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14 Abstract

15 Edible mushrooms constitute an appreciated nutritional source for humans due to their low caloric intake 

16 and their high content in carbohydrates, proteins, dietary fibre, phenolic compounds, polyunsaturated fatty 

17 acids, vitamins and minerals. It has been also demonstrated that mushrooms have health-promoting 

18 benefits. Cultivation of mushrooms, especially of the most common species Agaricus bisporus, represents 

19 an increasingly important food industry in Europe, but with a direct consequence in the increasing amount 

20 of by-products from their industrial production. This review focuses on collecting and critically 

21 investigating the current data on the bioactive properties of Agaricus bisporus as well as the recent research 

22 for the extraction of valuable functional molecules from this species and its by-products obtained after 

23 industrial processing. The state of the art regarding the antimicrobial, antioxidant, anti-allergenic and 

24 dietary compounds will be discussed for novel applications such as nutraceuticals, additives for food or 

25 cleaning products.
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41 1. Introduction

42 Mushrooms are the fruiting bodies of macroscopic filamentous fungi and play essential roles in the 

43 contribution of nutrients to both, plant and animal kingdoms (Feeney, Miller, & Roupas, 2014). While the 

44 term “mushroom” is not itself a taxonomic category, it is used to refer to the fruits of the Basidiomycota 

45 and some Ascomycota phylums from the Dikarya fungi sub-kingdom (Ganeshpurkar, Rai, & Jain, 2010). 

46 The Ascomycota phylum is the largest group of fungi with approximately 33,000 species described across 

47 three subphyla; Taphrimomycotina, Saccharomycotina and Pezizomycotina with not all of them producing 

48 a fruiting body. Basidiomycota represents the second largest phylum with 30,000 identified species and 

49 three main lineages recognised in subphyla; Ustilaginomycotina, Pucciniomycotina and Agaricomycotina. 

50 The subphylum of Agaricomycotina produces basidiospores in various types of fruiting bodies, and they 

51 are recognisable due to conventional ‘mushroom’ characteristics (Carris, Little, & Stiles, 2012).

52 Fungi are distinctive from the plant kingdoms due to their lack of chlorophyll and inability to utilise 

53 photosynthesis in their metabolism. Alternatively, they are reliant on symbiosis, saprophytism, and 

54 parasitism; using several biochemical processes to exchange, degrade, and liberate organic matter. Many 

55 mushroom species are environmentally dependent, and factors such as temperature and relative humidity 

56 become major considerations in the successful cultivation of mushrooms for commercial purposes. 

57 Optimisation and regulation of temperature, growth substrate, air, and humidity have led to successful 

58 mushroom farms.

59 The global production of cultivated edible mushrooms has grown dramatically since the late 1990s thanks 

60 to appropriate conditions in farms and their recognition of their high nutritional value. In fact, mushroom 

61 production worldwide increased to 10, 378, 163 metric tons in 2016 (FAO, 2016), while the average per-

62 capita consumption grown significantly in the last decades. Lentinus edodes and four other genera 

63 (Pleurotus, Auricularia, Agaricus, and Flammulina) account for 85 % of the world's total supply of 

64 cultivated edible mushrooms, being China the leading producer of cultivated edible mushrooms (Royse, 

65 Baars, & Tan, 2017). In particular, Agaricus bisporus (A.bisporus) is popular in the global food market, 

66 accounting for 15 % of total worldwide mushroom production.

67 However, a large amount of mushroom by-products are generated during the industrial production and their 

68 disposal could become a problem for mushroom producers due to difficulties in storing or re-using them. 

69 According to Schimpf and Schultz (2016) for every kg of edible processed mushroom, industry produces 5 

70 kg of spent mycelium substrate, by-products of mushroom production, spent growth substrate or waste 

71 mushroom medium. In this context in which edible mushrooms show their high content in biologically 

72 active compounds, future practical applications based on their by-products valorisation into high valuable 

73 compounds might be developed by integrating the potential of these bioactive compounds and their high 

74 availability (Buruleanu, et al., 2018). The nutritional qualities of edible mushrooms and the health-

75 beneficial effects of the bioactive compounds they contain have been recognised since ancient times due to 

76 their high protein, carbohydrate, fibre, vitamins, and essential amino acids contents (Fernandes et al, 2016). 

77 From the functional perspective, mushrooms are low in fat and cholesterol (Buruleanu, et al., 2018). The 

78 bioactivity exhibited by these compounds is also linked with the presence of phenolic compounds, 
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79 polyketides, terpenes, steroids, beta-carotenes, and some vitamins, such as A and C, all of them related with 

80 antimicrobial, antiviral, antioxidant or anti-inflammatory activities.

81 Although a few reviews on the composition and biological properties of edible mushrooms are available 

82 (Atila, Owaid, & Shariati, 2017; Muszyńska, Kała, Rojowski, Grzywacz, & Opoka, 2017), none of them 

83 have reported the detailed interrelationships among bioactive compounds and valorisation of mushroom 

84 by-products, in particular those from A.Bisporus. Therefore, this review aims to present an overview in the 

85 valorisation and the main compounds extracted from this mushroom species.

86
87 2. Morphology and nutritional composition of Agaricus bisporus

88 A.bisporus is an edible species of Basidiomycota that is extensively cultivated throughout Europe and North 

89 America (Ganeshpurkar, Rai, & Jain, 2010), contributing 35-45 % of total worldwide edible mushroom 

90 production (Rezaeian & Pourianfar, 2016). The consumption of A.Bisporus is second only to the baker’s 

91 yeast Saccharomyces cerevisiae as the most commonly ingested fungal species.

92 Mushrooms share an innate anatomical structure but are also diversified in their evolutionary histories, 

93 being often used to characterise the species variation. Mushrooms structure consists of a cap/pileus 

94 structure, often textured externally with scales to protect the internal structure known as the gills/lamellae, 

95 functioning in spore dissemination when mushrooms are fully mature. The stape/stem of mushrooms 

96 connects the cap to the mycelial threads for nutrient transfer and consists of additional structures; the 

97 ring/annulus and cup/colva. The inferior portion of the mushroom (structures lower than the ring/annulus) 

98 is essential in the distribution of nutrients, chemical feedback and the viability of the reproductive lamellae. 

