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ABSTRACT 
 
Ganoderma lucidum has been widely cultivated worldwide due to its bioactive compounds. 
Agricultural and forestry by-products have been used as growth substrate for the cultivation 
of G. lucidum. In Finland, there are high volumes of wood biomass by-products that could 
be used for the cultivation of this fungal species. A laccate Ganoderma species resembling 
G. lucidum occurs naturally in Finnish forests, but there is lack of information on the wild 
population. To cultivate Finnish strains of G. lucidum, it is essential to study the variability 
of the wild populations of the species and select the most appropriate for the industrial use. 
In this dissertation, the phenotypic variation, the cultivation practices, the β-glucan content, 
and the phylogeny of laccate Ganoderma originating from Finland have been explored. The 
growing conditions were adjusted, and the suitability of the strains, supplements, and 
substrates tested. Finnish strains of G. lucidum were successfully cultivated using wood by-
products as substrate. A cold shock treatment of the colonized substrate was needed to trigger 
the formation of fruiting bodies. Substrates based on Populus tremula and Betula sp. sawdust 
and wood chips increased the probability of fruiting, fruiting body yield, and β-glucan content 
of G. lucidum. Substrate based on Pinus sylvestris wood was not suitable for mushroom 
production, but the fermentation by G. lucidum decreased the lignin content of pine wood, 
which could be a potential pretreatment for pulping industries. Phenotypic variability of the 
strains was noted based on mycelial growth, mycelium and fruiting body morphology, 
fruiting body yield, and their ability to produce β-glucan. Despite the phenotypic variation 
observed within the Finnish G. lucidum populations, the Finnish isolates presented nearly 
identical gene regions based on multiple gene regions and grouped together in the 
phylogenetic trees generated. The Finnish strains of laccate Ganoderma were confirmed to 
represent a single species according to the phylogenetic analysis. More specimens and 
molecular data are needed to clarify the classification of laccate Ganoderma from Finland. 
 
Keywords: Circular economy, fermentation, Ganodermataceae, lignocellulosic substrate, 
mushroom cultivation, polysaccharides. 
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INTRODUCTION 
 
 

Background and motivation 
 
The European Union is incentivising the swift towards a circular bio-based economy by 
putting into practice strategies and policies to accelerate the transition (European 
Commission 2012, 2021). Significant part of this activity is the commercialization of new 
bioproducts, substitution of non-renewable materials and chemicals with bio-based 
alternatives, and support for the associated research, development, and innovation. Several 
European countries have dedicated Bioeconomy strategies at national level and their 
implementation is funded by European and national instruments. In Finland, the initiative is 
being adapted by implementing the current Finnish Bioeconomy Strategy (2022), in which 
one of the target sectors have been the forestry industry and one of the main goals is the 
efficient use of the biomass resources. This strategy supports the research and establishment 
of new business models and value chains to transform forestry and agricultural by-products 
into higher value materials and chemical products. The strategy also promotes identifying 
new opportunities to increase the value added in the natural products sector, which includes 
mushrooms, berries, sap and other non-timber forest products. 

The forestry sector in Finland produces a large amount of different side-stream fractions 
with currently quite limited valorisation potential. The further use of these by-products 
depends on their characteristics, and can be divided in high, medium, or low-value side-
streams (Hassan et al. 2018). Most of the forestry by-products are considered of medium-
value and consist of bark, sawdust, wood chips, treetops, and stumps, which are mostly used 
for energy production (i.e. fuel, heat and pellet production) and, in a minor scale, as raw 
material for other processes such as pulp, particleboards or fibreboards (Hassan et al. 2018). 
Different future scenarios to utilize further forestry by-products in Finland were presented by 
Kunttu et al. (2020), and those include: the current use for pulp and bioenergy production, 
the production of long-lifetime product (i.e. wood composites, particleboards, and 
fibreboards), and the development and integration of new bioproducts (i.e. Zhao et al. 2021). 

The Fungi kingdom may have an emerging role in achieving some of the Finnish 
bioeconomy targets and in the development of new bioproducts by allowing the 
transformation of lignocellulosic low and medium-value side-streams into higher-value 
products. Saprotrophic fungi can decompose forestry and agricultural by-products to produce 
specialty and edible mushrooms as well as fibres, polysaccharides, and bioactive compounds 
(Atila et al. 2018; Rashad et al. 2019; Kurd-Anjaraki et al. 2022; Castorina et al. 2023). 
Several Asian countries have successfully implemented mushroom cultivation techniques 
and fungal bioprocesses to up-cycle by-products of agriculture and forestry industries (Li and 
Xu 2022). However, the forestry and agricultural industries in Northern Europe are not 
familiar with fungal cultivation practices. Moreover, the mushroom industry in Europe is 
limited to only few commercial cultivated species (Singh et al. 2020). 

Ganoderma lucidum (Curtis) P. Karst. is a popular commercial species that has been 
widely cultivated and consumed specially in East-Asian countries due to its bioactivity. The 
bioactivity of G. lucidum is associated to the content of polysaccharides, including β-glucan, 
and secondary metabolites. Ganoderma lucidum derived products have been industrially used 
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to manufacture food, beverages, feed, dietary supplements, pharmaceuticals, nutraceuticals, 
cosmetics, and personal care products (Hapuarachchi et al. 2018). In recent years, 
Ganoderma lucidum have been also used in the textile, packaging, and construction industry 
(Vandelook et al. 2021). The global market value of Ganoderma products was valued at 4.3 
billion USD in 2023 and it is expected to increase at a compound annual growth rate of 9% 
(the Business Research Company 2024).  

Ganoderma lucidum is naturally distributed in Finland (Niemelä and Kotiranta 1986), but 
its occurrence is rare. Considering the extensive availability of forestry and agricultural side-
streams in Northern Europe, the cultivation of G. lucidum could be a potential solution for 
the creation of new bioproducts and value chains (i.e. cascade processing). In Northern 
Europe, the mushroom cultivation industry is limited to the cultivation of few fungal species, 
of which G. lucidum is not among them. Therefore, there are not previous reports on the 
cultivation of G. lucidum in Northern Europe using local fungal strains and resources. Also, 
there is limited background information on the bioactivity, cultivation potential, and 
taxonomy of the Finnish populations of G. lucidum. To evaluate the cultivation potential of 
G. lucidum in Finland, it is crucial to understand the variability of local laccate Ganoderma 
strains, their bioactivity potential using β-glucan as a marker, their taxonomic relation with 
the European originally described species, and to optimize the cultivation technique using 
forestry and agricultural by-products. The present work describes the first research on strain 
comparison, selective breeding, β-glucan content, and phylogenetic analysis of G. lucidum 
originating from Finland. This is the first report on the successful cultivation of G. lucidum 
in the Nordic countries. 
 
 
Mushroom cultivation industry 

 
Fungi play an important role in ecosystems as well as in the global economy, supporting the 
transition towards a biobased circular economy (Niego et al. 2023). Fungi are a rich source 
of proteins, amino acids, carbohydrates, vitamins, fats, minerals, and bioactive compounds, 
which have been used as food, but also in several industrial applications such as cosmetics, 
cosmeceuticals, and nutraceuticals (Niego et al. 2023). The global mushroom cultivation 
market was valued at around 28.5 billion USD in 2022, and the compound annual growth 
was estimated at 4.6% (Market Research Guru 2024). The mushroom cultivation industry 
has the major representation in many Asian countries. According to FAOSTAT (2024) the 
leading mushroom producing country in the world is China followed by Japan and the 
Republic of Korea, which produced approximately 94%, 1% and 0.05% from the global 
mushroom production share in 2022. During the same year, the production of mushrooms in 
the whole of Europe accounted for 2.8% of the total global share. Here most of the production 
focuses on Poland, Netherlands, Spain, and France (FAOSTAT 2024). Thought FAOSTAT 
data does not cover the entire mushroom industry, it gives a broad estimation of the world 
mushroom production (Singh et al. 2020). 

Despite the high number of edible fungal species available, only few are actively and 
extensively cultivated and commercialized (Zhang et al. 2014). The fungal species globally 
cultivated are limited to few genera, such as Agaricus, Auricularia, Flammulina, Lentinula 
and Pleurotus (Singh et al. 2021). The most cultivated species in China are Lentinula edodes, 
Auricularia auricula, Pleurotus ostreatus, Flammulina velutipes, Agaricus bisporus, 
Pleurotus eyngii, and Auricularia polytricha (Singh et al. 2020). Li and Xu (2022) identified 
several challenges of the mushroom industry to commercialize and expand the mushroom 
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market in China, some of those are: the high competition in the industry, the proximity of 
raw material or feedstock to the mushroom industries (resource availability), the energy 
consumption and the incorporation of green energy, the need for innovation in terms of new 
products and technologies, and popular awareness of nutritional and functional properties of 
the commercial fungal species. 

In Europe, the mushroom industry has been mostly focused on the cultivation of Agaricus 
bisporus, Pleurotus spp. (Pleurotus ostreatus and Pleurotus eryngii), and Lentinula edodes; 
less than 4% of the mushroom production corresponds with other fungal species (Singh et al. 
2020). Higher-valued fungal species could be cultivated by using existing side-streams of 
agro- and forestry industries as growth substrate, such as the case of Ganoderma lucidum. 
Ganoderma derived products are successfully marketed in Asia, Europe, and North America 
with an estimated global market of 4.3 billion USD; however, its production is mostly 
concentrated in the few Asian countries (Niego et al. 2023). In nature, G. lucidum is rarely 
found in Finnish forests. But the large availability of wood by-products produced by the 
forestry industry in Finland could be used for the commercial cultivation of this naturally 
occurring species. 

 
 

Objectives of the study 
 
Aim of the thesis 
The general aim of this thesis was to investigate the substrate suitability, the cultivation 
conditions, the content of β-glucan, and the taxonomy of Ganoderma lucidum originating 
natively from Finland to enhance its potential applications in the functional food industry. 
Therefore, the objectives of the thesis are divided into following aspects (Figure 1):  

1) to identify the environmental and substrate factors influencing mycelial growth and 
mycelial characteristics of Ganoderma lucidum originating from Finland (Articles I 
and III); 

2) to determine the optimal wood substrate, strain, and cultivation conditions for 
fruiting body development and β-glucan production (Articles I and II) and; 

3) to clarify the taxonomy of the laccate Ganoderma from Finland, facilitating accurate 
classification and a better understanding of species-specific characteristics (Article 
IV). 

 
Research hypotheses 

1) Wood by-products from Finnish industries are suitable for the cultivation of 
Ganoderma lucidum. 

2) The optimal cultivation substrate is related to the tree host species of the fungal strain.  
3) There is a performance variation between strains of Ganoderma lucidum originating 

from Finland. 
4) β-glucan production can be optimized by wood substrate and fungal strain selection. 
5) The laccate Ganoderma species naturally occurring in Finland corresponds with 

Ganoderma lucidum. 
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CULTIVATION AND TAXONOMY OF GANODERMA LUCIDUM 
 
 

Life cycle of Ganoderma lucidum 
 

The Ganoderma genus includes wood-decaying polyporoid species that are pathogenic 
causing root and stem rot in trees or saprotrophic causing white-rot of wood from dead trees 
(Kües et al. 2015). In Finland, G. lucidum is saprotrophic and it is found growing on tree 
stumps of both broadleaf and conifer species (Niemelä and Kotiranta 1986). The distribution 
of G. lucidum in Finland is mostly restricted to the Southern boreal region (Niemelä and 
Kotiranta 1986). The species has been reported to occur also in North Karelia and North 
Ostrobothnia (Pyry et al. 2019), and an occurrence has been reported in Pello, above the 
Arctic circle (the Finnish Biodiversity Information Facility).  

As for most basidiomycete species, the life cycle of G. lucidum is dominated by the 
mycelium phase. The mycelium is the vegetative structure of fungi and consists of a hyphal 
network that is developed after the germination of a spore. Ganoderma species are 
heterothallic basidiomycetes, which means that mating of compatible monokaryons is 
required to produce fruiting bodies. Tetrapolar species, such as the case of Ganoderma 
species, have two different regions in the genome that contain genes encoding transcription 
factors and pheromone receptors (Kothe 1996); these are responsible of the mating of 
monokaryotic mycelia and the formation of dikaryotic mycelium, leading to the formation of 
fruiting bodies (mushrooms).  

The development processes involved in the production of fruiting bodies have been 
thoroughly studied using Coprinus cinereus (Kües 2000), which is the model organism 
representative for basidiomycetes. The production of fruiting bodies starts with the formation 

Figure 1 Objectives of the dissertation. Pictures by Henri Vanhanen and Pyry Veteli. 
Graphics by Henri Vanhanen, Alejandro Alamán and Marta Cortina-Escribano. 
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of hyphal knots, which consist of highly branched dikaryotic mycelium that leads to the 
formation of multicellular structures called sclerotia. When exposed to light, the next 
development phase is triggered by the formation of primordia (Kües 2000). The development 
of primordia is followed by stipe and basidiocarp formation (Figure 2), where the 
basidiospores are formed and released. 
 
 
Bioactive compounds from Ganoderma lucidum 

 
Bioactivity can be defined as the determined effect of a substance on an organism or a living 
tissue (Williams 2022). Species belonging to the Ganoderma lucidum complex produce 
primary and secondary metabolites in their mycelium (Hirotani et al. 1986; Sun et al. 2021a; 
Sułkowska-Ziaja et al. 2022), fruiting bodies (Kozarski et al. 2012; Ćilerdžić et al. 2014; Li 
et al. 2018), and spores (Zhu et al. 2018; Salvatore et al. 2020; Sun et al. 2021b), which define 
the bioactivity of the fungi (Ahmad 2018).  

The bioactive compounds of G. lucidum have shown antifungal (Wang and Ng 2006; 
Andrejč et al. 2022; Cör et al. 2022); antiarthritic (Cao et al. 2020), antibacterial (Ćilerdžić 
et al. 2014; Andrejč et al. 2022; Cör et al. 2022), anti-diabetic (Ryu et al. 2021), anti-
inflammatory (Wu et al. 2019; Ryu et al. 2021; Cör et al. 2022), antimicrobial (Ćilerdžić et 
al. 2014; Cör et al. 2022), antioxidant (Kozarski et al. 2012; Ćilerdžić et al. 2014; Ryu et al. 
2021; Andrejč et al. 2022; Cör et al. 2022), antiviral (Linnakoski et al. 2018; Andrejč et al. 
2022; Cör et al. 2022) and antitumor (Ferreira et al. 2015; Li et al. 2018) effects. For instance, 
ethanol extracts of fruiting bodies (Ćilerdžić et al. 2014) and chitosan extracted from spore 
powder (Zhu et al. 2018) of G. lucidum have presented antibacterial activity against 
Staphylococcus aureus and Escherichia coli. 

The bioactive compounds of G. lucidum primarily include polysaccharides and secondary 
metabolites (Table 1), which are mainly responsible of its nutritional and pharmaceutical 
properties, driving the commercial applications of the species.  
 
 

Figure 2 Primordia (right) and mature fruiting body (left) of Ganoderma lucidum 
occurring in wood stumps of Betula pubescens in North Karelia, Finland. 
Pictures by Henri Vanhanen. 
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Secondary metabolites  
 
Low molecular weight compounds produced by the fungi that are not essential for the fungal 
growth but are involved in the interaction of the individual with other organisms and the 
environment, as well as in the defence mechanisms of the organism (Macheleidt et al. 2016). 
In G. lucidum, the most studied group of secondary metabolites in term of bioactivity are 
terpenoids (Ahmad 2018). 
 
Polysaccharides 
 
High molecular weight polymerized compounds with physiological properties present in the 
fungal cell wall. Polysaccharides have a wide range of functions in the fungal cell wall such 
as protecting the cell against the environment and other organisms. Moreover, 
polysaccharides are essential components of the structure, strength, and shape of the fungal 
cell (Bowman and Free 2006). The bioactivity of G. lucidum have been mainly attributed to 
the polysaccharides extracted from the mycelium, fruiting bodies, and spores, and terpenoids 
of the fungi (Nie et al. 2013). 

 
β-glucan  
 
Structural polysaccharide that has an influence on the rigidity of the fungal cell and serves as 
a carbohydrate reservoir (Zhu et al. 2016). β-glucans isolated from fungi have received 
special attention due to their bioactive properties such as immunomodulatory, anti-
inflammatory, antioxidant, antitumor and immunomodulating properties (Rop et al. 2009; 
Khan et al. 2018; Zhang et al. 2023). Due to its bioactivity, fungal β-glucans are used in the 
food, medical, cosmetic, and feed industry (Du et al. 2014; Zhu et al. 2016; Zhang et al. 
2023). The increasing demand of fungal derived β-glucans has encouraged the research on 
the optimization of cultivation techniques (Reverberi et al. 2004; Atoji-Henrique et al. 2017; 
Kiss et al. 2021; Article II) and extraction methods (Hwang et al. 2018; Vaithanomsat et al. 
2022; Zheng et al. 2024) to increase the yield of β-glucan in fungi. For instance, Atoji-
Henrique et al. (2017) analyzed the β-glucan content of different substrate media after the 
fermentation of G. lucidum. They obtained up to 180.3 mg/g of β-glucan in fermented 
soybean hulls.  
 
