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MORPHOLOGICAL, YIELD AND PROTEIN PROFILING ANALYSIS 

AMONG Schizophyllum commune NATURAL STRAINS, HYBRIDS  AND 

HYBRIDS OF GAMMA-IRRADIATED MONOKARYOTIC MYCELIA 

ABSTRACT 

Cultivation of edible mushroom is rising due to their culinary, nutritional and medical 

value. The application of genetic diversity in mushroom breeding is crucial to search for 

new species and to enhance the existing species in terms of high yield and improved 

quality of fruiting bodies to meet the increasing demands from the society. The aims of 

this study are to evaluate sporophores of novel hybrids of Schizophyllum commune 

obtained by hybridisation and mutation and to profile proteome of hybrids by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). In this study, three 

native strains of S. commune were selected as the parental strains where two strains are 

from Malaysia (w1 and w2) and another from Thailand (R). Traditional cross-breeding 

(hybridisation) and induce mutation by gamma radiation were applied as the method for 

the development of new strains with novel characteristics. Thirteen hybrids were 

produced by hybridisation between monokaryotic w1 and w2, while two hybrids were 

generated by the hybridisation between w1 and R. Ten strains were developed by the 

method of gamma radiation. All fifteen new hybrids were evaluated based on several 

aspects, which includes mycelial growth rate, mycelial density, the width of sporophore, 

yield, biological efficiency, and protein profiling by SDS-PAGE. By using the protein 

profile, the electrophoretic protein pattern and similarity coefficient of each strain were 

compared with the parental strains. Hybrids showed various diversity at the 

morphological characteristics and protein profiling. The results obtained in this study 

proved that hybrid w1bw2f, w1dw2f, w1Lw2a, Ir-w1dRa, Ir-w1dw2d, Ir-w1ew2a, Ir-

w1ew2d and Ir-w1gw2a exhibited high potential to be commercialised. Moreover, the 

biological efficiency of w1bw2f, w1dw2f, w1Lw2a, Ir-w1dRa, Ir-w1dw2d, Ir-w1ew2a, 
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Ir-w1ew2d and Ir-w1gw2a were 34.74 ± 1.54 %, 27.38 ± 0.93 %, 33.84 ± 1.12 %, 29.07 

± 2.46 %, 29.14 ± 0.56 %, 28.72 ± 0.61 %, 28.67 ± 1.21 %, and 32.87 ± 0.91 % 

respectively. Most of the strains were able to be distinguished from one another except 

w1aw2a and w1bw2a. This enabled finger printing of the strains to protect breeder’s 

rights. The similarity calculated on the basis of the presence and absence of bands ranged 

from 14 % to 92 %. Hybridisation and gamma induction were able to enhance the 

characteristics of the strains and alter the protein profile of the hybrids. The good features 

of these hybrids may contribute to the variety in the mushroom industry and better 

commercialisation value. 

Keywords: Split-gill mushroom, cross-breeding, mutation, strain improvement, 
proteome. 
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ANALISIS MORFOLOGI, HASIL DAN PROFIL PROTEIN ANTARA STRAIN 

Schizophyllum commune INDUK, HIBRID DAN HIBRID MISELIA 

MONOKARYOTIK TERIRADIAT-GAMMA  

ABSTRAK 

Perusahaan cendawan semakin giat meningkat disebabkan kepentingan dalam masakan, 

khasiat dan nilai perubatan. Penggunaan kepelbagaian genetik dalam pembiakan 

cendawan adalah penting untuk menerokai spesies baru dan menambah baik spesies sedia 

ada dari segi hasil yang tinggi dan peningkatan kualiti cendawan bagi memenuhi 

permintaan yang semakin meningkat daripada masyarakat. Tujuan kajian ini dijalankan 

adalah untuk menghasilkan hibrid Schizophyllum commune yang mempunyai ciri-ciri 

novel dengan menggunakan teknik penghibridan dan mutasi, untuk mengoptimumkan 

dan menganalisis profil protein hibrid yang diperolehi melalui teknik SDS-PAGE untuk 

membezakan antara hibrid strain. Tiga strain induk S. commune (cendawan kukur) dipilih 

di mana dua strain adalah dari Malaysia (w1 dan w2) dan satu strain adalah dari negara 

Thailand (R). Lazimnya pembiakan silang (penghibridan) dan mutasi oleh radiasi gamma 

digunakan sebagai kaedah untuk menghasilkan variasi baru dengan ciri-ciri yang unik. 

Tiga belas hibrid dihasilkan melalui teknik penghibridan antara w1 dan w2, manakala dua 

hibrid dihasilkan melalui teknik penghibridan antara w1 dan R. Sepuluh strain kacukan 

baru dihasilkan melalui kaedah radiasi gamma. Kesemua lima belas hibrid dibandingkan 

dalam beberapa aspek, termasuk kadar pertumbuhan miselia, kepadatan miselia, lebar 

janabuah, hasil, kecekapan biologi (BE) dan profil protein dengan menggunakan kaedah 

SDS-PAGE. Dengan menggunakan profil protein, corak protein elektrolisis dan pekali 

persamaan setiap hibrid dibandingkan dengan strain induk. Strain hibrid menunjukkan 

kepelbagaian pada ciri-ciri morfologi dan profil protein. Hasil kajian yang diperolehi 

menunjukkan bahawa hibrid w1bw2f, w1dw2f, w1Lw2a, Ir-w1dRa, Ir-w1dw2d, Ir-

w1ew2a, Ir-w1ew2d dan Ir-w1gw2a menunjukkan potensi yang berharga untuk 
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dikomersialkan. Tambahan lagi, kecekapan biologi bagi hibrid w1bw2f, w1dw2f, 

w1Lw2a, Ir-w1dRa, Ir-w1dw2d, Ir-w1ew2a, Ir-w1ew2d dan Ir-w1gw2a adalah 34.74 ± 

1.54 %, 27.38 ± 0.93 %, 33.84 ± 1.12 %, 29.07 ± 2.46 %, 29.14 ± 0.56 %, 28.72 ± 0.61 

%, 28.67 ± 1.21 %, and 32.87 ± 0.91 %. Kebanyakan strain dapat dibezakan antara satu 

sama lain kecuali w1aw2a dan w1bw2a. Persamaan dikira berdasarkan kehadiran dan 

ketiadaan band adalah dari 14 % dan 100 %. Hibridasi dan gamma induksi dapat 

meningkatkan ciri-ciri hibrid dan mengubah profil protein. Ciri-ciri yang baik sesuatu 

hibrid ini boleh menyumbang kepada kepelbagaian dalam industri cendawan dan nilai 

pengkomersialan yang lebih baik. 

Kata kunci: Cendawan kukur, pembiakan silang, mutasi, penambahbaikan strain, 
proteome. 
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CHAPTER 1: INTRODUCTION 

 

 The edible mushroom in industry is becoming more important every year because 

mushrooms are an effective low-fat protein source, capable to be cultivated in a wide 

range of substrates and very useful in many industrial and medical applications 

(Gharehaghaji et al., 2007). Numerous studies have demonstrated the effectiveness of 

multiple compounds in mushroom towards the human health, such as antifungal 

properties (Ye et al., 1999), antioxidation (Roupas et al., 2012), anti-hypertensive, 

immunostimulation (Vaz et al., 2011), and hypocholesterolaemic activity (Han et al., 

2011). 

 Schizophyllum commune is one of the main edible mushroom which is cultivated 

in Malaysia (Zainol, 2016). Schizophyllum commune is able to grow on decaying woods 

under natural conditions and thrive during the rainy season  (Dasanayaka & Wijeyaratne, 

2017). This mushroom can be isolated in every continent except Antarctica (Khatua et 

al., 2013). Schizophyllum commune is recognised as a great source of proteins, lipids, 

vitamins, and mineral elements (Adejoye et al., 2007). Schizophyllan is a water-soluble 

polysaccharide which is extracted from S. commune and shows immunomodulatory, 

antineoplastic and antiviral activities which are important in the pharmaceutical industry 

(Kumari et al., 2007). 

 The quality and productivity of cultivated mushrooms largely rely on the genetic 

makeup of the strain (Kaur & Sodhi, 2012). Therefore, various new strains have 

constantly been cultivated which aim at the greater yield, pathogen resistance, faster 

maturation and improved quality characteristics (Kumara & Edirimanna, 2009). 

Cultivation and introduction of improved strains could improve the marker lower the 

costs of cultivating and accelerate the farmers’ revenue (Avin et al., 2014). In addition, 

Univ
ers

ity
 of

 M
ala

ya



  2 

the production of intraspecific which assemble the desired traits from particular strains 

can generate pre-eminent strains (Avin et al., 2016). 

 Genetic variation is the main component which breeders require to develop new 

and improved cultivars (Suprasanna et al., 2015). Mushroom breeding can be achieved 

through the various methods such as mycelial mating (hybridisation) (Lee et al., 2011) 

and induced mutation. Hybridisation begins with the selection of lines which represent 

the desired traits. The parents are crossed and the progenies are selected based on the 

desired combination of traits (Sonnenberg et al., 2008). Mutation induction is defined as 

the exposure or treatment of biological samples to one or more mutagens that elevate the 

frequency of mutation above the natural spontaneous rate  (Bado et al., 2015). Classical 

breeding (hybridisation) methods are still employed effectively for the generation of new 

species and to acquire expected superior characteristics. However, this method results in 

the contraction in the gene. Therefore, some breeder prefers to apply mutation breeding 

as an alternative method (Ulukapi & Nasircilar, 2015). 

 SDS-PAGE can be used to differentiate between parental strains and hybrids. The 

protein electrophoretic separation produces the characteristic banding pattern which has 

been utilised with good outcome to estimate the genetic diversity in various crops such 

as rice, cotton and wheat (Iqbal et al., 2014). The banding pattern also known as protein 

electrophore gram or electrophoretic protein is a reproducible technique and can be 

considered as a ‘fingerprinting’ of the strain (Ehlers & Cloete, 1999). These protein 

electrophoretic patterns are directly associated with the genetic background of the protein 

and can be applied to verify the genetic composition of wild, cultivated, or newly derived 

organism (Gorinstein et al., 1999). 

 Thus, the objective of this study is to develop Schizophyllum commune hybrids 

with improved traits in terms of the morphology of sporophores, mycelial growth rate, 

yield and biological efficiency through cross-breeding (hybridisation) and induce 
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mutation. The different traits are analysed through proteomic approaches. The protein 

profiling of different traits is obtained by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). 

 

1.1 OBJECTIVES 

The specific objectives of the current study are: 

1. To evaluate the sporophore morphology and yield of novel hybrids of 

Schizophyllum commune obtained by hybridisation and mutation. 

2. To determine the protein profiling of parental and hybrids strains of 

Schizophyllum commune by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE).  
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CHAPTER 2: LITERATURE REVIEW 

2.1 World Mushroom Production 

 During the earliest history, records have shown that mushrooms have been 

consumed by the human population. For example, the ancient Greeks believed that 

mushrooms supplied strength for warriors in battle. The Romans recognised mushrooms 

as the ‘Food of the Gods’. The Chinese culture has perceived mushrooms as a health food, 

an ‘elixir of life’ (Valverde et al., 2015). Mushrooms are fungi which consist of high 

protein, carbohydrate, multivitamins, and minerals that are valuable for the health and has 

a high source of folic acid. Scientific studies proved that vitamins and minerals in 

mushrooms are suited for nutraceutical, pharmaceutical, and cosmetic product. Human 

consumes mushroom due to several reasons which are for their nutritional, medicinal and 

recreational activities or for religious purposes (Amin et al., 2013).   

 The worldwide mushroom industry has expanded in terms of production and 

addition of new types of edible mushrooms at a fast rate since the late 1990s (Royse, 

2014). China is the leading country that produce mushroom globally, followed by United 

States of America (USA) and European Union Countries such as France, Germany, The 

Netherlands, Italy, Poland, Spain, Hungary and others (Dhar, 2014). Five major genera 

of mushrooms which are mainly cultivated are Agaricus (primarily Agaricus bisporus 

with some Agaricus brasiliensis which constitutes approximately 30 % of the world’s 

cultivated mushroom. Secondly, Pleurotus spp contributing about 27 % of the world’s 

production while Lentinula edodes (Shiitake) generate 17 % of the total world’s output. 

Genera of Auricularia and Flammulina contributing 6 % and 5 % respectively. The figure 

of the world mushroom production by genera is shown in the Figure 2.1 (Royse, 2014). 
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Figure 2.1: World mushroom production by genera (Cited from: Royse (2014). 

 

Malaysia has agro-climatic conditions which are applicable for the cultivation of 

mushrooms during the whole year. Hence, Malaysia has the capability to become a large 

mushroom producer in the world market (Amin & Harun, 2015). The production of 

mushroom in Malaysia has increased from RM49.1 million in 2007 to RM110 million in 

2014 (Zainol, 2016). Pleurotus pulmonarius is the most cultivated mushroom species in 

Malaysia (Rashid et al., 2016). The huge increase of mushroom production in Malaysia 

is contributed by the increasing number of growers, productivity, land area and 

application of mushroom in both medicine and culinary (Ibrahim et al., 2017). Recently, 

research studies in Malaysia are more focused on identifying new mushroom strains with 

nutritious and medical properties for commercial purpose (Avin et al., 2014). 
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2.2 Mushroom Artificial Cultivation 

 Mushroom cultivation technology is environmentally-friendly whereby 

mushroom mycelia secretes various extracellular enzymes which can degrade and 

manipulate the lignocellulosic wastes and hence reducing pollution. In addition, 

mushroom cultivation also requires a number of workers, thus can help to provide income 

and employment, especially for women and youth in developing countries (Girmay et al., 

2016). 

 Mushroom cultivation includes several processes which must be operated 

properly. Miscalculation or inaccuracy at any step can cause a decline in total yield or 

total loss (Royse, 1997). Figure 2.2 shows the main steps for mushroom depending on the 

species cultivated. The mycelium can be acquired from a small piece of the certain 

mushroom, or from several germplasm suppliers such as American Type Culture 

Collection and National Center for Agricultural Utilization Research). The mycelium is 

then propagated onto a medium consisting of grains, sawdust or liquid nutrients known 

as spawn (Sánchez, 2004). 
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Figure 2.2: General steps of mushroom production (Cited from: Sánchez (2004). 

 The mycelium growing on spawn will grow through the substrate during the 

spawn run phase. The period of the spawn run is varied between species and rely on the 

size of the bag, the quantity of spawn and the temperature. Then, the bags are located in 

the incubation rooms. Within two to three weeks, the mycelium will colonise the substrate 

and begin to produce small fruiting bodies. Harvesting is carried out by slowly pulling or 

twisting the mushrooms from the substrate  (van Nieuwenhuijzen, 2005). 
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2.2.1 Fungal Media 

 Agar is a seaweed-derived substance that solidifies water. Nutrients are included 

into the agar solution which after sterilisation, include the growth of a healthy mushroom 

mycelium (Stamet, 1993a). Media containing plenty of nitrogen and carbon sources are 

essential for the cultivation of fungi at pH range of 5 to 6. There are two main types of 

fungal culture which are natural media and synthetic media. Natural media contains 

natural components such as herbaceous or woody stems, leaves, seeds, corn meal, wheat 

germ, oatmeal and others while synthetic media composed of substrates of known 

composition (Basu et al., 2015). Many agar media are easy and simple to prepare (Stamet, 

1993a). There are many formulas for preparing enriched agar media for mushroom 

culture. The commonly used agar media for mushroom culture are potato dextrose agar 

(PDA) and malt extract agar (MEA) in which yeast is frequently added as a nutritional 

supplement (Stamets & Chilton, 1983a). Antibacterial agents such as sodium azide, 

potassium tellurite and strepromycin may be added to the agar media to prevent the 

growth of certain bacteria which might retard the development of fungi (Littman, 1947). 

 

2.2.2 Spore Printing and Mushroom Tissue Culture 

 The first step in mushroom culture can be done in two ways which are spore 

printing and mushroom tissue culture (Stamets & Chilton, 1983a). Spore print is a 

technique to photograph the print of the shape and size of mushroom with pores or gills. 

The colour of the print provides information about the species of the mushroom (Storey, 

2005). For example, Amanita spp has white spore color, Gymnopilus spp has rusty orange 

spore while Psilocybe spp has purplish or purple brown spore colour (Menser, 1996). 

Spore print also help in supplying the clean sample of mature spore for microscopy and 

culturing. The main fundamental of spore printing is to place the fruiting body with gills, 
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pores or spines facing downward on the appropriate surface by covering it under glass 

container to capture the spores (Storey, 2005). After a few hours, the spores will form a 

print that resembles the pattern of the gills of the mushroom as shown in Figure 2.3 

(Thomas, 1928).  

 
Figure 2.3: Mushroom spore printing (Cited from: Thomas (1928). 

 

 Mushroom tissue culture or cloning is a method where a piece of pure, living flesh 

is removed from the mushroom and transfer into a sterilised agar medium as shown in 

Figure 2.4. This technique allows the cultivators to retain the unique strain which express 

the particular phenotype. Young mushroom is preferable compare to the old mushroom 

as young mushroom has a very active cell division. However, old mushroom can still be 

cloned but have a larger risk of contamination and are slower to grow (Stamet, 1993a).  
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Figure 2.4: Procedure of tissue culture mushroom (A) Mushroom tissue culture (B) 
Inoculation of mushroom tissue culture into a tube with medium agar (Cited from: 
Upadhyay (2011). 

 

2.2.3 Preservation of Mycelial Cultures 

 Proper culture preservation is an essential factor for successful mushroom 

cultivation. The primary objective of culture preservation is to maintain cultures in viable 

and stable condition for the long term without reducing phenotypic, genotypic and 

physiological characteristics (Veena & Meera, 2010). There are several methods to 

preserve the sample, which include the subculturing method, using liquid nitrogen, and 

the storage under sterile water, mineral oil, or glycerol (Karaduman et al., 2012). The 

method of preserve depends on the species, the resources available and the objectives of 

the project (Nakasone et al., 2004). 

 The simplest methods of preservation are continuous growth, drying, and 

freezing. Each culture is grown on agar and stored at the temperature from 5 °C to -20 

°C, or the cultures may be frozen. This method is cost-effective because no specialised 

equipment is used (Nakasone et al., 2004). Preserving culture under the sterile mineral 

oils such as liquid paraffin or medical paraffin is one of the oldest methods for long-term 

storage. The oil acts by maintaining the sterile condition and eliminating gas exchange, 

thus decreasing fungal metabolism. This method can preserve the sample for decades  
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(Humber, 1997). The example of mycelia preserved in mineral oil is shown in Figure 2.5 

(Upadhyay, 2011). 