99 While sharing the innate mushroom structure, the pileus of the wild A.Bisporus species is pale grey-brown, 

100 with hemispherical broad flat scales fading towards the margins through maturity, its diameter ranging from 

101 5 to 10 cm. The narrow and crowded lamellae are initially pink and darken to brown with a whitish edge 

102 as the mushroom matures. The spores are oval to round and measure approximately 4.5-5.5 x 5-7.5 µm2. A 

103 distinguishing microscopic feature of this species is the atypical bearing of two spores from its basidia 

104 unlike the usual four from other Agaricus species. The cylindrical stipe is up to 8 cm long and 3 cm wide, 

105 bearing a narrow annulus, which is often streaked on the upper side (Mata, Medel, Callac, Billette, & 

106 Garibay-Orijel, 2016).

107 As an agricultural commodity, A.Bisporus is cultivated for commercial purposes and subsequently 

108 regulated to different grades and standards to ensure organoleptic qualities and consumer satisfaction. 

109 Depending on the size of the mushroom farm, the amount of waste ranges between 5-20 % of the production 

110 volume and results in the removal of mushrooms with excess stipe lengths, discolouration, and gross size 

111 variances. Despite these physical deformations, the constitution of the mushroom is innately similar, and 

112 the waste streams from larger mushroom farms could be valorised as a source of bioactive components.

113
114 2.1. Genomics

115 Commercial mushroom cultivation relies on the production of healthy A.bisporus species with favourable 

116 and reproducible characteristics. Improved composting techniques, optimised environmental conditions 
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117 and breeding selectivity have led to substantially improved yields and conforming organoleptic standards. 

118 Typical agronomic traits of mushrooms include yield, growth rates, maturation, size, colour, shape, 

119 firmness, aroma, and shelf life (Gao et al, 2016). These traits often have a complex genetic basis associated 

120 with quantitative gene loci and thus Genetically Modified Organisms (GMO’s) are only viable if they meet 

121 the standards of the existing commercial strains. A large number of agronomic traits have been assigned to 

122 major loci on chromosomes 6 and 10, demonstrating their importance during cultivation. Since November 

123 2011, genomic data concerning fungal species have been continually reported and updated within the 1000 

124 Fungal Genomes project (Stajich, 2016). The resulting phylogenetic maps were compiled to demonstrate 

125 orthology since nearly 83 % of the predicted A.bisporus genes had homology with those in the public and 

126 JGI Mycocosm databases and conserved protein families within several fungal species.
127
128 2.2. Chemical composition and nutritional value 

129 Many species of edible mushrooms grown widely in forests, while about 35 species are commercially 

130 cultivated, and 20 of them are produced at the industrial scale. A.bisporus is the most cultivated and 

131 consumed mushroom species worldwide, and consequently recent studies have focused on the nutritional 

132 value and increase of shelf-life in this particular species (Cardoso et al, 2019). Edible mushrooms are known 

133 to possess good quality protein, high fibre, high quantity of vitamins and minerals, lectins and also bioactive 

134 compounds like protein-polysaccharide complexes, β-glucans and polyphenols (Rezaeian & Pourianfar, 

135 2016). Dry matter (DM) of different cultivated and wild-growing mushrooms is ranging between 83 and 

136 285 g/kg, denoting their high water content that influences significantly in the fast ageing process of fresh 

137 mushrooms (Zsigmond et al, 2018). Secondary metabolites, such as phenolic compounds have been 

138 identified on a wide variety of mushrooms, and their nutritional and antioxidant activities have been 

139 reported (Boonsong, Klaypradit, & Wilaipun, 2016; Gasecka, Magdziak, Siwulski, & Mleczek, 2018). Most 

140 species of mushrooms are high in ergosterol. It is found within cell membranes of fungi in high 

141 concentrations and is a pro-vitamin form of vitamin D2, the temporary exposure of mushrooms under UV 

142 radiation can encourage the production of vitamin D reducing the quantity needed for recommended daily 

143 intake levels (Feeney, Miller & Roupas, 2014). However, appreciable differences in the composition have 

144 been found among species and also within them, which can be partly due to the different development 

145 degree of mushrooms.

146 Regarding the polysaccharide fraction in the fruiting bodies of edible mushrooms, D-glucans are the main 

147 compounds (mainly β-D-glucans with small amounts of α-D-glucans); with chitin and other 

148 heteropolysaccharides in minor amounts. These polysaccharide components conform a tight polymeric 

149 network where the different D-glucan and chitin macromolecules may be either physically or chemically 

150 crosslinked to each other. Minor amounts of other polysaccharides, including galactans and mannans, can 

151 be also found in different mushroom species (Ruthes, Smiderle, & Iacomini, 2016). Structural proteins are 

152 also found in variable amounts in the fruiting bodies of edible mushrooms, and are commonly complexed 

153 with the polysaccharide and lipid components.

154 D-glucans comprise a heterogeneous family of homopolysaccharides, with D-glucopyranose as the unique 
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155 building block (monomer) that can be linked by α- or β- glycosidic bonds. Despite this simple monomeric 

156 structure, D-glucans can create very complex macromolecular architectures due to the stereochemistry of 

157 the β- and α-glycosidic linkages and the possibility to create substituted and hyperbranched structures. In 

158 particular, mushroom α-D-glucans exhibit mainly (13) and (16) glycosidic linkages, with trace 

159 amounts of the common (14) linkages found in cellulose and other plant polysaccharides (Ruthes, 

160 Smiderle, & Iacomini, 2015). These β-(14) linkages have been reported to covalently-link the β-D-

161 glucans with the chitin microfibrils in some fungal species (Zhu, Du, Bian, & Xu, 2015). The nature of the 

162 glycosidic linkage in the backbone, the degree of branching, the length of the branches, and the molar mass 

163 distribution determine the molecular structure of each particular type of β-D-glucan, which varies depending 

164 on the particular fungal species and their development. The β-D-glucans in mushrooms exhibit similar 

165 molecular structure as glycogen, with (14) and (16) linkages and different branching structures and 

166 molar masses depending on the particular mushroom species. (13) and (16)-linked D-glucans have 

167 been also reported (Ruthes, Smiderle, & Iacomini, 2015). Table 1 summarises the structural characteristics 

168 of the most common D-glucans found in different edible mushroom species.