   
Table 1 Bioactive compounds from Ganoderma lucidum 

Group Compound Reference(s) 
Polysaccharide β-glucans, α-glucans, α-galactose, α-mannans, 

chitin, PSK, PSP 
Nie et al. 2013 

Terpenoid Ganoderiol, lucidenic acid, lucialdehyde, 
ganoderic acids, ganolucidinic acid, 
ganodermantriol, lucidadiol 

Ahmad 2018; Ahmad 
et al. 2022 

Protein Ganodermin Wang and Ng 2006 
Fatty acid Palmitic acid, linoleic acid, oleic acid, stearic 

acid, tricosanoic acid, lauric acid, tetracosanoic 
acid 

Lv et al. 2012; Tokul-
Olmez et al. 2018 

Mineral Ca, K, P, Na, C, Fe, Zn, Mg Shamaki et al. 2012 
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Health claims of β-glucan derived from oat and barley have been approved by the 
European Food Safety Authority (EFSA), as its consumption is associated to maintain blood 
cholesterol levels (EFSA 2009). Also, the US Food and Drug Administration (FDA) have 
approved a health claim on the relation of β-glucan intake and lowering the risk of coronary 
heart disease (FDA 2018). The recognition of β-glucan derived from oat and barley by the 
EFSA and FDA makes this bioactive compound interesting from the commercial perspective. 
Despite of the structural differences between cereal-derived and fungal-derived β-glucans 
(Hu et al. 2022), the approval of cereal-derived β-glucan as a health claim is the main 
motivation to use it as a marker of bioactivity for G. lucidum in the present work. 
 
Factors affecting the production of polysaccharides 
 
The composition and the content of polysaccharides and secondary metabolites vary between 
fungal species and within strains belonging to the same species. Some of the factors affecting 
the production of β-glucan and the composition of polysaccharides are the phenotypic 
variation within the species, the growth stage, the fermentation conditions, and the 
environmental factors (Hapuarachchi et al. 2019; Zhou et al. 2018; Zapata et al. 2009; Atoji-
Henrique et al. 2017). These factors and conditions are considered and optimized by 
cultivators to the best of their knowledge to obtain a determined bioactivity and to enhance 
the production of certain bioactive compound or group of compounds. 

Ganoderma species present a high phenotypic plasticity, which consist of the 
development of different morphological features from a determined genotype (Hapuarachchi 
et al. 2019). The phenotypic plasticity of a species is influenced by extrinsic (environmental 
and growing conditions) and intrinsic (genetic) factors (Hapuarachchi et al. 2019; Nishizawa 
et al. 2000). G. lucidum strains may present differences in their metabolic profile (Pawlik et 
al. 2015), and in their capacity to produce metabolites (Zhou et al. 2024) and polysaccharides 
(Article II). The phenotypic plasticity has been also observed between G. lucidum strains 
isolated from the same geographical region (Articles I and II) and presenting nearly identical 
gene regions (Article IV). In the mushroom industry, commercial strains are often used to 
decrease the variation of the expected fruiting body yield and/or bioactive compound profile 
(Oei 2016). However, the consecutive use of commercial strains for a single process may 
lead to the loss of genetic diversity (Pawlik et al. 2015). Some of the diagnostic features to 
evaluate the suitability of G. lucidum strains for commercial applications are the growing 
speed, the morphological characteristics, the enzymatic activity, the yield of fruiting bodies, 
β-glucan content, the yield of bioactive compounds, and the nutritional properties (Zhou et 
al. 2012). 

Ganoderma lucidum experiences changes in the composition and production of 
polysaccharides and secondary metabolites during its life cycle and developmental stages 
(Chen et al. 2012; Zhou et al. 2018). In the initial growth stage of the fruiting body, the 
expression of genes involved in the biosynthesis of triterpenoids and ergosterols is high and 
decrease after the sporulation takes place (Cai et al. 2021), while the expression of genes 
involved in the synthesis of carbohydrates increased with the maturation of primordia into 
fruiting bodies (Chen et al. 2012). However, Zhou et al. (2018) reported a decrease on the 
content of soluble polysaccharides from 2.39% to 1.46% from primordia to mature fruiting 
body, respectively. Moreover, Zhou et al. (2018) reported different content of 
polysaccharides in the cap, the stipe, and the base of the fruiting body regions of G. lucidum. 

The fermentation conditions and the environmental factors also contribute to the 
changes in the composition and production of G. lucidum polysaccharides. For instance, the 
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light exposure at different wavelengths had an effect in the production of mycelial biomass 
of G. lucidum under submerged conditions (Zapata et al. 2009), and in the shape (Sudheer et 
al. 2018b) and yield of fruiting bodies in solid-state fermentation (Montoya et al. 2018). The 
selection of the fermentation medium has also an influence on the yield and concentration of 
fruiting body polysaccharides of G. lucidum (Atoji-Henrique et al. 2017; Article II). 
Additionally, the exposure of G. lucidum to external substances, has been used to enhance 
the content of bioactive compounds. For instance, Hu et al. (2017) increased 85.96% and 
63.90% the production of ganoderic acids of G. lucidum in submerged fermentation by 
adding microcrystalline cellulose and D-galactose, respectively. Sudheer et al. (2016) 
optimized the production of ganoderic acids, polysaccharides, phenolics and flavonoids by 
exposing G. lucidum fruiting bodies to different ozone concentrations. 

 
 

Cultivation of Ganoderma lucidum 
 

Strain breeding 
 
Fungal species have a wide phenotypic and genetic variation among and within their natural 
populations (i.e. Nishizawa et al. 2000; Gao et al. 2013). Mushroom farmers and 
biotechnological industries often use commercial strains to reduce the variation of their crop 
quality and yield (Oei 2016). Selecting the appropriate strain is a key step for the successful 
cultivation of fungi (Kothe 2001). Some of the features used to select fungal strains are the 
growth rate, the fruiting body yield, the morphology of the fruiting bodies, the production of 
polysaccharides and secondary metabolites, their resistance against contaminants and other 
organisms, and their pharmacological properties. For instance, Liu et al. (2017) cultivated G. 
lucidum in a solid substrate and reported a fruiting body yield ranging from 9.46 to 21.40 g/g 
(fresh fruiting bodies per dried substrate) depending on the strain used. Tang et al. (2023), 
developed mutant strains of G. lucidum to increase their resistant ability to other organism 
invasions and contaminants. Therefore, the selection of the strain influences the production 
time and efficiency in the biotechnological processes. 

There are several methods to select and breed fungal strains aimed for biotechnological 
processes, such as selective breeding, mutation breeding, cross-breeding, cell fusion 
breeding, and genetic engineering breeding (Zhou et al. 2012; Salazar-Cerezo et al. 2023). 
The breeding methods differ on the initial and end strain type, the background information 
required of the strain, and the mechanism pathway to obtain a new strain with determined 
features (i.e. biochemical characteristics, morphological aspect, or enzymatic activity). A 
general and simplified scheme to select a breeding strategy is shown in the Figure 3. 

Selective breeding. In the mushroom industry this refers to isolating pure strains from 
the fruiting body tissue or spore print from a specimen with certain desired features (Zhou et 
al. 2012). Therefore, the strain is selectively cultivated to express the particular trait. For 
instance, Xu et al. (2021), isolated several strains from wild fruiting bodies of G. lucidum 
occurring in Zheijang Province in China, and compared them with commercial strains. One 
of the isolated strains outperformed the commercial strains presenting higher 
polysaccharides, bioactive compounds, and spores; also, the time needed for fruiting was 
reduced by 6 days. 

Cross-breeding. The mating of monokaryotic or haploid strains. Desired features from 
different parent strains are expected to express in the newly formed dikaryotic strain. The 
parent strains must be the same species or close-related species to be able to produce new 
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strains. The limitation of this technique for the cultivation of Ganoderma species is the 
difficulties in the process to obtain haploid isolates from spore germination (Zhou et al. 
2012). To overcome this limitation, the patent CN101352144A describes an efficient and fast 
method to obtain a monokaryotic strain from dikaryotic mycelium of G. lucidum instead from 
spores, increasing the probability of success and the efficiency in the process (Qingyu 2009). 

Cell-fusion breeding. This method allows the recombination of strains through 
protoplast fusion. Cell-fusion breeding allows the recombination of non-compatible strains 
even if those consist of different fungal species (Zhou et al. 2012). For instance, the patent 
CN1742555A describes a method that allows the combination of G. lucidum and G. tsugae 
through protoplast fusion to obtain a faster growing hybrid strain presenting higher 
temperature range tolerance (Hua 2006). However, one of the limitations of the cell-fusion 
breeding technique is that the mutagenesis is random (Zhou et al. 2012).   

Mutation breeding. Chemical and/or physical mutagens are applied to the strains to 
enhance the phenotypic or genotypic performance (Dong et al. 2022). For example, Peng et 
al. (2016) applied lithium chloride chemical mutagen to protoplasts of G. lucidum to enhance 
the production of triterpenes and polysaccharides. Some of the disadvantages of these 
techniques are that the mutation is random, and the selection of the mutant is challenging 
(Zhou et al. 2012). 

Genetic engineering breeding. Genome editing techniques are used to transfer or silence 
genes in fungal genomes to efficiently obtain a desired strain. The genetic engineering 
breeding requires of extensive background information on the fungal genome and to know 
the specific genes to be targeted (Zhou et al. 2012). The limitation of this technique is the 
scarce availability of genome data for cultivated fungal species, as it is the case with G. 
lucidum (Kües et al. 2015). The strict regulations regarding the use of genetically modified 
organisms in the food industry, and the challenges related to customer acceptability 
(Wunderlich and Gatto 2015) complicates the application of this breeding technique. Despite 
not being the preferable breeding technique for food applications, the genetic engineering 

Figure 3 Breeding strategies to enhance the phenotypic or genotypic performance of fungal 
strains (Zhou et al. 2012). 
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methods may be a good pathway to obtain selective bioactive compounds for other industrial 
applications (Kothe 2001). 

In the mushroom industry, the breeding method is generally optimized to obtain new 
strains with certain features, and often require of the combination of different breeding 
techniques (Dong et al. 2022; Salazar-Cerezo et al. 2023). 
 
Cultivation techniques using solid-state fermentation 

 
Solid-state fermentation methods are broadly used for the commercial production of fruiting 
bodies of Ganoderma species, which are log cultivation and substrate or substitute cultivation 
techniques (Table 2; Figure 4). 

The log cultivation method used to be popular in China, where logs of up to 1 meter 
length were used as substrate without the sterilization step (Chen 2002), resembling the 
natural growing conditions of the species. However, this method required of a long period to 
obtain fruiting bodies (up to 3 years; Chen 2002); therefore, short logs (i.e. Sukarno et al. 
2004) are preferred to reduce the production time (Chen 2002). The general cultivation steps 
are as follow: cutting wood logs or wood stumps, sterilization of the logs (optional – 
depending on the log size and the available equipment of the cultivators), placing the logs in 
a sand, soil or sawdust bed to maintain the moisture in the logs, inoculating the logs with the 
Ganoderma spawn, fermentation of the wood log (control of humidity, light exposure and O2 
exchange), and harvesting the fruiting bodies (Boh et al. 2007). G. lucidum derived products 
obtained through log cultivation are considered of higher quality and are valued higher in the 
Southeast Asian market, but longer cultivation times (6-24 months from inoculation to 
primordia formation) and lower yields compared to substitute cultivation methods have been 
noted (Hapuarachchi et al. 2018). 

The substitute cultivation method consists of the use of lignocellulosic fibres as 
substrate. The lignocellulosic fibres are generally derived from the forestry and agricultural 
industries, and the cultivation steps differ from the log cultivation technique as follow: 

Figure 4 Research on cultivation methods of laccate Ganoderma in Finland using solid-state 
fermentation techniques: wood log cultivation trial held in the Natural Resources Institute 
Finland, Suonenjoki (left), and substitute cultivation method used in Article II (right). Pictures 
by Henri Vanhanen. Research conducted at the Natural Resources Institute Finland (Luke). 
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substrate preparation, addition of supplements, mixing, packing of the substrate in bags (i.e. 
Gurung et al. 2012) or bottles (i.e. Kim et al. 2005), sterilizing of the substrate, inoculation 
of the substrate with the Ganoderma spawn, fermentation, and harvesting of the fruiting 
bodies. The substitute cultivation method is the most spread in the mushroom cultivation 
industry; both the bag and the bottle packing systems are used at an industrial scale as there 
is automated lines for both processes (Zhou 2017). Most of the production of G. lucidum 
fruiting bodies is done using substitute cultivation methods (Boh et al. 2007). The G. lucidum 
strain (Articles I-III), the spawn type (Roy et al. 2015), the spawn doses (Veena and Pandey 
2010), the addition of supplements (Mehta et al. 2014), the substrate (Sudheer et al. 2018a), 
the particle size and volume of the substrate, and the packing container (Gurung et al. 2012; 
Kim et al. 2005) are important factors to optimize the substitute cultivation of G. lucidum. 

 
Spawn 

 
Spawn refers to the pure culture of the fungal species that is going to be used for inoculation 
in the cultivation process. The spawn is used in the mushroom industry to ensure that the 
desired fungal strain colonizes the substrate or growing media efficiently (Veena and Pandey 
2010) and reduces the contamination ratio of the substrates (Oei 2016). The occurrence of 
contaminants is due to the growth of fungi and bacteria, such as Aspergillus spp., Bacillus 
spp. (Gupta et al. 2020) and Trichoderma spp. (Tang et al. 2023), or insects (Zhou 2017). 
The contamination of the spawn or the substrate media hinders the mycelial growth, the 
production of fruiting bodies and the further use of the fungal-derived products.  

To produce spawn, the mycelium of the fungal species is propagated in a sterile nutrient-
enriched medium, which can be solid or liquid. Several solid medium types have been used 
as spawn for the solid-state cultivation of Ganoderma species, and those include cereal grains 
such as barley (Article II; Soh et al. 2021), sorghum (Ghafoor et al. 2024), rye, oat, rice bran 
(Roy et al. 2015) and wheat (Azizi et al. 2012), wood sawdust (Liu et al. 2017), and less 
frequently agricultural plant biomass residues (i.e. straw). Wood plugs have been also used 
as spawn carriers for the inoculation of wood logs and wood stumps (Chen 2002). The dose 
of the spawn added to the substrate media has an effect to the efficiency of the cultivation 
process; for instance, Veena and Pandey (2010) obtained a higher yield from 59.0 to 118.5 
g/kg (fresh fruiting body per wet substrate) by increasing the spawn dose by 4%. 

Another inoculation technique used for the solid-state and liquid-state cultivation of G. 
lucidum involves the production of liquid spawn, also called inoculum (i.e. Yang et al. 2023). 
Liquid spawn is prepared through liquid-state fermentation of nutritious medium (Yang et al. 
2023). Automated liquid spawn inoculation technologies (i.e. Wang and Li 2012; Kim 2006) 
are commonly used in the cultivation of edible and specialty fungal species such as Lentinus 
edodes (Zhou and Li 2015). Compared to solid spawn, automated liquid inoculation lines 
reduce the contamination risks in the cultivation process, as well as ensures the quality and 
replicability of the process (Friel and McLoughlin 2000; Zhou et al. 2012). 

 
Growth substrate 
 
An optimal substrate is often associated to the yield of fruiting bodies or bioactive compounds 
as well as the fermentation time. The selection of the growth substrate for the cultivation of 
G. lucidum depends on the local available resources and the substrate preference of the 
strains. Sawdust and wood chips of broadleaf tree species are commonly used for the 
substitute cultivation of species belonging to the G. lucidum complex.  
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Table 2 Solid-state fermentation methods used for the cultivation of Ganoderma lucidum 

Footnote: a, fresh weight of fruiting bodies per wet weight of substrate; b, fresh weight of 
fruiting bodies per litre of substrate bottle; c, dry weight of fruiting body per dry weight of 
substrate; d, dry weight of the fruiting bodies in the 1st flush; e, fresh weight of the fruiting 
bodies; f, fresh weight of fruiting bodies per dry weight of substrate; g, cultivation days from 
inoculation to primordia initiation; h, cultivation days from inoculation until harvest. 