 
Figure 2.5: Preserving mushroom mycelia in the mineral oil (Cited from: Upadhyay 
(2011). 

 

 Storage under sterile distilled water is an economic and low-maintenance 

technique for oomycetes, ascomycetes, basidiomycetes, ectomycorrhizal, plant 

pathogenic fungi, Hyphomycetes, stramenopiles (water molds), aerobic actinomycetes, 

yeasts and human pathogen. In this method, small square agar blocks are cut from the 

sample and placed in sterile distilled water. This allows the sample to remain viable for 

two to three years (Mehrotra, 2009). 

In addition, freeze-drying which also known as lyophilisation is a low-cost 

method of permanent preservation (Nakasone et al., 2004). Spores and conidia are more 

suitable for lyophilization compared to mycelium (Hwang, 1966). Lyophilization enables 

to stabilise the mechanism of the cell for a long period of time. However, this method is 

complicated and requires high-cost equipment (Ingroff et al., 2004). In this method, the 

samples are kept at a very low temperature and placed under a high vacuum. The water 

content in the sample will undergo sublimation, from the frozen solid state to the gaseous 

state. Thus, the sample will dry without disturbing them (Mehrotra, 2009). 
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 Preservation using liquid nitrogen is an effective technique for the most organism 

which includes those that cannot be lyophilized. These methods are successfully 

preserved dictyostelids, amoebae, Entomophthorales, Zygomycetes, oomycetes, 

phytopathogenic fungi, and yeasts. This technique will cease cell division completely and 

totally stop metabolism, while still remaining viability (Nakasone et al., 2004). 

 

2.2.4 Spawning 

Spawn is generally known as the mushroom seed. Spawns are produce by growing 

the mycelium of mushrooms on a base of the sterilised substrate such as cereal grain 

(Royse, 1997) with the aim to propagate the vegetative mycelium of mushroom (Rosado 

et al., 2001). This involves production of pure culture of mushroom from spores or tissue 

that is generally grow on any agar medium, followed by transferring on sterilised grains 

and then multiplied on grains. Thus, the spawn consists of mycelium of the mushroom 

and medium which supplying nutrition to the mycelia during theirs growth  (Sharma & 

Kumar, 2011).  

The grain spawn can be prepared by submerging the grains in a boiling water for 

one hour, removed the water and sterilise the grains. Moisture content exhibits an 

important role in the successful colonisation by mushroom mycelium of sterilised grain. 

If the grain is too dry, mycelia with form fine threads, grow at a slow pace and can lead 

to the growth retardation. However, if the grain is too moist, it will enhance the growth 

of other parasitic microorganisms. The ideal moisture content for grain spawn is in the 

range of 45 % to 55 % (Stamets, 1993b). 
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2.2.5 Preparation of Substrate for Cultivation 

 A substrate is the substance or material that supply ‘food’ for the mycelium for 

mushroom production (Kashangura et al., 2004). The standard criteria of substrates for 

mushroom cultivation includes absence of pests and diseases, specific accessibility of 

nutrients for the cultivated species, suitable pH value and a bulk density enabling gas 

exchanges and avoiding excess moisture content (Zied et al., 2011). Mushrooms rely on 

the substrate for nutrition. Substrate usually contains lignocellulose material which 

promotes growth, development, and fruiting of mushrooms. Schizophyllum commune 

normally grows on the decaying wood (Dasanayaka & Wijeyaratne, 2017). 

Several wood substrates are used for the cultivation of S. commune and Table 2.1 

shows the various types of sawdust used in this study. In this study, Artocarpus 

heterophyllus (Jackfruit) shows the highest yield of S. commune while Alstonia 

macrophylla (Thungfaa) shows the lowest yield (Dasanayaka & Wijeyaratne, 2017). 

Different kinds of mushrooms utilise different types of substrates (Miles & Chang, 2004). 

Rice straw, sawdust, and wheat straw are commonly used for the cultivation of oyster 

mushroom in Asia, Southeast Asian and Europe respectively (Uddin et al., 2013). Paddy 

straw and cotton waste are the suitable substrates for the cultivation of paddy straw 

mushroom, Volvariella volvacea (Rajapakse, 2011). 

 The properties of appropriate substrate containers are the containers should encase 

the substrate during the spawn run, not easily break, avoid too much loss of moisture and 

self-heating and enable the highest production in space utilised. In the developing 

countries, the commonly used substrate containers are plastic bags which are made up 

from polyethylene (for pasteurised substrates), polypropylene or polyvinyl chloride (for 

sterilised substrate) (Mamiro et al., 2014). Prior to mushroom cultivation, the substrates 

are sterilised to produce a medium which is exclusive to the mushroom without allowing 

the growth of other organisms, thus reducing competition (Kortei & Kwagyan, 2014). 
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Table 2.1: Various types of sawdust (Cited from: Dasanayaka & Wijeyaratne (2017). 

English Name Local Name Scientific Name Family 

Thungfaa 

Jackfruit 

Tulipwood tree 

Mango 

Elephant apple 

Rambutan 

Country almond 

Hawari Nuga 

Kos 

Na Imbul 

Amba 

Honda para 

Rambutan 

Kottamba 

Alstonia macrophylla 

Artocarpus heterophyllus 

Harpullia arborea 

Mangifera indica 

Dillenia indica 

Nephelium lappaceum 

Terminalia catappa 

Apocynaceae 

Moraceae 

Sapindaceae 

Dilleniaceae 

Sapindaceae 

Combretaceae 

Anacaraceae 

 

2.2.6 Harvest and Cropping 

 Harvesting is accomplished by gently twisting or using a tool like knife or scissor 

to remove the mushrooms from the substrate. In generals, three or four flushes can be 

harvested depends on the environmental conditions and the species of the mushroom 

(Oei, 2005). Young mushrooms should be harvest as the aged mushrooms bear more 

spores on the top of gills and this accelerates the deterioration in term of quality. For most 

species, the ideal phase for harvesting is when the caps are still in convex position and 

before flattening out (Stamets, 2000). Carelessness during harvesting can increase the 

cost of mushroom production that are endure by breeders (Stamets & Chilton, 1983b). 
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2.3 Growth Condition 

2.3.1 Nutritional Requirements 

2.3.1.1 Carbon Sources 

 Carbon sources supply energy and structural support for the fungus (Miles & 

Chang, 2004). Simple, defined medium which consists of ᴅ-glucose, L-asparagine and 

thiamine are suitable for S. commune to grow and fruits. Various carbon sources are 

applicable for S. commune, including certain monosaccharides, disaccharides, sugar 

alcohols, xylose and ethyl alcohol. However, lactose, L-sorbose, and inositol are found 

to be a poor carbon source as shown in Table 2.2 (Niederpruem & Wessels, 1969). Based 

on Figure 2.6, carbon source xylose shows the maximum yield of mycelial biomass and 

EPS while glycerol shows the lowest mycelial biomass and exopolysaccharides (EPS) 

(Joshi et al., 2013). 

 
Figure 2.6: Effect of carbon sources on the mycelial biomass and EPS production in S. 
commune (Cited from: Joshi et al., (2013). 

 

 Alternative substrates such as bagasse, molasses and sawdust can be used to 

supply the carbon sources for the cultivation of mushroom. Bagasse and molasses are by-

product from the extraction of sugar process. The main composition of sawdust and rice 

bran are cellulose and hemicellulose. Glucose and cellobiose are produce from the 
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digestion of cellulose while xylose and other sugars such as mannose, galactose, 

pyranose, and arabinose are generated from the digestion of hemicellulose. These sugars 

provide the carbon sources for the growth of mycelia, initiation of primordium and 

fruiting body formation (Vetayasuporn et al., 2006). 

 

Table 2.2: Lists of carbon sources and effect on fruiting in S. commune (Cited from: 
Niederpruem et al., (1964). 

Good Fair Poor 

Sucrose 

Maltose 

Trehalose 

Cellobiose 

Glucose 

Fructose 

Mannose 

Galactose 

Mannitol 

Xylose 

Glycerol 

Ethanol 

Raffinose 

Sorbitol 

Ribose 

L-Arabinose 

Lactose 

L-Rhamnose 

L-Sorbose 

Arabinose 

i-Inositol 

Succinate 

Citrate 

Acetate 

 

 In Malaysia, the abundant of the paddy straw which are generated seasonally as 

solid waste can be utilise as an alternative substrate for mushroom cultivation. In addition, 

empty fruit bunches (EFB) and palm pressed fiber (PPF) are the wastes produce from the 

oil palm industry (Harith et al., 2014). These by-products contain high amount of 

cellulose, hemicellulose and lignin that able to provide carbon source for mushroom 

cultivation. Specifically, EFB contains 48.4 % carbon and 0.2 % nitrogen while PPF 

contain 47.2 % carbon and 1.4 % nitrogen (Tabi et al., 2008).  
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2.3.1.2 Nitrogen Sources 

 Nitrogen is crucial in producing proteins, pyrimidines, and purines (Miles & 

Chang, 2004). Nitrogen also an important element for the formation of the cell wall of 

the fungus which composed of β(1-4)-linked unit of N-actylglucosamine (Hoa & Wang, 

2015). Nitrogen is also used in the formation of enzymes which are involved in the 

synthesis of both primary and secondary metabolites. Yeast extract (nitrogen source) 

produced the highest mycelial biomass and EPS in S. commune as shown in Figure 2.7 

(Joshi et al., 2013). Study done by Debnath et al. (2017) also reported that yeast extract 

was the best nitrogen sources for S. commune. Yeast extract can be obtained from the by-

product of the brewery industry consists of high level of protein and vitamin B (Harith et 

al., 2014). There is various nitrogen which gives a good effect on the fruiting of S. 

commune as shown in Table 2.3 (Niederpruem et al., 1964). Ammonium chloride is an 

excellent source of nitrogen for the cultivation of fungus of Pleurotus florida, Pleurotus 

ostreatus, Villosiclava virens and Cryphonectria parasitica. However, excessive 

concentration of nitrogen leading to a very low carbon/nitrogen ratio, which restrained 

the growth of mycelium (Hoa & Wang, 2015). 

 

 

Figure 2.7: Effect of nitrogen sources on the mycelial biomass and EPS production in S. 
commune (Cited from: Joshi et al., (2013). 
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 The substrates like sawdust, cereal straw, cottonseed straw and corncob can also 

be added with additional nitrogen sources such as oat bran, wheat bran, rice bran, millet 

or sorghum to improve the quality of the mushroom (Masevhe et al., 2015). In addition, 

alternative substrate such as amaranth flour can be used to promote the mycelial growth 

of S. commune. Amaranth flour is a product after carbon dioxide extraction of 

Amananthus grains to produce squalene and oils, which contains high amounts of amino 

acids such as glutamic acid, argenine, leucine and glycine that supplies nitrogen sources 

for the growth of S. commune (Krupodorova & Barshteyn, 2015). Moreover, soybean 

meal can be used as another alternative substrate due to its high level of protein content 

especially for Agaricus species (Zeid et al., 2011).  

 

Table 2.3: Lists of nitrogen sources and the effect on fruiting in S. commune (Cited from: 
Niederpruem et al., (1964). 

Good Fair Poor 

Peptone 

Tryptone 

Casitone 

Yeast extract 

Asparagine 

Glutamine 

Glutamic acid 

Serine 

Alanine 

Arginine 

Urea 

di-Ammonium hydrogen 

phosphate 

Ammonium chloride 

Ammonium nitrate 

Ammonium sulphate 

Threonine 

Leucine 

Glycine 

Proline 

Valine 

Phenylalanine 

Isoleucine 

Methionine 

Cysteine 

Histidine 

β-Alanine 

ᴅ-Alanine 

ᴅ-Lysine 

KNO₃ 

Tryptophan 

KNO₂ 

Lysine 
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2.3.2 Physical Requirements 

2.3.2.1 Temperature 

 Temperature is one of the most crucial factors that will affect the fungal growth 

and product production (Teoh et al., 2017). Temperature can influence the rate of 

enzyme-catalysed processes, and extreme temperatures can denature the proteins (Tang 

et al., 2015). Most of the higher fungi thrive at a temperature between 24 °C and 40 °C. 

However, some species can grow at high temperature and some can grow at low 

temperature (0 °C to 15 °C (Teoh et al., 2017). The mycelial growth and density of S. 

commune grow at the optimum temperature between 30 °C to 35 °C. At 15 °C, no growth 

was recorded in one of the strains (Imtiaj et al., 2008). Based on Figure 2.8, 35 °C was 

the optimum temperature for mycelial growth and the spawn running required 11 days 

after inoculation to completely cover the culture bag. However, the time taken for spawn 

running were longer for temperature 20 °C, 25 °C and 30 °C. At the temperature of 15 °C 

and 45 °C, no mycelial growth was recorded (Dasanayaka & Wijeyaratne, 2017).  

 
Figure 2.8: Effect of temperature on mycelium growth of S. commune (Cited from: 
Dasanayaka & Wijeyaratne (2017). 
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When S. commune was cultured in submerged shake culture, the highest biomass 

was formed at 30 °C as shown in Figure 2.9. High temperature can affect the denaturation 

of fungal internal structure (Teoh et al., 2017). Fruiting commonly occurs at 20 °C to 25 

°C, however, fruiting is inhibited by increasing temperature (30 °C to 37 °C). During 

fruiting, high temperature can cause a decrease in susceptibility of glucan in the cell wall 

towards enzymatic attack (Niederpruem & Wessels, 1969). 

 

 

Figure 2.9: The growth of S. commune in submerged shake culture at different 
temperature (Cited from: Teoh et al., 2017). 

 

2.3.2 Light 

 The growth of many fungi is not affected by light. However, strong light may 

prevent or even kill the fungi because strong light can eliminate certain vitamins. The 

most important function of light is in the phototrophic responses of reproductive 

structures, production of reproductive structures and formation of fruit body primordia. 

Ultraviolet light between 200 nm to 300 nm can cause a lethal effect or it may trigger 

mutations (Miles & Chang, 2004). However, this effect can be reversed through a process 

known as photoreactivation, where the sample is exposed to visible light between the 
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range 360 nm to 420 nm. This wavelength able to trigger an enzyme which separates the 

thymine and cytosine dimers those allow the normal DNA synthesis to take place (Miles 

& Chang, 1997). 

In S. commune, the production of primordia and the initial stages of fruiting body 

development requires light. During the early stages of the fruiting body, small cylindrical 

stipes with terminal apical pits are developed. However, light is not needed during the 

formation of gills and the continuous growth of the mature fruiting body. In addition, the 

spore germination will cease when the mature fruiting body is placed in the dark. This 

situation can be reversed by exposing the mature fruiting body to the light for five to six 

hours (Bromberg & Schwalb, 1976). 

 

2.3.3 Moisture 

 The moisture content of the substrate and the relative humidity of the atmosphere 

are an important factor in the mushroom cultivation (Miles & Chang, 1997). A constant 

moisture flow is necessary to transport nutrients from the mycelium to the fruiting bodies 

of the mushroom. Very high moisture content in the substrate can lead to the difficult 

breathing for the mycelium, preventing perspiration, interrupt the development of the 

fruiting body and enhancing the growth of non-desired organisms such as bacteria and 

nematodes. Low moisture content can cause the death of the fruiting body (Bellettini et 

al., 2016). However, different species and different phase of growth may require different 

humidity (Miles & Chang, 1997). Generally, most fungi need high moisture levels, which 

95 % to 100 % for the relative humidity and 50 % and 75 % for the moisture content of 

the substrate (Miles & Chang, 2004). However, there is an exception for the Serpula 

lacrymans, whose mycelial can grow in the low moisture substrates by the mechanism of 

translocation of nutrients and the generation of ‘metabolic water’ (Miles & Chang, 1997). 
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2.4 Genetic Diversity in Mushroom Breeding 

 Despite an increasing demand, mushroom industry encounters many challenges 

including lack of the quality seed, high contamination, and reduced mushroom yields. 

Therefore, new mushrooms varieties strain with favourable features such as high yields, 

fast colonisation, and resistance to disease are required to maintain the development and 

sustainability of the industry (Rashid et al., 2016). The main objective of breeding is to 

combine the desirable features from different strains and generate variability in the 

existing germplasm. Morphological features including prominent interaction in the 

contact zone, high rate of mycelium growth, better colony morphology have been applied 

as the morphological markers in the previous report for breeding purposes (Gupta et al., 

2011; Gharehaghaji et al., 2007). 

The strain used for cultivation is important for the success of mushroom 

production and marketing (Sánchez, 2009). One strain can establish a various range of 

morphologies depending on the maturity of the colonies, the medium and the external 

conditions such as temperature and light (Hansen et al., 2018).  Genetic variation is the 

main cause of phenotypic diversity and is the source of evolutionary diversification 

(Cieslak et al., 2017). In order to introduce new traits, wild strains which is unrelated 

strains are employed as they vary in the genetic base and differ in one or a number of 

traits. However, the wild strains still restrain their common agronomic values. Hence, 

interbreeding of these wild strains will lead to the formation of new combinations of trait 

without the loss of essential traits such as yield and quality (Sonnenberg et al., 2008). The 

culture and generation of new species of mushrooms are rising. The culturing and 

improving new strains has significantly enhanced, allowing the formation of strains which 

produce high yield and resistance to diseases, increasing productivity, eliminating the use 

of chemicals for pest control (Singh et al., 2007) and lower the production costs (Amin 

et al., 2014).  
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2.4.1 Hybridisation 

 Hybridisation is a method for exchange of genetic information between two 

compatible nuclei to generate a recombinant genome with a probable expression for a 

desirable trait. This method able to generate various changes at the genetic levels, 

resulting in altered phenotypic expression of the characters, such as fruiting efficiency 

and variability in sporophores characteristics (Kaur et al., 2008). The first cross-breeding 

had occurred in 1983 which develop two Agaricus bisporus hybrid known as hybrid Horst 

U1 and Horst U3 (Fan et al., 2006). Hybridisation is not limited to the mushroom only 

and can be applied to other crops. Exchange of genes between two nuclei during cross 

hybridisation is known to develop at random to produce a cross-over set of genes (Kaur 

et al., 2008).  

This technique will produce dikaryotic mycelial cells when both mycelia consist 

of compatible mating type genes. In the tetrapolar mating system, mushroom generates 

four different haploid basidiospore and their mating is controlled by mating type genes in 

two independent loci, A and B (Ha et al., 2015). Loci A determine the pairing of the 

haploid nuclei from the parental strains, the production, and septation of clamp cells and 

mitotic division of the paired nuclei. Loci B controls the migration of nuclei, the fusion 

of the A-induced clamp cell with the subapical hyphal cell and disintegration of the 

septum during nuclear migration within another mycelium (Au et al., 2014). Successful 

mating between monokaryons requires different allelic specificity (x and y) in factor A 

and B. The rate of actual mating is 25 %, which is due to the facts that only one mating 

interaction is compatible while the other three interactions are not fertile. This situation 

can be explained in Figure 2.10 (Kothe, 2001).  
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Figure 2.10: Tetrapolar mating system (Cited from: Kothe (2001). 