169 The cell walls contain a mixture of fibers and matrix components that are rich in chitin (a crosslinked 

170 polymer of N-acetylglucosamine). Chitin is a widespread polysaccharide in fungal species specially found 

171 in their cell wall, where it contributes to the structural stability in the form of microfibrils. Chitin is a linear 

172 homopolymer of 2-acetamido-2-deoxy-D-glucopyranose (D-GlcNAc) linked by β-(14) glycosidic 

173 linkages, which allows the formation of fibrillar structures through inter- and intramolecular hydrogen 

174 bonding. Chitin has therefore a similar molecular structure as the plant structural counterpart (cellulose), 

175 which explains their biological role as structural support of the cell wall.

176 On the other hand, proteins are usually complexed with polysaccharides and lipids in the fruiting bodies of 

177 edible mushrooms. Regarding the amino acid content, aspartic acid, histidine, glutamic acid, lysine, serine, 

178 are the major amino acids found in A.bisporus (Pei et al. 2014). Fungal species have also been identified as 

179 a source of natural enzymes, in particular, tyrosinases: type 3 copper proteins involved in the initial step of 

180 melanin synthesis. These enzymes were first characterised in A.bisporus because of unfavourable 

181 enzymatic browning during post-harvest storage, but also play a role in the formation/stability of spores, 

182 and defense/virulence mechanisms. Some authors have recently reported some measures to improve shelf-

183 life of A.Bisporus by slowing the enzymatic degradation (Wu et al, 2019). Furthermore, mushrooms are 

184 also known to be an excellent accumulator of minerals from the environment in which they grow. High 

185 amounts of zinc, iron and manganese have been found, indicating that mushrooms could be used in well-

186 balanced diets (Table 2) (Ghahremani-Majd & Dashti, 2015). 

187 Some authors have considered mushrooms as a good source of vitamins since A.Bisporus (white) is a source 

188 of the B-group vitamins (B1, B2, B3, niacin, folates, B12), vitamin D2 and ergosterol. However, the content 

189 of these biologically-active substances varies depending on growing conditions (including environmental 

190 factors) (Muszyńska, Kała, Rojowski, Grzywacz, & Opoka, 2017) (Table 2).

191 Other valuable molecules such as polyphenols, lipids and terpenoids are present in edible mushrooms in 

192 lower quantities (2-5 %), but enough to provide antioxidant and flavour properties. In this sense, some 
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193 authors detected the presence of phenolic acids, such as gallic acid (8.4 ± 0.5 mg/100 g DW), trans-

194 cinnamic acid (9.4 ± 0.3 mg/100 g DW), and chlorogenic acid (5.8 ± 0.3 mg/100 g DW) in A.Bisporus 

195 (white), denoting its valuable potential as source of bioactive compounds (Gasecka, Magdziak, Siwulski, 

196 & Mleczek, 2018).

197 A.Bisporus by-products were identified as a productive source of ergosterol since it is the most abundant 

198 mycosterol (90 % of the sterols fraction, 556 mg/g mushroom by-products), which has been related with 

199 different bioactive properties. In addition, ergosterol might be transformed by irradiation into vitamin D as 

200 a dietary supplement and food additive (Heleno et al, 2016b). Other authors showed the high content of L-

201 ergothioneine (1.2-1.4 mg/g DM) on A.Bisporus, which can play a physiologic effect in antioxidant 

202 cytoprotection (Ghahremani-Majd & Dashti, 2015).

203 The presence of fat in A.Bisporus is low. However, the dominants in their composition were found to be 

204 linoleic acid (61.8-67.3 %) and palmitic acid (12.7-14.7 %), and the total unsaturated fatty acid percentages 

205 were found to range between 77.4 % and 79.7 % of the total fatty acids (Öztürk et al., 2011).
206
207
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208 Table 1. Structural characteristics of D-glucans and heteropolysaccharides of edible mushrooms from Agaricales species (adapted from (Ruthes, Smiderle, & Iacomini, 2015) ( Ruthes, 
209 Smiderle, & Iacomini, 2016))

Polysaccharide Source Main Chain Residue Substitution position Branch Residue Reference

Agaricus bisporus
Agaricus brasiliensis 
(=blazei)

(Smiderle et al., 2013)

Coprinus comatus

- linear
(Li, Dobruchowska, Gerwig, 
Dijkhuizen, & Kamerling, 2013)

Calocybe indica O-4 α-D-Glcp (Mandal, et al., 2010)

Entoloma lividoalbum →3)-β-D-Glcp-(1→ (Maity, et al., 2014)
Macrolepiota 
dolichaula β-D-Glcp-(1→4)-β-D-Glcp-(1→3)-β-D-Glcp-(1→ (Samanta, et al., 2013)

Pleurotus 
citrinopileatus β-D-Glcp or →3)-β-D-Glcp-(1→ (Liu, et al., 2012)

Termitomyces heimii

→6)-β-D-Glcp-(1→

O-3

→3)-β-D-Glcp-(1→ (Manna, et al., 2015)

Calocybe indica O-4 (Mandal, et al., 2010)

Flammulina velutipes (Smiderle, Carbonero, Mellinger, 
Sassaki, Gorin, & Iacomini, 2006)

Pleurotus eryngii (Carbonero, et al., 2006)

Pleurotus florida (Santos-Neves, et al., 2008)

Pleurotus geestanus (Zhang, 2010)
Pleurotus 
ostreatoroseus (Carbonero, et al., 2006)

Pleurotus ostreatus

(Giavasis, 2014; Lam & Chi-
Keung Cheung, 2013; Palacios, 
García-Lafuente, Guillamón, & 
Villares, 2012)

