 0.05 0.99 ± 0.15 1.74 ± 0.2 2.53 ± 0.2 3.11 ± 0.47 3.43 ± 0.36 4.78 ± 0.32 6.05 ± 0.42 7.32 ± 0.57 8.12 ± 0.51 

EPS (g L
–1

) 0.60 ± 0.02 0.56 ± 0.05 0.43 ± 0.01 1.16 ± 0.01 2.15 ± 0.03 2.42 ± 0.01 1.61 ± 0.06 1.15 ± 0.07 0.87 ± 0.07 0.81 ± 0.04 

Rough pellet percentage (%) 12.40 45.45 98.36 96.05 53.01 30.41 19.79 28.28 52.90 58.42 
 

*Error bars represent the standard deviation of three independent experiments. DCW, dry cell weight; EPS, extracellular polysaccharides. 
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           Glucose (g L-1)  
 
Figure 2. Effect of initial glucose concentration on the mycelium morphology during 

submerged culture of G. lucidum. The error bars represent the standard deviation of three 

independent experiments. ( ) S pellet; ( ) M pellet; ( ) L pellet. 

 
 
 
lucidum mycelia. EPS was consumed when S pellets 
grew into M pellets, resulting in a reduction in EPS 
concentration at day 7.  
 
 
Effect of glucose concentration on morphology and 
EPS 
 
S and L pellets formed easily at low glucose 
concentrations, while high glucose triggered the 
formation of M pellets. The presence of M pellets 
improved the production of EPS greatly in comparison 
with S and L pellets (Figure 2 and Table 3). Low 
concentration glucose was beneficial to obtain high DCW; 
however, the concentration of this carbon source had little 
effect on pellet roundness (data not shown).  
 
 
Effect of peptone concentration on morphology and 
EPS 
 
Figure 3 shows that M pellets formed easily at low 
peptone concentration. High peptone concentration was 
beneficial for formation of L pellets and increase in the 
percentage of L pellets resulted in DCW accumulation. At 
day 1, most G. lucidum mycelia were in the S pellet form 
but DCW was only 0.11 ± 0.05 g.L

–1
. However, the DCW 

increased markedly after days 6 and 10. 

Effect of KH2PO4 and MgSO4·7H2O concentration on 
morphology and EPS 
 
Addition of KH2PO4 and MgSO4·7H2O mineral salts 
enhanced EPS production, but had little effect on the 
accumulation of DCW (Table 3). KH2PO4 promoted 
greatly a change in the proportion of M pellets (Figure 4), 
while MgSO4·7H2O affected the morphology of G. lucidum 
only slightly (data not shown). 
 
 
DISCUSSION 
 
Wagner et al. (2004) reported that spherical hyphae give 
rise to protuberances during fermentation giving the pellet 
a ‘rough’ starburst appearance. Detached protuberances 
became S pellets. Roughness of pellets in culture 
reflected a change in morphology. From days 1 to 3, 
mycelia grew into the M pellet form and the percentage of 
rough pellets increased. Casas et al. (2005) reported that 
pellets that attained a size of several centimetres were 
internally hollow because of fungal biomass necrosis 
caused by lack of oxygen. Thus, M pellet may be the 
main mycelia producing EPS. The production of EPS by 
M pellet not only supplied the consumption of EPS but 
also accumulated the EPS in the culture broth. 

The effects of glucose concentration on Aspergillus 
niger mycelium morphology have been reported 
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Table 3. Effect of culture medium nutrients on DCW and EPS production. 
 

Nutrients Concentration (g L
–1

) DCW (g L
–1

)* EPS (g L
–1

)* 

Glucose 

5 2.80 ± 0.13 1.67 ± 0.03 
10 2.63 ± 0.85 2.34 ± 0.05 
20 3.43 ± 0.36 2.42 ± 0.01 
40 1.90 ± 0.04 2.63 ± 0.02 
60 1.47 ± 0.23 2.45 ± 0.03 
80 2.30 ± 0.88 2.39 ± 0.01 

    

Peptone 

2.5 2.16 ± 0.61 2.16 ± 0.06 
5 2.28 ± 0.32 2.41 ± 0.02 
10 3.57 ± 0.40 2.50 ± 0.02 
20 4.68 ± 0.15 1.80 ± 0.03 
40 5.41 ± 0.36 1.27 ± 0.04 

