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Trunks and stumps of various deciduous species act as natural habitats 
for Ganoderma lucidum. The chemical composition of their cell wall 
affects the development of fungal ligninolytic enzyme system as well as 
its ability to degrade lignin from the plant cell wall. Additionally, numerous 
compounds structurally similar to lignin can be degraded by the G. 
lucidum enzyme system which could take important roles in various 
biotechnological processes. The laccases, which are the dominant 
enzymes synthesized by G. lucidum, have been studied more extensively 
than the Mn-oxidizing peroxidases. Therefore, this study aimed to create 
the dynamics profile of Mn-oxidizing peroxidases activities in four G. 
lucidum strains, classifying and determining their properties depending 
on the cultivation type and plant residue as a carbon source in the 
medium, as well as to establish whether intraspecific variety exists. The 
findings suggest that submerged cultivation appeared to be a more 
appropriate cultivation type for enzyme activities compared with solid-
state cultivation, and oak sawdust was a better carbon source than wheat 
straw. Under the optimum conditions, on day 14, G. lucidum BEOFB 431 
was characterized by the highest levels of both Mn-dependent and Mn-
independent peroxidase activities (4795.5 and 5170.5 U/L, respectively). 
Strain, cultivation type, and carbon source were factors that affected the 
profiles of Mn-oxidizing peroxidases isoenzymes. 
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INTRODUCTION 

 

In addition to its well-documented health benefits, Ganoderma lucidum is 

attracting increasing attention because of its ligninolytic potential (Silva et al. 2005). 

Because of the type of the substrate on which this species naturally develops (trunks and 

stumps of oak, maple, elm, willow, etc.), its lignocellulolytic enzyme system is well-

developed and thus capable of degrading plant cell wall components, classifying it in the 

group of white rot fungi (Hammel 1997; Kersten and Cullen 2007). Ligninolytic enzymes 

are characterized by a broad substrate specificity such that they can depolymerize both 

lignin and numerous structurally similar organic compounds, which opens up the 

possibility for applications in various biotechnological processes (Baldrian 2008; Janusz 

et al. 2013).  

Lignocellulosic biomass, generated as a by-product of expanding agricultural and 

industrial production, is the most abundant potential renewable energy and fiber source in 

the world (Sánchez 2009; Alvira et al. 2010). Although this resource could be used in the 

production of food, feed, paper, and energy production, only a small fraction (3%) of the 
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available lignocellulosic biomass is used, and the rest remains as environmental ballast 

because of relatively low degradation rates (Zechendorf 1999; Pahkala and Pihala 2000; 

Tabka et al. 2006; Yusoff 2006; Rodriguez et al. 2008; Dias et al. 2010). Wheat straw is 

one of the most abundant and cheapest crop residues capable of being used as a substrate 

for the commercial cultivation of numerous mushrooms. It is a good substrate for 

obtaining nutritionally valued fruiting bodies and can be utilized in the production of 

high-quality and more digestible animal feed (Villas-Bôas et al. 2002; Dias et al. 2010; 

Shrivastava et al. 2012; Ćilerdžić et al. 2014a). Lignocellulosic wastes could also be an 

excellent resource for paper pulp and biofuel productions, leading to the protection of 

autochthonous forests, reduction of fossil fuels usage and CO2 emissions, and production 

of many economic benefits (González et al. 2009; Sánchez 2009; Stajić et al. 2009; 

Nigam and Singh 2011). The delignification of lignocellulosics is a crucial step in the 

process. Considering that removing lignin via physical and chemical methods is 

expensive, inefficient, and not environmentally friendly, white rot fungi and their 

ligninolytic enzymes have attracted the special attention of scientists and technologists.  