Pleurotus pulmonarius (Smiderle, et al., 2008b)
Schizophyllum 
commune

O-6
β-D-Glcp

(Lam, et al., 2013; Zhang, Kong, 
Fang, Nishinari, & Phillips, 2013)

Laetiporus sulphureus (Alquini, Carbonero, Rosado, 
Cosentino, & Iacomini, 2004)

Termitomyces eurhizus

→3)-β-D-Glcp-(1→

- linear (Chakraborty, Mondal, Rout, & 
Islam, 2006)

Agaricus bisporus α-D-Glcp (Smiderle, et al., 2010)

Coprinus comatus
O-6

α-D-Glcp or →6)-α-D-Glcp-(1→ (Li, et al., 2013)

D
-g

lu
ca

ns

Pleurotus ostreatus

→4)-α-D-Glcp-(1→

- linear (Palacios, García-Lafuente, 
Guillamón, & Villares, 2012)
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Hericium erinaceus O-4 α-D-Glcp or →3)-α-D-Glcp-(1→ (Wiater, et al., 2016)

Pleurotus florida
→3)-α-D-Glcp-(1→

O-6 β-D-Glcp or →3)-β-D-Glcp-(1→ (Santos-Neves, et al., 2008)

Agaricus brasiliensis (Komura, et al., 2010)

Coprinus comatus
α-L-Fucp 

(Li, et al., 2013)

3-O-D-Manp-L-Fucp, β-D-Manp and α-L-Fucp (Smiderle, Carbonero, Sassaki, 
Gorin, & Iacomini, 2008a)Flammuluna velutipes

Fucp and Glcp (Zhang, Xiao, Deng, He, & Sun, 
2012)

α-L-Fucp, Glc and 3-O-Me-Rha (Zhang, Fu, Xu, Sun, & Zhang, 
2012)

Glc (1→6)-linked, Glc (1→3)-linked and Fuc (1→4)-linked ( Li, et al., 2016)Hericium erinaceus

α-L-Fucp (Li, et al., 2016)

Laetiporus sulphureus 3-O-D-Manp-L-Fucp, β-D-Manp and α-L-Fucp (Alquini, Carbonero, Rosado, 
Cosentino & Iacomini., 2004)

Pleurotus florida α-L-Glcp and β-D-Manp (Rout, Mondal, Chakraborty, & 
Islam, 2006)

Pleurotus ostreatus

→6)-α-D-Galp-(1→

β-L-Glcp (Sun & Liu, 2009)

β-D-Galp and α-L-Fucp 
( Ruthes, Rattmann, 
Carbonero, Gorin, & 
Iacomini, 2012)Agaricus bisporus

α-L-Fucp and  β-D-Galp (Ruthes, et al., 2013)
Agaricus bisporus var. 
hortensis α-L-Fucp and β-D-Galp (Komura, et al., 2010)

Pleurotus eryngii -D-Manp linked to →6)-α-D-Galp-(1→ and α-3-O-Me-D-
Galp linked to →6)-3-O-Me-α-D-Galp-(1→

(Zhang, Zhang, Yang, & Sun, 
2013)

Pleurotus geesteranus (Zhang, Xu, Fu, & Sun, 2013)

H
et

er
og

al
ac

ta
ns

Pleurotus pulmonarius

→6)-α-D-Galp-(1→ and 
→6)-3-O-Me-α-D-Galp-

(1→

O-2

β-D-Manp 
(Smiderle, et al., 2008b)

Hericium erinaceus →6)- β -D-Glcp-(1→ β-D-Glcp or β-D-Glcp-(1→6)-β-D-Galp-(1→ or β-D-Glcp-
(1→3)-β-D-Glcp-(1→ ( Li, et al., 2016)

H
et

er
og

lu
ca

n
s

Tricholoma crassum →6)- β -D-Glcp-(1→ and 
→6)-α-D-Glcp-(1→

O-3
β-D-Manp-(1→4)-α-D-Galp-(1→ (Patra, et al., 2012)
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Lepista sordida →6)-α-D-Glcp-(1→ O-2 α-D-Galp (Luo, Sun, Wu, & Yang, 2012)

Pleurotus ostreatus →3)- β -D-Glcp-(1→ and 
→6)-β-D-Glcp-(1→ - α-D-Galp or α-D-Glcp (Maity, et al., 2011)

Tricholoma matsutake →4)- β -D-Glcp-(1→ O-6 α-D-Xylp-(1→3)-α-D-Galp-(1→ (Ding, et al., 2010)

Heteromanan Flammulina velutipes →3)-α-D-Manp-(1→ O-4 -D-Xylp or →3)--D-Xylp-(1→ (Smiderle, et al., 2006)

Agaricus brasiliensis 
(=blazei)

→6)-α-D-Galp-(1→ and 
→2,6)-α-D-Glcp-(1→ α-D-Glcp (Liu, et al., 2011)

Armillaria mellea
→6)-α-D-Glcp-(1→, 

→2,6)-α-D-Glcp-(1→ and 
→6)-α-D-Galp-(1→

β-D-Glcp (Sun & Liu, 2009)

Pleurotus sajor-caju →6)-α-D-Galp-(1→ and 
→2,4)-α-D-Glcp-(1→

O-2

β -D-Manp (Pramanik, Mondal, Chakraborty, 
Rout, & Islam, 2005)

Calocybe indica
→3,6)-α-D-Galp-(1→, 

→4)-β-D-Glcp-(1→ and 
→6)-β-D-Glcp-(1→

α-L-Fucp (Mandal, et al., 2011)

Termitomyces robustus

→3)- β -D-Glcp-(1→, 
→3,6)-β-D-Glcp-(1→, 

→6)-α-D-Glcp-(1→ and 
→3)-α-L-Fucp-(1→

O-6

β -D-Glcp (Mondal, et al., 2008)

Volvariella bombycina
→6)- β -D-Glcp-(1→, 

→4,6)-α-D-Manp-(1→ and 
→6)-α-D-Glcp-(1→

O-4 α-D-Galp (Das, et al., 2008)

H
et

er
og

en
eo

us
 m

ai
n 

ch
ai

n

Volvariella diplasia
→4)-α-D-Glcp-(1→, 

→2,4,6)-β-D-Glcp-(1→ 
and →6)-α-D-Manp-(1→

O-2 and O-4 α-D-Galp and β -D-Glcp (Ghosh, et al., 2008)
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211 Table 2. Typical nutritional composition of the raw white mushroom from A.Bisporus (Reis, Barros, Martins, & 
212 Ferreira, 2012a), [% values denote the percentage of daily recommended intake levels].