 
There is a wide range of tree species, including softwood species, that have been 

successfully used as substrate for the cultivation of G. lucidum such as wood sawdust from 
Acacia spp., Acer spp. Alnus spp., Betula spp., Carpinus spp., Castanea spp., Dalbergia spp., 
Dipterocarpus spp., Fagus spp., Fraxinus spp., Gmelina spp., Jacaranda spp., Juglans spp., 
Malus spp., Mangifera spp., Melia spp., Populus spp., Pyrus spp., Quercus spp., Robinia 
spp., Shorea spp., Swietenia spp., and others (Azizi et al. 2012; Gurung et al. 2012; Mehta et 
al. 2014; Yu et al. 2017; Amiri-Sadeghan et al. 2022). Side-streams from the agricultural 
industry are also used as substrate for the substitute cultivation of G. lucidum such as cotton 

Method Substrate Yield BE (%)  Days g Reference 
Substitute 
cultivation 
bag 

Wood sawdust, wheat 
bran, corn powder, 
gypsum 

- 10-21 42-50 h Liu et al. 2017 

 Wood chips and sawdust, 
rice bran 60-119 g/kga 15-30 - Veena and Pandey 

2010 
 Dalbergia sissoo sawdust 120 g/kga 34 41 Mehta et al. 2014 
 Mangifera sp. sawdust 150 g /kga 43 35 Mehta et al. 2014 
 Populus sp. sawdust 100 g/kga 29 48 Mehta et al. 2014 

 Quercus robur sawdust, 
wheat bran - 13-38 - Lisiecka et al. 2015 

 
Swietenia mahagoni 
sawdust, wheat bran, 
CaCO3 

235.2 g/kga 8 9 Roy et al. 2015 

 Didterocarpur turbinatus 
sawdust, rice bran, CaCO3 

110.4 g/kga 4 19 Roy et al. 2015 

 Wheat straw 205.1 g /kga - - Ghafoor et al. 2024 
 Rice straw - 6 - Magday et al. 2014 
Substitute 
cultivation 
bottle 

Quercus dentata sawdust 68.6 g/Lb - 33 Kim et al. 2005 

 Poplar sawdust 47 g/Lb - 37 Kim et al. 2005 
 Oak sawdust, wheat bran 3.3-8.7 g/gc - 32-43 Kim et al. 2001 
Log 
cultivation Populus deltoides  3.2 gd - 60-65 h Bijalwan et al. 2021 

 Hardwood sp. - - 50-60 Chen 2002 
 Shorea sp. 6.4-26.3 ge  - 34-122 Sukarno et al. 2004 
 Paraserianthes falcataria 7.9-30.1 ge - 96-125 Sukarno et al. 2004 
 Artocarpus indica - - 55-65 Geetha et al. 2012 
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stalk, wheat straw, mesocarp fiber from oil palm, sunflower seed hulls, and rice straw, husk, 
and bran (Yu et al. 2017; Sudheer et al. 2018a; Bidegain et al. 2019; Rashad et al. 2019).  

The growing substrates are often mixed with other ingredients to optimize the cultivation 
process, and these are referred as supplements. Supplements that have been reported to 
increase the fruiting body yield and/or promote the growth of G. lucidum are often derived 
from the food industry such as rice bran, wheat bran, rye, ground soy, tea wate, CaCO3, corn 
gluten, and potato dextrose (Kim et al. 2005; Gurung et al. 2012; Soh et al. 2021). For 
instance, Mehta et al. (2014) observed higher yields and lower fruiting body production times 
when they combined Dalbergia sissoo, Mangifera sp. and Populus sp. sawdust substrates 
with different ratios of wheat bran, corn flour and rice bran supplements. 

The versatility of the G. lucidum to grow in a wide range of substrate types allow the 
valorisation of several by-products from agricultural and forestry industries to produce 
fungal-derived products. In Finland, the forestry sector produces large volumes of wood by-
products (Hassan et al. 2018). The most cultivated tree species in Finland are Pinus sylvestris, 
Picea abies, and Betula spp.; by-products from those tree species could also be used as 
substrates for the cultivation of G. lucidum. On this dissertation, the suitability of by-products 
from the Finnish forest industry was tested as substrate to produce fruiting bodies of G. 
lucidum and to enhance the production of β-glucan. 
 
 
Taxonomy of the Ganoderma lucidum complex 
 
The correct identification of fungal species is essential for any mycological research such as 
fungal biodiversity and fungal biotechnology. To introduce the cultivation of G. lucidum in 
a geographical region is important to investigate both the physiology and the genetic 
variability of the local natural populations of the species. Ganoderma species have 
traditionally been differentiated based on morphological characteristics of the basidiocarp 
and the spores (Curtis 1781; Karsten 1881). However, these morphological characteristics 
are often very similar between different Ganoderma species, which complicates the 
delineation of species. 

The Ganoderma species occurring in Europe are G. adspersum (Schulzer) Donk, G. 
applanatum (Pers.) Pat., G. carnosum Pat., G. lucidum (Curtis) P. Karst., G. pfeifferi Bres., 
G. resinaceum Boud and G. valesiacum Boud (Pristas et al. 2023). The phenotypic 
heterogeneity among Ganoderma species makes the taxon identification difficult when 
morphology is used as the basis for species identifications, such as the case of G. lucidum. 
G. lucidum was described by Curtis (1781) by using a specimen collected from London. The 
holotype specimen was lost and only an illustration of the basidiocarp is available (Curtis 
1781), complicating the correct identification of the species. G. lucidum is often referred to 
as species complex due to the morphological similarities with several species (Adaskaveg 
and Gilbertson 1988; Moncalvo et al. 1995; Zhou et al. 2015). These morphologically similar 
species include Ganoderma curtisii, Ganoderma japonicum, G. lucidum, Ganoderma 
neojaponicum, Ganoderma oregonense, Ganoderma tsugae and Ganoderma valesiacum.  

Besides the morphological features, the host-tree species has been another characteristic 
used for traditional species identification in the Ganoderma genus (Curtis 1781; Karsten 
1881). Field and culture studies have, however, shown that many Ganoderma spp. are not 
limited to a specific host-tree species (Jahn et al. 1980; Adaskaveg and Gilbertson 1988), 
making host associations as a differential characteristic problematic. For instance, 
Ganoderma lucidum (Curtis) P. Karst. was for some time considered to cause decay only in 



22 

deciduous trees, therefore, other names were used for laccate Ganoderma occurring on 
conifers in Europe.  

With the development of laboratory and molecular techniques, the correct identification 
is becoming more accurate allowing the delimitation between close related species. The DNA 
regions applied for phylogenetic analysis in the G. lucidum complex are limited to few genes 
or partial genes (Sun et al. 2022a; see Table 3). The study of a single DNA region for 
taxonomic purposes does not resolve the phylogeny of the G. lucidum complex; for instance, 
Hseu et al. (1996) reported that random amplified polymorphism DNA marker (RAPD) 
grouped isolates belonging to the G. lucidum complex differently to the internal transcribed 
spacer (ITS) dataset. Despite the advance in molecular techniques, there is still lack of multi 
locus sequence data available from type specimens and from different geographical areas. 
The unavailability of sequence data complicates the phenotypical boundaries and 
geographical range of different Ganoderma taxa, especially in the case of the G. lucidum 
complex. 

 
Ganoderma lucidum in Finland 
 
Ganoderma genus was described by P. A. Karsten in 1881, and the only species included in 
the genus was G. lucidum (Karsten 1881). Karsten (1889) reported the occurrence of G. 
lucidum in Ruissalo, Merimasku and Vaasa areas (Finland) growing on Quercus robur, Alnus 
sp. and Picea abies tree stumps. Up to date, only two Ganoderma species have been reported 
natively from Finland, G. applanatum (sub-genus Elfvingia) and G. lucidum (sub-genus 
Ganoderma) (Niemelä 1982; Niemelä and Kotiranta 1986). The Ganoderma specimens with 
laccate fruiting bodies have been identified as G. lucidum, and the non-laccate basidiocarps 
have been referred as G. applanatum. 

Ganoderma applanatum is commonly distributed throughout Finland and it can be found 
in a wide spectrum of tree hosts such as Alnus sp., Betula spp., Populus spp., Quercus robur, 
Salix sp., and several other tree species (Niemelä and Kotiranta 1986). Ganoderma lucidum 
has a rare occurrence in Finland, and it has been found in stumps of Alnus glutinosa., Betula 
sp., Larix sp., P. abies, P. sylvestris, and Quercus robur (Niemelä and Kotiranta 1986).  

Regarding the Finnish G. lucidum material, there is no robust DNA sequence data except 
for few ITS sequences publicly available in GenBank. Moreover, there has not been any 
phylogenetic studies concentrated in G. lucidum originating from Finland or comparing these 
regional strains to G. lucidum from other geographical locations. The taxonomy positioning 
of Finnish laccate Ganoderma species is relevant for future biotechnological and commercial 
application of the fungi because it allows a better understanding of the relation with related 
fungal species, and it aids in defining and comparing the secondary metabolite and bioactivity 
research data of the G. lucidum complex. Furthermore, the identification of the species is a 
regulatory requirement to commercialize products derived from fungi. 
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Table 3 DNA regions used in phylogenetic studies to identify species belonging to the 
Ganoderma lucidum complex 

DNA region References 

Internal transcribed spacer (ITS) Moncalvo et al. 1995, Guglielmo et al. 2007 and 2008, 
Matheny et al. 2007, Wang et al. 2009, Park et al. 
2012ab, Cao et al. 2012, Zhou et al. 2015, Hennicke et 
al. 2016, Kwon et al. 2016, Jargalmaa et al. 2017, Zhang 
et al. 2017, Loyd et al. 2018ab, Xing et al. 2018, Sun et 
al. 2022a, Article I, Article IV 

Partial β-tubulin (β-tub) Park et al. 2012ab, Hennicke et al. 2016, Article IV 

Elongation factor 1-α (tef1) Cao et al. 2012, Zhou et al 2015, Jargalmaa et al. 2017, 
Loyd et al. 2018ab, Xing et al. 2018, Sun et al. 2022a, 
Article IV 

RNA polymerase II subunit (rpb2) Matheny et al. 2007, Cao et al. 2012, Zhou et al. 2015, 
Jargalmaa et al. 2017, Loyd et al. 2018a, Xing et al. 
2018, Sun et al. 2022a, Article IV 

Amplified fragment length 
polymorphism (AFLP) 

Qi et al. 2003, Zheng et al. 2009, Wu et al. 2009 

Large subunit of nuclear 
ribosomal RNA (nLSU) 

Moncalvo et al. 1995, Sun et al. 2022a 

Mitochondrial small-subunit 
ribosomal DNA (mt-SSU) and 
nuclear ribosomal RNA (nSSU) 

Zhou et al. 2015, Sun et al. 2022a 

Whole genome Binder et al. 2013, Cortina-Escribano et al. 2020c, Sun 
et al. 2022b,  

 
 
 

MATERIALS AND METHODS 
  
  

Fungal strains 
 
The fungal strains of laccate Ganoderma fruiting bodies resembling G. lucidum were 
collected between 2016 and 2018 from North Ostrobothnia, Satakunta and Uusimaa 
provinces in Finland. The strains were collected by the Natural Resources Institute Finland 
staff. Also, some of the strains were provided by citizens after a public announcement from 
the Natural Resources Institute Finland aimed at collecting strains from the Finnish forests.  

The host species of the Ganoderma specimens were Picea abies and Betula pubescens 
wood stumps. The strains were isolated from the fruiting bodies by transferring a piece of 
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tissue from the basidiocarps context to 2% malt extract agar [MEA: 20 g malt extract/l (VWR 
International, LLC, USA), 15 g agar bacteriological/l (VWR Chemicals, LLC, USA)]. To 
obtain pure cultures of the strains, the growing margins of the colony were transferred to new 
plates several times. The fungal strains were preserved on 5% MEA agar at 5 ̊ C in the Culture 
Collection of Natural Resources Institute Finland (Luke), Joensuu and Helsinki, Finland. The 
strains were used in the strain comparison, cultivation, and phylogenetic studies (Articles I, 
II, III, and IV). 

 
 

Substrate media 
 

Wood by-products from Alnus incana, Betula spp., Larix sp., Populus tremula, Picea abies, 
and Pinus sylvestris were used as substrate for the cultivation of Ganoderma lucidum 
originating from Finland. The wood by-products from Betula spp. consisted in a mixture of 
wood chips from Betula pendula and Betula pubescens. The wood chips (particle size from 
20 to 50 mm) and sawdust (ca. 0.8 mm particle size) from the above tree species were 
obtained from plywood and sawmill companies located in North Karelia and South Savo 
regions in Finland. The wood by-products were preserved at -20 ˚C. 

The lignocellulosic composition (extractive, carbohydrate, lignin, and ash content) of the 
P. tremula and P. sylvestris wood substrates was analysed. The methodology used is 
described in Article III. 

 
 

Cultivation process 
 

The cultivation process consisted of the following steps: agar transfer, spawn preparation and 
inoculation, substrate preparation and inoculation, fermentation, cold shock treatment, 
fruiting body formation, and harvest. The cultivation process from the agar production until 
the cold shock treatment took place in the laboratory facilities of the Natural Resources 
Institute Finland (Luke), Joensuu, Finland. The latest cultivation stages, fruiting body 
formation and harvest, were conducted in green house facilities at Botania (Joensuu), and the 
Natural Resources Institute Finland (Luke), Punkaharju, Finland. 

The spawn was prepared by using grains of barley, oat, and rye. The grains were boiled 
for 1–3 hours, or soaked overnight, strained with a sieve, and finally autoclaved for at 125 
˚C and 1.2 bar in polypropylene bags. After cooling, the sterilized grains were inoculated 
with agar pieces containing actively growing mycelium of the laccate Ganoderma strains. 
The bags were mixed, sealed, and kept at 22 ˚C in dark conditions until full colonization. The 
colonized grain bags are referred later as spawn. 

Polypropylene bags were filled with 1 kg (dry weight) of wood substrate. The moisture 
content (dry basis) of the substrates was adjusted to 65-75%. The substrate bags were 
sterilized in an autoclave at 125 ˚C and 1.2 bar and inoculated with spawn. The inoculated 
bags were mixed, sealed, and kept at 22 ˚C in dark conditions during the fermentation phase 
for approximately 6 to 8 weeks. When the mycelium colonized the substrate, the bags were 
subjected to 2 different cold shock treatments to induce primordia formation. The treatments 
consisted of exposing the bags to +5 ̊ C and -20 ˚C.  Then, the substrate bags were transferred 
to a greenhouse with a relative humidity of 65 to 75% and light exposure (8/24 h) until the 
fruiting bodies were fully grown and harvested, which took approximately one to two weeks 
from primordia formation until fruiting body harvest. 
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Mycelial growth 
 

The mycelial growth was determined by following the radial growth of the colony on agar 
plates. The radial growth measurements were done every two days since the inoculation of 
the agar plates. The agar medias used to evaluate the mycelial growth were the following: 
malt extract agar (MEA) consisting of 20 g malt extract/L, 15 g agar bacteriological/L; potato 
dextrose agar (PDA) consisting of 20 g potato dextrose agar/L; water agar (WA) consisting 
of 15 g agar bacteriological/L; and wood amended media consisting of 20 g/L of dried wood 
sawdust from Betula spp., P. tremula, P. abies, P. sylvestris and Larix sp. added to the agar 
media (MEA, PDA and WA). 
 
 
Fruiting body yield and β-glucan content  
 
The yield was determined based on the fresh weight (g) of the cap and stipe of the fruiting 
bodies at the time of harvesting. After harvesting, the fruiting bodies were freeze-dried kept 
at -20 ˚C. The β-glucan content of the freeze-dried fruiting bodies were measured according 
to McCleary and Draga (2016). Prior to the glucan analysis, individual fruiting bodies were 
cut into pieces and milled (1 mm). Two samples were measured from each fruiting body. 
Total glucan, α-glucan and β-glucan content were reported as a percentage of the freeze-dried 
fruiting body (g/100 g). 
 
 
Morphological features 
 
The morphological characteristics of the mycelium colony were observed when the agar 
media was fully colonized or when the mycelial growth stopped (Article I). The criterion 
used to examine the morphological characteristics of the mycelium was based on the 
methodologies described by Sobal et al. (2007) and, Engelkirk and Duben-Engelkirk (2008). 
The macromorphological features of the cultivated fruiting bodies were observed after 
harvesting. The dimensions of the cap and stipes, the colour of the caps, and the presence of 
insect, fungi, or other type of contamination were recorded. 
 