Ganoderma lucidum (Curt.: Fr.) Karst. synthesizes laccases (EC 1.10.3.2), Mn-

oxidizing peroxidases (Mn-dependent peroxidase (EC 1.11.1.13; MnP) and Mn-

independent peroxidase (EC 1.11.1.6; MnIP)), and lignin peroxidases (EC 1.11.1.14) 

(D’Souza et al. 1996; 1999; Ko et al. 2001; Silva et al. 2005; Stajić et al. 2010). In 

previous studies, laccases were the main ligninolytic enzymes studied because they are 

the dominant, and sometimes the solely produced, enzymes (D’Souza et al. 1999; Ko et 

al. 2001; Ćilerdžić et al. 2014b). On the contrary, Mn-oxidizing peroxidases of the same 

species have not been sufficiently researched, despite their high potential in applications 

such as biopulping, biobleaching, and bioremediation (Janusz et al. 2013). Therefore, the 

present study aimed to create the dynamics profile of MnP and MnIP activities in G. 

lucidum and determine their properties depending on cultivation type and plant residue as 

a carbon source in the medium, as well as to establish if an intraspecific variety exists. 

 

 
EXPERIMENTAL 
 

Materials  
The cultures of studied G. lucidum strains were obtained from fruiting bodies, 

originating from Serbia, Montenegro, and China (Table 1). The cultures were maintained 

on a malt agar medium in the culture collection of the Institute of Botany, Faculty of 

Biology, University of Belgrade, Serbia (BEOFB). 

 

Table 1. Studied Ganoderma lucidum Strains 

Code of strain Source of strain 

BEOFB 431 Bojčin forest, Belgrade, Serbia, from Quercus sp. 

BEOFB 432 Chinese commercial strain 

BEOFB 433 Košutnjak, Belgrade, Serbia 

BEOFB 434 Igalo, Montenegro, from Platanus orientalis 
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Methods 
Growth conditions 

The inoculum was prepared by inoculating 100.0 mL of the synthetic medium 

(glucose, 10.0 g/L; NH4NO3, 2.0 g/L; K2HPO4, 1.0 g/L; NaH2PO4·H2O, 0.4 g/L; 

MgSO4·7H2O, 0.5 g/L; yeast extract, 2.0 g/L; pH 6.5) with 25 mycelial discs (Ø 0.5 cm, 

using a 7-day-old culture from malt agar). The incubation was conducted at room 

temperature (22 ± 2 °C) on a rotary shaker (160 rpm) for seven days. Sterile distilled 

water (dH2O) was used to wash the obtained biomass (three times) and biomass 

homogenization was conducted with 100.0 mL of sterile dH2O in a laboratory blender. 

Solid-state cultivation was carried out at 25 °C in 100-mL flasks, containing 5.0 g 

of wheat straw or oak sawdust as the carbon source and 10.0 mL of the modified 

synthetic medium (without glucose). Submerged fermentation of the ground tested plant 

raw materials (5.0 g) was carried out in 250-mL flasks, with 50.0 mL of the modified 

synthetic medium, on a rotary shaker and at room temperature. The suspension obtained 

after inoculum homogenization was used for medium inoculation (3.0 mL per flask for 

solid-state and 5.0 mL for submerged fermentation).  

 

Assays of enzyme activity and total protein production 

Samples from the flasks were harvested after 7, 10, and 14 days of cultivation, 

with the aim of following the dynamics of the enzyme's activity. The extracellular 

enzymes produced during solid-state cultivation were extracted by stirring the samples 

containing 50.0 mL dH2O with a magnetic stirrer at 4 °C for 10 min, and the extracts 

were separated by centrifugation (at 4 °C and 5000 rpm, for 15 min). After submerged 

cultivation, the samples were prepared by centrifugation. The obtained supernatants were 

used for the determination of Mn-oxidizing peroxidase activities and total protein content 

spectrophotometrically (BioQuest CECIL CE2501, UK).  