 

Crosses between monokaryotic mycelia were done by inoculating the mycelia 

plugs apart from each other. The mycelia were allowed to grow for several days until the 

presence of a conspicuous contact zone can be observed clearly. A plug from this zone 

was transferred to the new plate as shown in Figure 2.11 (Avin et al., 2016). When the 

newly produced dikaryotic mycelial strains are available, they are cultivated to generate 

sporophores, which are then subjected to screening to determine the strains with good 

commercial and cultivation traits (Kothe, 2001).  

 
Figure 2.11: Hybridisation of two compatible monokaryon of Pleurotus pulmonarius. 
(A) a plug from the contact zone was transferred to the other plate. (b) the dikaryon was 
allowed to grow on the agar plate (Cited from: Avin et al., (2016). 
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 Study done by Hernández and Salmones, (2008) reported that interbreeding 

among Pleurotus ostreatus strains produced hybrid which can grow at the warm regions 

and has a high lignin enzyme activity which can be used in substrate delignification. 

Besides that, the cross-breeding between Pleurotus eryngii strains generate a new hybrid 

that has a longer shelf-life than the parental strains which can improved storability after 

harvesting (Kim et al., 2013). Research done by Sou et al. (2013) by hybridising two 

strains of Sparassis latifolia (cauliflower mushroom) produce hybrid with different 

morphology in term of size of marginal and basidiocarp colour as shown in Figure 2.12. 

In addition, 3 hybrids produced higher yield than their parental strains. 

 

 
Figure 2.12: Crossbreeding of Sparassis latifolia strains. (A) and (B) are parent strains 
and (C-L) are hybrids (Cited from Sou et al., (2013). 
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2.4.2 Mutation 

 The technology of mushroom breeding has become greatly sophisticated since the 

days of simple selection among natural populations and sexual recombination. Modern 

day, mushroom breeding is mainly on constructing variation, selection, evaluation and 

multiplication of favourable genotypes. However, mutagenesis is applied to make 

breeding fast and increase efficiency (Ahloowalia & Maluszynski, 2001).  Mutation 

breeding is a technique by which mutant variants with desirable characteristics are 

produced without changing the remaining genotype through physical, chemical and 

biological mutagenic agents. The term ‘Mutation Breeding’ was initially used in 1944 by 

Freisleben and Lein to describe the application of induction for product development on 

plant and generation of mutant lines (Ulukapi & Nasircilar, 2015). Mutations may 

enhance one or more changes in the features of the mutated organisms at the gene level, 

which will transfer to the next generation (Sathesh-Prabu & Lee, 2016).  

The mutation has been applied in crop breeding programs to enhance both 

productivity and quality. Many techniques of inducing mutation can be used, which 

include chemical, biological and physical agents like gamma and ultraviolet (UV) 

irradiations (Teimoori et al., 2014). A study in China has reported that induced mutations 

are the easiest and fastest method to create newly desired genotypes and improve genetic 

diversity (Liu et al., 2004). In addition, mutation breeding has become an alternative 

technique for breeders as it produces the possibility of obtaining desired features which 

do not exist naturally or disappeared during the evolution (Ulukapi & Nasircilar, 2015). 

In contrast to the genetically modified organism (GMO), mutation breeding is easy to 

performs, no transferring of foreign genes were involved, affordable, and safe (Jain, 

2010). 

 Mutagen is a natural or artificial agent where it serves to change the sequence, 

structure, and function of deoxyribonucleic acid (DNA) (Sathesh-Prabu & Lee, 2016) and 
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living things that carry the permanent hereditary changes caused by mutagen are called 

mutants (Ulukapi & Nasircilar, 2015). Gamma radiation is a powerful ionizing radiation 

with high energy that is capable to penetrate into the cell wall of mushroom mycelia. This 

radiation has the ability to break the structure of DNA molecules and alter the purine and 

pyrimidine bases. Gamma ray can be obtained through several sources, which are Cobalt-

60, Cesium-137, and technetium-99 (Djajanegara & Harsoyo, 2008). Cesium-137 is more 

used as it has a longer half-life compared to the Cobalt-60 (Çelik & Atak, 2017). 

 Chemical mutagenesis is recognised as an important supplement to the 

conventional breeding techniques for crop improvement (Dhanavel et al., 2008). The 

most commonly used chemical mutagens are the alkylating agent, with ethyl 

methanesulfonate (EMS) being the most famous due to its simplicity, effectiveness and 

its ability to detoxify through hydrolysis for disposal (Pathirana, 2011). However, 

chemical mutagens are less acceptable because they possess several disadvantages such 

as poor reproducibility, uneven penetration and health risk upon handling (Sathesh-Prabu 

& Lee, 2011). 

  The application of mutation can be presented by research done by Djajanegara 

and Harsoyo, (2008) where Pleurotus florida was induced by gamma radiation and 

produced PO-5 hybrid with higher productivity in term of number of fruit bodies, fresh 

weight and dry weight yield of three successive flush periods than the control strain. 

Besides that, PO-4 hybrid has higher anti-oxidant activity than the control strain. In 

addition, study done by Sathesh-Prabu and Lee, (2016) proved that gamma radiation able 

to induce genetic variation in the Pleurotus florida where the genetic similarity between 

the wild species and mutant is 22.30 %. In addition, the mutant hybrid has higher 

cellulolytic activity than the wild species. Moreover, research conducted by 

Sermkiattipong and Charoen, (2014) on the effect of different dosage of radiation at 0.25 

kGy, 0.50 kGy, 0.75 kGy, 1.00 kGy, 1.25 kGy and 1.5 kGy on the mycelia of Volvariella 
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volvacea as shown in Figure 2.13. Out of 153 hybrids, 59 hybrids have higher yield than 

the parent strain. The hybrid which was irradiated at 0.25 kGy generate the highest 

productivity. 

 

Figure 2.13: Yield between parent and mutant isolates of Volvariella volvacea (Cited 
from: Semkiattipong & Charoen (2014). 
 

2.4.3 Protoplast Fusion 

 Protoplast is the organism cell where the cell wall is dissolved and covered by a 

cytoplasmic membrane as the outmost layer. Protoplast fusion is the physical 

phenomenon where two or more protoplasts connect and adhere to one another (Verma 

et al., 2008) as shown in Figure 2.14, where protoplasts from Pleurotus floridae and 

Pleurotus cystidiosus fuse together (Djajanegara & Masduki, 2010). Protoplast fusion 

technology is a useful tool for breeders to induce crosses between sexually incompatible 

species for transferring the nuclear and cytoplasmic traits. This technology is capable to 

generate crosses within species (intraspecies), within genera (intrageneric) and between 

genera (intergeneric) which has a greater potentiality than their parental strains. Through 

this method, improved strains with increased potential for the manufacturing of 

antibiotics, enzymes, valuable myco products and high yielding mushrooms could 

effectively be produced (Bengochea & Dodds, 1986). 
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Figure 2.14: Protoplast of Pleurotus floridae fuse with protoplast of Pleurotus 
cystidiosus (Cited from: Djajanegara & Masduki (2010).   

 

 There are many experimental methods which can be used to induced protoplast 

fusion, such as by using polyethylene glycol (PEG), calcium and high pH, sodium nitrite, 

immunological technique, mechanical fusion and electrical fusion (Bengochea & Dodds, 

1986). A successful intergeneric protoplast fusion has been performed between two edible 

mushrooms Calocybe indica (milky mushroom) and Pleurotus florida where the hybrid 

has a larger size as shown in Figure 2.15, higher biological efficiency and a greater 

proportion of unsaturated fatty acid than their parental strains (Chakraborty & Sikdar, 

2010). Selvakumar et al. (2015) have reported the interspecific fusion protoplasts 

between Pleurotus ostreatus var. florida and Pleurotus djamor var roseus, where the 

hybrids show greater biological efficiency and increased energy values, vitamins and 

mineral contents in the hybrids. 

 
Figure 2.15: Somatic hybrid sporophores between Calocybe indica var. APK2 and 
Pleurotus florida (Cited from: Chakraborty & Sikdar (2010). 
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2.5 Characterisation of Mushroom Strains 

 Accurate taxonomic characterisation and phylogenetic classification of 

mushroom are very beneficial in diverse mushroom species and applying this information 

for genetic engineering or commercial cultivation of valuable species in the future. In 

addition, precise identification of fungi can avoid misidentification of mushroom species 

in future (Inyod et al., 2017). Characterisation of mushroom strains will also benefit the 

researcher who developed an improved new strain of mushroom and invested in the 

breeding programs to protect from unauthorised propagation of line (Royse et al., 2016).  

There are several criteria that are implemented by The Seeds and Seedlings 

Division of the Ministry of Agriculture in Japan to register the new strains which is based 

on genetic properties, physiological quality, cultivation properties and morphological 

characteristics of the strain. Genetic properties include the ability of the strains to form 

an inhibition zone in dual culture on sawdust medium while physiological quality 

includes the unique mycelial growth and the mycelia density. Cultivation properties 

include the time of the strain to fruiting, environmental factors of the area where 

cultivation occurs, and yield of sporophores, while morphological characteristics covered 

on the cap morphology, sporophore size, colour, firmness, scaliness, and gill and stipe 

morphology (Royse et al., 2016). 

 

2.5.1 Morphology Characterisation of S. commune 

 Macroscopic characteristics are crucial for recognising fungi and determining an 

initial identification (Elnaiem et al., 2017). Generally, the fruiting bodies of S. commune 

were scattered or grouped on hardwood timbers and branches. The size of fruiting bodies 

usually between 1 cm to 4 cm and laterally attached to the substratum, stipeless or 

irregular to shell shaped. The upper surface of the fruiting bodies contains tiny white to 
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grayish hairs as shown in Figure 2.16. Fruiting bodies consist of sporiferous parts which 

are located underneath the cap. The hymenophore was gilled and the gills were folded 

and split down at end of the gills. Hence, this mushroom was also known as split fungi or 

split gilled fungi (Padhiar et al., 2009). 

 
Figure 2.16: Upper and lower surface of Schizophyllum commune (Cited from: Padhiar 
et al., (2009). 

 

 Microorganisms display various culture characters and the variation depending on 

the type of medium utilised for culturing. Schizophyllum commune exhibits white and 

odourless mycelial mat on the malt agar medium (Padhiar et al., 2009) while sometime 

appear cream to golden, orange, or slightly brownish on potato dextrose agar (PDA) 

(Romanelli et al., 2010). Moreover, the mycelial mat of this mushroom has a smooth 

texture as shown in Figure 2.17 (Padhiar et al., 2009).  

 
Figure 2.17: Cultural characteristics of S. commune on malt agar medium (Cited from: 
Padhiar et al., (2009). 
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 Microscopically, fungi that were grouped in basidiomycetes may exhibit hyphae 

only or hyphae with chlamydoconidia (Figure 2.18A). However, most of the fungi are 

arthroconidia (Figure 2.18B) or condensed clusters of anthroconidia, as examined in some 

of Hormographiella species. Besides that, one of the main characteristics of 

basidiomycetes that can be useful for identification is the present of clamp connections. 

In addition, some of the fungi produce spicules along the sides of hyphae with or without 

clamp connection (Figure 2.18C) (Romanelli et al., 2010). Morphology of hyphae of S. 

commune includes the presence of hyaline, septate hyphae with clamp connections and 

small spicules (Tullio et al., 2008). 

   
Figure 2.18: Common morphological characteristics of basidiomycetes including 
chlamydoconidia (A), arthroconidia (B), spicules (open arrow) and clamp connections 
(solid arrow) (Cited from: Romanelli et al., (2010). 

 

2.5.2 Molecular Identification 

 Molecular approaches have been proven to be a powerful means in the 

categorisation of complex fungal taxonomic groups, including mushrooms (Elnaiem et 

al., 2017). There is an immediate demand of advance technique apply for species 

identification beyond morphological examination as this characteristic are greatly 

influenced by cultivating conditions (Khan et al., 2011). The expression of a certain gene 

is a cumulative outcome of the genetic makeup of a species or a strain and environment 

conditions (Mehmood et al., 2008). Molecular methods also express evolutionary 

relationships between organisms, remove the old practical systems which produced 

dubious information (Muruke et al., 2002). 
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One of the technique is the random amplified polymorphic DNA (RAPD). This 

method is depended on the polymerase chain reaction (PCR) has been one of the most 

frequently utilised molecular techniques to generate DNA markers (Kumar & 

Gurusubramanian, 2011). The advantages of RAPD are due to the speed, cost-effective 

and efficiency of the technique to form huge numbers of markers in a short period (Kumar 

& Gurusubramanian, 2011). Alam et al. (2010) had conducted a study to differentiate 12 

different strains of S. commune that were obtained from Korea and China by using RAPD 

and the RAPD profiles are shown in Figure 2.19. Three strains which are IUM-0202, 

IUM-0137 and IUM-0395 show significant different in band patterns while the others 

show 90 % to 100 % similarity. Therefore, RAPD is an effective technique to study the 

genetic relationships among strains (Alam et al., 2010). 

 
Figure 2.19: Random amplification of polymorphic DNA profiles of 12 strains of 
Schizophyllum commune with primer OPA-1. M, molecular size marker; lane 1, IUM-
0137; lane 2, IUM-0157; lane 3, IUM-0202; lane 4, IUM-0395; lane 5, IUM-0548; lane 
6, IUM-1763; lane 7, IUM-1768; lane 8, IUM-2324; lane 9, IUM-2650; lane 10, IUM-
2659; lane 11, IUM-3353; lane 12, IUM-3566 (Cited from: Alam et al., (2010). 

 

 Amplified fragment length polymorphism (AFLP) is another molecular approach 

that is widely used to determine the polymorphisms among individuals, populations and 

independently evolving lineages (Mueller & Wolfenbarger, 1999). AFLP was reported to 
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be highly specific and able to distinguish 21 Pleuotus isolates of Asian and European 

origin (Pawlik et al., 2012). Mukhopadhyay et al. (2012) have applied AFLP to study the 

genetic similarity and geographical diversity 30 different Lentinula species. In addition, 

AFLP analysis was conducted to analyse the genetic diversity of 15 isolates of the white 

oyster mushroom (Pleurotus ostreatus) that grow from various locations in Indonesia 

(Java, Bali, Sumatra, and Kalimantan) and Thailand. Besides that, Terashima et al. (2002) 

analysed genetic diversity among the cultivated Shiitake in Japan. Therefore, AFLP is 

very useful tool to analyse genetic diversity as this technique able to detect slight genetic 

differences between the strains (Terashima et al., 2002). 

 

2.5.3 Protein Profiling 

Generally, proteome means ‘PROTein complement of a genOME’. The broad 

definition of the proteome is the entire set of protein species that are present in a biological 

unit which includes organelle, cell, tissue, organ, individual, species, and ecosystem at 

any developmental phase and under specific environmental conditions (Fernández & 

Novo, 2010). Proteomics is an effective tool in profiling, determining, and identifying 

proteins which are synthesised due to a changing cellular environment (Chen et al., 2012). 

There are several factors that influenced the protein content of the mushroom, which 

includes compost composition, flush number, type of strains and harvest time (Braaksma 

& Schaap, 1996). The proteomic studies in mushroom involve research in functional 

protein content, mushroom developmental phases, emulsifier reaction on mycelium 

growth, cell wall proteins, mushroom medical properties (Al-Obaidi, 2016). 

 Proteomics quantification has the ability to detect small variations in protein and 

peptide abundance as a consequence to an altered state (Wasinger et al., 2013). Normally, 

a cell controls the activities and levels of its proteins due to the reaction to some internal 
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and external changes. Hence, variation in the proteome can produce a clear illustration of 

a cell in action (Mumtaz et al., 2017). Analysis of gene expression in the study of proteins 

contains in the biological samples can be performed to generate ‘reference maps’ of all 

detectable proteins. The reference maps provide the patterns of normal and abnormal gene 

expression in the organism and enable the examination of post-translational protein 

modifications which are functionally necessary for many proteins. In addition, reference 

maps can be exploited to screen the protein, thus able to establish their identities (Wilkins 

et al., 1996). Moreover, total protein profiles and their expression amount indicate the life 

phase of the organism (Horie et al., 2008). 

 The classical identification depends on the morphological, biochemical and 

physiological characterisation. However, this approach is time-consuming and frequently 

generates ambiguous results. Thus, the application and development of new methods that 

promote an efficient identification and detection is advisable (Das et al., 2005). Protein 

fingerprinting is a valuable technique used for identification, preliminary 

characterisation, and comparison of the protein (Nikodem & Fresco, 1979). Figure 2.20 

shows the protein fingerprinting of albumin fractions of Amaranth seeds by SDS-PAGE 

(Akin-Idowu et al., 2013). Protein electrophoretic separation has been applied for the last 

20 years (Debelian et al., 1996). Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) is a convenient tool to investigate genetic diversity in a 

short duration of time (Akhbar et al., 2012). SDS-PAGE can be used to study the 

similarity and the different within species and genera. In addition, protein electrophoresis 

exhibits even smaller genetic between strains compared to the DNA hybridisation (Eribe 

& Olsen, 2002).  
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Figure 2.20: Protein profile of albumin fractions of 29 accessions of Amaranth seeds. M 
marker, Lane 1-4 A. caudatus, Lane 5-12 A. cruentus, Lane 13-19 A. hybrid, Lane 20-27 
A. hypochondriacus, Lane 28-29, A. hybridus, Lane 30 soybean (TGX 1448-2E) (Cited 
from: Akin-Idowu et al., (2013). 

 

2.5.4 Metabolite Profiling 

 Metabolites are low molecular weight (in relation to proteins and nucleic acids) 

organics and inorganics substances that are the reactants, intermediates or products of 

biochemical reactions (Dunn et al., 2011). Metabolomics is defined as the quantitative 

and qualitative analysis of entire metabolite that is available in an organism at a particular 

time (Mumtaz et al., 2017). Metabolomics is an important approach that generates 

metabolite profiles for examining biochemical networks which contain the set of 

metabolites, enzymes, reactions and their interactions (Tagore et al., 2014). Metabolite 

profiling can be classified into two group which are endogenous and exogenous 

metabolites. Endogenous metabolite consists of primary and secondary metabolites. 