 
Phylogenetic analysis 
 
DNA extraction, PCR and sequencing 
 
DNA was extracted from the fungal strains using PrepMan Ultra Sample (Applied 
Biosystems, Fosters City, CA, USA). The gene regions amplified were the internal 
transcribed spacer (ITS), and portions from genes encoding for transcription elongation factor 
1A (tef1), β-tubulin (β-tub) and RNA polymerase II (rpb2). The forward and reverse primers 
used to amplify the gene regions are shown in Table 4. 
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Table 4 Primers used to amplify the ITS, tef1, β-tub and rpb2 regions 

Primer Sequence Reference 
ITS1-F 5'-CTT GGT CAT TTA GAG GAA GTA A-3' Gardes and Bruns 1993 
ITS4 5'-TCC TCC GCT TAT TGA TAT GC-3' White et al. 1990 
EF595F 5’-CGT GAC TTC ATC AAG AAC ATG-3’ Kauserud and Schumacher 2001 
EF1160R 5’-CCG ATC TTG TAG ACG TCC TG-3’ Kauserud and Schumacher 2001 
β-tubF 5’-CCG GTG CAG GCA TGG GTA CC-3’ Park et al. 2012 
β-tubR 5’-TGA AGA CGG GGG AAG GGA AC-3’ Park et al. 2012 
G-RPB2-F1 5’-CAT CGA GTT CTT GGA GGA GTG G-3’ Cao et al. 2012 
G-RPB2-R1 5’-CGG AAT GAT GCT GGC ACA GAC A-3’ Cao et al. 2012 

 
 
Table 5 Thermal cycling protocol 

Initial denaturation 95 ˚C 3 min 1 cycle 
Denaturation 95 ˚C 30 sec 

35 cycles Annealing 52 ˚C 30 sec 
Extension 72 ˚C 1 min 
Final extension 72 ˚C 10 min 1 cycle 
Hold 4 ˚C ꝏ  
 
 

The PCR mixes were prepared per each forward and reverse primer as described in the 
Article IV. The PCR mixes were exposed to a thermal cycling protocol as indicated in Table 
5. The PCR products were purified with exo SAP protocol described in Article IV. The 
sequencing reactions of the purified PCR products were performed using BigDye® 
Terminator v3.1 Ready Reaction mixture (Perkin-Elmer Applied Biosystems, Warrington, 
UK) following the protocol of the manufacturer. The PCR products were precipitated, dried 
and sequenced with an ABI Prism 3100 DNA Analyzer (Applied Biosystems, Foster City, 
CA, USA) at the University of Pretoria. 

The forward and reverse sequences of each primer were assembled in Geneious 102.6 
(Biomatters Ltd, Auckland, New Zealand), and the consensus sequences were submitted and 
published in GenBank. 
 
Sequence and phylogenetic analyses 

 
Four different datasets were created and edited using Molecular Evolutionary Genetic 
Analysis (MEGA) v. 10.0.5 (Kumar et al. 2018) corresponding with each gene regions 
sequenced (ITS, tef1, β-tub, and rpb2). The datasets included sequences of species belonging 
to the Ganoderma lucidum complex and related species, namely: G. adspersum, G. annulare, 
G. applanatum, G. australe, G. boninense, G. curtisii, G. flexipes, G. gibbosum, G. lingzhi, 
G. lucidum, G. mirabile, G. multipileum, G. oregonense, G. resinaceum, and G. sichuanense. 
The datasets were aligned with FFT-NS-1 (ITS dataset) and G-INS-I (tef1, β-tub, and rpb2 
datasets) strategies using MAFFT v.7 (Katoh and Stanley 2013). The phylogenetic analyses 
consisting of Maximum Likelihood (ML), Maximum Parsimony (MP) and Bayesian 
Inference (BI) methods are described in more detail in the Article IV. 
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RESULTS AND DISCUSSION 
 
 

Cultivation of Ganoderma lucidum in Finland 
 

Breeding strategy 
 

This study is the first to explore the substitute cultivation of laccate Ganoderma strains 
originating from the Nordics and, therefore, there is no previous reports on breeding 
techniques for the cultivation of Finnish strains belonging to the G. lucidum complex. One 
of the limitations of applying different breeding strategies is the scarce availability of local 
Finnish strains. All the strains screened in this thesis have been isolated from wild fruiting 
bodies growing on wood stumps of Betula pubescens and Picea abies from Finnish forests. 
Due to the limited genetic and phenotypic background of the Finnish populations of G. 
lucidum, a traditional selective breeding strategy was considered the most appropriate 
technique to explore the cultivation of the species.  

Given the initial stage of commercial G. lucidum substitute cultivation in Finland, 
emerging mushroom producers would need to create their own pool of strains isolated from 
Finnish forests or use available commercial strains of G. lucidum. In the mushroom industry, 
it is common to use commercial strains to reduce the variation of the quality and yield of 
fungal-derived products (Oei 2016). However, growers and researchers continuously breed 
and select new strains to enhance the performance of existing strains and to improve the 
biotechnological process (Zhou et al. 2012). Regarding the use of commercial G. lucidum 
strains for mushroom cultivation, there are no Finnish strains commercially available. Prior 
cultivating commercial strains originating from other geographical regions, there are some 
aspects that should be taken into consideration (see the section 4.2.1). 

The selective breeding in this study provided background information on the performance 
of the isolated Finnish strains belonging to the G. lucidum complex and enabled the further 
selection of a potential strain aimed for cultivation and production of fungal derived β-glucan. 
Several strains from the Natural Resources Institute Finland (Luke) fungal culture collection 
were screened in different growing media, substrate composition, and growing conditions. 
The selective breeding of the strains was optimized to enhance the defined features: mycelial 
growth (Article I), probability of fruiting, fruiting body yield, and β-glucan content in the 
fruiting bodies (Article II) and in the mycelium. Moreover, the selective breeding scheme 
used aimed to compare the strains in regards of their capability to grow on different wood-
based substrate (Articles I-III). 

The scarce availability of Finnish G. lucidum strains presents a challenge for the 
application of breeding techniques such as cross-breeding; however, other techniques could 
be used to obtain efficient strains for cultivation and β-glucan production. For instance, Ma 
et al. (2018) obtained G. lingzhi strains by plasma mutagenesis that presented higher growth 
rates and the polysaccharide content in the mycelium was increased by 25.6% compared to 
the parental strain. Therefore, the mutation breeding technique could be also explored in the 
best performing Finnish strains to enhance the production of β-glucans. Also, the genetic 
engineering breeding could be suitable to obtain G. lucidum strains with enhanced 
polysaccharide (Li et al. 2016) and secondary metabolite (Zhou et al. 2024) production. 
However, strains obtained from genetic engineering breeding may require the genetically 
modified organism certification (Wunderlich and Gatto 2015), which present an obstacle for 
their commercialization. Therefore, the development of genetic engineered strains is not 
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recommended for the mushroom industry in the Nordic countries. The selective breeding 
technique would be preferred to initiate the breed of strains and to create a larger phenotypic 
and genetic pool of G. lucidum in Finland.   
 
Strain selection 

 
The strain selection depends on the diagnostic features and desirable traits that the strains 
should present for a successful biotechnological process. In this thesis, the diagnostic features 
have been focused on the capabilities of the strains to produce fruiting bodies and 
polysaccharides. Moreover, the growing speed and the flexibility of the strains to grow in 
different substrate have also been used as diagnostic features in the breeding process. The 
strains performed differently considering all the diagnostic features evaluated in this work 
(Table 6). The G. lucidum strains presented differences in their mycelial growth and 
morphology growing under the same conditions and medium composition (Table 7). The 
mycelial growth of all the strains was generally enhanced when adding 2% of malt extract or 
potato dextrose in the agar medium. In MEA, the mycelial growth rate of the Finnish G. 
lucidum strains ranged from 0.30 to 0.53 cm/day. Similar mycelial growth rates of G. lucidum 
growing in MEA and PDA have been reported by Hernández-Rosas and Sánchez Meraz 
(2021). However, higher mycelial growth rates are frequently observed for G. lucidum among 
the literature (Badalyan et al. 2015; Ofodile et al. 2022; Ghafoor et al. 2024). For instance, 
Ghafoor et al. (2024), cultivated G. lucidum strains originating from Pakistan and reported a 
mycelial growth of 1.2 cm/day in PDA.  

The mycelium growth rate on agar medium was not associated to the successful 
cultivation of G. lucidum. Among the Finnish G. lucidum strains, MUS9 presented the lowest 
mycelial growth in agar medium regardless of the addition of malt extract or potato dextrose. 
Still, MUS9 presented a higher probability of fruiting than MUS12, which had the highest 
mycelial growth rate on agar. Similar was observed by Owaid et al., (2015), who did not find 
a correlation between mycelial growth and fruiting body occurrence for Pleurotus spp. 
Despite not being an optimal indicator for fruiting body formation, the mycelial growth rate 
is an important diagnostic feature to compare the performance of strains under different 
growing conditions, such as different pH (Yang and Liau 1998), temperature (Badalyan et al. 
2015) or sugar supplementation (Ghafoor et al. 2024). 
 
 
Table 6 Diagnostic features to determine the performance of Ganoderma lucidum strains 

Strain Mycelial 
growtha 

Probability 
of fruitingb 

Fruiting body 
yieldc 

β-glucan 
content (%) 

Substrate 
preferenced 

MUS6 0.45 ± 0.05 60 47.9 ± 15.0 52.0 ± 0.3 Betula sp. 
MUS9 0.30 ± 0.04 47 43.5 ± 13.1 53.9 ± 0.4 Betula sp. 
MUS12 0.53 ± 0.08 30 44.0 ± 13.1 49.5 ± 0.6 P. tremula 
MUS19 0.50 ± 0.03 100 37.2 ± 7.9 51.2 ± 0.4 P. tremula 
MUS75 0.33 ± 0.03 13 27.4 ± 9.0 55.9 ± 0.7 P. tremula 
MUS192 0.41 ± 0.03 67 51.3 ± 18.7 53.9 ± 0.3 P. tremula 
Footnote: a, mycelial growth (cm/day) in MEA medium determined after 12 days from 
inoculation; b, probability of fruiting when cold shock treatment at +5˚C; c, fresh weight (g) of 
the fruiting bodies per dry weight (kg) of substrate in the first flush; d, determined according 
to the yield performance. 
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The probability of fruiting was determined for different G. lucidum strains, substrate 

combinations, and fruiting body induction treatments, previously referred as cold treatments 
(Article II). All the strains presented difficulties to develop fruiting bodies. Primordia 
formation was not observed after 2 months of fermentation process since the full colonization 
of the substrate. During the cultivation of Finnish G. lucidum strains, a cold shock treatment 
was implemented to trigger the fruiting body initiation. The cold shock treatment aims to 
mimic the natural climatic conditions that the fungal species needs to develop fruiting bodies 
(Mui 2002). A cold shock treatment has shown to induce fruiting body production in the 
cultivation process of Lentinula edodes and Pleurotus sp. (Tarushi and Sud 2022; Ibrahim et 
al. 2015). The probability of fruiting increased by 89% when a cold shock treatment of 5˚C 
was applied to the G. lucidum colonized substrate bags. However, dropping the temperature 
bellow 0˚C is not recommended as the probability of fruiting was reduced to 10.5% when a 
cold shock treatment of -20˚C was applied. These results suggest that dropping the 
temperature to a frozen state will interrupt the growth cycle of G. lucidum and, when exposed 
to fruiting conditions (20-25˚C; RH 60-85%), the substrate will be prone to other organism 
competition. The colonized substrate bags exposed to -20˚C presented contamination 2 to 3 
weeks after exposing them to fruiting environmental conditions.  

The probability of fruiting was also affected by the strain used in the cultivation process 
(Table 6). All the substrate types inoculated with MUS19 strain and exposed to a cold shock 
treatment of 5˚C produced fruiting bodies. The strains MUS12 and MUS75 presented a low 
probability of fruiting and were able to develop fruiting bodies with limited tree species.  

In mushroom cultivation research, the fruiting body yield is often reported as biological 
efficiency. The biological efficiency measures the capacity of a certain strain to transform a 
substrate into fruiting bodies expressed as the fresh fruiting body weight per dry weight of 
the substrate. In this study, the biological efficiency of the Finnish G. lucidum strains was 
low compared to previous reports using different strains and substrates (Amiri-Sadeghan et 
al. 2022). Previous reports indicate a wide range on the biological efficiency of G. lucidum, 
varying from 0.81% to 68.35% (Amiri-Sadeghan et al. 2022). There are no reports on a 
specific biological efficiency considered optimal for G. lucidum; however, most of the 
reported biological efficiencies compiled in a literature review by Amiri-Sadeghan et al. 
(2022) fall within a range between 8.5 to 38.5%. In this study, the Finnish strains presented 
a biological efficiency ranging from 3.72 to 5.13% for MUS19 and MUS192 respectively 
(Table 8). The substrate composition should be optimized to enhance the fruiting body yield 
of Finnish G. lucidum. 

 
 

Table 7 Mycelial growth (cm/day) of Ganoderma lucidum in agar media 

Strain Control PDA (2%) MEA (2%) 
MUS6 0.1 ± 0.01 0.37 ± 0.04 0.45 ± 0.05 
MUS9 0.14 ± 0.02 0.18 ± 0.04 0.30 ± 0.04 
MUS12 0.09 ± 0.05 0.50 ± 0.12 0.53 ± 0.08 
MUS19 0 0.14 ± 0.06 0.50 ± 0.03 
MUS75 0.06 ± 0.04 0.31 ± 0.12 0.33 ± 0.03 
MUS192 0.19 ± 0.01 0.25 ± 0.03 0.41 ± 0.03 
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Table 8 Biological efficiency (%) and β-glucan content (%) of Ganoderma lucidum strains 
originating from Finland on different wood-based substrates 

 Betula spp. P. tremula P. abies P. sylvestris Larix sp. 
Strain BE β-glu BE β-glu BE β-glu BE β-glu BE β-glu 

MUS6 9 53.5 6 54.8 5 51.4 3 48.8 2 52.7 
MUS9 7 54.8 7 58.9 3 55.9 3 46.0 2 53.0 
MUS12 4 52.4 5 54.3 - - 2 42.1 - - 
MUS19 4 51.2 4 54.2 3 51.8 4 48.9 1 50.1 
MUS75 - - 3 55.9 - - - - - - 
MUS192 7 54.4 9 56.6 5 52.5 3 50.7 2 54.9 

 
 

The overall β-glucan content in the fruiting bodies of the Finnish strains was high, 
varying from 42.1 to 58.9% (Table 8; Article II). Similar levels were observed by McClearly 
and Draga (2016). Lower levels were reported by Cho et al. (2013), who obtained a β-glucan 
range of 15 to 20% in fruiting bodies of several Ganoderma species including G. lucidum. In 
another study, Kim et al. (2017), obtained the highest β-glucan content of 6.20 g/100g from 
G. lucidum fruiting bodies extracted with a pH of 10 and using water as solvent. Other 
cultivated species have shown lower β-glucan content in their fruiting bodies compared to 
the Finnish cultivated G. lucidum; for instance, Diamantopoulou et al. (2023) obtained a 
range of 18.23 to 44.14%, 20.24 to 49.95% and 8.02 to 13.91%, respectively for Pleurotus 
ostreatus, Pleurotus eryngii and Agaricus bisporus.  

 
Effect of tree species on the cultivation performance 

 
The potential of wood by-products from the forest industry was evaluated for the cultivation 
of Ganoderma lucidum. The tree species influenced the mycelial growth, the probability of 
fruiting, the fruiting body yield, the β-glucan content of the G. lucidum strains. Moreover, 
different delignification ratios by G. lucidum were observed for the tree species (Table 9). 

To increase the probability of fruiting body production, the tree species selected as 
substrate is found essential. The strains had difficulties to colonize softwood species, 
especially P. sylvestris and Larix sp. wood-based substrates, and in several replicates the 
mycelial growth stopped. MUS75 and MUS12 did not produce fruiting bodies in substrates 
composed of Larix sp. and P. abies wood substrates (Table 8). On the other hand, P. tremula 
and Betula spp. were the best performing substrates for all the diagnostic features (Table 10).  

The selection of the tree species had a significant effect on the β-glucan content of the 
G. lucidum fruiting bodies; the lowest was 47.5% and the highest 55.8% respectively for P. 
sylvestris and P. tremula (Table 9). Kuhar et al. (2018) also tested Pinus sp. and Populus sp., 
to produce G. lucidum fruiting bodies and obtained higher yields when using Populus sp. as 
substrate. To better understand the degradation process of the substrates by G. lucidum, the 
chemical composition of P. tremula and P. sylvestris was compared prior and after the 
cultivation of G. lucidum (Article III). Despite not being an optimal substrate for β-glucan 
production, P. sylvestris was successfully delignified by G. lucidum. On the other hand, the 
glucan fraction was not degraded in the case of P. sylvestris substrate. The wood chemical 
fractions of P. tremula were degraded evenly. These results suggest that the fermentation of 
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P. sylvestris by G. lucidum could be a precursor for other biotechnological applications 
(Blanchette 1991). To further understand the biotransformation of wood components into G. 
lucidum polysaccharides, it is recommended to study the correlation between the degradation 
of lignin, cellulose and hemicelluloses and the production of β-glucan in the fruiting bodies 
of G. lucidum. 

There is a potential to use wood by-products as cultivation substrate for G. lucidum in 
Finland, but the cultivation method needs to be optimized. According to the cultivation trials 
of the present thesis, to cultivate G. lucidum in Finland it is recommended to first select a 
substrate consisting of P. tremula or Betula spp. wood by-products, and then select the best 
performing Finnish G. lucidum strain. Amendments to the substrate media composition 
would be needed to enhance the probability of fruiting and the fruiting body yield of Finnish 
G. lucidum. The addition of supplements to wood-based substrates have shown to increase 
the yield of fruiting bodies in G. lucidum. For instance, Mehta et al., (2014) increased the 
biological efficiency of G. lucidum from 28 to 45% by adding 20% of wheat bran to Populus 
sp. wood substrate. To increase the probability of fruiting and the yield of fruiting bodies of 
Finnish G. lucidum strains it is then recommended to test the addition of supplements to the 
best performing wood-based substrates P. tremula and Betula spp. The particle size of the 
substrate may also affect the gas exchange and the fruiting body production of G. lucidum 
(Kuhar et al. 2018).   