Typical Values Nutritional value per 100 g
Energy Energy 93 kJ

Calories 22 kcal
Carbohydrates Total Carbohydrate 3.26 g

Sugars 1.98 g
Dietary Fibre 1 g

Fat Total Fat 0.34 g
Protein Total Protein 3.09 g
Vitamins Thiamine (B1) 0.081 mg [7 %]

Riboflavin (B2) 0.402 mg [34 %]
Niacin (B3) 3.607 mg [24 %]
Pantothenic Acid (B5) 1.497 mg [30 %]
Vitamin B6 0.104 mg [8 %]
Folate (B9) 17 µg [4 %]
Vitamin B12 0.04 µg [2 %]
Vitamin C 2.1 mg [3 %]
Vitamin D 0.2 µg [1 %]

Trace Metals Iron 0.5 mg [4 %]
Magnesium 9 mg [3 %]
Phosphorus 86 mg [12 %]
Potassium 318 mg [7 %]
Sodium 3 mg [0 %]
Zinc 0.52 mg [0.5 %]

Other Water 92.45 g
213
214 3. Strategies to obtain valuable compounds

215 Extraction and isolation of bioactive compounds from natural sources are well-established processes: 

216 exhaustive extraction, such as maceration, hydro-distillation, pressing, infusion, percolation and Soxhlet 

217 extraction are just some examples. Sometimes, the addition of chemicals is necessary in order to isolate 

218 target compounds in a purifed form. The extraction with organic solvents, such as ethanol, methanol or 

219 chloroform, is common since the majority of bioactive compounds are not soluble in water. In addition, 

220 these methods are time-consuming, while the large amount of solvents required for an efficient extraction 

221 as well as the high temperatures may cause degradation in target molecules with partial loss of volatiles 

222 (Cvjetko Bubalo, Vidović, Radojčić Redovniković, & Jokić, 2018). Consequently, the development of 

223 faster and more efficient extraction techniques should take into consideration the use of non-toxic solvents, 

224 such as water, carbon dioxide, and ethanol. The most innovative and promising extraction techniques are: 

225 microwave assisted extraction (MAE), ultrasound assisted extraction (UAE), accelerated solvent extraction 

226 (ASE), supercritical fluid extraction (SFE) and subcritical water extraction (SWE), also called pressurised 

227 hot water extraction (PHWE) (Roselló-Soto, et al., 2016). The application of conventional extraction 

228 techniques to obtain valuable extracts rich in bioactive compounds from A.bisporus or other mushroom 

229 species has been widely reported (Boonsong, Klaypradit, & Wilaipun., 2016; Kaewnarin, Suwannarach, 

230 Kumla, & Lumyong, 2016; Ruthes, Smiderle, & Iacomini, 2015). For example, a protein-rich extract was 

231 obtained by using conventional techniques with the aim to produce mushroom protein hydrolysates (MPHs) 

232 for functional foods as well as natural antioxidants for lipid food systems (Kimatu, et al., 2017). Chitin was 

233 extracted by alkaline treatment of A.Bisporus fruit bodies in 1 M NaOH solution at 80 °C for 2 h selecting 



  

11

234 the optimum conditions of the alkaline medium, temperature and time (Hassainia, Satha, & Boufi, 2018).

235 Innovative extraction techniques based on green chemistry concepts have been reported by several authors 

236 to extract bioactive compounds from mushrooms. Özyürek et al. applied MAE for polyphenols extraction 

237 from three wild edible mushrooms (Terfezia boudieri Chatin, Boletus edulis, and Lactarius volemus) 

238 (Özyürek, Bener, Güçlü, & Apak, 2014). They found that the highest antioxidant capacity, determined by 

239 the 2,2-diphenyl-1-picrylhydrazil (DPPH) radical scavenging method, was found in methanolic extracts of 

240 Boletus edulis and can be associated to the higher content in phenolic and flavonoid compounds. In this 

241 way, MAE has proved as a powerful technique for the extraction of bioactive compounds from different 

242 mushroom species, showing the reduction in both, extraction time and solvent consumption, while 

243 increasing extraction rates and yields compared to conventional extraction methods. They also determined 

244 the profile and concentration of polyphenols in eight species of edible mushrooms, reporting the presence 

245 of free homogentisic acid, myricetin and chatechin in all samples, although its concentration varied 

246 significantly among different species.

247 Phenolic-rich extracts were obtained by applying MAE to Coriolus versicolor mushrooms. Experimental 

248 conditions were optimised by applying a central composite experimental design with three MAE 

249 parameters: extraction time, ethanol concentration and microwave power taking the extraction yield, total 

250 phenolic content and antioxidant activity as response variables (Maeng, Muhammad Shahbaz, Ameer, Jo, 

251 & Kwon, 2016).

252 MAE and PHWE were compared as powerful extraction techniques to obtain polysaccharides (particularly 

253 β-glucans) from Pleurotus ostreatus and Ganoderma lucidum fruiting bodies. Both techniques showed to 

254 be easy, fast and efficient approaches to extract mushroom β-glucans. However, all of them showed 

255 disadvantages in the post-extraction treatments, since some residues remained after extraction and further 

256 separation steps were required (Smiderle, et al., 2017).