Primary metabolites such as amino acids or glycolysis metabolites are involved in the 

basic life processes such as growth and reproduction. Secondary metabolites such as 

hormones and alkaloids are species-specific, and their synthesis is depending on the 

specific biological function (Roux et al., 2011). 
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 A range of analytical platforms is applied for metabonomic/metabolomic study, 

including proton nuclear magnetic resonance (¹H NMR) spectroscopy, direct infusion 

mass spectrometry (MS), gas chromatography coupled with mass spectrometry (GC-MS), 

Fourier transform infrared (FT-IR) spectroscopy, capillary electrophoresis coupled to MS 

(CE-MS), two-dimensional GC coupled to MS (GCxGC-MS) and liquid chromatography 

coupled to MS (LC-MS) (Theodoridis et al., 2008). However, no single analysis is 

effective in metabolite study as the diversity and various concentration of metabolites 

produces large ranges of physicochemical properties including molecular weight, 

hydrophobicity/hydrophilicity, acidity/basicity and boiling point (Dunn et al., 2011). 

Therefore, a combination of more than one analytical method is necessary for the reliable 

outcome (Theodoridis et al., 2008). Example of metabolite profiling of fruiting bodies of 

Antrodia cinnamomea and Antrodia salmonea are illustrated in Figure 2.21. 

 

 
Figure 2.21: HPLC profiling of metabolites of fruiting bodies of (a) Antrodia 
cinnamomea and (b) Antrodia salmonea (Cited from: Chen et al., (2016). 
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2.6 Schizophyllum commune 

Schizophyllum commune is one of the most commonly distributed mushrooms 

(Chowdhary et al., 2013). This mushroom can be found throughout the entire world due 

to its endurance towards habitat hardiness (Rahilah et al., 2012) except in Antartica, 

where there is no substrate to be used for growing (Imtiaj et al., 2008). It is grouped in 

the phylum of Basidiomycota, subphylum Agaricomycotina, class of Agaricomycetes, 

subclass Agaricomycetidae, an order of Agaricales, the family of Schizophyllaceae 

(Hanafusa et al., 2016). In the genus Schizophyllum, species commune is the only species 

which is distributed throughout the world, while S. fasciatum and S. umbrinum are 

restricted to a few countries like Mexico, Central America and the Caribbean (Cooke, 

1961). 

This mushroom grows widely during the rainy season and is very popular in 

certain region such as Africa (Ohm et al., 2010), Thailand (Preecha et al., 2016), Vietnam, 

Southern China (Imtiaj et al., 2008), Mexico and Malaysia as edible mushroom 

(Takemoto et al., 2010). Distribution of this mushroom in the Malaysia include in the 

Peninsular Malaysia such as in the area of FRIM, Pasoh, Kemasul, Ulu Sedili, Mata Ayer 

and Jeram Lenang as shown in the Figure 2.22 (Ujang et al., 2002) and in Sabah as shown 

in the Figure 2.23 (Fui et al., 2018). In Malaysia, this mushroom is popularly known as 

‘Cendawan Kukur / Sisir’ (Rahilah et al., 2012) and ‘Kulat Kodop’ (Fui et al., 2018). 

This species thrives in dead wood of deciduous trees (Kumar et al., 2013). Univ
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Figure 2.22: Distribution of Schizophyllum commune in Peninsular Malaysia (Cited 
from: Ujang et al., (2002). 

 

 
Figure 2.23: Distribution of Schizophyllum commune in Sabah (Cited from: Fui et al., 
(2018). 
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2.6.1 Morphology of Schizophyllum commune 

The macroscopic morphology of this mushroom is shown in Figure 2.24 whereby 

the fruiting body is 1 cm to 5 cm wide and has a fan-shaped with small pileus on the upper 

surface. The colour of the fruiting body can vary from white to greyish (Kumar et al., 

2013). The fruiting body commonly laterally adheres to the substratum, stipeless or 

irregular to shell-shaped. Hymenophore has gills. The gills were located under the 

surface, folded, and split down the middle. Therefore, these fungi are known as split-

gilled fungi. The split was shallow, and the feature looks like a groove (Amee et al., 

2009). The function of gills is to form basidiospores on their surfaces. The colour of these 

spore print is white (Chandrawanshi et al., 2017), and the size is approximately 3 – 4 x 1 

– 1.5 μm. The shape of the spore can vary between cylindrical to elliptical and smooth 

(Matavuly et al., 2013). In addition, hyphae wall is thin and the dikaryotic mycelium has 

clamp connection as shown in Figure 2.25 (Amee et al., 2009). 

 

 
Figure 2.24: Sporophore of Schizophyllum commune (Cited from: Palmer & Horton 
(2016). 
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Figure 2.25: Microscopic morphology of S.commune (A) Staining using lactophenol (B) 
Scanning electron microscopy (SEM) (Cited from: Hanafusa et al., (2016). 

 

2.6.2 Life Cycle of Schizophyllum commune 

 The life cycle of Schizophyllum commune as shown in Figure 2.26 begins with the 

germination of haploid spore which will form homokaryotic mycelium. Homokaryotic 

mycelium consists of uninucleate, haploid cells (Stankis & Specht., 2007).  

Schizophyllum commune is heterothallic where the mating between homokaryotic 

mycelia is depended on the bifactorial incompatibility factors which are A and B (Raper 

& Miles, 1958). Two homokaryons are compatible when each of them has different alleles 

of A and B genes as shown in Figure 2.26 as AiBi and AjBj. Heterokaryotic cells will be 

formed when two compatible homokaryotic mycelia fused together. Then, the 

heterokaryotic cell will be developed into dikaryon mycelium (Stankis & Specht, 2007).  

The difference between hypha of S. commune dikaryon and monokaryon (primary 

mycelium) is the presence of clamp connection. Clamp connection only formed at 

dikaryon mycelium while monokaryon mycelium has no clamp connection (Clark & 

Anderson, 2004). Generation of the clamp is generally used as an evidence of sexual 

compatibility. Formation of the clamp connection occurs during the conjugate division of 

nuclei in the arising hyphae tip (Gharehaghaji et al., 2007).  Under appropriate conditions, 

fruiting body formation begins with the aggregation of aerial dikaryotic hyphae which 

Univ
ers

ity
 of

 M
ala

ya



  42 

eventually will develop into fruiting body primordia. Primordia will differentiate to form 

mature fruiting bodies (Ohm et al., 2010).   

 

 

Figure 2.26: Life cycle of Schizophyllum commune (Cited from: Stankis & Specht 
(2007). 

 

2.6.3 Nutritional Value and Medical Properties 

 In general, mushroom consists of 90 % water and 10 % dry matter. Nutritional 

values of the mushroom are comparable to that of eggs, milk, and meat. In addition, 

protein in mushroom is intermediate between animals and plants, and the quality is greater 

due to the presence of all amino acids (Hoa & Wang, 2015). Moreover, mushroom also 

has high in minerals (Ingale & Ramteke, 2010), low in calories and fat (Dasanayaka & 

Wijeyaratne, 2017) and contains no cholesterol (Rajapakse, 2011). Edible mushrooms are 

very good as an alternative protein source for vegetarian diets because they contain the 

essential amino acids for adult consumption (Valverde et al., 2015). Table 2.4 shows that 

the nutrient compounds of wild and cultivated S. commune (Herawati et al., 2016). 

Schizophyllum commune also contains high in phosphorus (P), magnesium (Mg), 

potassium (K), and selenium (Se) (Dasanayaka & Wijeyaratne, 2017).  
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Table 2.4: Nutrient contents of wild and cultivated S. commune (Cited from: Herawati et 
al., (2016). 

Parameter Result of 

Wild mushroom (%) Cultivated mushroom (%) 

Moisture content 52.0 50.0 

Ash 2.0 1.94 

Fat 4.5 4.5 

Protein 6.1 6.13 

Fiber 0.002 0.002 

Carbohydrate 35.39 37.42 

 

 Schizophyllum commune is a filamentous fungus which synthesises 

exopolysaccharide (EPS) and secretes β-glucan as main molecular structure (Joshi et al., 

2013). Schizophyllan (SPG) is a polysaccharide which consists of the main chain of the 

3-β-ᴅ-glucopyranosyl unit in which every third unit has a (1→6)-branched β-ᴅ-

glucopyranosyl substituent. It is proven that SPG can be used in vaccines and anticancer 

therapies, in oxygen-impermeable films which are used for food preservation and to 

increase petroleum recovery (Zhong et al., 2013). SPG enables to recover and increases 

cellular immunity in the ill organism by enhancing macrophages (Hilszczańska, 2012). 

This β-glucan is also known as Sonifilan, which can be applied for the treatment of 

stomach and neck cancer. In addition, it is also introduced during radiotherapy because 

of its radioprotective properties (Lemieszek & Rzeski, 2012).  

 In addition, dichloromethane extraction of S. commune has proven to be an 

effective antibacterial and antifungal properties against some species of the gram-positive 

bacteria (Bacillus cereus, Bacillus subtilis, Enterobacter faecalis, and Staphylococcus 

aureus), gram negative bacteria (Escheria coli, Plesiomonas sigelloides, Pseudomonas 
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aeruginosa, Proteus vulgaris, Salmonella typhi, Shigell sp., Shigella fexneri, 

Streptococcus mitis, Streptococcus mutans and Streptococcus sanguis) and fungi 

(Candida albicans, Candida parapsilosis and Saccharomyces pombe) (Mirfat et al., 

2014). Research done by Jayakumar et al. (2010) resulted that the oxidised schizophyllan 

(scleraldehyde) of S. commune is an efficient antibacterial against ten strains of gram 

positive bacteria and gram-negative bacteria.  

 Research performed by Mirfat et al. (2010) reported that compound extracted 

from S. commune shown the highest antioxidant and scavenging activity, which able to 

reduce the stable radical 1,1-diphenyl-2-picryl-hydrazyl-hydrate (DPPH) to yellow-

coloured diphenyl-1-picrylhydrazine. Study done by Chandrawanshi et al. (2017) also 

shown that S. commune may be used as potential sources of natural antioxidant due to its 

scavenging activity and high content of phenolic compounds. 
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CHAPTER 3: MATERIALS AND METHODS 

 

3.1 Preparation of Mycelial Culture 

 Cultures of Schizophyllum commune, consisting of natural strains from Malaysia 

(w1 and w2) and commercial Thailand strain (R) were obtained from Mycology 

Laboratory, University of Malaya. Also 15 strains of dikaryon culture obtained through 

hybridisation (cross-breeding) and 10 strains obtained through hybridisation of gamma-

irradiated monokaryon culture were selected based on the compatibility between strains 

in experiments previously conducted in the laboratory (Bakar, 2017; Rohizad, 2017). The 

list of selected strains is shown in the Table 3.1. 

The mycelial culture of each strain was cultured on malt extract agar (MEA) as 

prepared in Appendix A to be used as inoculum for spawn. The culture was incubated for 

7 days at 25 °C in the darkness for the preparation in the fruiting trials. 

 

3.2 Fruiting Trials 

During the fruiting trials, all strains were maintained and cultured in a uniform 

environmental condition in terms of light, temperature, humidity and aeration to minimise 

the effect of environmental factors. Each parental strain and hybrid strains were assessed 

by growing on substrate in polyethylene bags with 10 replicates. Mycelial growth rate 

and density were assessed. Then, all the bags were transferred to the mushroom house for 

fructification. During fructification, several parameters such as size of the sporophores, 

yield (total fresh weight of mushroom), biological efficiency and the occurrence of 

contamination were determined. 
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Table 3.1: List of selected hybrids dikaryon (through hybridisation and hybridisation of 
gamma monokaryotic cultures) with their respective monokaryon cultures from w1, w2 
and R. 

Genetic variation of hybrid strains 

Genetic variation through 

hybridisation 

Genetic variation through 

hybridisation of gamma monokaryotic 

culture 

w1a w2a w1aw2a w1d  Ra Ir-w1dRa 

w1b w2a w1bw2a w1d Rc Ir-w1dRc 

w1b w2f w1bw2f w1d w2d Ir-w1dw2d 

w1c w2a w1cw2a w1e w2a Ir-w1ew2a 

w1d w2a w1dw2a w1e w2d Ir-w1ew2d 

w1d w2f w1dw2f w1g Rc Ir-w1gRc 

w1e Ra w1eRa w1g w2a Ir-w1gw2a 

w1e w2a w1ew2a w1h w2d Ir-w1hw2d 

w1e w2f w1ew2f w1j Ra Ir-w1jRa 

w1f w2a w1fw2a w1L w2f Ir-w1Lw2f 

w1g w2a w1gw2a 

w1h w2a w1hw2a 

w1j Rc w1jRc   

w1j w2a w1jw2a 

w1L w2a w1Lw2a 

 

3.2.1 Preparation of the Spawn 

 Spawn was prepared by washing and soaking the wheat grains for 1 hour using 

hot water until the grains became soft and 1 % calcium carbonate (CaCO₃) was added 

into the water. The wheat grains were filtered, and excess water were removed. One 

hundred grams of the wheat grains were filled in polypropylene bags and autoclaved at 

121°C for 60 minutes at pressure of 1.2 kg/cm². The autoclaved grains were left at room 

temperature to cool for 30 minutes. Once cooled, five mycelial plugs of different strains 

were transferred into the spawn substrate under aseptic condition. The spawns were kept 
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at 25 °C for seven days to allow the mycelia to grow. Figure 3.1 (A) shows the first day 

of inoculation while Figure 3.1 (B) shows seventh day of inoculation. 

 

  

Figure 3.1: Spawn (A) Before inoculation (B) Spawn colonised by mycelia on day 7. 

 

3.2.2 Preparation of Fruiting Substrate Bag and Spawn Inoculation 

Fruiting substrate bag was prepared by mixing the sawdust with rice bran and 

CaCO₃ in the ratio of 100:20:1. One liter of water was added into the mixtures to obtain 

a moisture content of 70 %. Next, 600 grams of the fruiting substrate was packed into 

polypropylene bag. The bag was sealed by using plastic cap.  The substrate bags were 

autoclaved at 121°C for 1 hour and allowed to cool to room temperature. Then, one full 

spoon of grain spawn of each strain was transferred into the substrate bag. Each strain 

was inoculated into ten bags. The bags were kept in the dark chamber at room temperature 

until full colonisation.  
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3.2.3 Determination of the Mycelial Growth Rate and Mycelial Density  

 Average mycelial growth rate was determined by measuring the mycelial growth 

at four equidistant points around the circumference of each bags. Mycelial progression as 

shown in Figure 3.2 was calculated as millimetre per day (mm/d) and measurements were 

taken every two days. The growth rate of mycelial of each strain was determined by 

plotting the graph of average reading against time (day).  

 

   

   
Figure 3.2: Spawn running (A) Day 2 (B) Day 4 (C) Day 6 (D) Day 8 (E) Day 10 (F) 
Day 12. 

 

The thickness of the mycelia of each strain was observed and recorded with a 

digital camera. The intensity of the mycelia when the mycelia fully colonises the substrate 

bag was grouped into three categories where (+) poor running growth and has low density, 
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(++) mycelia grows throughout the substrate bag is not uniformly white and has moderate 

density, and (+++) mycelia grows throughout the whole bag and is uniformly white and 

has intense density as referring to the study done by Obodai et al. (2003) as shown in 

Figure 3.3.  

   

Figure 3.3: The evaluation of mycelia density (A) low density (B) moderate density (C) 
intense density. 
 

3.2.4 Determination of Sporophore Yield and Biological Efficiency (BE) 

 Once fully colonised, the fruiting bags were slit at the side to allow primordia 

formation and maturation. Six slits were made per bag. The bags were then transferred to 

the mushroom house with higher humidity (>90 %) and aeration to allow fructification. 

Primordia formed were allowed to develop into mature sporophores. The sporophores of 

different strains were harvested on day 7 and day 14 for first and second flushes 

respectively. Flushes or break is when the mushroom produce the yield of mushroom 

sporophores (Burton & Noble, 1992). Morphological characterisation of mature 

sporophore was determined by direct measurement of width. Width of 20 mature 

sporophores from each strain was measured by using a ruler. The productivity of each 

strain was evaluated based on the sporophore weight (yield) and biological efficiency 

(BE). The formula of yield and biological efficiency are as follow: 
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Yield (g / bag) = Total fresh weight of harvested sporophore of each strain for 2 flushes 

(Average of 10 replicate bags) (Islam et al., 2017). 

Biological efficiency (%) = (Weight of fresh sporophores harvested / weight of dry 

substrate) x 100 (Peng et al., 2001). 

 

3.3 Protein Profiling 

 Sporophores of every strain were extracted for proteins and SDS-PAGE 

procedures were performed to obtain protein profiling for all strains. 

 

3.3.1 Protein Extraction 

Protein extraction is performed by using the trichloroacetic acid (TCA) / acetone-

phenol / methanol method with a few modifications (Fernández & Novo, 2013). Fresh 

sporophore of all strains of Schizophyllum commune were cleaned and blended into 

powder. Next, 100 mg of the powdered mushroom were grinded with addition of 1 mL 

of 10 % (w/v) TCA / acetone by using mortar and pestle. The grinding process as 

conducted on ice to maintain the low temperature. The mixture was transferred to the 2 

mL microcentrifuge tube. The tube is then filled with 10 % (w/v) TCA / acetone and 

mixed by vortexing. The tube then was centrifuge at 16000 x g for 5 minutes and the 

supernatant was removed.  

The tube was then filled with 0.1 M ammonium acetate in 80 % (v/v) methanol 

and was vortexed and centrifuged again. The supernatant was removed and filled 80 % 

(v/v) acetone was added and vortexed. It was then centrifuge at 16000 x g and the 

supernatant was discarded. The pellet obtained was air-dry at room temperature to 

evaporate the residual acetone. 1.0 mL of 1:1 phenol / SDS buffer was added into the tube 
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and vortexed. The tube was incubated in ice for 5 minutes. The tube was centrifuged and 

the upper phenol phase as shown in Figure 3.4A was transferred into a new 2 mL tube. 

The tube was filled with 0.1 M ammonium acetate in 100 % (v/v) methanol, vortexing in 

few seconds and incubated overnight at -20 °C to allow precipitation to take place.  

Next day, the tube was centrifuged, and the supernatant were removed. The white 

coloured pellet as shown in Figure 3.4B was washed with 100 % methanol and vortexed. 

The tube was centrifuge and the supernatant were removed. The pellet was washed again 

by using 80 % (v/v) acetone and vortexed. The tube was centrifuge and the supernatant 

were discarded. Finally, the pellet was dried at room temperature. The pellet was 

dissolved in solubilisation solution which contain 9 M urea, 2 M thiourea, 4 % (w/v) 

CHAPS, 0.5% (v/v) Tritón-X100 and 20 mM Dithiothreitol (DTT). 

  

Figure 3.4: Steps in protein extraction. (A) Upper phase of phenol (B) White pellet. 