 
 

Table 9 Effect of tree species on the cultivation of Ganoderma lucidum 

Substrate Mycelial 
growtha 

Probability of 
fruitingb 

Fruiting body 
yieldc 

β-glucan 
productiond 

Betula spp. 0.52 67 59.8 ± 16.8 53.1 ± 0.3 
Larix sp. 0.39 43 18.1 ± 5.0 52.7 ± 0.5 
P. tremula 0.52 90 52.1 ± 13.5 55.8 ± 0.3 
P. abies 0.42 60 38.2 ± 8.8 52.9 ± 0.4 
P. sylvestris 0.46 57 34.6 ± 7.8 47.5 ± 0.8 

Footnote: a, mycelial growth (cm/day) in MEA medium determined after 12 days from 
inoculation; b, probability of fruiting when cold shock treatment at +5˚C; c, fresh weight (g) of 
the fruiting bodies per dry weight (kg) of substrate in the first flush; d, determined according 
to the yield performance. 

 

Table 10 Tree species preference for Ganoderma lucidum strains originating from Finland 
based on the diagnostic features 

Strain Mycelial growth Probability of fruiting Fruiting body yield β-glucan content  
MUS6 P. tremula Larix sp. Betula spp. P. tremula 
MUS9 Betula spp. P. sylvestris Betula spp. P. tremula 
MUS12 P. tremula Betula spp. P. tremula P. tremula 
MUS19 Betula spp. P. tremula P. tremula P. tremula 
MUS75 Betula spp. P. tremula P. tremula P. tremula 
MUS192 Betula spp. Larix sp. P. tremula P. tremula 

 



32 

 
Taxonomic evaluation of Ganoderma lucidum in Finland 

 
The phylogenetic results indicated that all the laccate Ganoderma strains isolated from 
Finnish specimens resembling G. lucidum belonged to the same species. The ITS, tef1, β-tub, 
and rpb2 sequences generated from the Finnish strains were nearly identical for all specimens 
collected in conifer and deciduous tree species (Article IV). Moreover, the morphological 
characteristics of the fruiting bodies are uniform for the Finnish material examined in this 
study despite of the host tree species.  

The only laccate Ganoderma species previously reported in Finland is G. lucidum 
(Niemelä 1982; Niemelä and Kotiranta 1986). In the present study, the Finnish isolates were 
closer related to the G. tsugae lineage than to G. lucidum in tef1, rpb2 and β-tub phylogenies 
(phylogenetic trees shown in Article IV). The tef1, β-tub, and rpb2 phylogenies separated the 
European G. lucidum and the Finnish strains in different clades, the latter clustering together 
with G. tsugae. Previous phylogenetic studies also separated the North American G. tsugae 
from the European G. lucidum (Zhou et al. 2015; Loyd et al. 2018a; Sun et al. 2022b). 
Interfertility tests between G. lucidum isolates and North American G. tsugae are 
recommended to further clarify the boundaries between the species.  

The ITS data did not delimit strains of Finnish G. lucidum, European G. lucidum, East 
Asian G. lucidum, North American G. tsugae and Chinese G. tsugae in distinct clades (ITS 
phylogenetic tree shown in Article IV). A previous phylogenetic study based on the 
mitochondrial small-subunit ribosomal gene region also grouped G. tsugae and G. 
oregonense isolates from North America with G. valesiacum and G. lucidum from Europe in 
the same clade (Hong and Jung 2004). Cao et al. (2012) conducted a phylogenetic analysis 
of Ganoderma spp. using the ITS sequences of several species from China and Europe. Their 
phylogenetic tree grouped isolates labelled as G. tsugae from China with G. lucidum from 
Europe. They therefore suggested that the strains labelled as G. tsugae in GenBank were 
wrongly identified. 

A recent taxonomic revision of Ganodermataceae (Sun et al. 2022b) indicated that the 
analysis of the ITS region alone does not differentiate Ganoderma species. Previous studies 
have demonstrated that in G. lucidum complex, tef1 and rpb2 loci are more informative than 
the ITS region (Loyd et al. 2018a; Sun et al. 2022b).  

A phylogenomic approach may further aid in resolving the taxonomy of taxa in the G. 
lucidum complex. The application of phylogenomics in fungi is a convenient solution due to 
the small size of the fungal genomes and the straightforward sequencing methods, which 
often result in the construction of highly supported trees from a super matrix or a super-tree 
(Prasanna et al. 2019). However, there are some barriers with phylogenomic analysis, such 
as missing data and modelling of the data, which can lead to systematic errors (Prasanna et 
al. 2019). In the case of the G. lucidum complex, the currently scarce availability of 
Ganoderma genomes in public datasets is a major constraint in following a phylogenomic 
approach.  

The taxonomic resolution of the laccate Ganoderma species in Finland is directly affected 
by the need to assign a type specimen for G. lucidum. Unfortunately, the designation of a 
type specimen representing G. lucidum is not a straightforward task (i.e. Steyaert 1972). 
Therefore, the laccate Ganoderma species distributed in Finland maintains the nomenclature 
of G. lucidum. To determine the classification of laccate Ganoderma in Finland, it is 
recommended to examine more specimens and collect more molecular data from G. lucidum 
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from Northern Europe. Also, it is recommended to study the relationship between G. tsugae 
originating from North America and G. lucidum originating from Finland. 

 
Implications for the mushroom industry 

 
Ganoderma lucidum is not considered novel food in the European Union (European 
Commission 2024). The G. lucidum complex is a taxonomically complicated group of 
species, in which the Finnish laccate specimens belong according to the phylogenetic results 
(Article IV). In the present thesis, the laccate Ganoderma species distributed in Finland 
maintains the nomenclature of G. lucidum. Therefore, there should not be obstacles in the 
commercialization of its derived fruiting body food products within the European Union. The 
present work (Article I-III) has proven that local strains of G. lucidum are suitable for fruiting 
body and β-glucan production. 

Considering the present literature and the phylogenetic results of this thesis (Article IV), 
it is recommended to use local strains of G. lucidum for the cultivation of the species in 
Finland. The utilization of unknown, unreliable sourced commercial strain, or G. lucidum 
strains from other geographical region may present threats to the biodiversity of Finnish 
forest. 

 
 

CONCLUSION 
 
 

The present work is the first report on the successful cultivation of G. lucidum in the Nordic 
countries using local strains and lignocellulosic resources. The first research on selective 
breeding, strain comparison, β-glucan content, and phylogenetic analysis of G. lucidum 
originating from Finland is reported in this dissertation.  

The substitute cultivation of G. lucidum strains originating from Finland was successfully 
achieved. The strain selection, the substrate composition, and the cold shock treatment were 
found essential to produce G. lucidum fruiting bodies. The strain and wood substrate selection 
had a significant effect on the production of fungal-derived β-glucans in the fruiting bodies 
of G. lucidum.  

Strains differences were observed in terms of mycelial growth, fruiting body production 
and content of β-glucan. Strain comparisons and suitability of growth conditions and 
substrates were found essential for optimizing the yield of fruiting bodies and bioactive 
compound β-glucan. Although β-glucan has been recognized by its functionality, the study 
of other primary and secondary metabolites derived from Finnish cultivated G. lucidum is 
crucial to understand its bioactive potential. 

The optimal cultivation substrate was not found related to the tree host species of the 
fungal strain. The highest yield and β-glucan content of G. lucidum fruiting bodies was 
obtained when using wood by-products of Betula spp. and P. tremula as substrate. The solid-
state fermentation of wood by-products of P. sylvestris by G. lucidum was not found a 
suitable cultivation method. However, the fermentation of P. sylvestris by G. lucidum 
allowed the delignification of the lignocellulosic biomass, which can be a bioprocess 
precursor for other uses such as pulp production. Different cultivation conditions need to be 
further studied to gain understanding and to improve the substitute cultivation of Finnish G. 
lucidum strains. 
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The phylogenetic results indicated that all the laccate Ganoderma strains belonged to the 
same species. According to the results and literature presented, the G. lucidum strains 
originating from Finland consist of a single taxon residing in the G. lucidum complex. The 
present work generated and published for the first-time multi-locus sequence data for G. 
lucidum isolates originating from Finland. 

 
 
REFERENCES 

  
  

Adaskaveg JE, Gilbertson RL (1988) Basidiospores, pilocystidia, and other basidiocarp 
characters in several species of the Ganoderma lucidum complex. Mycologia. 80: 493–
507.  https://doi.org/10.1080/00275514.1988.12025571  
 
Ahmad MF (2018) Ganoderma lucidum: Persuasive biologically active constituents and their 
health endorsement. Biomed Pharmacother 107: 507–519. 
https://doi.org/10.1016/j.biopha.2018.08.036  
 
Ahmad MF, Wahab S, Ahmad FA, Ashraf SA, Abullais SS, Saad HH (2022) Ganoderma 
lucidum: A potential pleiotropic approach of ganoderic acids in health reinforcement and 
factors influencing their production. Fungal Biol Rev 39: 100–125. 
https://doi.org/10.1016/j.fbr.2021.12.003  
 
Amiri-Sadeghan A, Aftabi Y, Arvanaghi HR, Shokri E, Khalili M, Seyedrezazadeh E, Kuhar 
F (2022) A Review of substrates for solid-state fermentation of lingzhi or reishi medicinal 
mushroom, Ganoderma lucidum (Agaricomycetes), for basidiome production and effect on 
bioactive compounds. Int J Med Mushrooms 24: 15–29. 
https://doi.org/10.1615/IntJMedMushrooms.2022043192  
 
Atila F, Tuzel Y, Fernández JA, Cano AF, Sen F (2018) The effect of some agro–industrial 
wastes on yield, nutritional characteristics and antioxidant activities of Hericium erinaceus 
isolates. Sci Hortic 238: 246–254. https://doi.org/10.1016/j.scienta.2018.04.049  
 
Atoji-Henrique K, Henrique DS, Glória LS, Mazaro SM, Casagrande M (2017) Influence of 
substrate composition on beta-glucans production and growth of Ganoderma lucidum. J 
Agric Sci 9: 190–199. https://doi.org/10.5539/jas.v9n5p190  
 
Azizi M, Tavana M, Farsi M, Oroojalian F (2012) Yield performance of lingzhi or reishi 
medicinal mushroom, Ganoderma lucidum (W. Curt.: Fr.) P. Karst. (higher Basidiomycetes), 
using different waste materials as substrates. Int J Med Mushrooms 14: 521–527. 
https://doi.org/10.1615/IntJMedMushr.v14.i5.110  
 
Badalyan SM, Shnyreva AV, Iotti M, Zambonelli A (2015) Genetic resources and mycelial 
characteristics of several medicinal polypore mushrooms (Polyporales, Basidiomycetes). Int 
J Med Mushrooms 17: 371–384. https://doi.org/10.1615/IntJMedMushrooms.v17.i4.60  
 
Bidegain MA, Postemsky PD, Pieroni O, Cubitto MA (2019). Analysis of the influence of 
substrate formulations on the bioactive chemical profile of lingzhi or reishi medicinal 

https://doi.org/10.1080/00275514.1988.12025571
https://doi.org/10.1016/j.biopha.2018.08.036
https://doi.org/10.1016/j.fbr.2021.12.003
https://doi.org/10.1615/IntJMedMushrooms.2022043192
https://doi.org/10.1016/j.scienta.2018.04.049
https://doi.org/10.5539/jas.v9n5p190
https://doi.org/10.1615/IntJMedMushr.v14.i5.110
https://doi.org/10.1615/IntJMedMushrooms.v17.i4.60


35  

mushroom, Ganoderma lucidum (Agaricomycetes) by conventional and chemometrics 
methods. Int J Med Mushrooms 21: 537–548. 
https://doi.org/10.1615/IntJMedMushrooms.2019030869  
 
Bijalwan A, Bahuguna K, Vasishth A, Singh A, Chaudhary S, Dongariyal A, Thakur TK, 
Kaushik S, Ansari MJ, Alfarraj S, Alharbi SA (2021) Growth performance of Ganoderma 
lucidum using billet method in Garhwal Himalaya, India. Saudi J Biol Sci 28: 2709–2717. 
https://doi.org/10.1016/j.sjbs.2021.03.030  
 
Binder M, Justo A, Riley R, Salamov A, Lopez-Giraldez F, Sjökvist E, Copeland A, Foster 
B, Sun H, Larsson E, Larsson KH (2013) Phylogenetic and phylogenomic overview of the 
Polyporales. Mycologia 105: 1350–1373. https://doi.org/10.3852/13-003  
 
Blanchette RA (1991) Delignification by wood-decay fungi. Annu Rev Phytopathol 29: 381–
403. https://doi.org/10.1146/annurev.py.29.090191.002121  
 
Boh B, Berovic M, Zhang J, Zhi-Bin L (2007) Ganoderma lucidum and its pharmaceutically 
active compounds. Biotechnology annual review 13: 265–301. 
https://doi.org/10.1016/S1387-2656(07)13010-6  
 
Bowman SM, Free SJ (2006) The structure and synthesis of the fungal cell wall. Bioessays 
28: 799–808. https://doi.org/10.1002/bies.20441  
 
Cai M, Liang X, Liu Y, Hu H, Xie Y, Chen S, Gao X, Li X, Xiao C, Chen D, Wu Q (2021) 
Transcriptional dynamics of genes purportedly involved in the control of meiosis, 
carbohydrate, and secondary metabolism during sporulation in Ganoderma lucidum. Genes 
12: 504. https://doi.org/10.3390/genes12040504  
 
Cao Y, Wu SH, Dai YC (2012) Species clarification of the prize medicinal Ganoderma 
mushroom “Lingzhi”. Fungal Divers 56: 49–62. https://doi.org/10.1007/s13225-012-0178-5  
 
Cao T, Tang C, Xue L, Cui M, Wang D (2020) Protective effect of Ganoderic acid A on 
adjuvant-induced arthritis. Immunol Lett 226: 1–6. 
https://doi.org/10.1016/j.imlet.2020.06.010  
 
Castorina G, Cappa C, Negrini N, Criscuoli F, Casiraghi MC, Marti A, Rollini M, Consonni 
G, Erba D (2023) Characterization and nutritional valorization of agricultural waste corncobs 
from Italian maize landraces through the growth of medicinal mushrooms. Sci Rep 13, 21148. 
https://doi.org/10.1038/s41598-023-48252-9  
 
Chen AW (2002) Natural log cultivation of the medicinal mushroom, Ganoderma lucidum 
(Reishi). Mushroom Grow Newslet 3: 2–6. 
 
Chen S, Xu J, Liu C, Zhu Y, Nelson DR, Zhou S, Li C, Wang L, Guo X, Sun Y, Luo H (2012) 
Genome sequence of the model medicinal mushroom Ganoderma lucidum. Nat Commun 3: 
913. https://doi.org/10.1038/ncomms1923  
 

https://doi.org/10.1615/IntJMedMushrooms.2019030869
https://doi.org/10.1016/j.sjbs.2021.03.030
https://doi.org/10.3852/13-003
https://doi.org/10.1146/annurev.py.29.090191.002121
https://doi.org/10.1016/S1387-2656(07)13010-6
https://doi.org/10.1002/bies.20441
https://doi.org/10.3390/genes12040504
https://doi.org/10.1007/s13225-012-0178-5
https://doi.org/10.1016/j.imlet.2020.06.010
https://doi.org/10.1038/s41598-023-48252-9
https://doi.org/10.1038/ncomms1923


36 

Cho JH, Lee JY, Lee MJ, Oh HN, Kang DH, Jhune CS (2013) Comparative analysis of useful 
β-glucan and polyphenol in the fruiting bodies of Ganoderma spp. Journal of Mushroom 11: 
164–70. https://doi.org/10.14480/JM.2013.11.3.164  
 
Ćilerdžić J, Vukojević J, Stajić M, Stanojković T, Glamočlija J (2014) Biological activity of 
Ganoderma lucidum basidiocarps cultivated on alternative and commercial substrate. J 
ethnopharmacol 155: 312–319. https://doi.org/10.1016/j.jep.2014.05.036  
 
Cortina-Escribano M, Veteli P, Linnakoski R, Miina J, Vanhanen H (2020a) Effect of wood 
residues on the growth of Ganoderma lucidum. Karstenia, 58: 16–28. 
https://doi.org/10.29203/ka.2020.486  
 
Cortina-Escribano M, Pihlava JM, Miina J, Veteli P, Linnakoski R, Vanhanen H (2020b) 
Effect of strain, wood substrate and cold treatment on the yield and β-glucan content of 
Ganoderma lucidum fruiting bodies. Molecules, 25: 4732. 
https://doi.org/10.3390/molecules25204732  
 
Cortina-Escribano M, Linnakoski R, Veteli P, Vanhanen H, Coetzee MPA, Duong TA, 
Wingfield B (2020c). Genome sequence of Ganoderma lucidum (Curtis) P. Karst. from 
Finland. In: Fungal genetics, host pathogen interaction and evolutionary ecology. 15th 
European Conference on Fungal Genetics, Italy, 17-20 February 2020. Sapienza University 
of Rome, Rome, 402-403. https://www.ecfg15.org/wp-content/uploads/2020/03/ECFG15-
Program_and_Abstracts.pdf  
 
Cör Andrejč D, Knez Ž, Knez Marevci M (2022) Antioxidant, antibacterial, antitumor, 
antifungal, antiviral, anti-inflammatory, and nevro-protective activity of Ganoderma 
lucidum: An overview. Front Pharmacol 13: 934982. 
https://doi.org/10.3389/fphar.2022.934982  
 
Cortina-Escribano M, Barbero-López A, Kilpeläinen P, Vanhanen H, Haapala A (2024a) 
Degradation of Pinus sylvestris and Populus tremula by laccate Ganoderma species. 
Holzforschung. https://doi.org/10.1515/hf-2024-0052  
 
Cortina-Escribano M, Veteli P, Wingfield MJ, Wingfield BD, Coetzee MPA, Vanhanen H, 
Linnakoski R (2024b) Phylogenetic analysis and morphological characteristics of laccate 
Ganoderma specimens in Finland. Mycologia 1–17. 
https://doi.org/10.1080/00275514.2024.2381424  
 
Cui ML, Yang HY, He GQ (2015) Submerged fermentation production and characterization 
of intracellular triterpenoids from Ganoderma lucidum using HPLC-ESI-MS. J Zhejiang 
Univ-Sc B 16: 998–1010. https://doi.org/10.1631%2Fjzus.B1500147  
 
Curtis W (1781) Flora Londinensis. Printed by the author, London. 
 