    

KH2PO4 

0 3.27 ± 0.25 1.51 ± 0.04 
1.5 4.03 ± 0.05 1.54 ± 0.06 
3 3.73 ± 0.60 1.62 ± 0.05 

4.5 3.52 ± 0.31 2.47 ± 0.04 
6 3.37 ± 0.35 2.05 ± 0.01 

    

MgSO4 ·7H2O 

0 3.70 ± 0.61 0.54 ± 0.02 
1 3.90 ± 0.21 1.92 ± 0.08 
2 3.40 ± 0.36 2.44 ± 0.04 
3 3.60 ± 0.17 2.54 ± 0.01 

4 3.20 ± 0.53 2.45 ± 0.07 
 

*Error bars represent the standard deviation of three independent experiments. DCW, dry cell weight; 
EPS, extracellular polysaccharides. 

 
 
 

 

           Peptone (g L-1)  
 
Figure 3. Effect of initial peptone concentration on the mycelium 

morphology during submerged culture of G. lucidum. The error 
bars represent the standard deviation of three independent 

experiments. ( ) S pellet; ( ) M pellet; ( ) L pellet. 

 
 
 
previously by Papagianni and Mattey (2004). Our finding 
were similar to that reported by Fang and Zhong (2002), 
who suggested that medium with a high initial glucose 
concentration was beneficial to the formation of M pellets 

and to EPS production. When initial glucose 
concentration exceeded a certain level, however, high 
initial osmotic pressure induced a reduction in cell growth 
and EPS production (Zhang et al., 1995). Peptone is 
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             KH2PO4 (g L-1)  

 

Figure 4. Effect of initial KH2PO4 concentration on the mycelium morphology 

during submerged culture of G. lucidum. The error bars represent the 
standard deviation of three independent experiments. ( ) S pellet; ( ) M 

pellet; ( ) L pellet. 

 
 
 
known to have a positive effect on pellet formation (Liao 
et al., 2007) and plays a key role on G. lucidum pellet 
morphology and EPS production. A relatively lower 
concentration of peptone was beneficial to the formation 
of smooth L pellets and the synthesis of EPS. Previous 
work into Rhizobium nigricans fermentation reported that 
low concentrations of nitrogen sources resulted in small 
and light pellets (Znidarsic et al., 2000), and this option 
was also optimal for cell growth and EPS production in G. 
lucidum (Simonić et al., 2008). High peptone 
concentration was beneficial to the formation of L and 
rough pellets, resulting in increased DCW. In a previous 
study, the effect of peptone in promoting cell growth was 
attributed to the presence of amino acids (Tsivileva et al., 
2004). However, the inhibitory effect surpassed the 
stimulatory effect of peptone at high concentrations (Fang 
and Zhong, 2002). 

Hsieh et al. (2006) reported that DCW and EPS were 
enhanced by addition of KH2PO4 and MgSO4. However, 
the addition of KH2PO4 and MgSO4 enhanced the 
production of EPS effectively, while DCW was not clearly 
influenced. Positive effects of Mg

2+
 and K

+
 on EPS 

production may be attributed to their role as cofactors for 
the key enzyme α-phosphoglucomutase, which then 
leads to EPS accumulation (Tang and Zhong, 2002). A 
similar result was obtained by Tang et al. (2008). 

KH2PO4 had a great effect on G. lucidum mycelium 
morphology and promoted an increase in the percentage 
of M pellets, but had little effect on the roundness of the 
pellets. This conclusion was in accordance with previous 

research that reported that a rise in KH2PO4 
concentration increased pellet perimeter (Papagianni et 
al., 1999). 

In conclusion, this study demonstrated that EPS 
production and DCW accumulation was related to G. 
lucidum mycelium morphology. EPS was produced 
mainly by M pellets, while S pellets consumed the 
produced EPS during growth to M pellets. EPS 
accumulated to a maximum concentration when the 
percentage of all three pellet forms remained stable. 
During the course of fermentation, DCW was influenced 
mostly by the percentage of M and L pellet, while S 
pellets had little effect on weight. Culture conditions, 
including carbon source, nitrogen source, KH2PO4 and 
MgSO4, influenced the production of EPS and cell growth 
via changes in G. lucidum morphology. 
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