 

 

A B 
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3.3.2 Protein Estimation using Bradford Assay 

 Bradford assay can be used to estimate the protein content in the sample. This 

method is based on the binding of Coomassie Brilliant Blue G-250 to the protein which 

are measured at the absorbance of 595 nm (Bradford, 1976). The colour change is due to 

the interaction of dye with the hydrophobic interaction and certain amino groups such as 

arginine, histidine, phenylalanine, tryptophan and tyrosine residue (Noble & Bailey, 

2009). Protein concentration standard was prepared by using Bovine Serum Albumin 

(BSA) as shown in the Table 3.2 Bradford assay was carry out using microplate assay 

where 10 μL of sample are mixed with 200 μL of Bradford reagent. The mixture was 

incubated for 5 minutes at room temperature. The absorbances was recorded at 595 nm. 

   

Table 3.2: Volume and concentration of BSA for preparation of standard. 

Vial Volume of Diluent 

(μL) 

Volume and Source of 

BSA (μL) 

Final BSA 

Concentration 

(μg/mL) 

A 0 300 of stock 2000 

B 125 375 of stock 1500 

C 325 325 of stock 1000 

D 175 175 of vial B dilution 750 

E 325 325 of vial C dilution 500 

F 325 325 of vial E dilution 250 

G 325 325 of vial F dilution 125 

H 400 100 of vial G dilution 25 

I 400 0 0 = Blank 
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3.3.3 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis  

 Protein profiling was done by using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) in a vertical slab gel apparatus. BLUtra prestained protein 

ladder marker kit, ranges from 6.5 kDa to 270 kDa, manufactured by GeneDireX was 

used as standard marker. Each strain with different protein content as shown in Appendix 

D was standardised to contain 50 μg of protein estimated by using Bradford assay. Protein 

samples were prepared by mixing 40 μL of protein sample with 40 μL of sample buffer. 

Then the solution was heated at 95 °C for 5 minutes. Next, 15 μL of the solution was 

loaded into the wells of the stacking gel. Electrophoresis was performed at a constant 

current 25 mA, 60 V for stacking gel (4 % polyacrylamide) and 80 V for resolving gel 

(16 % polyacrylamide). After electrophoresis, the gel was stained by standard silver 

nitrate staining methods.   

 

3.3.4 Standard Silver Nitrate Staining Method 

 After electrophoresis was conducted, the gel was fix in 50 % (v/v) methanol, 12 

% (v/v) acetic acid and 0.05 % (v/v) formaldehyde for two hours or overnight. The gel 

was rinsed with 35 % (v/v) ethanol for three times and sensitised by soaking in a solution 

containing 0.025 % (w/v) of sodium thiosulphate for three minutes. Then, the gel was 

rinsed three times with ultrapure water. The gel was immersed in silver nitrate solution 

for 20 minutes. The gel was rinsed with ultrapure water before soaking in the developing 

solution which contain 6 % (w/v) sodium carbonate, 0.05 % (v/v) formaldehyde, and 2 % 

(v/v) sensitising solution for 5 minutes. The solution was immersed with stop solution for 

5 minutes or until adequate degree of staining has been achieved. Finally, the gel was 

washed with ultrapure water. 
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3.3.5 Analysis SDS-PAGE Gel Image 

 Gels were analysed with GelAnalyzer software. The densitometric analysis of 

electrophoretic bands of polypeptide subunits was performed to determine the number of 

peak produce by each strain. The densitometric profile is plotted based on the average 

intensity of each row of pixels across the specified width of the lane. The molecular 

masses were calculated according to the standard curves, constructed by plotting the 

migrating distance (in mm) of each relative mobility (Rf) and logarithm of molecular 

mass of corresponding standard. Relative mobility (Rf) is the movement of a type of 

polypeptide through a gel relative to other protein bands in the gel.  

 The banding pattern of each strains were scored as bands for presence or absence 

of the band. The computer software DendroUPGMA was used to calculate the similarity 

coefficients and generating the similarity matrix for all strains. The strains were 

considered the same isolates when the Dice coefficient of correlation was above 60 % 

(Santos et al., 2011). The dendrogram was constructed by calculating similarity 

coefficients into distances and makes a clustering using the Unweighted Pair Group 

Method with Arithmetic mean (UPGMA) algorithm.  

 

3.4 Statistical Analysis 

 All experiments were conducted in 10 replicates except protein contents where 

the experiments were performed in 3 replicates.  Data obtained on mycelial growth rate, 

width of sporophores, mushroom yield, biological efficiency and protein content of all 

strains were subjected to analysis of variance (one-way ANOVA), where significant 

differences were obtained. A p-value <0.05 was considered significant. Duncan multiple 

range test was performed to determine the highest producing strains by using Statistical 

Package for the Social Sciences (SPSS) version 16 for Windows (Avin et al., 2016). 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Mycelial Growth Rate and Density of S. commune strains 

4.1.1 Hybrids of Malaysian Strains compared to Parental Strains (w1 and w2) 

Comparison between the rate of mycelial growth and density between Malaysia 

parental strains and their hybrids are shown in Table 4.1. The fastest mycelial growth 

rates were recorded for hybrid strains of w1ew2a and w1jw2a having the similar value of 

9.9 mm/day while hybrid strains of w1ew2f showed the slowest mycelial growth rate of 

7.8 ± 0.90 mm/day. Adebayo et al. (2013) reported similar findings whereby hybrid 

LL910 which was obtained from interbreeding between Pleurotus pulmonarius and 

Pleurotus ostreatus had the highest mycelial growth rate. Ten strains of the hybrids 

showed similar significant different with the Malaysian native strains. In addition, 

Isikhuemhen et al. (2000) also produced a hybrid (Pt-Omon9) which showed higher 

mycelial growth rate than the parental strains of Pleurotus tuberregium from different 

ecological regions which were from Nigeria and Papua New Guinea. Moreover, Ying et 

al. (2017) also successfully produced hybrids of Pleurotus sahor-caju (Fr.) Sings which 

have higher mycelial growth rate than their parents. 

 Mycelial growth rate is an important element in producing high yield of 

mushroom (Royse, 1985).  Fast mycelial growth rates elevate the rate of penetration of 

the substrate by the mushroom mycelia and decrease the length of the production cycle 

(Zharare et al., 2010). Thus, rapid mycelial growth rate is able to reduce mushroom 

grower expenses as they could assume up to twice the rate of production as compared to 

the strain with lower mycelial growth rate (Royse, 1985). Moreover, a strain that is able 

to colonise the substrate rapidly can simply exclude contaminant microorganisms which 

Univ
ers

ity
 of

 M
ala

ya



  56 

will lead to high production yield (Zharare et al., 2010) as it will increase the production 

of enzymes present in the substrate (Royse, 1985).   

 

Table 4.1: Average mycelial growth rate and mycelia density between parental strains 
(w1 & w2) and the hybrids.  

Strains Average of mycelial 

growth rate (mm/day) 

Average of mycelial 
density 

w1 9.0 ± 0.09ᵇᶜ ++ 

w2 9.3 ± 0.12ᵇᶜᵈᵉ ++ 

w1aw2a 8.9 ± 0.04ᵇᶜ +++ 

w1bw2a 9.1 ± 0.04ᵇᶜᵈ ++ 

w1bw2f 8.9 ± 0.04ᵇᶜ ++ 

w1cw2a 9.3 ± 0.14ᵇᶜᵈᵉ ++ 

w1dw2a 9.3 ± 0.04ᵇᶜᵈᵉ +++ 

w1dw2f 9.3 ± 0.03ᵇᶜᵈᵉ ++ 

w1ew2a 9.9 ± 0.04ᵉ ++ 

w1ew2f 7.8 ± 0.09ᵃ ++ 

w1fw2a 9.6 ± 0.04ᵈᵉ ++ 

w1gw2a 9.6 ± 0.03ᶜᵈᵉ ++ 

w1hw2a 9.6 ± 0.04ᶜᵈᵉ ++ 

w1jw2a 9.9 ± 0.05ᵉ ++ 

w1Lw2a 8.9 ± 0.02ᵇ +++ 

Values are the means of 10 replicates. Intensity of mycelial density when the mycelia fully 
colonises the substrate bag where + poor running growth and has low density, ++ mycelia grows 
throughout the substrate bag is not uniformly white and has moderate density, and +++ mycelia 
grows throughout the whole bag and is uniformly white and has intense density. 

 

Both parental strains have moderate mycelial density. However, 3 hybrid strains, 

which were w1aw2a, w1dw2a, and w1Lw2a showed very abundant mycelial density. The 

other strains produced similar mycelial density with the parental strains. None of the 

hybrid strain had low mycelial density. The intensity of mycelial density of these strains 

can be observed in Figure 4.1. Research published by (Guadarrama-Mendoza et al., 2014) 
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reported that the hybrid of Pleurotus spp. which has rapid mycelia growth rate produced 

intense mycelia density. However, the inference may not be suitable to apply to this study 

as the hybrid w1ew2f which had the slowest mycelial growth rate only produced moderate 

mycelial density.  

 

 

   

   

   

Figure 4.1: Intensity of mycelial density of Malaysia strains, and their hybrids (A) w1 
(B) w2 (C) w1aw2a (D) w1bw2a (E) w1bw2f (F) w1cw2a (G) w1dw2a (H) w1dw2f (I) 
w1ew2a (J) w1ew2f (K) w1fw2a (L) w1gw2a (M) w1hw2a (N) w1jw2a (O) w1Lw2a. 
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4.1.2 Hybrids between Malaysian and Thailand Strains compared to the Parental 

Strains 

Table 4.2 summarised the results of mycelial growth rate and mycelia density 

between Malaysia parental strain (w1), Thailand parental strain (R), and their hybrids 

w1eRa and w1jRc. The most rapid mycelial growths are obtained from both parental 

strains, w1 and R with measurement 9.0 ± 0.86 mm/day and 8.6 ± 0.80 mm/day 

respectively. No significant difference (p<0.05) of mycelial growth rate between parental 

strains from two different countries may due to the location of both countries as they 

experience almost similar environmental condition while study done by Sher et al. (2010) 

reported that different mycelial growth rate of the oyster mushroom was observed from 

two different regions in Pakistan as both regions have different temperature and humidity.   

In contrast, both hybrid strains, w1eRa and w1jRc have significantly slow 

mycelial growth rate which is 7.0 ± 0.40 mm/day and 7.1 ± 0.30 mm/day respectively. 

Results obtained agreed with the mycelial growth rate reported by Llarena-Hernández et 

al., (2013) where intercontinental hybrid of Agaricus subrufescens produced a lower 

mycelial growth rate than the parental strains. The mycelial growth rate has been proven 

to be an accurate and relevant measure to differentiate different strains (Clark & 

Anderson, 2004). The mycelial growth rate can be different due to many factors including 

genetic composition within strains (Kumara & Edirimanna, 2009). The mycelial growth 

rate is the primary quality to be selected, describing the higher values in cultivars than in 

wild isolates (Llarena-Hernández et al., 2013). The hybridisation between Malaysia strain 

and Thailand strain produced lower mycelial growth rate than the parental strains. Thus, 

w1eRa and w1jRc can be removed in term of mycelial growth rate for the commercial 

purpose. 
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Table 4.2: Average mycelial growth rate and mycelia density between Malaysia parental 
strain (w1), Thailand parental strain (R), and their hybrids, w1eRa and w1jRc.  

Strains Average of mycelial 

growth rate (mm/day) 

Average of mycelial 
density 

w1 9.0 ± 0.90ᵇ ++ 

R 8.6 ± 0.80ᵇ ++ 

w1eRa 7.0 ± 0.40ᵃ +++ 

w1jRc 7.1 ± 0.30ᵃ +++ 

Values are the means of 10 replicates.  Values are the means of 10 replicates. Intensity of mycelial 
density when the mycelia fully colonises the substrate bag where + poor running growth and has 
low density, ++ mycelia grows throughout the substrate bag is not uniformly white and has 
moderate density, and +++ mycelia grows throughout the whole bag and is uniformly white and 
has intense density. 

 

 Both hybrids w1eRa and w1jRc developed abundant mycelia density. In contrast, 

the parental strains produced moderate mycelia density. The mycelial density of these 

four strains can be observed in Figure 4.2. The relationship between mycelial growth rate 

and mycelia density was reported by Royse (1985) that the low mycelial growth rate may 

allow increased in mycelial density of Lentinus edodes to develop as it increased the 

amounts of hyphae in contact with the substrate. Thus, this may explain the different of 

mycelia density between parental strains and the hybrids. 

 

     
Figure 4.2: Intensity of mycelia density of Malaysia parental strain (w1), Thailand 
parental strain, and their hybrids. (A) w1 (B) R (C) w1eRa (D) w1jRc. 
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4.1.3 Irradiated Hybrids 

The influence of 2 kGy gamma irradiation of monokaryon culture and 

hybridisation on the mycelial growth rate is shown in Table 4.3. Ten strains of 

monokaryotic-irradiated hybrids were selected, whereby 6 strains are hybrids between 

Malaysia native strain and 4 strains are the hybrids between Malaysia and Thailand native 

strain. ANOVA analysis resulted that the mycelial growth rate is significantly different 

among the irradiated strains.  

Strain Ir-w1ew2a showed the fastest mycelial growth rate which is 8.7 ± 0.50 

mm/day however it is lower than the natural parental strains w1 (9.0 ± 0.90 mm/day) and 

w2 (9.3 ± 0.12 mm/day) while strain Ir-w1jRa shows the slowest mycelial growth rate 

which is 6.9 ± 0.30 mm/day. Moreover, all the four strains hybridised between Malaysia 

strain and Thailand strain showed lower mycelial growth rate than w1 and R. Similar 

results were obtained by Majolagbe et al. (2013) where all the mutant hybrids of Lentinus 

subnudus have significantly similar and lower mycelial growth rate than the wild strain. 

This result also can be supported by a study done by Rashid et al. (2016) as the mycelial 

growth rate of the hybrid of Pleurotus sajor-caju decrease when exposed to the gamma 

radiation. Thus, this indicate that irradiation able to affect the mycelia growth rate of the 

mushroom hybrids and producing new strain of mushroom that show variant properties 

than the wild strains. 
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Table 4.3: Average of mycelial growth rate and mycelia density among irradiated strains.  

Strains Average mycelial growth 

rate (mm/day) 

Average mycelial density 

w1 9.0 ± 0.90fg ++ 

w2 9.3 ± 0.12g ++ 

R 8.6 ± 0.80ef ++ 

Ir-w1dRa  7.1 ± 0.04ᵃᵇ ++ 

Ir-w1dRc  7.8 ± 0.05bcd +++ 

Ir-w1dw2d  8.1 ± 0.02cde ++ 

Ir-w1ew2a 8.7 ± 0.05efg ++ 

Ir-w1ew2d  8.4 ± 0.07def ++ 

Ir-w1gRc  7.3 ± 0.06ᵃᵇ ++ 

Ir-w1gw2a  8.5 ± 0.05ᵉᶠ +++ 

Ir-w1hw2d  7.5 ± 0.03abc ++ 

Ir-w1jRa  6.9 ± 0.03ᵃ ++ 

Ir-w1Lw2f  7.6 ± 0.05bc +++ 

Values are the means of 10 replicates. Intensity of mycelial density when the mycelia fully 
colonises the substrate bag where + poor running growth and has low density, ++ mycelia grows 
throughout the substrate bag is not uniformly white and has moderate density, and +++ mycelia 
grows throughout the whole bag and is uniformly white and has intense density. 

 

 Table 4.3 presented the average mycelial density between irradiated hybrid 

strains. Three strains of irradiated hybrid produce the abundant mycelial density, which 

are Ir-w1dRc, Ir-w1gw2a and Ir-w1Lw2f. This result is accordance to the report by Kortei 

et al. (2014) where very abundant mycelial density of Pleurotus eous (Berk.) Sacc. strain 

P-31 was recorded when exposed by gamma irradiation. These results revealed that 

gamma irradiation could be used as an alternative method for the production of new strain 

with intense mycelia density. However, the other strains show moderate mycelial density. 

None of the irradiated hybrid strains show very little mycelial density. The mycelia 

density among irradiated hybrid strains can be observed in Figure 4.3. 
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Figure 4.3: Intensity of mycelia density of irradiated hybrids (A) Ir-w1dRa (B) Ir-w1dRc 
(C) Ir-w1dw2d (D) Ir-w1ew2a (E) Ir-w1ew2d (F) Ir-w1gRc (G) Ir-w1gw2a (H) Ir-
w1hw2d (I) Ir-w1jRa (J) Ir-w1Lw2f. 

 

4.1.4 Comparison of Mycelial Growth Rate and Density of Parental Strains (w1 

and w2), Hybrid (w1ew2a) and Monokaryon-Irradiated Hybrid (Ir-w1ew2a) 

This comparison is made to determine whether hybridisation alone or irradiation 

and hybridisation have the potential to enhance growth rate or density. Table 4.4 shows 

the average mycelial growth rate between Malaysia parental strains (w1 and w2), their 

hybrids w1ew2a and the respective Ir-w1ew2a. The ability to colonise the cultivation 

substrate is recognised as a criterion for strain preferences of the cultivated mushroom 
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(Llarena-Hernández et al., 2013). The graph exhibits that the average mycelial growth 

rate were significant differences (p<0.05) among these four strains. The mycelia growth 

of the hybrid w1ew2a showed significant (p<0.05) increase of 9.9 ± 0.40 mm/day 

compared to both parental strains w1 and w2 with 9.0 ± 0.86 mm/day and 9.3 ± 1.30 

mm/day respectively. The growth rates of strains isolated from natural populations have 

a narrow range yet hybridises made from wild-collected strains displayed an improved 

range of growth rate (Clark & Anderson, 2004). 

The irradiated hybrid Ir-w1ew2a shows a non-significant (p>0.05) reduction in 

the mycelial growth rate of 8.7 ± 0.50 mm/day. This result was in accordance with Rashid 

et al. (2014), where the study mycelial growth rate of Pleurotus sajor-caju decreased as 

the level of dosage of gamma radiation increase. It implies that the gamma radiation can 

cause changes in the growth rate of mycelium. The mycelial growth rate could affect the 

duration of colonisation of mycelium on a substrate. The strains which have high mycelial 

growth rate were able to colonise the substrate in a short period (Rashid et al., 2016). 

However, mycelial growth rate had no significant effect on the yield of sporophores, time 

to fruiting and sporophore mean weight (Llarena-Hernández et al., 2011).  

 

Table 4.4: Average of mycelial growth rate (mm/day) and mycelia density of Malaysian 
parental strains (w1 and w2), hybrid w1ew2a, and monokaryon-irradiated hybrid Ir-
w1ew2a.  