Diamantopoulou P, Fourtaka K, Melanouri EM, Dedousi M, Diamantis I, Gardeli C, 
Papanikolaou S (2023) Examining the impact of substrate composition on the biochemical 
properties and antioxidant activity of Pleurotus and Agaricus mushrooms. Fermentation 9: 
689. https://doi.org/10.3390/fermentation9070689  

https://doi.org/10.14480/JM.2013.11.3.164
https://doi.org/10.1016/j.jep.2014.05.036
https://doi.org/10.29203/ka.2020.486
https://doi.org/10.3390/molecules25204732
https://www.ecfg15.org/wp-content/uploads/2020/03/ECFG15-Program_and_Abstracts.pdf
https://www.ecfg15.org/wp-content/uploads/2020/03/ECFG15-Program_and_Abstracts.pdf
https://doi.org/10.3389/fphar.2022.934982
https://doi.org/10.1515/hf-2024-0052
https://doi.org/10.1080/00275514.2024.2381424
https://doi.org/10.1631%2Fjzus.B1500147
https://doi.org/10.3390/fermentation9070689


37  

 
Dong Y, Miao R, Feng R, Wang T, Yan J, Zhao X, Han X, Gan Y, Lin J, Li Y, Gan B (2022) 
Edible and medicinal fungi breeding techniques, a review: Current status and future 
prospects. Current Research in Food Science 5: 2070–2080. 
https://doi.org/10.1016/j.crfs.2022.09.002  
 
Du B, Bian Z, Xu B (2014) Skin health promotion effects of natural beta‐glucan derived from 
cereals and microorganisms: a review. Phytother Res 28: 159–66. 
https://doi.org/10.1002/ptr.4963  
 
European Commission (2012) Innovating for sustainable growth: A bioeconomy for Europe. 
Publications Office. Communication 615 (Annex IV): 1–9. 
https://data.europa.eu/doi/10.2777/6462  
 
European Commission (2021) New EU Forest Strategy for 2030. Communication from the 
Commission to the European Parliament, the Council, the European Economic and Social 
Committee and the Committee of the Regions. Publications Office.  Document 
52021DC0572 
 
European Commission (2024) Novel food status catalogue. 
https://food.ec.europa.eu/safety/novel-food/novel-food-status-catalogue_en. Accessed 11 
September 2024 
 
European Food Safety Authority (2009) Scientific opinion on the substantiation of health 
claims related to beta-glucans and maintenance of normal blood cholesterol concentrations 
(ID 754,755, 757, 801, 1465, 2934) and maintenance or achievement of a normal body weight 
(ID 820, 823) pursuant to Article 13(1) of Regulation (EC) No 1924/2006. EFSA Journal 7: 
1254. https://doi:10.2903/j.efsa.2009.1254  
 
Food and Agriculture Organization of the United Nations (2024) FAOSTAT Statistical 
Database. http://www.fao.org/faostat/en/#data. Accessed 10 April 2024 
 
Ferreira IC, Heleno SA, Reis FS, Stojkovic D, Queiroz MJ, Vasconcelos MH, Sokovic M 
(2015) Chemical features of Ganoderma polysaccharides with antioxidant, antitumor and 
antimicrobial activities. Phytochemistry 114: 38–55. 
https://doi.org/10.1016/j.phytochem.2014.10.011  
 
Food and Drug Administration (2018) Review of the scientific evidence on the physiological 
effects of certain non-digestible carbohydrates. Available online at:  
https://www.fda.gov/media/113659/download  
 
Friel MT, McLoughlin AJ (2000) Production of a liquid inoculum/spawn of Agaricus 
bisporus. Biotechnol Lett 22: 351–354. https://doi.org/10.1023/A:1005616516646  
 
Gao W, Baars JJ, Dolstra O, Visser RG, Sonnenberg AS (2013) Genetic variation and 
combining ability analysis of bruising sensitivity in Agaricus bisporus. PloS one. 8: e76826. 
https://doi.org/10.1371/journal.pone.0076826  
 

https://doi.org/10.1016/j.crfs.2022.09.002
https://doi.org/10.1002/ptr.4963
https://data.europa.eu/doi/10.2777/6462
https://food.ec.europa.eu/safety/novel-food/novel-food-status-catalogue_en
https://doi:10.2903/j.efsa.2009.1254
http://www.fao.org/faostat/en/#data
https://doi.org/10.1016/j.phytochem.2014.10.011
https://www.fda.gov/media/113659/download
https://doi.org/10.1023/A:1005616516646
https://doi.org/10.1371/journal.pone.0076826


38 

Geetha D, Suharban M, Palan G, Rani CD (2012) A low cost technology for the cultivation 
of Ganoderma lucidum. Mushroom Research 21. 
 
Ghafoor A, Rana A, Niazi AR. Systematic characterisation, mineral analysis, and 
valorisation of lignocellulosic waste into sustainable indigenous Ganoderma lucidum 
production from Pakistan. New Zeal J Bot 1–7. 
https://doi.org/10.1080/0028825X.2024.2353191  
 
Guglielmo F, Bergemann SE, Gonthier P, Nicolotti G, Garbelotto M (2007) A multiplex 
PCR‐based method for the detection and early identification of wood rotting fungi in standing 
trees. J Appl Microbiol. 103: 1490–1507. https://doi.org/10.1111/j.1365-2672.2007.03378.x  
 
Gupta S, Kumar S, Singh R, Summuna B (2020) Management of contaminants in mushroom 
spawn. Indian J Agr Sci 90: 1000–1003. https://doi.org/10.56093/ijas.v90i5.104380  
 
Gurung OK, Budathoki U, Parajuli G (2012) Effect of different substrates on the production 
of Ganoderma lucidum (Curt.: Fr.) Karst. Our nature 10: 191–198. 
https://doi.org/10.3126/on.v10i1.7781  
 
Hapuarachchi KK, Elkhateeb WA, Karunarathna SC, Cheng CR, Bandara AR, Kakumyan P, 
Hyde KD, Daba GM, Wen TC (2018) Current status of global Ganoderma cultivation, 
products, industry and market. Mycosphere 9: 1025–52. 
https://doi.org/10.5943/mycosphere/9/5/6  
 
Hapuarachchi KK, Karunarathna SC, McKenzie EH, Wu XL, Kakumyan P, Hyde KD, Wen 
TC (2019) High phenotypic plasticity of Ganoderma sinense (Ganodermataceae, 
Polyporales) in China. Asian Journal of Mycology 2: 1–47. 
https://doi.org/10.5943/ajom/2/1/1  
 
Hassan MK, Villa A, Kuittinen S, Jänis J, Pappinen A (2019) An assessment of side-stream 
generation from Finnish forest industry. J Mater Cycles Waste 21: 265–80. 
https://doi.org/10.1007/s10163-018-0787-5  
 
Hennicke F, Cheikh-Ali Z, Liebisch T, Maciá-Vicente JG, Bode HB, Piepenbring M (2016) 
Distinguishing commercially grown Ganoderma lucidum from Ganoderma lingzhi from 
Europe and East Asia on the basis of morphology, molecular phylogeny, and triterpenic acid 
profiles. Phytochemistry 127: 29–37. https://doi.org/10.1016/j.phytochem.2016.03.012  
 
Hernández-Rosas JC, Sánchez Meraz JA (2021) Evaluación del cultivo in vitro de una cepa 
mexicana de Ganoderma lucidum. [Evaluation of in vitro cultivation of a Mexican  
strain of Ganoderma lucidum]. Revista Colombiana de Biotecnología 23: 36–40. 
https://doi.org/10.15446/rev.colomb.biote.v23n2.97143  
 
Hirotani M, Ino C, Furuya T, Shiro M (1986) Ganoderic acids T, S and R, new triterpenoids 
from the cultured mycelia of Ganoderma lucidum. Chemical and pharmaceutical bulletin 34: 
2282–2285. https://doi.org/10.1248/cpb.34.2282  
 

https://doi.org/10.1080/0028825X.2024.2353191
https://doi.org/10.1111/j.1365-2672.2007.03378.x
https://doi.org/10.56093/ijas.v90i5.104380
https://doi.org/10.3126/on.v10i1.7781
https://doi.org/10.5943/mycosphere/9/5/6
https://doi.org/10.5943/ajom/2/1/1
https://doi.org/10.1007/s10163-018-0787-5
https://doi.org/10.1016/j.phytochem.2016.03.012
https://doi.org/10.15446/rev.colomb.biote.v23n2.97143
https://doi.org/10.1248/cpb.34.2282


39  

Hseu RS, Wang HH, Wang HF, Moncalvo JM (1996) Differentiation and grouping of isolates 
of the Ganoderma lucidum complex by random amplified polymorphic DNA-PCR compared 
with grouping on the basis of internal transcribed spacer sequences. Appl Environ Microb 
62: 1354–1363. https://doi.org/10.1128/aem.62.4.1354-1363.1996  
 
Hu Y, Ahmed S, Li J, Luo B, Gao Z, Zhang Q, Li X, Hu X (2017) Improved ganoderic acids 
production in Ganoderma lucidum by wood decaying components. Sci Rep 7: 46623. 
https://doi.org/10.1038/srep46623  
 
Hu M, Zhang P, Wang R, Zhou M, Pang N, Cui X, Ge X, Liu X, Huang XF, Yu Y (2022) 
Three different types of β-glucans enhance cognition: the role of the gut-brain axis. Front 
Nutr 9: 848930. https://doi.org/10.3389/fnut.2022.848930  
 
Hua Z (2006) Process of producing fermented rice cake rich in glutamine peptide. 
CN1742555A. https://patents.google.com/patent/CN1742555A/en. Accessed 11 July 2024 
 
Hwang IW, Kim BM, Kim YC, Lee SH, Chung SK (2018) Improvement in β-glucan 
extraction from Ganoderma lucidum with high-pressure steaming and enzymatic pre-
treatment. Appl Biol Chem 61: 235–242. https://doi.org/10.1007/s13765-018-0350-z  
 
Ibrahim RO, Aziz KM, Arshad AM, Hasan SM (2015) Enhancing mushroom production 
using physical treatments prior to fruiting body formation. Malays Appl Biol 44: 69–73. 
 
Jahn H, Kotlaba F, Pouzar Z (1980) Ganoderma atkinsonii Jahn, Kotl. et Pouz., spec. nova, 
a parallel species to Ganoderma lucidum. Pilzbriefe 11: 97–113. 
 
Jargalmaa S, Eimes JA, Park MS, Park JY, Oh SY, Lim YW (2017) Taxonomic evaluation 
of selected Ganoderma species and database sequence validation. PeerJ 5: e3596. 
https://doi.org/10.7717/peerj.3596  
 
Karsten PA (1881) Enumeratio Boletinearum et Polyporearum Fennicarum, systemate novo 
dispositarum. Rev Mycol (Toulouse) 3: 16–19. 
 
Karsten PA (1889) Kritisk öfversigt af Finlands Basidsvampar: Basidiomycetes, Gastero-& 
Hymenomycetes. Bidr Känn Finl Nat Folk 48: 1–470 
 
Khan AA, Gani A, Khanday FA, Masoodi FA (2018) Biological and pharmaceutical 
activities of mushroom β-glucan discussed as a potential functional food ingredient. 
Bioactive carbohydrates and dietary fibre 16: 1–3. 
https://doi.org/10.1016/j.bcdf.2017.12.002  
 
Kim HK, Lee HD, Kim YK, Han GH, Kim HG (2001) Comparison of characteristics of 
Ganoderma lucidum according to geographical origins: Consideration of growth 
characteristics (I). Mycobiology 29: 1–6. https://doi.org/10.1080/12298093.2001.12015752  
 
Kim HK, Kim YK, Seo GS, Oh SH, Kim HG (2005) Studies on the optimal conditions for 
the high yield in the production of Ganoderma lucidum. Journal of Mushroom 3: 154–158. 
 

https://doi.org/10.1128/aem.62.4.1354-1363.1996
https://doi.org/10.1038/srep46623
https://doi.org/10.3389/fnut.2022.848930
https://patents.google.com/patent/CN1742555A/en
https://doi.org/10.1007/s13765-018-0350-z
https://doi.org/10.7717/peerj.3596
https://doi.org/10.1016/j.bcdf.2017.12.002
https://doi.org/10.1080/12298093.2001.12015752


40 

Kim H (2006) Method for the preparation of a functional food composition. KR100547616B. 
Available at: https://patents.google.com/patent/KR100547616B/en. Accessed 11 July 2024 
 
Kim JY, Lee SH, Chung SK (2017) β-Glucan contents and antioxidant capacities of water 
and ethanol extracts from Ganoderma lucidum depending on pH value. Journal of the Korean 
Society of Food Science and Nutrition 46: 56–60. https://doi.org/10.3746/jkfn.2017.46.1.056  
 
Kiss A, Grünvald P, Ladányi M, Papp V, Papp I, Némedi E, Mirmazloum I (2021) Heat 
treatment of Reishi medicinal mushroom (Ganoderma lingzhi) basidiocarp enhanced its β-
glucan solubility, antioxidant capacity and lactogenic properties. Foods 10: 2015. 
https://doi.org/10.3390/foods10092015  
 
Kothe E (1996) Tetrapolar fungal mating types: sexes by the thousands. FEMS Microbiol 
Rev 18: 65–87. https://doi.org/10.1111/j.1574-6976.1996.tb00227.x  
 
Kothe E (2001) Mating-type genes for basidiomycete strain improvement in mushroom 
farming. Appl Microbiol Biot 56: 602–612. https://doi.org/10.1007/s002530100763  
 
Kozarski M, Klaus A, Nikšić M, Vrvić MM, Todorović N, Jakovljević D, Van Griensven LJ 
(2012) Antioxidative activities and chemical characterization of polysaccharide extracts from 
the widely used mushrooms Ganoderma applanatum, Ganoderma lucidum, Lentinus edodes 
and Trametes versicolor. J Food Compos Anal 26: 144–153. 
https://doi.org/10.1016/j.jfca.2012.02.004  
 
Kunttu J, Hurmekoski E, Heräjärvi H, Hujala T, Leskinen P (2020) Preferable utilisation 
patterns of wood product industries' by-products in Finland. Forest Policy Econ 110: 101946. 
https://doi.org/10.1016/j.forpol.2019.101946  
 
Kurd-Anjaraki S, Ramezan D, Ramezani S, Samzadeh-Kermani A, Pirnia M, Shahi BY 
(2022) Potential of waste reduction of agro-biomasses through Reishi medicinal mushroom 
(Ganoderma lucidum) production using different substrates and techniques. Acta Ecologica 
Sinica 42: 90–101. https://doi.org/10.1016/j.chnaes.2021.04.010  
 
Kües U, Nelson DR, Liu C, Yu GJ, Zhang J, Li J, Wang XC, Sun H (2015) Genome analysis 
of medicinal Ganoderma spp. with plant-pathogenic and saprotrophic life-styles. 
Phytochemistry 114: 18–37. https://doi.org/10.1016/j.phytochem.2014.11.019  
 
Kües, U (2000) Life history and developmental processes in the basidiomycete Coprinus 
cinereus. Microbiol Mol Biol R 64: 316–353. https://doi.org/10.1128/mmbr.64.2.316-
353.2000  
 
Kwon OC, Park YJ, Kim HI, Kong WS, Cho JH, Lee CS (2016) Taxonomic position and 
species identity of the cultivated Yeongji ‘Ganoderma lucidum’ in Korea. Mycobiology 44: 
1–6. https://doi.org/10.5941/MYCO.2016.44.1.1  
 