The Mn-oxidizing peroxidases activities were determined according to methods 

used by Stajić et al. (2006), who used 3mM phenol red (ε610 = 22 000 M-1cm-1) as a 

substrate in a buffer composed of succinic acid disodium salt, bovine serum albumin, and 

DL-lactic acid sodium salt (pH 4.5). The reaction mixture (Vtot = 1 mL) contained: buffer, 

sample, 2 mM H2O2, phenol red, and 2 mM MnSO4 (for MnP and MnIP, respectively). 

The reaction was stopped by 2 M NaOH. 

Enzymatic activity of 1 U was defined as the amount of enzyme that transforms 1 

μmol of substrate per min. The amount of total proteins was determined according to the 

Bradford method (1976), which utilizes bovine serum albumin as the standard. The 

reaction mixture was composed of Coomassie brilliant blue G-250 (CBB), the sample, 

and distilled water, and its absorbance was measured at 595 nm (Silva et al. 2005). The 

total protein content (mg/mL) was used to determine the specific enzyme activity (U/mg), 

an indicator of the enzyme purity. 

The assays were carried out as three replicates, and the results are expressed as 

mean ± standard error.  

 

Electrophoresis 

Screening of the MnP and MnIP isoforms was performed for all analyzed G. 

lucidum strains by cultivation under the previously defined and optimum conditions 

(Ćilerdžić et al. 2014b). Tests were also conducted to determine the best producer of the 

enzymes under all cultivation conditions. 
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Mn–oxidizing peroxidases isoforms and their isoelectric points (pI) were 

determined by isoelectric focusing (IEF) using a Mini IEF cell 111 (Bio-Rad, USA). The 

IEF was carried out in a 7.5% polyacrylamide gel with 5% ampholyte on a pH gradient of 

3.0 to 10.0. Bands with Mn–oxidizing peroxidases activities were located via incubation 

of the gel in a mixture composed of 10% 4-chloro-naphthol, 0.03% H2O2, and 100 mM 

K-phosphate buffer (pH 6.5), with or without 100 mM MnSO4. After completion of 

focusing, the gel was fixed in trichloroacetic acid, and protein bands were detected by 

staining using CBB. An IEF marker of the pI range from 3.6 to 9.3 (Sigma-Aldrich, 

USA) was used. 

 

 
RESULTS AND DISCUSSION 
 

The activities of Mn-oxidizing peroxidases were detected after both submerged 

and solid-state cultivation on tested plant residues for all measurement points was 

conducted, excluding day 14 of wheat straw solid-state fermentation by G. lucidum 

BEOFB 431 (Figs. 1, 2). Generally, submerged cultivation appeared as the more 

appropriate cultivation type for MnP and MnIP activities compared with solid-state 

cultivation, and oak sawdust was a better carbon source than wheat straw. 

During wheat straw solid-state fermentation, MnP activity was uniform, except in 

strain BEOFB 431, where no activity was detected on day 14, and in strain BEOFB 432, 

where extremely high activity was noted on day 7 (5602.5  362.0 U/L). The activity 

decreased throughtout the remaining duration of the cultivation period and reached the 

minimum on day 14 (281.5  2.0 U/L). However, during submerged fermentation, the 

same substrate activity level was generally increased, and the maximum was noted in 

strain BEOFB 434 on day 14 (3327.0 ± 25.5 U/L). Comparison of wheat straw 

fermentation types showed that submerged conditions were more favorable for all studied 

strains except BEOFB 432 (Fig. 1). 

 
Fig. 1. Mn-dependent peroxidase activity of G. lucidum strains, depending on type and period of 
fermentation of tested plant raw materials  
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A gradual increase in MnP activity during oak sawdust solid-state fermentation 

was obtained for all tested strains, except BEOFB 433, where reduction of the activity 

was noted on day 10 (88.0 ± 2.5 U/L). Under these cultivation conditions, the maximum 

was observed after 14 days of fermentation for strain BEOFB 431 (1433.5 ± 82.0 U/L). 