257 UAE of polysaccharides from A.Bisporus was used by application of a central composite design with 

258 ultrasonic power, extraction temperature, extraction time and water/mushroom ratio as variables. The 

259 polysaccharides-rich extract was only composed of D-glucose with β-type glycosidic bonds (Tian, et al., 

260 2012). In a recent study, Francisco et al. used UAE to obtain A.Bisporus extracts to be applied as food 

261 additive in yoghurts as a good source of polysaccharides with nutraceutical interest (Francisco, et al., 2018).

262 It is known that mushroom's by-products are a rich source of vitamins, fibre, amino acids, proteins and 

263 other molecules with high nutritional value. For this reason, new approaches leading to valorisation of these 

264 by-products by using green and sustainable extraction technologies have been proposed. A.Bisporus 

265 discarded by-products obtained from local mushroom producers were used to obtain ergosterol. (Heleno, 

266 et al., 2016b). They reported that similar amounts of ergosterol were achieved by applying MAE in 

267 comparison with the classical Soxhlet extraction, resulting in a significant decrease in extraction time and 

268 solvents consumption.

269 Hot water and alkali extraction followed by precipitation with ethanol are the most common techniques 

270 used for polysaccharides, including β-glucans. However, due to their requirements of long times and high 

271 temperatures, UAE offers an inexpensive, environmentally-friendly, less time consuming and efficient 
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272 alternative to these conventional extraction techniques (Aguiló-Aguayo, Walton, Viñas, & Tiwari, 2017). 

273 UAE was also used to obtain mycosterol with ethanol at 375 W for 15 min, yielding 671.5 ± 0.5 mg 

274 ergosterol/100 g DW (Heleno, et al., 2016a).

275 Other technologies, such as molecularly imprinted polymers (MIP) have been recently proposed for the 

276 selective extraction of specific chemicals with the desired functionalities from mushrooms. Molecular 

277 imprinting permits the selective generation of macro-porous polymeric materials that are able to host 

278 specific molecules and protect them from the environment until they are designed to reach the intended 

279 biological or chemical molecular targets. The application of this technology to the specific extraction of 

280 ergosterol from Ganoderma tsugae mushroom species has been reported (Hashim, et al., 2016). A clear 

281 increase in the ergosterol amount extracted from this mushroom species was reported resulting in 217 mg/g 

282 DW, much higher than the amounts extracted by other conventional extraction techniques. These amounts 

283 of ergosterol extracted from A.Bisporus through MIPs can be considered as adequate for 

284 antioxidant/antimicrobial functionalities and consequently these strategies are highly promising for the 

285 selective extraction of chemicals. MIPs have been also proposed to selectively remove heavy metals 

286 (Dahaghin, Zavvar Mousavi & Maryam Sajjadi, 2017) and illegal whitening agents from mushrooms (Ding, 

287 Wang, Wang & Ji, 2018), showing the high potential of MIPs as specific extracting agents to be used in 

288 mushroom species to get tailor-made extracts with the desired functionalities.

289
290 4. Agaricus bisporus as a source of valuable extracts and their bioactivity

291 4.1. Antimicrobial activity

292 Many food products are perishable and also require protection from microbial spoilage during preparation, 

293 storage and distribution for acceptable shelf-life and organoleptic characteristics (Stojkovic, et al., 2014). 

294 However, a concern of many bacterial-control food studies is their ability to translate successfully to a 

295 dynamic in-vivo environment while not obscuring the appealing characteristics of foodstuff. This has led 

296 to an interest in natural-based preservatives from plants and fungi.

297 Extracts based on fungal species and their associated fruiting bodies have been studied for their activities 

298 against several bacteria, including Agaricus, Boletus, Canthraellus, Clitocybe, Cortinarius, Ganoderma, 

299 Pycnoporus, Hygrophorous.  Hypholoma, Lactarius, Tricholoma, and Lentinus species (Rezaeian & 

300 Pourianfar, 2016). Specifically, these authors associated the bacteriostatic and bactericidal functions with 

301 the isolation of low molecular weight secondary metabolites, such as terpenes/sesquiterpenes, steroids, 

302 benzoic acid derivatives, anthraquinonoids and quinolones, as well as high molecular weight compounds 

303 such as peptides and proteins. In addition, phenolic compounds and sterols have been reported in fungal 

304 extracts (Sinanoglou, et al., 2015; Taofiq, et al., 2016). The antimicrobial activity of some species of wild 

305 and commercial mushrooms is summarised in Table 3 in terms of their minimum inhibitory concentration 

306 (MIC), which indicates the lowest concentration that prevents the visible growth of a bacterium.
307
308
309
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310 Table 3. Antimicrobial activity of wild and commercial mushrooms: MIC values reported in µg/mL. (-) No 

311 antimicrobial activity; (+) Slight antimicrobial activity; (++) Moderate antimicrobial activity; (+++) High 

312 antimicrobial activity; (++++); Strong antimicrobial activity

MIC (µg mL-1)

Samples B.cereus B.subtilus S.Aureus P.Aeroginosa E.coli K.Pneumoniae

Agaricus bisporus 500(-) 5(++++) 500(-) 500(-) 500 (-) 500 (-)

Agaricus silvaticus 500(-) 500(-) 500(-) 500(-) 500 (-) 500 (-)

Agaricus silvicola 5(++++) 5(++++) 5(++++) 500(-) 500 (-) 500 (-)

Boletus edulis  500(-) 500(-) 5(++++) 500(-) 500 (-) 500 (-)

Calocybe gambosa 500(-) 500(-) 500 (-) 500(-) 500 (-) 500 (-)

Cantharellus cibarius 500(-) 5(++++) 50(++++) 500(-) 500 (-) 500 (-)

Craterellus-cornucopiodes 500(-) 500(-) 500 (-) 500(-) 500 (-) 500 (-)

Marasmius oreades 500(-) 500(-) 500(-) 500(-) 500(-) 500(-)

Ampicillin 3.13(++++) 12.5(++++) 6.25(++++) 6.25(++++) 6.25(++++) 6.25(++++)

313
314 The ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

315 Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.) are multidrug-resistant 

316 bacteria identified as the leading cause of nosocomial infections throughout the world (Santajit & 

317 Indrawattana, 2016). Their unique resistance mechanisms are genetically derived and acquired through 

318 horizontal or vertical gene transfer, often as the result of selective pressure post-antibiotic exposure. With 

319 the impending resistance of bacterial species and the exhaustion of existing antimicrobial compounds, many 

320 natural-based chemicals are being investigated as potential sources of new and variants of existing antibiotic 

321 classes. The potential of A.Bisporus as an antimicrobial/fungal agent is high, but deep studies in extraction, 

322 broad testing of organisms for antimicrobial sensitivity, elucidation of the bioactive compounds and their 

323 associated mechanism of action are lacking and should be considered.