Strains Average mycelial growth 

rate (mm/day) 

Average density of 

mycelium 

w1 9.0 ± 0.09ᵃ ++ 

w2 9.3 ± 0.13ᵃ ++ 

w1ew2a 9.9 ± 0.04ᵃᵇ ++ 

Ir-w1ew2a 8.7 ± 0.05ᵇ ++ 

Values are the means of 10 replicates. Intensity of mycelial density when the mycelia fully 
colonises the substrate bag where + poor running growth and has low density, ++ mycelia grows 
throughout the substrate bag is not uniformly white and has moderate density, and +++ mycelia 
grows throughout the whole bag and is uniformly white and has intense density. 
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All the strains showed the similar moderate mycelial density. The intensity of the 

mycelial density of these four strains can be observed in Figure 4.4. This comparison 

shows that hybridisation and gamma irradiation may not affect the mycelial density for 

the strain w1ew2a and Ir-w1ew2a. 

 

    

Figure 4.4: Intensity of mycelial density of Malaysia parental strains, hybrid w1ew2a, 
and monokaryon-irradiated hybrid Ir-w1ew2a (A) w1 (B) w2 (C) w1ew2a (D) Ir-
w1ew2a. 

 

4.2 Morphology of Sporophore 

4.2.1 Hybrids of Malaysian Strains compared to Parental Strains (w1 and w2) 

Although mycelia growth rate is important trait to the phenotypic variability of a 

crop, quality of the harvested mushrooms is also influential. The shape and colour are the 

primary benchmark for quality of fresh mushroom for market. Quality of mushroom 

strains might be influenced by both the genetic composition and the environmental 

condition (Llarena-Hernández et al., 2013). Under our controlled fructification condition, 

the morphology and average of the width sporophores between Malaysia parental strains 

(w1 and w2) and hybrids are presented in the Table 4.5. Different colour of sporophores 

were observed between w1 and w2, where w1 had greyish white colour while w2 has 

yellowish brown colour. This proved that wild strains showed variation among the same 

species and due to these variations, wild strains act as huge collection of gene pool in 
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nature available for strain breeding (Xiao et al., 2016). Three of the hybrids which are 

w1aw2a, w1ew2f and w1gw2a appeared in greyish white while the others appeared in 

yellowish brown. However, no considerable morphological differences in terms of 

sporophores margin were observed between the parental strains and the hybrids. Similar 

result was produced by study conducted by Kumara and Edirimanna (2009) where four 

hybrids of Pleurotus sp. have similar margin with their parental strains generated by 

hybridisation.  

Interestingly, w1 has larger sporophores than w2. This signify that there is genetic 

variation among the parental strains even from the same region. The width of the 

sporophores also shown variant among hybrid and parental strains. Hybrid w1fw2a 

exhibited significantly (p<0.05) biggest sporophore size of 35 ± 5.6 mm. This is followed 

by parental w1 and the hybrid w1cw2a and hybrid w1jw2a. Hybrid w1hw2a had the 

significantly smallest sporophore size of 16 ± 2.0 mm. Kumara and Edirimanna (2009) 

also produced hybrid with smaller size sporophores compared to the parental strains 

which was called hybrid A₃L₃. Sporophore size of all other hybrids were significantly 

(p<0.05) smaller than the parental w1. Based on these results, hybridisation process may 

affect the width of sporophores while remained some of the characteristics of the parental 

strains. Besides genetic composition, size of mushroom also can be affected by ecological 

factors such as temperature, humidity, fresh air and substrate materials. The lowest 

temperature and drought environment decrease the size of mushroom (Sher et al., 2010). 
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Table 4.5: Average size and morphology of the sporophores of the hybrids of Malaysian 
strains compared to the parental strains (w1 & w2). 

Strains Morphology of 
the sporophore 

Average of 
width of 

sporophore 
(mm) 

Width of 
Sporophores 

Fruitification 
Density 

w1 Greyish white 
colour with 

lobed margin 
sporophore 

32 ± 2.7ᶠ 

 

 
w2 Yellowish 

brown colour 
with lobed 

margin 
sporophore 

26 ± 3.1ᶜᵈᵉ 

 

 
w1aw2a Greyish white 

colour with 
lobed margin 
sporophore 

25 ± 3.5ᶜᵈᵉ 

 

 
w1bw2a Yellowish 

brown colour 
with lobed 

margin 
sporophore 

24 ± 3.8ᶜ 

 

 
w1bw2f Yellowish 

brown colour 
with lobed 

margin 
sporophore 

24 ± 4.6ᶜᵈ 

 

 
w1cw2a Yellowish 

brown colour 
with lobed 

margin 
sporophore 

32 ± 3.7ᶠ 

 

 
Values of the width of sporophore are the means of 20 mature sporophores from 10 fruiting 
bags of each strains 
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Table 4.5, continued 

Strains Morphology of 
the sporophore 

Average of 
width of 

sporophore 
(mm) 

Width of 
Sporophores 

Fruitification 
Density 

w1dw2a Yellowish 
brown colour 

with lobed 
margin 

sporophore 

27 ± 5.8ᵈᵉ 

 

 
w1dw2f Yellowish 

brown colour 
with lobed 

margin 
sporophore 

27 ± 6.2ᵉ 

 

 
w1ew2a Yellowish 

brown colour 
with lobed 

margin 
sporophore 

27 ± 3.3ᵈᵉ 

 

 
w1ew2f Greyish white 

colour with 
lobed margin 
sporophore 

30 ± 2.7ᶠ 

 

 
w1fw2a Yellowish 

brown colour 
with lobed 

margin 
sporophore 

35 ± 5.6ᵍ 

 

 
w1gw2a Greyish white 

colour with 
lobed margin 
sporophore 

19 ± 3.4ᵇ 

 

 
Values of the width of sporophore are the means of 20 mature sporophores from 10 fruiting 
bags of each strains 
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Table 4.5, continued 

Strains Morphology of 
the sporophore 

Average of 
width of 

sporophore 
(mm) 

Width of 
Sporophores 

Fruitification 
Density 

w1hw2a Yellowish 
brown colour 

with lobed 
margin 

sporophore 

16 ± 2.0ᵃ 

 

 
w1jw2a Yellowish 

brown colour 
with lobed 

margin 
sporophore 

32 ± 4.4ᶠ 

 

 
w1Lw2a Yellowish 

brown colour 
with lobed 

margin 
sporophore 

21 ± 2.2ᵇ 

 

 
Values of the width of sporophore are the means of 20 mature sporophores from 10 fruiting 
bags of each strains 

 

4.2.2 Hybrids between Malaysian and Thailand Strains compared to the Parental 

Strains 

The morphology and average sporophore sizes of Malaysia parental strain, 

Thailand parental strain and their hybrid strains are shown in Table 4.6. Both hybrids 

appeared in the similar colour as the parental strains. Interestingly, hybrid strain w1eRa 

has the distinguishable morphology of sporophore with wavy margin compared to the 

smooth margin of the hybrid w1jRc and the parental strains. Kumara and Edirimanna 

(2009) also produced hybrid of Pleurotus sp. with wavy appearance through 

hybridisation. Significantly larger sporophores which is 32 ± 2.7 mm were obtained by 

strain w1.  
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Table 4.6: Average of width and morphology of sporophores of the hybrids between 
Malaysia and Thailand strains compared to the parental strains (A) w1 (B) R (C) w1eRa 
(D) w1jRc. 

Strains Morphology 
of the 

sporophore 

Average of 
width of 

sporophore 
(mm) 

Width of 
Sporophores 

Fructification 
Density 

w1 Greyish white 
colour with 

lobed margin 
sporophore 

32 ± 2.7ᶜ 

 

 
R Yellowish 

brown colour 
with lobed 

margin 
sporophore 

18 ± 2.9ᵃ 

 

 
w1eRa Yellowish 

brown colour 
with 

irregularly 
wavy margin 
sporophore 

24 ± 4.3ᵇ 

 

 
w1jRc Yellowish 

brown colour 
with lobed 

margin 
sporophore 

25 ± 2.4ᵇ 

 

 
Values of the width of sporophore are the means of 20 mature sporophores from 10 fruiting 
bags of each strains 

 

The hybrids, w1eRa and w1jRc showed the significantly bigger size of 

sporophores with measurement 24 ± 4.3 mm and 25 ± 2.4 mm compared to the Thailand 

parental strain, R. R has significantly the smallest width of sporophores with the 

measurement 18 ± 2.9 mm. Even though R has rapid mycelia growth rate, yet R produced 

the smallest sporophore. This shows that mycelial growth rate does not influence the size 
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of mushroom. In addition, relatively smaller size of mushroom sporophores is an 

undesirable feature for marketable value (Yang et al., 2013). Hybridisation of S. commune 

from two countries produced a moderate size of sporophores. This indicate that 

hybridisation between two different ecological strains may produce improved strains that 

expressed the combined quality traits obtained from the parental strains (Llarena-

Hernández et al., 2013). Moreover, strains displayed individual characteristics 

irrespective of their origin (Llarena-Hernández et al., 2013).  

 

4.2.3 Irradiated Hybrids 

The results of the morphology and width of the sporophores of the irradiated 

hybrids are presented in the Table 4.7.  A total of 10 strains of irradiated hybrid are tested 

in this experiment, where 6 strains are hybridised between the irradiated Malaysia strains 

and four strains are hybridised between irradiated Malaysia strain and Thailand strain. All 

irradiated hybrids produced sporophores with lobed margins. The sporophore colour 

clearly separated three irradiated monokaryon hybrids that are Ir-w1dRc, Ir-w1gRc and 

Ir-w1hw2d that exhibited greyish white sporophores while others appeared in the 

yellowish brown sporophores. In addition, hybrid Ir-w1jRa has wavy margin of 

sporophores that was different margin morphology than the parental strains and other 

hybrids. This result is in agreement with the research done by Rashid et al. (2014) where 

different morphology is observed after irradiated by gamma ray. This indicate that the 

irradiation by gamma ray is a reliable technique for generating new varieties of mushroom 

species. 

Two strains produced the longest sporophores, which are w1 and Ir-w1dw2d with 

measurement of 32 ± 2.7 mm and 31 ± 3.0 mm respectively with no significant difference 

between these strains. Ir-w1hw2d and Ir-w1ew2d produced sporophore which are larger 

than parental strain w2 with measurement of 30 ± 2.5 mm and 29 ± 4.1 mm. On the other 
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hand, Ir-w1gRc has the smallest width of sporophore with the measurement of 24 ± 3.3 

mm. Despite that, hybrid Ir-w1gRc has larger sporophore than the parental strain R with 

only 18 ± 2.9 mm. Moreover, the length of sporophore of all irradiated hybrids are larger 

compared to the study done by Preecha et al. (2016) which produced sporophore with 

length of 17 mm. 

Based on the United Nations Economic Commission for Europe, the minimum 

concerning sizing for mushroom sporophore should be 20 mm or more for the purposes 

of marketing and commercial quality control of cultivated mushrooms (UNECE, 2017). 

Although parental strain R has the smallest sporophores, all irradiated monokaryon 

hybrids produced follow the standard provided by UNECE. Thus, irradiation method able 

to generate new strains of hybrids that has improved quality for commercial purposes.  

 

Table 4.7: Average of width and morphology of the sporophores of the irradiated hybrids. 

Strains Morpholog
y of the 

sporophore 

Average 
width of 

sporophores 
(mm) 

Width of 
Sporophores 

Fructification 
Density 

w1 Greyish 
white colour 
with lobed 

margin 
sporophore 

32 ± 2.7f 

 

 
w2 Yellowish 

brown 
colour with 

lobed 
margin 

sporophore 

26 ± 3.1cd 

 

 
 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



  72 

Table 4.7, continued 

Strains Morpholog
y of the 

sporophore 

Average 
width of 

sporophores 
(mm) 

Width of 
Sporophores 

Fructification 
Density 

R Yellowish 
brown 

colour with 
lobed 

margin 
sporophore 

18 ± 2.9ᵃ 

 

 
Ir-w1dRa Yellowish 

brown 
colour with 

lobed 
margin 

sporophore 

26 ± 4.0d 

 
  

Ir-w1dRc Greyish 
white colour 
with lobed 

margin 
sporophore 

26 ± 2.9d 

 
  

Ir-
w1dw2d 

Yellowish 
brown 

colour with 
lobed 

margin 
sporophore 

31 ± 3.0f 

 
  

Ir-
w1ew2a 

Yellowish 
brown 

colour with 
lobed 

margin 
sporophore 

26 ± 2.0cd 

 
 

 
Ir-

w1ew2d 
Yellowish 

brown 
colour with 

lobed 
margin 

sporophore 

29 ± 4.1e 

 
 

 
Values of the width of sporophore are the means of 20 mature sporophores from 10 fruiting 
bags of each strains 
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Table 4.7, continued 

Strains Morpholog
y of the 

sporophore 

Average 
width of 

sporophores 
(mm) 

Width of 
Sporophores 

Fructification 
Density 

Ir-w1gRc Greyish 
white colour 
with lobed 

margin 
sporophore 

24 ± 3.3bc 

 
 

 
Ir-

w1gw2a 
Yellowish 

brown 
colour with 

lobed 
margin 

sporophore 

26 ± 3.2d 

 
 

 
Ir-

w1hw2d 
Greyish 

white colour 
with lobed 

margin 
sporophore 

30 ± 2.5ef 

 
 

 
Ir-w1jRa Yellowish 

brown 
colour with 

wavy 
margin 

sporophore 

26 ± 3.4d 

 
 

 
Ir-

w1Lw2f 
Yellowish 

brown 
colour with 

lobed 
margin 

sporophore 

23 ± 3.2b 

 
 

 
Values of the width of sporophore are the means of 20 mature sporophores from 10 fruiting 
bags of each strains 
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4.2.4 Comparison of Sporophores Size of the Parental Strains (w1 and w2), 

Hybrid w1ew2a and Monokaryon-Irradiated Hybrid (Ir-w1ew2a) 

Table 4.8 shows the morphology and width of sporophore between Malaysia 

parental strain and their hybrids, w1ew2a, and Ir-w1ew2a. w1 had greyish white 

sporophore while R and the hybrids have yellowish grey sporophore. However, both 

hybrids produced from hybridisation and irradiation of gamma ray produced similar 

morphology with the parental strains that have lobed margin. The sporophores of both 

hybrids are indistinguishable from one another and towards their parental strains. This 

may be presumed that hybridisation and gamma radiation show no affect or minimal 

affect in term of morphology of the sporophores. 

In terms of the width of sporophores, w1 produced the longest sporophore with 

measurement of 32 ± 2.7 mm while the three strains, w2, w1ew2a, and Ir-w1ew2a 

produce sporophore with no significant difference among themselves with measurement 

of 26 ± 3.1 mm, 27 ± 3.3 mm, and 26 ± 2.0 mm respectively. From this experiment, it can 

be pronounced in two ways. Firstly, the hybrids might express the genetic information 

retrieved from w2 that are responsible for the colour and size of the sporophores. Besides 

that, this result can be explained in a way that gamma ray does not affect the size of 

sporophore.  
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Table 4.8: Average of width and morphology of the sporophores between parental strains 
(w1and w2), hybrid w1ew2a and monokaryon-irradiated hybrid (Ir-w1ew2a). 

Strains Morphology 
of the 

sporophore 

Average width of 
sporophores 

(mm) 

Width of 
Sporophores 

Fructification 
Density 

w1 Greyish white 
colour with 

lobed margin 
sporophore 

32 ± 2.7ᵇ 

 

 
w2 Yellowish 

brown colour 
with lobed 

margin 
sporophore 

26 ± 3.1ᵃ 

 

 
w1ew2a Yellowish 

brown colour 
with lobed 

margin 
sporophore 

27 ± 3.3ᵃ 

 

 
Ir-

w1ew2a 
Yellowish 

brown colour 
with lobed 

margin 
sporophore 

26 ± 2.0ᵃ 

 
 

 
Values of the width of sporophore are the means of 20 mature sporophores from 10 fruiting 
bags of each strains 
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4.3 Yield and Biological Efficiency  

4.3.1 Hybrids of Malaysian Strains compared to the Parental Strains (w1 and 

w2) 

The average values of the sporophores yield and biological efficiency of Malaysia 

parental strain (w1 and w2) and the hybrids are shown in Table 4.9. The greatest number 

of fresh weight of mushroom are obtained in the strains of w1bw2f and w1Lw2a with the 

yield of 63.60 ± 2.91 g / bag, and 64.44 ± 2.12 g / bag respectively. On the other hand, 

hybrid w1aw2a generates the lowest yield which is 29.30 ± 2.68 g / bag. Six out of thirteen 

hybrid strains have a better yield than the parental strains while seven strains have 

significantly same or lower than the parental strains. The seven hybrid strains are w1bw2f, 

w1dw2f, w1gw2a, w1hw2a, w1jw2a, and w1Lw2a. The yield obtained by these six 

strains are higher than the result obtained by Ediriweera et al. (2015), where in this study 

the yield collected was 3.726 ± 0.63 g / bag.  

Biological efficiency, which is applied to measure the efficiency of substrate 

conversion for every strains in mushroom cultivation, was estimated as ratio of the 

biological yield harvested to the dry weight of each substrate (Girmay et al., 2016). 

Significantly, the highest biological efficiency was observed in the hybrid strains of 

w1bw2f and w1Lw2a with 34.74 ± 1.54 % and 33.84 ± 1.12 %. Six hybrid strains which 

are w1bw2f, w1dw2f, w1gw2a, w1hw2a, w1jw2a and w1lw2a had greater biological 

efficiency than the parental strains.  The performances of each strain in term of biological 

efficiency is influenced by genetic composition of individual strain (Royse & Bahler, 

1986). This result indicated that the hybridisation method is a useful technique to 

produced new strains with improved biological efficiency. However, hybrid w1aw2a 

resulted in the significantly the lowest biological efficiency with 17.36 ± 1.41 %.  
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Table 4.9: Average of sporophores yield, biological efficiency (BE), percentage of 
contamination, and number of flushes between Malaysia parental strains (w1 & w2) and 
the hybrids. 