Li HJ, Zhang DH, Yue TH, Jiang LX, Yu X, Zhao P, Li T, Xu JW (2016) Improved 
polysaccharide production in a submerged culture of Ganoderma lucidum by the 

https://patents.google.com/patent/KR100547616B/en
https://doi.org/10.3746/jkfn.2017.46.1.056
https://doi.org/10.3390/foods10092015
https://doi.org/10.1111/j.1574-6976.1996.tb00227.x
https://doi.org/10.1007/s002530100763
https://doi.org/10.1016/j.jfca.2012.02.004
https://doi.org/10.1016/j.forpol.2019.101946
https://doi.org/10.1016/j.chnaes.2021.04.010
https://doi.org/10.1016/j.phytochem.2014.11.019
https://doi.org/10.1128/mmbr.64.2.316-353.2000
https://doi.org/10.1128/mmbr.64.2.316-353.2000
https://doi.org/10.5941/MYCO.2016.44.1.1


41  

heterologous expression of Vitreoscilla hemoglobin gene. J Biotechnol 217: 132–137. 
https://doi.org/10.1016/j.jbiotec.2015.11.011  
 
Li LF, Liu HB, Zhang QW, Li ZP, Wong TL, Fung HY, Zhang JX, Bai SP, Lu AP, Han QB 
(2018) Comprehensive comparison of polysaccharides from Ganoderma lucidum and G. 
sinense: chemical, antitumor, immunomodulating and gut-microbiota modulatory properties. 
Sci Rep 8: 6172. https://doi.org/10.1038/s41598-018-22885-7  
 
Li C, Xu S (2022) Edible mushroom industry in China: Current state and perspectives. Appl 
Microbiol Biot 106: 3949–3955. https://doi.org/10.1007/s00253-022-11985-0  
 
Lisiecka J, Rogalski J, Sobieralski K, Siwulski M, Sokół S, Ohga S (2015) Mycelium growth 
and biological efficiency of Ganoderma lucidum on substrate supplemented with different 
organic additives. J Fac Agr Kyushu Uni, 60: 303–308  https://doi.org/10.5109/1526342  
 
Liu SR, Ke BR, Zhang WR, Liu XR, Wu XP (2017) Breeding of new Ganoderma lucidum 
strains simultaneously rich in polysaccharides and triterpenes by mating basidiospore-
derived monokaryons of two commercial cultivars. Sci Hortic 216: 58–65. 
https://doi.org/10.1016/j.scienta.2016.12.016  
 
Loyd AL, Barnes CW, Held BW, Schink MJ, Smith ME, Smith JA, Blanchette RA (2018a) 
Elucidating "lucidum": Distinguishing the diverse laccate Ganoderma species of the United 
States. PLoS One 13: e0199738. https://doi.org/10.1371/journal.pone.0199738  
 
Loyd AL, Richter BS, Jusino MA, Truong C, Smith ME, Blanchette RA, Smith JA (2018b) 
Identifying the “mushroom of immortality”: assessing the Ganoderma species composition 
in commercial Reishi products. Front Microbiol 9: 1557. 
https://doi.org/10.3389/fmicb.2018.01557  
 
Lv GP, Zhao J, Duan JA, Tang YP, Li SP (2012) Comparison of sterols and fatty acids in 
two species of Ganoderma. Chem Cent J 6: 1–8. https://doi.org/10.1186/1752-153X-6-10  
 
Ma Y, Zhang Q, Zhang Q, He H, Chen Z, Zhao Y, Wei D, Kong M, Huang Q (2018) 
Improved production of polysaccharides in Ganoderma lingzhi mycelia by plasma 
mutagenesis and rapid screening of mutated strains through infrared spectroscopy. PLoS One 
13: e0204266. https://doi.org/10.1371/journal.pone.0204266  
 
Macheleidt J, Mattern DJ, Fischer J, Netzker T, Weber J, Schroeckh V, Valiante V, Brakhage 
AA (2016) Regulation and role of fungal secondary metabolites. Annu Rev Genet 50: 371–
392. https://doi.org/10.1146/annurev-genet-120215-035203  
 
Magday Jr JC, Bungihan ME, Dulay RM (2014) Optimization of mycelial growth and 
cultivation of fruiting body of Philippine wild strain of Ganoderma lucidum. Current 
Research in Environmental and Applied Mycology 4: 162–172. 
https://doi.org/10.5943/cream/4/2/4  
 
Market Research Guru (2024) Global mushroom cultivation market professional survey by 
types, applications, and players, with regional growth rate analysis and development 

https://doi.org/10.1016/j.jbiotec.2015.11.011
https://doi.org/10.1038/s41598-018-22885-7
https://doi.org/10.1007/s00253-022-11985-0
https://doi.org/10.5109/1526342
https://doi.org/10.1016/j.scienta.2016.12.016
https://doi.org/10.1371/journal.pone.0199738
https://doi.org/10.3389/fmicb.2018.01557
https://doi.org/10.1186/1752-153X-6-10
https://doi.org/10.1371/journal.pone.0204266
https://doi.org/10.1146/annurev-genet-120215-035203
https://doi.org/10.5943/cream/4/2/4


42 

situation, from 2023 to 2028. https://www.marketresearchguru.com/purchase/25674808. 
Accessed 11 July 2024 
 
Matheny PB, Wang Z, Binder M, Curtis JM, Lim YW, Nilsson RH, Hughes KW, Hofstetter 
V, Ammirati JF, Schoch CL, Langer E (2007) Contributions of rpb2 and tef1 to the phylogeny 
of mushrooms and allies (Basidiomycota, Fungi). Mol Phylogenet Evol 43: 430–451. 
https://doi.org/10.1016/j.ympev.2006.08.024  
 
McCleary BV, Draga A (2016) Measurement of β-Glucan in mushrooms and mycelial 
products. J AOAC Int 99: 364–373. https://doi.org/10.5740/jaoacint.15-0289  
 
Mehta S, Jandaik S, Gupta D (2014) Effect of cost-effective substrates on growth cycle and 
yield of lingzhi or reishi medicinal mushroom, Ganoderma lucidum (higher Basidiomycetes) 
from Northwestern Himalaya (India). Int J Med Mushrooms 16: 585–591. 
https://doi.org/10.1615/IntJMedMushrooms.v16.i6.80  
 
Moncalvo JM, Wang HF, Hseu RS (1995) Gene phylogeny of the Ganoderma lucidum 
complex based on ribosomal DNA sequences. Comparison with traditional taxonomic 
characters. Mycol Res 99: 1489–1499. https://doi.org/10.1016/S0953-7562(09)80798-3  
 
Montoya S, López DM, Segura B (2018) Influencia de la luz azul sobre la productividad del 
cultivo sólido de Ganoderma lucidum. [Influence of blue light on the productivity of the solid 
culture of Ganoderma lucidum]. Revista Colombiana de Biotecnología 20: 51–58. 
https://doi.org/10.15446/rev.colomb.biote.v20n1.73674  
 
Mui TW (2002) Effect of stress on fruit body initiation of Shiitake mushroom Lentinula 
edodes. Master thesis, the Chinese University of Hong Kong. Available at: 
https://core.ac.uk/download/pdf/48538657.pdf  
 
Nie S, Zhang H, Li W, Xie M (2013) Current development of polysaccharides from 
Ganoderma: Isolation, structure and bioactivities. Bioactive Carbohydrates and Dietary Fibre 
1: 10–20. https://doi.org/10.1016/j.bcdf.2013.01.001  
 
Niego AG, Lambert C, Mortimer P, Thongklang N, Rapior S, Grosse M, Schrey H, Charria-
Girón E, Walker A, Hyde KD, Stadler M (2023) The contribution of fungi to the global 
economy. Fungal Divers 121: 95–137. https://doi.org/10.1007/s13225-023-00520-9  
 
Niemelä T (1982) Polypore survey of Finland 1. Introduction. Karstenia.22: 21–6. 
https://doi.org/10.29203/ka.1982.212  
 
Niemelä T, Kotiranta H (1986) Polypore survey of Finland. IV. Phaeolus, Fistulina, 
Ganoderma and Ischnoderma. Karstenia 26: 57–64. https://doi.org/10.29203/ka.1986.245  
 
Nishizawa K, Amano Y, Nozaki K, Shiroishi M, Hosokawa N, Miyashita K, Kanda T (2001) 
Analysis of genetic differences among the strains of Flammulina velutipes (Enokitake). 
Journal of Applied Glycoscience 48: 215–221. https://doi.org/10.5458/jag.48.215  
 

https://www.marketresearchguru.com/purchase/25674808
https://doi.org/10.1016/j.ympev.2006.08.024
https://doi.org/10.5740/jaoacint.15-0289
https://doi.org/10.1615/IntJMedMushrooms.v16.i6.80
https://doi.org/10.1016/S0953-7562(09)80798-3
https://doi.org/10.15446/rev.colomb.biote.v20n1.73674
https://core.ac.uk/download/pdf/48538657.pdf
https://doi.org/10.1016/j.bcdf.2013.01.001
https://doi.org/10.1007/s13225-023-00520-9
https://doi.org/10.29203/ka.1982.212
https://doi.org/10.29203/ka.1986.245
https://doi.org/10.5458/jag.48.215


43  

Oei, P. (2016) Mushroom cultivation IV: appropriate technology for mushroom growers. 
ECO Consult Foundation, Amsterdam ISBN 978-9082512908 
 
Ofodile LN, Isikhuemhen OS, Anike FN, Adekunle AA (2022) The domestication and 
cultivation of Ganoderma (Agaricomycetes) medicinal mushroom species from Nigeria. Int 
J Med Mushrooms 24: 69–78. https://doi.org/10.1615/IntJMedMushrooms.2022043906  
 
Owaid MN, Al-Saeedi SS, Sabaratnam V, Al-Assaffii IA, Raman J (2015) Growth 
performance and cultivation of four oyster mushroom species on sawdust and rice bran 
substrates. Journal of Advances in Biotechnology 4: 424–429 
https://doi.org/10.24297/jbt.v4i3.4896  
 
Park YJ, Kwon OC, Son ES, Yoon DE, Han W, Nam JY, Yoo YB, Lee CS (2012a) Genetic 
diversity analysis of Ganoderma species and development of a specific marker for 
identification of medicinal mushroom Ganoderma lucidum. Afr J Microbiol Res 6: 5417–
5425. https://doi.org/10.5897/AJMR12.846  
 
Park YJ, Kwon OC, Son ES, Yoon DE, Han W, Yoo YB, Lee CS (2012b) Taxonomy of 
Ganoderma lucidum from Korea based on rDNA and partial β-tubulin gene sequence 
analysis. Mycobiology 40: 71–75. https://doi.org/10.5941/MYCO.2012.40.1.071  
 
Pawlik A, Janusz G, Dębska I, Siwulski M, Frąc M, Rogalski J (2015) Genetic and metabolic 
intraspecific biodiversity of Ganoderma lucidum. BioMed Res Int: 726149. 
https://doi.org/10.1155/2015/726149  
 
Peng R, Fu Y, Zou J, Qiu H, Gan L, Yi H, Yao R, Luo X (2016) Improvement of 
polysaccharide and triterpenoid production of Ganoderma lucidum through mutagenesis of 
protoplasts. Biotechnol Biotec Eq 30: 381–387. 
https://doi.org/10.1080/13102818.2015.1133254  
 
Qi JJ, Ma RC, Chen XD, Lan J (2003). Analysis of genetic variation in Ganoderma lucidum 
after space flight. Adv Space Res 31: 1617–1622. https://doi.org/10.1016/S0273-
1177(03)00082-6  
 
Qingyu W (2009) Chinese medicinal health-care wine capable of improving blood 
circulation, removing stasis and relaxing tendons and activating collaterals. CN101352144A. 
Available at: https://patents.google.com/patent/CN101352144A/en. Accessed 11 July 2024 
 
Rashad FM, El Kattan MH, Fathy HM, Abd El-Fattah DA, El Tohamy M, Farahat AA (2019) 
Recycling of agro-wastes for Ganoderma lucidum mushroom production and Ganoderma 
post mushroom substrate as soil amendment. Waste Manage 88: 147–159. 
https://doi.org/10.1016/j.wasman.2019.03.040  
 
Reverberi M, Di Mario F, Tomati U (2004) β-Glucan synthase induction in mushrooms 
grown on olive mill wastewaters. Appl Microbiol Biot 66: 217–225. 
https://doi.org/10.1007/s00253-004-1662-y  
 

https://doi.org/10.1615/IntJMedMushrooms.2022043906
https://doi.org/10.24297/jbt.v4i3.4896
https://doi.org/10.5897/AJMR12.846
https://doi.org/10.5941/MYCO.2012.40.1.071
https://doi.org/10.1155/2015/726149
https://doi.org/10.1080/13102818.2015.1133254
https://doi.org/10.1016/S0273-1177(03)00082-6
https://doi.org/10.1016/S0273-1177(03)00082-6
https://patents.google.com/patent/CN101352144A/en
https://doi.org/10.1016/j.wasman.2019.03.040
https://doi.org/10.1007/s00253-004-1662-y


44 

Rop O, Mlcek J, Jurikova T (2009) Beta-glucans in higher fungi and their health effects. Nutr 
Rev 67: 624–631. https://doi.org/10.1111/j.1753-4887.2009.00230.x  
 
Roy S, Jahan MA, Das KK, Munshi SK, Noor R (2015) Artificial cultivation of Ganoderma 
lucidum (Reishi medicinal mushroom) using different sawdusts as substrates. Am J Biosci 3: 
178–82. https://doi.org/10.11648/j.ajbio.20150305.13  
 
Ryu DH, Cho JY, Sadiq NB, Kim JC, Lee B, Hamayun M, Lee TS, Kim HS, Park SH, Nho 
CW, Kim HY (2021) Optimization of antioxidant, anti-diabetic, and anti-inflammatory 
activities and ganoderic acid content of differentially dried Ganoderma lucidum using 
response surface methodology. Food Chem 335: 127645. 
https://doi.org/10.1016/j.foodchem.2020.127645  
 
Salazar-Cerezo S, de Vries RP, Garrigues S (2023) Strategies for the development of 
industrial fungal producing strains. J Fungi 9: 834. https://doi.org/10.3390/jof9080834  
 
Salvatore MM, Elvetico A, Gallo M, Salvatore F, DellaGreca M, Naviglio D, Andolfi A 
(2020) Fatty acids from Ganoderma lucidum spores: Extraction, identification and 
quantification. Appl Sci 10: 3907. https://doi.org/10.3390/app10113907  
 
Shamaki BU, Sandabe UK, Fanna IA, Adamu OO, Geidam YA, Umar II, Adamu MS (2012) 
Proximate composition, phytochemical and elemental analysis of some organic solvent 
extract of the wild mushroom Ganoderma lucidum. Journal of Natural Sciences Research 2: 
24–35. 
 
Singh M, Kamal S, Sharma VP (2020) Status and trends in world mushroom production - III. 
World Production of different mushroom species in 21st century. Mushroom Research 29: 
75–111. https://doi.org/10.36036/MR.29.2.2020.113703  
 
Singh M, Kamal S, Sharma VP (2021) Species and region-wise mushroom production in 
leading mushroom producing countries - China, Japan, USA, Canada and India. Mushroom 
research 30: 99-108. https://doi.org/10.36036/MR.30.2.2021.119394  
 
Soh E, Saeidi N, Javadian A, Hebel DE, Le Ferrand H (2021) Effect of common foods as 
supplements for the mycelium growth of Ganoderma lucidum and Pleurotus ostreatus on 
solid substrates. PLoS One 16: e0260170. https://doi.org/10.1371/journal.pone.0260170  
 
Steyaert RL. 1972. Species of Ganoderma and related genera mainly of the Bogor and Leiden 
Herbaria. Persoonia 7: 55–118. Available at: 
https://repository.naturalis.nl/pub/531977/PERS1972007001004.pdf  
 
Sudheer S, Yeoh WK, Manickam S, Ali A (2016) Effect of ozone gas as an elicitor to enhance 
the bioactive compounds in Ganoderma lucidum. Postharvest Biol Tec 117: 81–88. 
https://doi.org/10.1016/j.postharvbio.2016.01.014  
 
Sudheer S, Alzorqi I, Ali A, Cheng PG, Siddiqui Y, Manickam S (2018a) Determination of 
the biological efficiency and antioxidant potential of Lingzhi or Reishi medicinal mushroom, 

https://doi.org/10.1111/j.1753-4887.2009.00230.x
https://doi.org/10.11648/j.ajbio.20150305.13
https://doi.org/10.1016/j.foodchem.2020.127645
https://doi.org/10.3390/jof9080834
https://doi.org/10.3390/app10113907
https://doi.org/10.36036/MR.29.2.2020.113703
https://doi.org/10.36036/MR.30.2.2021.119394
https://doi.org/10.1371/journal.pone.0260170
https://repository.naturalis.nl/pub/531977/PERS1972007001004.pdf
https://doi.org/10.1016/j.postharvbio.2016.01.014


45  

Ganoderma lucidum (Agaricomycetes), cultivated using different agro-wastes in Malaysia. 
Int J Med Mushrooms, 20: 89–100. https://doi.org/10.1615/intjmedmushrooms.2017024588  
 
Sudheer S, Taha Z, Manickam S, Ali A, Cheng PG (2018) Development of antler-type 
fruiting bodies of Ganoderma lucidum and determination of its biochemical properties. 
Fungal Biol 122: 293–301. https://doi.org/10.1016/j.funbio.2018.01.007  
 
Sukarno N, Aini AA, Sumarna V, Rohaeti E, Darusman LK (2004) Development of 
Ganoderma lucidum on soft and hard wood logs and determination of organic germanium 
and ganoderic acid content of the fruiting body produced. Journal of Mushroom 2: 157–162. 
 