324 Crude extracts obtained from A.Bisporus showed to have antibacterial activity against Gram-positive 

325 (S.aureus, B.cereus, M.flavus and L.monocytogenes) and Gram-negative bacteria (P.aeruginosa, 

326 S.typhimurium, E.coli, and E.cloacae) (Stojkovic, et al., 2014). However, the noted efficacy was largely 

327 attributed to the solvent-based extraction methods, which demonstrated high variance in yields and 

328 antibacterial and antifungal activities. The majority of the bacterial assays employed for such purpose were 

329 either the agar-well diffusion method (AWD) or variations of the quantitative broth microdilution (BMD) 

330 method. Whilst the AWD assay is appropriate for screening by its ability to type resistance phenotypes, the 

331 standard BMD method, in contrast, is readily repeatable, able to determine MIC values and can be modified 

332 using colourimetric dye reagents for higher sensitivities. The research’s shift from the AWD to the BMD 

333 method is progressive but the accurate quantification of MIC values against a wider range of 

334 microorganisms would complement the existing reporting (Balouiri, Sadiki, & Ibnsouda, 2016). 

335 Additionally, research into commercially-cultivated strains of A.Bisporus showed increased levels of 

336 inhibition, but sparse data have been recorded for the antibacterial potency of wild strains in different 

337 countries (Rezaeian & Pourianfar, 2016).

338 Three concentrations of methanolic extracts from a Nigerian wild strain of A.Bisporus reported bacterial 
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339 susceptibility associated with the total phenolic activity, as IC50 values decreased in relation to the free-

340 radical scavenger activity (Abah & Abah, 2010). Methanolic preparates from commercially cultivated 

341 sources also demonstrated comparable levels of activity against Gram-positive organisms but no significant 

342 zone of inhibition was noted at concentrations lower than 50 mg/mL (Parashare, Pal, & Bhandari, 2013). 

343 Ethanolic extracts of laboratory-cultivated (Jagadish, Krishnan, Shenbhagaraman, & Kaviyarasan, 2009) 

344 and Eurasian-wild (Akyuz, Onganer, Erecevit, & Kirbag, 2010) strains of A.Bisporus continued to report 

345 higher levels of inhibition against Gram-positive bacteria, but results were not comparable to the activities 

346 and concentration ranges of the established control antibiotics.

347 Antibacterial activities of methanol and acetone extracts from a range of concentrations of A.Bisporus 

348 against E.coli and S.aureus continued to associate methanolic extractions with higher levels of growth 

349 inhibition (Sharma, 2015). Contradictingly, the presence and growth of the Gram-negative spectrum was 

350 favoured, particularly for E.coli, P.aeruginosa, and K.pneumoniae (Stojkovic, et al., 2014). In a similar 

351 way, a methanolic extract of a wild strain of A.Bisporus isolated from the Northeast of Portugal and 

352 analysed using a BMD assay exerted significant antibacterial activity (MIC of 5 µg/mL) against B.subtillis, 

353 but found that none of the Gram-negative species tested were affected (Alves, et al., 2013). Similar extracts 

354 from A.Bisporus wild strains collected from both Turkey (Öztürk, et al., 2011) and China (Shang et al., 

355 2013) also showed inhibition of several Gram-positive species more effectively than Gram-negative 

356 bacteria. The continued susceptibility of Gram-positive bacteria could suggest its mode of action to include 

357 some cell wall peptidoglycan specificity. Its reduced efficacy in the Gram-negative spectrum could be also 

358 indicative of permeability of the outer lipopolysaccharide membrane and characteristically lower 

359 peptidoglycan content. Other authors found that the MIC values for methanolic extracts obtained from 

360 A.Bisporus collected in Nastik (India) was 100 mg/mL against E.coli, Proteus sp, P.aeruginosa and 

361 S.aureus (Parashare, Pal, & Bhandari, 2013), supporting that antibacterial activity of A.Bisporus species is 

362 highly dependent on their origin.

363 Fractionation of a methanol-dichloromethane (1:1) extract from a cultivated strain of A.bisporus eluted by 

364 ethyl acetate and ethyl acetate/methanol (1:1) showed quantifiable and dose-dependent antibacterial 

365 activity. The extract obtained from the cultivated strain of A.bisporus showed MIC values 880 µg/mL, 18 

366 µg/mL and 1.25 mg/mL against Gram-positive species B.cereus, S.aureus and E.faecalis respectively, but 

367 MIC values were not reached in Gram-negative species (Soltanian, Rezaeian, Shakeri, Janpoor & 

368 Pourianfar, 2016). Antibacterial sensitivity of L.monocytogenes with an ethanolic extract from A.bisporus 

369 showed activity in a broth BMD assay but its correlation to an in-situ yoghurt infusion-based assay was 

370 dissimilar and was attributed to the complexity of the live culture based in yoghurt/growth media 

371 (Stojkovic, et al., 2014). The presence of L.monocytogenes in foodstuff is hard to control since it has the 

372 ability to survive in a broad range of adverse conditions (acidic pH, low temperatures and high sodium 

373 chloride concentrations). Similar studies were reported based on the antifungal activity of A.Bisporus 

374 extracts with inhibitory and fungicidal concentration ranges (Table 4).