On the other hand, the obtained results showed that submerged cultivation in oak sawdust 

medium was noticeably better for MnP activity for all strains, excluding strain BEOFB 

432. Namely, G. lucidum BEOFB 431 stood out, with the highest activity levels for all 

measurement points, exhibiting a peak of 4795.5 ± 4.5 U/L on day 14. Meanwhile, 

BEOFB 433 showed the lowest values and a minimum of 1946.0 ± 77.0 U/L on day 7. 

This demonstrated that the maximum was five times higher than that obtained for solid-

state fermentation. Additionally, the minimum was higher than the maximum noted for 

solid-state fermentation (Fig. 1).  

In the case of MnIP, the picture was similar, i.e., submerged cultivation was the 

optimum type, oak sawdust was a more favorable carbon source for the activity, and the 

noted minimum level was still higher than the maximum observed during solid-state 

cultivation (Fig. 2). Both the maximum and minimum activities were measured after oak 

sawdust fermentation, but a maximum of 5170.5 ± 106.5 U/L was noted on day 14 after 

submerged cultivation for strain BEOFB 431 and the minimum (240.5 ± 1.9 U/L) after 7-

day old solid-state cultivation of BEOFB 433. In the case of wheat straw, submerged 

fermentation was also better, with an activity peak of 3366.5 ± 7.0 U/L for strain BEOFB 

434 (on day 14), which was aproximately 3.5 times higher than the maximum obtained 

on day 7 of solid-state cultivation of the same strain. 

 
Fig. 2. Mn-independent peroxidase activity of G. lucidum strains depending on type and period of 
fermentation of tested plant raw materials 

 

The production of total proteins was also higher during the submerged cultivation 

of the strains. Thus, the maximum concentration was noted after 10 days of oak sawdust 

submerged fermentation by G. lucidum BEOFB 432 (548.0  6.37 mg/mL), and the 

minimum of 22.0  2.32 mg/mL after solid-state cultivation of BEOFB 433 on the same 
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substrate. This profile of protein production reflected specific Mn-oxidizing peroxidases 

activities (Figs. 1, 2). 

The position and intensity of Mn-oxidizing peroxidases isoforms were different in 

tested G. lucidum strains and depended on plant residues. Thus, after 14 days of oak-

sawdust submerged fermentation, one acidic MnP isoform (pI 3.7) was detected in all 

studied strains (Fig. 3A). In the same fermentation of wheat straw by strains BEOFB 431, 

433, and 434, one strong (pI 3.7) and one weak band (pI 3.6) were observed. Meanwhile, 

in strain BEOFB 432, only one weak band of pI 3.7 was vizualized (Fig. 3A). Two acidic 

MnIP isoforms (pI 3.6 and 3.7) were detected after 14 days of submerged fermentation 

for both plant raw materials in strain BEOFB 431, and only one (pI 3.8) for the other 

tested strains (Fig. 3B).  
 

A                                                                          B 

          
 

Fig. 3. Isoelectric focusing pattern of (A) Mn-dependent peroxidases and (B) Mn–independent 
peroxidases in studied G. lucidum strains after 14 days of submerged fermentation of tested plant 
raw materials 
 

The profiles of MnP and MnIP isoforms in G. lucidum BEOFB 431, where 

enzyme activities were the highest, differed during the cultivation period depending on 

the cultivation type (Fig. 4).  
 