Strain Number of 
flushes 

Average of 
sporophores 

yield (g / bag) 

Average of 
biological 

efficiency (%) 

Percentage of 
contamination 

(%) 
w1 2 47.91 ± 4.74ᵉ 25.28 ± 2.50º 30.0 

w2 2 41.82 ± 4.72ᵈ 23.99 ± 3.14º 30.0 

w1aw2a 2 32.90 ± 2.68ᵃ 17.36 ± 1.41ᴸ 100.0 

w1bw2a 2 38.89 ± 3.72ᶜᵈ 20.51 ± 1.96ⁿ 80.0 

w1bw2f 2 65.85 ± 2.91ʰ 34.74 ± 1.54ͬ 10.0 

w1cw2a 2 34.22 ± 1.27ᵃᵇ 18.05 ± 0.67ᴸᵐ 30.0 

w1dw2a 2 37.68 ± 2.20ᵇᶜ 19.88 ± 1.16ᵐⁿ 0.0 

w1dw2f 2 51.90 ± 1.76ᶠ 27.38 ± 0.93ᵖ 30.0 

w1ew2a 2 46.73 ± 1.33ᵉ 24.65 ± 0.70º 30.0 

w1ew2f 2 46.08 ± 2.25ᵉ 24.31 ± 1.19º 0.0 

w1fw2a 2 38.25 ± 2.12ᶜᵈ 20.18 ± 1.12ⁿ 10.0 

w1gw2a 2 57.75 ± 2.18ᵍ 30.46 ± 1.15q 30.0 

w1hw2a 2 57.82 ± 3.01ᵍ 30.50 ± 1.59q 60.0 

w1jw2a 2 53.07 ± 2.19ᶠ 28.00 ± 1.15ᵖ 30.0 

w1Lw2a 2 64.14 ± 2.12ʰ 33.84 ± 1.12ͬ 20.0 

 

Observation pertaining to the percentage of contamination between Malaysia 

parental strains with their hybrid strains are present in the Figure 4.5. Both parental strains 

w1 and w2 have the similar percentage of contamination that is 30 %. Among thirteen 

hybrid strains, only two strains show no contamination that are hybrid w1dw2a and 

w1ew2f, while w1bw2f and w1fw2a has lower rate of contamination than the parental 

strains. Five hybrid strains (w1cw2a, w1dw2f, w1ew2a, w1gw2a, and w1jw2a) have the 

same percentage with the parent strains. This shows that hybridisation method between 

Malaysia parental strains produce low resistance strains towards green mould fungus. 

Even though most of the hybrids have a high rate of contamination, yet the strains were 

still able to produce sporophores. Contrary, the report by Alananbeh et al. (2014) where 
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no sporophores were produced when Pluerotus ostreatus bag which culture on date palm 

wastes were affected by Trichoderma sp. 

The different of yield and biological efficiency produce by parental strains and 

hybrid strains may be due to the genotype of mushroom strains that were affect by the 

hybridisation process (Moonmoon et al., 2010). This means that hybridisation method 

between Malaysia strains improved the yield of hybrid strains, which is the evidence of 

strain improvement. The number of flushes for the Malaysia native strains and their non-

irradiated hybrids are reported in Table 4.9. All the strains show the same number of 

flushes which is two times. 

 Contamination by green mould can be observed in Figure 4.6. The main agents of 

green mould epidemics of mushroom cultivation are Trichoderma spp. (T. asperellum, T. 

atroviride, T. citrinoviride, T. hazianum, T. longibrachiatum, T. pleurotum, T. 

pleuroticola, and T. virens) (Bellettini et al., 2019). Green mould competes for nutrient 

and space with mushroom mycelia by secreting secondary toxic metabolites, extracellular 

enzymes and many volatile organic compounds that are harmful to the mushroom. Thus, 

depleting the yield production of the mushroom (Hatvani et al., 2012). 
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Figure 4.5: Example of contaminations that occur in the substrate bag during 
fructification of Malaysia parental and hybrid strain (A) w1 (B) w2 (C) w1aw2a (D) 
w1bww2a (E) w1bw2f (F) w1cw2a (G) w1dw2f (H) w1ew2a (I) w1fw2a (J) w1gw2a (K) 
w1hw2a (L) w1jw2a (M) w1Lw2a. 
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4.3.2 Hybrids between Malaysia and Thailand Strains compared to the Parental 

Strains 

 Sporophore yield and biological efficiency between Malaysia parental strain, w1, 

Thailand parental strain, R, and the hybrids are shown in Table 4.10. Despite R produced 

small sporophores, R shows significantly the highest sporophores yield capacity that is 

60.48 ± 5.23 g / bag while the other three strains (w1, w1eRa, and w1jRc) produced 

similar significant yield capacities that are 47.91 ± 4.74 g / bag, 47.49 ± 1.10 g / bag, and 

51.43 ± 2.00 g / bag. This result was consistent with Llarena-Hernández et al. (2011) 

where hybrid of Agaricus subrufescens that were hybridised between strains from Brazil 

and France has sporophore yield that fell between the yields of its two parents. The results 

presented here may be explained as both of the hybrid from the hybridisation method 

between Malaysia strain and Thailand strain may receive and express the genetic 

information regarding the production of sporophores from the Malaysia strain. Moreover, 

both hybrid strains have the minimum number of flushes.  

Biological efficiency (BE) can be defined as the performance of each strain of 

mushroom by the ability to convert the percentage from dry substrate to fresh sporophores 

(Chang et al., 1981). Thailand native strain, R produced biological efficiency 

significantly surpassing all the other strains, which is 31.91 ± 2.76 %.  In term of yield 

and number of flushes, the hybridisation technique does not produce hybrid strains that 

has improved quality. 
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Table 4.10: Average of sporophores yield, biological efficiency (BE), percentage of 
contamination, and number of flushes between Malaysia parental strain (w1), Thailand 
parental strain (R), and hybrids, w1eRa and w1jRc. 

Strains Number of 
flushes 

Average of 
sporophores 

yield (g / bag) 

Average of 
biological 

efficiency (%) 

Percentage of 
contamination 

(%) 
w1 2 47.91 ± 4.74ᵃ 25.28 ± 2.50ᶜ 30.0 

R 2 60.48 ± 5.23ᵇ 31.91 ± 2.76ͩ 10.0 

w1eRa 1 47.49 ± 1.10ᵃ 25.05 ± 0.58ᶜ 0.0 

w1jRc 1 51.43 ± 2.00ᵃ 27.13 ± 1.06ᶜ 0.0 

  

The percentage of contamination of these two native strains and their hybrids are 

tabulated in the Table 4.10. Both hybrids show zero percentage of contamination while 

the Malaysia parental strain (w1) had the highest percentage of contamination by green 

mould with 30 %. Only 10 % of the substrate bag of the Thailand strain was infected with 

green mould. Even though the quality of hybrid strains w1eRa and w1jRc are improved 

in term of, the rate of contamination, yet the yield generates, and the number of flush are 

still unsatisfactory. The presence of the green mould in w1 and R can be observed in 

Figure 4.6. Green mould disease not only affecting S. commune, but also affecting other 

species of mushroom such as Agaricus bisporus (Hatvani et al., 2007), Pleurotus 

ostreatus (Hatvani et al., 2012), and Lentinula edodes (Wang et al., 2016).  

  

Figure 4.6: Example of contaminations that occur in the substrate bag during 
fructification of parental strains w1 and R (A) w1 (B) R. 
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4.3.3 Irradiated Hybrids 

Table 4.11 represented the results of sporophore yield and biological efficiency 

among irradiated hybrid strains. At the end of experiment, despite their low mycelial 

growth rate, some of the irradiated monokaryon hybrids produced high yield of 

sporophores. Ir-w1gw2a has the highest yields that was 62.30 ± 1.72 g / bag. However, 

strain Ir-w1gRc produced significantly the lowest yield with 15.16 ± 1.21 g / bag. The 

number of flushes also influences the sporophores harvested. The minimum number of 

flushes are seen on strains Ir-w1dRa, Ir-w1gRc, and Ir-w1hw2d.  

The biological efficiency indicated the utilisation of substrate nutrients to the 

sporophores of the mushroom and characterises the mushroom growth (Myronycheva et 

al., 2017).  The best biological efficiency was observed in strain Ir-w1gw2a with 32.87 ± 

0.91 % that is significantly higher than other strains. In case of the percentage of 

contamination, all strains of irradiated hybrid showed zero contamination. The similar 

report was obtained by a study done by Kortei & Kwagyan (2014) where zero 

contamination in substrate bag was observed. This indicates that gamma radiation caused 

improvement in the strain of mushroom 
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Table 4.11: Average of sporophores yield, biological efficiency (BE), percentage of 
contamination, and number of flushes among irradiated hybrids. 

Strains Number of 

flushes 

Average 

sporophores 

yield (g / bag) 

Average of 

biological 

efficiency (%) 

Percentage of 

contamination 

(%) 

w1 2 47.91 ± 4.74e 25.28 ± 2.50c 30.0 

w2 2 41.82 ± 4.72d 23.99 ± 3.14c 30.0 

R 2 60.48 ± 5.23f 31.91 ± 2.76e 10.0 

Ir-w1dRa  1 55.11 ± 4.66e 29.07 ± 2.46c  0.0 

Ir-w1dRc 2 44.78 ± 2.22f 23.62 ± 1.17de 0.0 

Ir-w1dw2d 2 55.24 ± 1.06b 29.14 ± 0.56de 0.0 

Ir-w1ew2a 2 54.44 ± 0.91f 28.72 ± 0.61d 0.0 

Ir-w1ew2d  2 54.34 ± 2.29f 28.67 ± 1.21de 0.0 

Ir-w1gRc  1 15.16 ± 1.21a 8.00 ± 0.64a 0.0 

Ir-w1gw2a  2 62.30 ± 1.72bc 32.87 ± 0.91f 0.0 

Ir-w1hw2d  1 31.40 ± 1.20bc 16.56 ± 0.61b 0.0 

Ir-w1jRa  2 39.66 ± 3.58bc 20.92 ± 1.89b 0.0 

Ir-w1Lw2f  2 34.91 ± 1.52ᶜ 18.42 ± 0.80b 0.0 

 

No green moulds were presented in all replicates of the strains. All strains were 

consistent with no percentage of contamination. Similar result was obtained by a study 

conducted by Staněk (1978) where the number of microorganisms colonising the surface 

of sporophores reduced when irradiated with gamma rays. Gamma ray cause retardation 

of the growth of microorganisms by preventing the production of numerous components 

that were essential for their development (Staněk, 1978). Hence, mutation by gamma 

radiation produced a high resistance strains towards competition by green moulds. Green 

moulds have caused significant mushroom losses in many countries, which can indicate 

worldwide threat (Hatvani et al., 2008). Many alternative prevention steps have been 

taken, including by utilising disinfectants such as chlorine (household bleach) and a 

particular fungicide, which associated with high costs. In addition, the application of 
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chemical had been found to leaves undesired residues (Bellettini et al., 2016). Therefore, 

a high resistance strains of mushroom towards green mould must be generated.  

 

4.3.4 Comparison of the Sporophore Yield and Biological Efficiency of Parental 

Strains (w1 and w2), Hybrid w1ew2a and Monokaryon-Irradiated Hybrid (Ir-

w1ew2a) 

 The number of fresh weight referred to the harvested sporophores of the 

mushroom and it is directly proportional towards the yield. Table 4.12 illustrates the 

average of yield provide by Malaysia parental strains (w1 and w2) and their non-irradiated 

hybrid (w1ew2a) and irradiated hybrid (Ir-w1ew2a). The maximum number of harvested 

fresh weight was produced by irradiated hybrid Ir-w1ew2a which was 56.81 ± 0.91 g / 

bag. Malaysia parental strain, w1 produce yield with no significant difference with hybrid 

w1ew2a. However, Malaysia parental strain, w2 provide the least yield which was 41.82 

± 4.72 g / bag. All strains were harvested for two flushes.  

 

Table 4.12: Average of sporophores yield, biological efficiency (BE), number of flushes 
and percentage of contamination between parental strains (w1 and w2), hybrid w1ew2a 
and monokaryon-irradiated hybrid (Ir-w1ew2a). 

Strains Number of 

flushes 

Average of 

sporophores 

yield (g / bag) 

Average 
biological 

efficiency (%) 

Percentage of 
contamination 

(%) 

w1 2 47.91 ± 4.74ᵇ 25.28 ± 2.50ᵉ 30.0 

w2 2 41.82 ± 4.72ᵃ 22.06 ± 2.49ᵈ 30.0 

w1ew2a 2 46.73 ± 1.33ᵇ 24.65 ± 0.70ᵉ 30.0 

Ir-w1ew2a 2 56.81 ± 0.91ᶜ 29.97 ± 0.48ᶠ 0.0 
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 The capability of the mushroom strains to utilised substrate materials can be 

measured through biological efficiency (Stamets, 2000). The effect of Malaysia parental 

strains (w1 and w2) and their hybrids (w1ew2a and Ir-w1ew2a) towards the biological 

efficiency can be examined based in Table 4.12. The irradiated hybrids Ir-w1ew2a 

produced significantly the highest biological efficiency which is 29.97 ± 0.48 %. 

However, the native Malaysia strain w2 produces significantly the lowest biological 

efficiency which is 22.06 ± 2.49 %. The biological efficiency of non-irradiated hybrids, 

w1ew2a has a similar significant difference with the Malaysia parental strain, w1. This 

result can be interpreting in a way that gamma radiation shows an improvement towards 

the biological efficiency of the strain.  

Based on the Table 4.12, the percentage of contamination can be compared 

between these four strains. Irradiated hybrid strain w1ew2a shows no contamination 

while the others exhibit a similar percentage of contamination which is 30.0 %. Figure 

4.7 presented the contamination that affected w1, w2, and w1ew2a.  The pattern of 

contamination by both Malaysia native strains were followed by the hybrid w1ew2a. 

However, the irradiated hybrid strain Ir-w1ew2a show no contamination. Thus, in this 

aspect, gamma radiation produced high resistance strains to the competitive microbiota 

under the studied cultivation conditions. This is a valuable information for the selection 

of strain for the commercial purpose. 
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Figure 4.7: Example of contaminations that occur in the substrate bag during 
fructification Malaysia parental and hybrid strains (A) w1 (B) w2 (C) w1ew2a. 

 

4.4 Protein Profiling 

The identification of mushroom strains based on the morphological features can 

be supported by protein profiling. In addition, the combination of both morphological and 

protein profiling can generate a clear picture of the diversity of the hybrid strains. The 

protein content of each strain as shown in Appendix D was standardised and SDS-PAGE 

method separates proteins based on the molecular weight independently of charge. Hence, 

the proteins are separated down the gel in decreasing order of size. The protein pattern of 

bands displays after staining represent the distribution of variously sized proteins 

contained in the extract of samples. The difference in protein patterns of different strains 

are due to the variation in protein content between the samples (Gardiner et al., 2012).  

 

4.4.1 Hybrids of Malaysia Strains compared to Parental Strains (w1 and w2) 

 Protein electrophoresis is an efficient method, generating valuable information on 

the similarity or dissimilarity amongst various strains. SDS-PAGE of whole-cell soluble 

proteins, prepared under standard procedure, generated a reproducible and complex 

banding pattern that is called protein electrophore gram or electrophoretic protein pattern, 
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that can be recongnised as a ‘fingerprint’ of the samples investigated (Ehlers & Cloete, 

1999). The protein patterns between Malaysia parental strains (w1 and w2) and their non-

irradiated hybrids obtained by electrophoresis are in Figure 4.8 (a-c).  The electrophoretic 

bands on these three gels were distinct and no artifacts were observed. Based on these 

figures, protein subunit for w1 and w2 were concentrated between 66 kDa to 30 kDa, 

while protein subunits for hybrids were concentrated at the various molecular weight. 

w1aw2a, w1bw2a, w1bw2f, w1dw2a, w1dw2f, and w1ew2a have protein subunit 

intensify between 66 kDa to 30 kDa. Four hybrids which are w1fw2a, w1gw2a, w1hw2a, 

and w1jw2a have protein pattern concentrated between 130 kDa to 30 kDa.  However, 

w1cw2a, w1ew2f, and w1Lw2a show protein fraction dominant at 66 kDa to 37 kDa.  

 

Figure 4.8A: SDS-PAGE profile gel of Malaysia parental strains (w1 and w2) and the 
hybrids (1) Marker (2) w1 (3) w2 (4) w1aw2a (5) w1bw2a (6) w1bw2f (7) w1cw2a (8) 
w1dw2a. 
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Figure 4.8B: SDS-PAGE profile gel of Malaysia parental strains (w1 and w2) and the 
hybrids (1) Marker (2) w1dw2f (3) w1ew2a (4) w1ew2f (5) w1fw2a (6) w1gw2a (7) 
w1hw2a. 

 

Figure 4.8C: SDS-PAGE profile gel of SDS-PAGE profile gel of Malaysia parental 
strains (w1 and w2) and the hybrids (1) Marker (2) w1jw2a (3) w1Lw2a. 
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 The protein bands were analysed further to obtain more information about the 

number of protein bands and estimated molecular weight of every band. Genetic 

variability estimation between strains was performed based on the presence and absence 

of polypeptide bands (Iqbal et al., 2014). Table 4.13 presented the number of protein 

bands and molecular weight of protein subunit produced by w1, w2 and their hybrids. 

Protein fractions display by w1 and w2 show the similar number of protein bands which 

are 8 protein bands and in the same range of molecular weight. Hybrid w1gw2a has the 

highest number of protein bands which are 11 bands, while w1cw2a, w1ew2f, and 

w1Lw2a have the least number of protein bands which are 4 bands. Only two hybrids 

which are w1bw2a and w1hw2a that produce the same number of protein bands as their 

parental strains. However, hybrid w1hw2a show more similar protein pattern and 

comparable molecular weight with parental strains than hybrid w1bw2a. 

 Based on these results, parental strains are crucial sources of breeding component 

to restore or develop genetic variability as well as to improve the quality of commercially 

cultivated varieties (Llarena-Hernández et al., 2013). Even though both parental strains 

have similar number of protein bands, the molecular weight of individual proteins are 

slightly different, where the present of high molecular weight protein with 128.8 kDa 

were detected in w1. Hybridisation of these parental strains produced hybrid strains with 

unique molecular weight that different from other strains. Large molecular weight protein 

with 168.7 kDa was discovered in hybrid w1dw2f while small molecular weight protein 

ranges from 12.9 kDa to 13.7 kDa were identified in six hybrid strains that were absent 

in protein profiling of both parental strains.  
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Table 4.13: Molecular weight and number of protein bands of Malaysia parental strains (w1 and w2) and their hybrids. 