Sun L, Liu L, Yang L, Wang Y, Dabbour M, Mintah BK, He R, Ma H (2021a) Effects of 
low‐intensity ultrasound on the biomass and metabolite of Ganoderma lucidum in liquid 
fermentation. J Food Process Eng 44: e13601. https://doi.org/10.1111/jfpe.13601  
 
Sun B, You H, Xu JW (2021b) Enhancement of ganoderic acid production by promoting 
sporulation in a liquid static culture of Ganoderma species. J Biotechnol 328: 72–77. 
https://doi.org/10.1016/j.jbiotec.2021.01.014  
 
Sun YF, Xing JH, He XL, Wu DM, Song CG, Liu S, Vlasák J, Gates G, Gibertoni TB, Cui 
BK (2022a) Species diversity, systematic revision and molecular phylogeny of 
Ganodermataceae (Polyporales, Basidiomycota) with an emphasis on Chinese collections. 
Stud Mycol 101: 287–415. https://doi.org/10.3114/sim.2022.101.05Fka  
 
Sun YF, Lebreton A, Xing JH, Fang YX, Si J, Morin E, Miyauchi S, Drula E, Ahrendt S, 
Cobaugh K, Lipzen A, Koriabine M, Riley R, Kohler A, Barry K, Henrissat B, Grigoriev IV, 
Martin FM, Cui BK (2022b) Phylogenomics and comparative genomics highlight specific 
genetic features in Ganoderma species. J Fungi: 8: 311. https://doi.org/10.3390/jof8030311  
 
Sułkowska-Ziaja K, Zengin G, Gunia-Krzyżak A, Popiół J, Szewczyk A, Jaszek M, Rogalski 
J, Muszyńska B (2022) Bioactivity and mycochemical profile of extracts from mycelial 
cultures of Ganoderma spp. Molecules 27: 275. https://doi.org/10.3390/molecules27010275  
 
Tang C, Tan Y, Zhang J, Zhou S, Honda Y, Zhang H (2023) A novel strain breeding of 
Ganoderma lucidum UV119 (Agaricomycetes) with high spores yield and strong resistant 
ability to other microbes' invasions. Foods 12: 465. https://doi.org/10.3390/foods12030465  
 
Tarushi, Sud D (2022) Response of shock treatment on fructification of shiitake mushroom 
using synthetic logs of different substrates. Mushroom Research 31: 199–204. 
https://doi.org/10.36036/MR.31.2.2022.126321  
 
The Business Research Company. (2024). Reishi Mushroom Global Market Report 2024. 
Available at: https://www.thebusinessresearchcompany.com/report/reishi-mushroom-
global-market-report. Accessed 11 July 2024 
 
The Finnish Biodiversity Information Facility (2024) http://www.laji.fi. Accessed 10 July 
2024 
 

https://doi.org/10.1615/intjmedmushrooms.2017024588
https://doi.org/10.1016/j.funbio.2018.01.007
https://doi.org/10.1111/jfpe.13601
https://doi.org/10.1016/j.jbiotec.2021.01.014
https://doi.org/10.3114/sim.2022.101.05Fka
https://doi.org/10.3390/jof8030311
https://doi.org/10.3390/molecules27010275
https://doi.org/10.3390/foods12030465
https://doi.org/10.36036/MR.31.2.2022.126321
https://www.thebusinessresearchcompany.com/report/reishi-mushroom-global-market-report
https://www.thebusinessresearchcompany.com/report/reishi-mushroom-global-market-report
http://www.laji.fi/


46 

The Finnish Government (2022) The Finnish Bioeconomy Strategy: Sustainably towards 
higher value added. Publications of the Finnish Government, Helsinki, 2022: 5. Available at: 
http://urn.fi/URN:ISBN:978-952-383-579-5  
 
Tokul-Olmez O, Kaplaner E, Ozturk M, Ullah Z, Duru ME (2018) Fatty acid profile of four 
Ganoderma species collected from various host trees with chemometric approach. Biochem 
Syst Ecol 78: 91–97. https://doi.org/10.1016/j.bse.2018.03.008  
 
Vaithanomsat P, Boonlum N, Chaiyana W, Tima S, Anuchapreeda S, Trakunjae C, 
Apiwatanapiwat W, Janchai P, Boondaeng A, Nimitkeatkai H, Jarerat A (2022) Mushroom 
β-glucan recovered from antler-type fruiting body of Ganoderma lucidum by enzymatic 
process and its potential biological activities for cosmeceutical applications. Polymers 14: 
4202. https://doi.org/10.3390/polym14194202  
 
Vandelook S, Elsacker E, Van Wylick A, De Laet L, Peeters E (2021) Current state and future 
prospects of pure mycelium materials. Fungal Biol Biotechnol 8: 20. 
https://doi.org/10.1186/s40694-021-00128-1  
 
Veena SS, Pandey M (2010) Effect of spawn substrate and spawn rate on cultivation of 
Ganoderma lucidum. J Mycol Pl Pathol 40: 158–161. 
 
Veteli P, Cortina-Escribano M, Vanhanen H, Linnakoski R (2019) Ganoderma lucidum 
(Curtis) P. Karst. sensu stricto: host tree and habitat range in Finland. In: Mleczko (ed) 18th 
Congress of European Mycologists: Abstract book, Poland, 16-21 September 2019. Polish 
Mycological Society, Warszawa, 57.  http://www.ptmyk.pl/wp-
content/uploads/2019/09/Abstract_book_final_strona29.9.2019.pdf  
 
Wang H, Ng TB (2006) Ganodermin, an antifungal protein from fruiting bodies of the 
medicinal mushroom Ganoderma lucidum. Peptides 27: 27–30. 
https://doi.org/10.1016/j.peptides.2005.06.009  
 
Wang DM, Wu SH, Su CH, Peng JT, Shih YH, Chen LC (2009) Ganoderma multipileum, 
the correct name for ‘G. lucidum’ in tropical Asia. Bot Stud 50: 451–458. 
 
Wang J, Li P (2012) Novel method for producing bio-based succinic acid. CN102668882A. 
https://patents.google.com/patent/CN102668882A/en. Accessed 11 July 2024 
 
Williams DF (2021) Biocompatibility pathways and mechanisms for bioactive materials: The 
bioactivity zone. Bioact Mater 10: 306–322. https://doi.org/10.1016/j.bioactmat.2021.08.014  
 
Wu S, Guo X, Zhou X, Li X, Chen Y, Lin J (2009) AFLP analysis of genetic diversity in 
main cultivated strains of Ganoderma spp. Afr J Biotechnol 8: 3448–3454. 
 
Wu YL, Han F, Luan SS, Ai R, Zhang P, Li H, Chen LX (2019) Triterpenoids from 
Ganoderma lucidum and their potential anti-inflammatory effects. J Agric Food Chem 67: 
5147–5158. https://doi.org/10.1021/acs.jafc.9b01195  
 

http://urn.fi/URN:ISBN:978-952-383-579-5
https://doi.org/10.1016/j.bse.2018.03.008
https://doi.org/10.3390/polym14194202
https://doi.org/10.1186/s40694-021-00128-1
http://www.ptmyk.pl/wp-content/uploads/2019/09/Abstract_book_final_strona29.9.2019.pdf
http://www.ptmyk.pl/wp-content/uploads/2019/09/Abstract_book_final_strona29.9.2019.pdf
https://doi.org/10.1016/j.peptides.2005.06.009
https://patents.google.com/patent/CN102668882A/en
https://doi.org/10.1016/j.bioactmat.2021.08.014
https://doi.org/10.1021/acs.jafc.9b01195


47  

Wunderlich S, Gatto KA (2015) Consumer perception of genetically modified organisms and 
sources of information. Adv Nutr 6: 842–851. https://doi.org/10.3945/an.115.008870  
 
Xing JH, Sun YF, Han YL, Cui BK, Dai YC (2018) Morphological and molecular 
identification of two new Ganoderma species on Casuarina equisetifolia from China. 
MycoKeys 34: 93–108. https://doi.org/10.3897/mycokeys.34.22593  
 
Xu J, Wang Y, Huang Q, Wang XT, Li ZH, Li MY, Fu YP (2021) Breeding of a new 
Ganoderma lucidum variety ‘Xianzhi 3'. Acta Edulis Fungi 28: 39–46. 
 
Yang FC, Liau CB (1998) Effects of cultivating conditions on the mycelial growth of 
Ganoderma lucidum in submerged flask cultures. Bioprocess Eng 19: 233–236. 
https://doi.org/10.1007/PL00009014  
 
Yang B, Kai J, Dai D, Chen G, Hu W (2023) Systematic optimization of Ganoderma lucidum 
polysaccharide fermentation: a guidance for industrialization. American Journal of 
Biochemistry and Biotechnology 19: 358–372. https://doi.org/10.3844/ajbbsp.2023.358.372  
 
Yu YJ, Choi KH, Seo SY, Kang CH, Lee GK, Kim HJ (2017). Comparison of growth 
characteristics of Ganoderma lucidum based on media and environmental conditions. Journal 
of Mushroom 15: 104–110. https://doi.org/10.14480/JM.2017.15.3.104  
 
Zapata PA, Rojas DF, Ramirez DA, Fernandez C, Atehortua L (2009) Effect of different 
light-emitting diodes on mycelial biomass production of Ling Zhi or Reishi medicinal 
mushroom Ganoderma lucidum (W. Curt.: Fr.) P. Karst. (Aphyllophoromycetideae). Int J 
Med Mushrooms 11: 93–99. https://doi.org/10.1615/IntJMedMushr.v11.i1.110  
 
Zhang Y, Geng W, Shen Y, Wang Y, Dai YC (2014) Edible mushroom cultivation for food 
security and rural development in China: bio-innovation, technological dissemination and 
marketing. Sustainability 6: 2961–2973. https://doi.org/10.3390/su6052961  
 
Zhang X, Xu Z, Pei H, Chen Z, Tan X, Hu J, Yang B, Sun J (2017) Intraspecific variation 
and phylogenetic relationships are revealed by ITS1 secondary structure analysis and single-
nucleotide polymorphism in Ganoderma lucidum. PLoS One 12: e0169042. 
https://doi.org/10.1371/journal.pone.0169042  
 
Zhang H, Zhang J, Liu Y, Tang C (2023) Recent advances in the preparation, structure, and 
biological activities of β-glucan from Ganoderma species: a review. Foods 12: 2975. 
https://doi.org/10.3390/foods12152975  
 
Zhao W, Xu JW, Zhong JJ (2011) Enhanced production of ganoderic acids in static liquid 
culture of Ganoderma lucidum under nitrogen-limiting conditions. Bioresour Technol 102: 
8185–8190. https://doi.org/10.1016/j.biortech.2011.06.043  
 
Zhao Q, Mäkinen M, Haapala A, Jänis J (2021) Valorization of bark from short rotation trees 
by temperature-programmed slow pyrolysis. ACS Omega 6: 9771–9779. 
https://doi.org/10.1021/acsomega.1c00434  
 

https://doi.org/10.3945/an.115.008870
https://doi.org/10.3897/mycokeys.34.22593
https://doi.org/10.1007/PL00009014
https://doi.org/10.3844/ajbbsp.2023.358.372
https://doi.org/10.14480/JM.2017.15.3.104
https://doi.org/10.1615/IntJMedMushr.v11.i1.110
https://doi.org/10.3390/su6052961
https://doi.org/10.1371/journal.pone.0169042
https://doi.org/10.3390/foods12152975
https://doi.org/10.1016/j.biortech.2011.06.043
https://doi.org/10.1021/acsomega.1c00434


48 

Zheng L, Jia D, Fei X, Luo X, Yang Z (2009) An assessment of the genetic diversity within 
Ganoderma strains with AFLP and ITS PCR-RFLP. Microbiol Res 164: 312–321. 
https://doi.org/10.1016/j.micres.2007.02.002  
 
Zheng W, Lan S, Zhang W, Nie B, Zhu K, Ye X, Hou Z, Chen S (2024) Polysaccharide 
structure evaluation of Ganoderma lucidum from different regions in China based on an 
innovative extraction strategy. Carbohydr Polym 335: 122079. 
https://doi.org/10.1016/j.carbpol.2024.122079  
 
Zhou XW, Su KQ, Zhang YM (2012) Applied modern biotechnology for cultivation of 
Ganoderma and development of their products. Appl Microbiol Biotechnol 93: 941–963. 
https://doi.org/10.1007/s00253-011-3780-7  
 
Zhou Q, Li X (2015) Method for preparing silicon carbide by microwave sintering. 
CN103548564B. https://patents.google.com/patent/CN103548564B/en. Accessed 11 July 
2024 
 
Zhou LW, Cao Y, Wu SH, Vlasák J, Li DW, Li MJ, Dai YC (2015) Global diversity of the 
Ganoderma lucidum complex (Ganodermataceae, Polyporales) inferred from morphology 
and multilocus phylogeny. Phytochemistry 114: 7–15. 
https://doi.org/10.1016/j.phytochem.2014.09.023  
 
Zhou XW (2017) Cultivation of Ganoderma lucidum. In: Diego CZ, Pardo-Giménez A (eds) 
Edible and medicinal mushrooms: technology and applications. John Wiley & Sons Ltd, pp 
385–413. https://doi.org/10.1002/9781119149446.ch18  
 
Zhou S, Tang Q, Tang C, Liu Y, Ma F, Zhang X, Zhang JS (2018) Triterpenes and soluble 
polysaccharide changes in Lingzhi or Reishi medicinal mushroom, Ganoderma lucidum 
(Agaricomycetes), during fruiting growth. Int J Med Mushrooms 20: 859–871. 
https://doi.org/10.1615/intjmedmushrooms.2018027357  
 
Zhou DX, Kong XM, Huang XM, Li N, Feng N, Xu JW (2024) Breeding a new Ganoderma 
lucidum strain with increased contents of individual ganoderic acids by mono-mono crossing 
of genetically modified monokaryons. Front Microbiol 15: 1410368. 
https://doi.org/10.3389/fmicb.2024.1410368  
 
Zhu F, Du B, Xu B (2016) A critical review on production and industrial applications of beta-
glucans. Food Hydrocolloids 52: 275–288. https://doi.org/10.1016/j.foodhyd.2015.07.003  
 
Zhu LF, Yao ZC, Ahmad Z, Li JS, Chang MW (2018) Synthesis and evaluation of herbal 
chitosan from Ganoderma lucidum spore powder for biomedical applications. Sci Rep 8: 
14608. https://doi.org/10.1038/s41598-018-33088-5   

https://doi.org/10.1016/j.micres.2007.02.002
https://doi.org/10.1016/j.carbpol.2024.122079
https://doi.org/10.1007/s00253-011-3780-7
https://patents.google.com/patent/CN103548564B/en
https://doi.org/10.1016/j.phytochem.2014.09.023
https://doi.org/10.1002/9781119149446.ch18
https://doi.org/10.1615/intjmedmushrooms.2018027357
https://doi.org/10.3389/fmicb.2024.1410368
https://doi.org/10.1016/j.foodhyd.2015.07.003
https://doi.org/10.1038/s41598-018-33088-5

	ABSTRACT
	ACKNOWLEDGEMENTS
	LIST OF ORIGINAL ARTICLES
	INTRODUCTION
	Background and motivation
	Mushroom cultivation industry
	Objectives of the study

	CULTIVATION AND TAXONOMY OF GANODERMA LUCIDUM
	Life cycle of Ganoderma lucidum
	Bioactive compounds from Ganoderma lucidum
	Factors affecting the production of polysaccharides

	Cultivation of Ganoderma lucidum
	Strain breeding
	Cultivation techniques using solid-state fermentation
	Spawn
	Growth substrate

	Taxonomy of the Ganoderma lucidum complex
	Ganoderma lucidum in Finland


	MATERIALS AND METHODS
	Fungal strains
	Substrate media
	Cultivation process
	Mycelial growth
	Fruiting body yield and β-glucan content
	Morphological features
	Phylogenetic analysis
	DNA extraction, PCR and sequencing
	Sequence and phylogenetic analyses


	RESULTS AND DISCUSSION
	Cultivation of Ganoderma lucidum in Finland
	Breeding strategy
	Strain selection
	Effect of tree species on the cultivation performance

	Taxonomic evaluation of Ganoderma lucidum in Finland
	Implications for the mushroom industry


	CONCLUSION
	REFERENCES