A                                                                             B 

      
 

Fig. 4. Isoelectric focusing profiles of (A) Mn-dependent peroxidases and (B) Mn–independent 
peroxidases in G. lucidum BEOFB 431, depending on the type and period of fermentation of 
tested plant raw materials 
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After 7 and 10 days of solid-state cultivation on oak sawdust-enriched medium, 

two acidic MnP isoforms (pI 3.6 and 3.8) were detected, while on day 14, only one band 

(pI 3.8) was visualized (Fig. 4A). During the solid-state fermentation of wheat straw, G. 

lucidum BEOFB 431 synthetized one MnP isoenzyme at all measurement points. The 

difference in pI was notable: isoforms produced after 7 days of cultivation had a pI of 3.7, 

and after 10 and 14 days, the pI was equal to 3.8. Likewise, one MnP band of pI 3.8 was 

visualized on all measurement points during submerged fermentation for both plant 

residues (Fig. 4A). During the first seven days of solid-state fermentation for both plant 

residues, G. lucidum BEOFB 431 synthetized two MnIP isoforms (with pI levels ranging 

from 3.6 to 3.8), while at other measurement points, only one band was visualized. 

This study clearly demonstrated the great potential of G. lucidum to synthesize 

Mn-oxidizing peroxidases. Contrary to the data found by Elisashvili et al. (2009), in 

which numerous fungal species produced more active MnP during solid-state 

lignocellulose fermentation, results obtained for the selected G. lucidum strains showed 

that submerged conditions were optimal for the synthesis and related activities of Mn-

oxidizing peroxidases. This can primarily be explained by the higher availability of 

soluble carbohydrates, aromatic compounds, and microelements, which act as promoters 

of the production of enzymes. The fact that more active enzymes were obtained in the 

submerged fermentation of abundant lignocellulosic wastes could have special 

significance for their pretreatment. For example, it is extremely enticing to have the 

possibility of more effective and rapid production of the enzymes under strictly 

controlled conditions. Numerous studies have demonstrated that the chemical 

composition of plant residue is an important factor that influences the production and 

properties of ligninolytic enzymes, and consequently the effectiveness of the ligninolysis 

process. For example, D'Souza et al. (1999) and Songulashvili et al. (2007) reported that 

G. lucidum synthetized more active MnP during the submerged fermentation of poplar 

sawdust, wheat, soy brans, and tangerine peels than pine sawdust, corn bran, kiwi, and 

banana peels. Based on the results, it can be concluded that markedly different effects can 

be obtained when using wheat straw and oak sawdust for Mn-oxidizing peroxidases 

activities because of their chemical compositions (Nishimura and Matsuyama 1989; 

Rakić et al. 2006).  

If different capacities of species and strains (to produce active enzymes) are added 

to the effects of cultivation conditions, a complete picture of delignification regulation 

can be obtained. The existence of significant inter- and intraspecific variabilities in 

ligninolytic enzymes activities within the generas Pleurotus, Ganoderma, Cerrena, and 

Trametes have been demonstrated in several studies (Camarero et al. 1996; Stajić et al. 

2004; Silva et al. 2005; Songulashvili et al. 2007; Simonić et al. 2010; Ćilerdžić et al. 

2014b). However, cultivation types, plant wastes, plant species, and strain characteristics 

also affect the fungal profiles Mn-oxidizing peroxidases. In laymen’s terms, the number 

of MnP and MnIP isoforms vary depending on conditions of fermentation of certain 

lignocellulosic materials (Coelho et al. 2010; Simonić et al. 2010; Knežević et al. 2013). 

According to the aforementioned information, it can be concluded that selected G. 

lucidum strains (especially strain BEOFB 431) are effective producers of active Mn-

oxidizing peroxidases, which could potentially be used in the production of fungal 

biomass and ligninolytic enzymes. Additionally, the bioconversion of various abundant 

residues into fiber and energy could result, as well as the bioremediation of polluted soil 

and water. 
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CONCLUSIONS 
 
1.  Submerged cultivation was preferable for Mn-oxidizing peroxidases activity 

compared to solid-state cultivation.  

2.  Oak sawdust was a better carbon source than wheat straw for Mn-oxidizing 

peroxidases activity. 

3. Mn-oxidizing peroxidases properties exhibited intraspecific diversity within 

Ganoderma lucidum. 

4.  The profiles of MnP and MnIP isoforms depended on both the cultivation conditions 

and strain. 
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