Strain Molecular Weight (kDa) Number of Protein 
Bands 

1 2 3 4 5 6 7 8 9 10 11 

w1 128.8 114.2 85.6 75.5 67.1 54.3 47.8 33.8    8 
w2 114.8 86.0 75.5 72.1 65.3 53.6 48.0 34.0    8 

w1aw2a 90.0 78.9 69.3 57.7 51.9 36.8 13.7     7 
w1bw2a 90.7 78.1 71.2 57.9 52.0 45.6 36.4 13.4    8 
w1bw2f 91.5 79.2 58.8 51.7 45.6       5 
w1cw2a 90.2 77.7 50.9 13.3        4 
w1dw2a 88.3 76.0 55.8 49.8 35.7       5 
w1dw2f 168.7 119.2 88.5 77.4 68.8 56.2 50.3 43.3 27.3 13.2  10 
w1ew2a 84.2 72.1 65.5 52.8 46.0 32.6 19.5     7 
w1ew2f 88.8 76.0 69.6 55.7        4 
w1fw2a 119.2 88.8 76.2 68.7 55.6 49.4 34.6     7 
w1gw2a 131.2 118.5 109.4 88.5 76.8 68.5 55.9 49.5 35.5 27.6 13.1 11 
w1hw2a 131.9 119.2 89.0 76.4 68.1 55.3 48.7 35.5    8 
w1jw2a 113.6 87.2 74.0 68.5 55.3 49.9 43.5 35.3 20.9 12.9  10 
w1Lw2a 86.2 74.0 54.1 48.8        4 
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4.4.2 Hybrids between Malaysia and Thailand Strains compared to the Parental 

Strains 

The variety of strains with diverse genetic composition is one of the purpose of 

mushroom breeding for commercial purposes. Proteins have been applied as markers to 

estimate the genetic different in various crop species (Iqbal et al., 2014). The expressed 

protein are the decoded information from DNA which can be  applied to differentiate the 

genetic diversity in crops (Wilson, 1985). In the present study, protein separation of 

Malaysia parental strain (w1), Thailand parental strain (R), and their hybrids (w1eRa and 

w1jRc) are shown in Figure 4.9. No artifacts are found in all lanes except lane 3, where 

streaking is observed at the right side of the lane. There are several steps which can be 

used to avoid these problems, including centrifuging the sample to eliminate precipitates, 

diluting the sample to avoid overloading, slower the voltage by 25 %, lower the 

concentration of protein and decrease the volume loaded (James & Milos, 2007). Hybrid 

w1eRa and hybrid w1jRc produce the similar pattern with w1 than R.  

 

Figure 4.9: SDS-PAGE profile gel of Malaysia and Thailand strains with the hybrids (1) 
Marker (2) w1 (3) R (4) w1eRa (5) w1jRc. 
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 Table 4.14 presented the number of protein bands produced by w1, R, and their 

hybrids. w1 has a higher number of protein which has 8 protein bands than R which only 

has 4 bands.  This result indicate that the protein composition of Thailand parental strain 

R strain differs from that of the Malaysia parental strain w1. R lack large molecular 

weight protein and small molecular weight protein. R only produce medium size protein 

bands.  Interestingly, both hybrids exhibit an identical number of protein bands with w1. 

In addition, the protein variation may be small between the parental w1 and hybrid w1jRc 

judging from the slight difference in the protein molecular weight. Despite that having 

similar number of protein bands with w1, hybrid w1eRa exhibited small molecular weight 

protein with 13.1 kDa that are absent in both parental strains. These results suggest that 

hybridisation between intercontinental wild strains generated variety in the new hybrids 

with combine traits and unique strain with low molecular weight protein. 

 

Table 4.14: Molecular weight and number of protein bands produce by Malaysia and 
Thailand strains with the hybrids. 

Strain Molecular Weight of Protein Bands (kDa) Number of 
Protein Bands 

1 2 3 4 5 6 7 8 

w1 128.8 114.2 85.6 75.5 67.1 54.3 47.8 33.8 8 

R 86.7 55.8 50.7 34.9     4 

w1eRa 126.2 113.4 86.7 68.6 56.3 50.4 35.4 13.1 8 

w1jRc 127.6 114.3 85.8 68.6 56.1 50.4 44.4 35.9 8 

 

4.4.3 Irradiated Hybrids 

 Figure 4.10A and Figure 4.10B exhibit the electrophoretic protein pattern of 

irradiated hybrids. Streaking are clearly observed at the lane 2 (Ir-w1dRa), lane 3 (Ir-

w1dRc) and lane 5 (Ir-w1ew2a) in Figure 4.10A while no streaking is seen in Figure 

4.10B. Based on these SDS-PAGE gel profile, Ir-w1dRa, Ir-w1dRc, Ir-w1dw2d, and Ir-
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w1gRc produce protein bands which are intensified between 66 kDa to 30 kDa. Protein 

bands of Ir-w1ew2a and Ir-w1ew2d are concentrated at 66 kDa to 37 kDa while protein 

bands of Ir-w1gw2a, Ir-w1hw2d, Ir-w1jRa, and Ir-w1Lw2f are concentrated at 130 kDa 

to 30 kDa.  

 

Figure 4.10A: SDS-PAGE profile gel of irradiated hybrids (1) Marker (2) Ir-w1dRa (3) 
Ir-w1dRc  (4) Ir-w1dw2d  (5) Ir-w1ew2a (6) Ir-w1ew2d. 

 

 

Figure 4.10B: SDS-PAGE profile gel of irradiated hybrids (1) Marker (2) Ir-w1gRc (3) 
Ir-w1gw2a (4) Ir-w1hw2d (5) Ir-w1jRa (6) Ir-w1Lw2f. 
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 Using SDS-PAGE electrophoresis of total proteins, Ir-w1gw2a generate the 

highest number of protein bands (17 bands) while Ir-w1ew2d produce the lowest number 

of protein bands (4 bands) as shown in Table 4.15. In addition, four hybrids develop 12 

protein bands, including Ir-w1dRa, Ir-w1gRc, Ir-w1hw2d, and Ir-w1Lw2f. Among these 

four hybrids, Ir-w1dRa and Ir-w1hw2d has the similar range of molecular weight of 

protein bands. Large size protein subunit (100 kDa to 135 kDa) and small size protein 

subunit (12 kDa to 13 kDa) are produced by most of the irradiated hybrids except Ir-

w1ew2a and Ir-w1ew2d. From these data, gamma radiation induction has affected the 

number of protein bands produce by the hybrids. 
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Table 4.15: Molecular weight and number of protein bands produced by irradiated hybrids. 

Strain Molecular Weight of protein bands (kDa) 
 

Number of 
Protein Bands 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
Ir-w1dRa 128.7 114.9 106.6 87.5 74.6 66,8 54.8 49.4 43.8 35.0 21.2 13.4      12 

Ir-w1dRc 116.8 88.7 75.6 69.7 55.7 50.2 44.0 35.7 13.3         9 

Ir-w1dw2d 132.3 118.4 109.8 89.9 77.7 70.5 56.7 50.7 35.6 21.2 13.4       11 

Ir-w1ew2a 89.2 76.9 70.7 56.2 50.9 21.6            6 

Ir-w1ew2d 88.0 75.8 55.7 50.0              4 

Ir-w1gRc 129.1 116.8 89.0 79.8 76.5 68.9 56.8 51.2 45.0 36.5 21.3 12.8      12 

Ir-w1gw2a 127.8 116.2 109.6 98.4 88.3 80.5 75.3 68.7 56.0 51.2 45.5 35.8 29.9 25.8 23.8 21.4 12.7 17 

Ir-w1hw2d 126.8 115.3 106.8 97.9 87.6 68.0 56.8 51.1 41.7 35.5 21.0 12.2      12 

Ir-w1jRa 127.5 115.6 107.1 97.6 87.3 68.3 56.5 50.5 45.0 41.6 35.2 29.1 21.1 12.9    14 

Ir-w1Lw2f 126.1 114.1 107.9 86.7 68.5 56.0 50.1 44.3 34.7 28.8 18.4 12.4      12 
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4.4.4 Comparison of Protein Profiling of Parental Strains (w1 and w2), Hybrid 

w1ew2a and Monokaryon-Irradiated Hybrid Ir-w1ew2a 

 SDS-PAGE gel profile of w1, w2, hybrid w1ew2a, and monokaryon-irradiated 

hybrid Ir-w1ew2a are shown in Figure 4.11. No streaking is observed in the gel. All four 

strains produce protein bands concentrated at 66 kDa to 30 kDa. The number of protein 

bands produces by these strains are presented in Table 4.16. Both Malaysia parental strain 

produces the identical number of protein bands which are 8 bands. This finding suggests 

that both parental strains used in this study have little protein variation. However, one 

factor in this finding may be that the cultivated strains used in this study were gathered 

from a similar area. Both hybrids generate lower protein bands than the parental strains.  

 

Figure 4.11: SDS-PAGE gel profile of Malaysia parental strains (w1 and w2), hybrid 
w1ew2a and monokaryon-irradiated hybrid Ir-w1ew2a (1) Marker (2) w1 (3) w2 (4) 
w1ew2a (5) Ir-w1ew2a. 
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Hybrid w1ew2a produce a slightly higher number of protein which is 7 bands than 

Ir-w1ew2a which only produce 6 bands. Analysis of molecular weight and number of 

protein based on SDS-PAGE method provided a useful information on the protein 

profiling which were found that hybrid w1ew2a contains a unique small molecular weight 

protein with 19.5 kDa that were absent in both parental strains and hybrid Ir-w1ew2a. 

Table 4.16 shows the molecular weight of protein bands produce by w1, w2, hybrid 

w1ew2a, and Ir-w1ew2a. Medium size protein, and small size protein are produced by 

w1ew2a while small size protein is absent in hybrid Ir-w1ew2a. These results indicated 

that hybridisation and gamma radiation method able to produce new strains with different 

protein electrophoretic profiles. Proteins are relatively express gene products and can be 

recognised as markers of these genes, and diverse in the electrophoretic profiles are 

presumably proportional to the genetic divergence among the organisms being studied 

(Rogl et al., 1996). 

 

Table 4.16: Molecular weight and number of protein bands produced by Malaysia 
parental strains (w1 and w2), hybrid w1ew2a and monokaryon-irradiated hybrid Ir-
w1ew2a. 

Strain Molecular Weight of Protein Bands (kDa) 
 

Number 
of 

Protein 
Bands 

1 2 3 4 5 6 7 8 

w1 128.8 114.2 85.6 75.5 67.1 54.3 47.8 33.8 8 
w2 114.8 86.0 75.5 72.1 65.3 53.6 48.0 34.0 8 

w1ew2a 84.2 72.1 65.5 52.8 46.0 32.6 19.5  7 
Ir-w1ew2a 85.3 75.9 66.6 52.1 46.8 32.4   6 
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4.5 Similarity between Parental Strains, Hybrids, and Monokaryon-Irradiated 

Hybrids. 

Similarity coefficients were calculated between all pairs of the strains based on 

the presence or absence of individual protein bands as shown in Table 4.17. Similarity 

coefficient analysis usually used to estimate or clarify taxonomic data based usually on 

the morphological characterisation (Drzewiecki et al., 2003). In the present study, SDS-

PAGE analysis was performed to examine the different in protein profiling among three 

parental strains, fifteen hybrids and ten monokaryons irradiated hybrids of S. commune, 

and useful information was obtained about the protein variation among them. Most of the 

strains examined can be distinguished from one another. This indicates a high level of 

polymorphism of protein pattern between these hybrids. However, w1aw2a has 100 % 

similar to w1bw2a. Similarity coefficients for non-irradiated hybrids vary from 14 % to 

67 % with w1. Among the non-irradiated hybrids, w1jRc show the highest similarity with 

w1. However, non-irradiated hybrids show higher similarity with w2 than w1. The non-

irradiated hybrids produce similarity between 31 % to 67 %. Five hybrid strains such as 

w1dw2a, w1fw2a, w1jw2a, w1eRa, and w1jRc have the similarity above 60 % with w2. 

Both hybrids, w1eRa and w1jRc show identical similarity coefficient with R which is 67 

%. This indicates that hybridisation cause variation in protein profile in hybrids. 

Based on the Table 4.17, all monokaryon-irradiated hybrids can differentiate from 

one another except for the hybrid w1aw2a and w1bw2a. Irradiated hybrids have higher 

similarity coefficient with w1 compared to the non-irradiated hybrids. Similarity 

coefficient of radiated hybrids varies from 22 % to 77 % with w1. Ir-w1dw2a show the 

lowest similarity with 22 % while Ir-w1ew2a shows the highest similarity with 77 % with 

w1. Besides that, irradiated hybrids have slightly higher similarity with w2 than non-

irradiated hybrids which in the range of 40 % to 71 %. Both hybrids, Ir-w1dRc and Ir-
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w1ew2a have the highest similarity with w2 which is 71 %. In addition, irradiated hybrids 

also have high similarity coefficient with R which are in the range of 40 % to 75 %. 

Among the irradiated hybrids, Ir-w1hw2d exhibits the highest similarity (92 %) with Ir-

w1dRa and Ir-w1jRa. This indicates that Ir-w1hw2d has protein pattern closely related to 

the Ir-w1dRa, and Ir-w1jRa and these hybrids. 
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Table 4.17: The similarity coefficient (%) of the parental strains, non-irradiated hybrids, and irradiated hybrids based on protein data. (1) w1 (2) w2 
(3) R (4) w1aw2a (5) w1bw2a (6) w1bw2f (7) w1cw2a (8) w1dw2a (9) w1dw2f (10) w1ew2a (11) w1ew2f (12) w1fw2a (13) w1gw2a (14) w1hw2a 
(15) w1jw2a (16) w1Lw2a (17) w1eRa (18) w1jRc (19) Ir-w1dRa (20) Ir-w1dRc (21) Ir-w1dw2d (22) Ir-w1ew2a (23) Ir-w1ew2d (24) Ir-w1gRc (25) 
Ir-w1gw2a (26) Ir-w1hw2d (27) Ir-w1jRa (28) Ir-w1Lw2f. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

1 100 53 18 14 14 17 18  33 35 14 36 43 35 40 35 36 40 67 53 50 22 77 36 53 63 42 57 53 

2  100 50 53 53 31 33 62 44 53 50 67 56 50 67 50 63 63 50 71 53 71 50 60 70 40 46 50 

3    100 55 55 44 25 89 43 55 50 73 43 33 57 50 67 67 50 62 40 40 75 50 50 50 44 50 

4      100 100 50 73 67 47 86 55 57 59 53 59 36 53 40 53 75 78 31 55 53 42 42 38 42 

5     100 50 73 67 47 86 55 57 59 53 59 36 53 40 53 75 78 31 55 53 42 42 38 42 

6      100 44 40 27 50 22 33 27 46 27 44 31 46 24 43 38 36 44 47 47 24 32 35 

7       100 44 43 55 25 36 43 33 43 0 33 17 38 46 53 40 50 38 25 25 22 25 

8        100 53 67 67 83 53 46 67 44 62 62 59 71 50 55 89 59 59 47 42 47 

9         100 47 43 71 60 44 70 29 56 44 64 53 38 50 57 55 46 55 50 55 

10          100 55 71 47 67 47 36 40 40 42 63 67 31 55 42 42 32 29 32 

11           100 55 29 33 43 75 33 33 38 62 40 40 75 38 38 25 22 25 

12            100 59 67 71 36 67 67 63 63 44 62 73 63 63 53 48 53 
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Table 4.17, continued 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

13             100 56 70 14 67 56 64 63 76 38 43 73 64 55 50 64 

14              100 44 33 38 50 40 47 53 43 33 60 50 30 36 40 

15               100 29 78 56 82 63 67 50 57 73 64 73 67 55 

16                100 33 50 25 62 27 40 50 38 38 25 33 38 

17                 100 75 70 59 53 43 50 60 70 70 64 70 

18                  100 70 71 42 57 50 70 80 70 73 80 

19                   100 67 61 44 50 75 67 92 85 75 

20                    100 70 53 62 76 67 57 61 67 

21                     100 24 40 70 52 52 48 44 

22                      100 60 56 56 33 50 44 

23                       100 50 50 38 33 38 

24                        100 75 67 69 67 

25                         100 67 69 67 
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Table 4.17, continued 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

26                          100 92 75 

27                           100 77 

28                            100 
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In the present study, the dendrogram was constructed based on the similarity 

coefficient between parental strains, hybrids, and monokaryon-irradiated hybrids by 

using unweighted pair-group method with arithmetic clustering (UPGMA) analysis. The 

dendogram as shown in Figure 4.12 that all the strains can be divided into three clusters. 

The first cluster consists of hybrid w1Lw2a and w1ew2f while the second cluster consists 

of 6 hybrids strains which are w1bw2f, w1hw2a, w1cw2a, w1ew2a, w1aw2a and 

w1bw2a. The other strains were grouped into the third cluster.  

Based on this result, Ir-w1ew2a has the closest protein pattern with w1. Four 

hybrids exhibit the closer protein pattern with w2, including Ir-w1dRc, Ir-w1gRc, w1jRc, 

and Ir-w1gw2a. Interestingly, hybrid w1dw2a display the closest protein pattern with R. 

Hybrid w1aw2a and hybrid w1bw2a are located in the same position as their similarity is 

100 %. Irradiated monokaryon Ir-w1ew2a exhibit higher similarity towards the Malaysia 

parental strains than the hybrid w1ew2a. This shows that breeding method using 

hybridisation and gamma irradiation produced variety of strains in term of protein 

profiling.  
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Figure 4.12: Dendogram of the electrophoretic patterns of parental strains, hybrids, and 
monokaryon-irradiated hybrids, based on UPGMA analysis of the similarity coefficient 
matrix. 
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CHAPTER 5: CONCLUSIONS 

 

Combined data of mycelial growth rate, mycelial density, width of sporophores, 

yield, percentage of contamination and biological efficiency are essential for selecting 

candidate strains for commercial mushroom production. This study provides fundamental 

aspects of the cultivation of new strains of Schizophyllum commune obtained by method 

of cross-breeding and gamma radiation. Our investigation showed that there is a good 

potential for improving native S. commune by using these methods. There were three 

potential strains obtained through cross-breeding which are hybrid w1bw2f, w1dw2f and 

w1Lw2a while through induced gamma mutation, there are five potential strains which 

are Ir-w1dRa, Ir-w1dw2d, Ir-w1ew2a, Ir-w1ew2d and Ir-w1gw2a. Further work is needed 

to carry out large scale cultivation for few generation. This study proved that 

hybridisation and gamma radiation could lead to strains with high hybrid vigour. The 

identification of mushroom strains based on the morphological features can be supported 

by protein profiling. In addition, the combination of both morphological and protein 

profiling can generate a clear picture of the diversity of the hybrid strains. These 

experiment analyses on Schizophyllum commune are very crucial to elucidate that the 

methods of genetic improvement of the strain, which in this case are cross-breeding and 

induction of gamma radiation do affect the characteristics and features of the strains. 

SDS-PAGE is an effective tool which can be used to discriminate strains within similar 

species. By utilising this method, a database can be developed for a strategic breeding 

programme to enhance mushroom cultivation, thus benefits the agribusiness. Therefore, 

generating new varieties of strains and novelty features is really demanded for 

development of Malaysian mushroom industry.  
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