375 Houshdar Tehrani et al. carried out studies based on aqueous total protein extracts from A.bisporus, showing 

376 significant antibacterial activity against S.aureus (Houshdar Tehrani, Fakhrehoseini, Kamali Nejad, 
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377 Mehregan, & Hakemi-Vala, 2012). They performed the protein fractionation using a DEAE-A50 ion 

378 exchange column and a stepwise salt gradient elution to produce three fractions. One of them reported 

379 antibacterial activity and produced a pure protein band at 22.5 kDa. Purification of this peptide showed 

380 MIC values of 100 µg/mL against both bacterial species.

381 Some scientific results on the antimicrobial activity against Gram-negative and Gram-positive bacteria of 

382 the individual phenolic compounds present in A.bisporus extracts are summarised in Table 5. The most 

383 common phenolic compounds identified in A.bisporus are benzoic acid derivatives (p-hydroxybenzoic acid, 

384 protocatechuic acid and gallic acid) and cinnamic acid derivatives (cinnamic acid, p-coumaric acid, ferulic 

385 acid and chlorogenic acid). Furthermore, these compounds show relevant antimicrobial activity (MIC > 1 

386 mg/mL) against a wide variety of Gram-positive and Gram-negative bacteria. Specifically, the phenolic 

387 compound 2,4-dihydroxybenzoic/protocatechuic acid, previously isolated from several wild species of 

388 mushrooms including A.bisporus, exhibited MIC values around 1 mg/mL against clinical isolates of some 

389 Gram-negative bacteria including E.coli, Pasteurella multocida and Neisseiria gonorrhoea. 2,4-

390 dihydroxybenzoic acid has also high levels of activity against Methicillin-susceptible S.aureus species. 

391 Structure-Activity Relationship (SAR) analysis suggests that the presence of carboxylic acid (COOH) and 

392 two hydroxyl (OH) groups in para and ortho positions of the benzene ring and the methoxyl (OCH3) group 

393 in the meta position plays an important role in phenolic compound’s against Methicillin-resistant S.aureus 

394 activity. The presence of some flavonoids with activity against some bacteria (such as catechin, myricetin 

395 and pyrogallol) and sterols like ergosterol provide additional biocidal effect to A.bisporus mushroom 

396 species (Alves, et al., 2013).
397
398 Table 4. Antifungal activity of the methanolic and ethanolic extracts of A.bisporus (mean values of MIC/MFC 

399 (Minimum Fungicidal Concentration) in mg/mL) (adapted from Stojkovic et al., 2014)

Fungi Methanolic extract Ethanolic extract

Aspergillus fumigatus 1.15 ± 0.10 / 9.4 ± 1.7 2.35 ± 0.10 / 9.4 ± 1.7

Aspergillus versicolor 0.15 ± 0.03 / 1.15 ± 0.10 0.15 ± 0.06 / 4.7 ± 0.1

Aspergillus ochraceus 0.30 ± 0.03 / 0.6 ± 0.02 1.13 ± 0.01 / 2.35 ± 0.10

Aspergillus niger 0.60 ± 0.06 / 1.15 ± 0.10 2.35 ± 0.06 / 4.7 ± 0.1

Trichoderma viride 0.30 ± 0.03 / 0.60 ± 0.01 0.15 ± 0.03 / 2.35 ± 0.01

Penicillum funiculosum 0.60 ± 0.01 / 1.15 ± 0.13 1.13 ± 0.10 / 3.25 ± 0.13

Penicillum ochrochloron 0.60 ± 0.06 / 1.15 ± 0.10 0.60 ± 0.06 / 2.35 ± 0.10

Penicillum verrucosum 0.60 ± 0.01 / 1.15 ± 0.10 2.35 ± 0.01 / 9.4 ± 1.7

400
401
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Table 5. MIC values (mg/mL) of A.bisporus phenolic compounds against clinical isolates of Gram-negative and Gram-positive bacteria (adapted from Alves et al. 2013)

Gram-negative bacteria Gram-positive bacteriaPhenolic compounds
Escherichia 

coli
Proteus 

mirabilis
Morganella 
morganni

Pasteurella 
multocida

Neisseria 
gonorrhoeae

MSSA MRSA Staphylococcus
epidermidis

Enterococcus
faecalis

Listeria
monocytogenes

Streptococcus
agalactiae

p-Hydroxybenzoic acid > 1 > 1 > 1 > 1 > 1 > 1 > 1 > 1 > 1 > 1 > 1

Protocatechuic acid 1 > 1 > 1 1 1 1 1 > 1 > 1 1 1
Gallic acid > 1 > 1 > 1 1 1 > 1 > 1 > 1 > 1 > 1 > 1

Cinnamic acid > 1 > 1 > 1 > 1 1 > 1 > 1 > 1 > 1 > 1 0.5
p-Coumaric acid 1 > 1 > 1 1 1 > 1 1 > 1 > 1 > 1 > 1

Ferulic acid > 1 > 1 > 1 1 1 1 0.5 1 > 1 > 1 1
Chlorogenic acid > 1 > 1 > 1 > 1 > 1 > 1 > 1 > 1 > 1 1 > 1
Catechin (Taylor, 

Hamilton-Miller, & 
Stapleton, 2005; Zhang, 

Jung, & Zhao, 2016) 

0.3 - - - - - > 1 Listeria innocua (MIC: 0.1 mg/mL)

Myricetin (Cetin-Karaca 
& Newman, 2015; 

Rodríguez-Pérez et al., 
2016; Semwal, Semwal, 
Combrinck, & Viljoen, 

2016) 

0.1 0.5 Salmonella species (MIC < 1) - > 1 > 1 > 1 - -

Ergosterol (Taofiq, et al., 
2016)

Salmonella entérica (MIC: 0.1 mg/mL)  Staphylococcus aureus (MIC: 0.1 mg/mL)

Pyrogallol (Kocaçalişkan, 
Talan, & Terzi, 2006; 

Lima, et al., 2016)

Pseudomonas putida; pseudomonas pyocyanea Staphylococcus aureus (MIC: 1 mg/mL)

MSSA, Methicillin-susceptible Staphylococcus aureus; MRSA, Methicillin-resistant Staphylococcus aureus. 
Values of MIC (mg/mL) < 1 indicate non-relevant antibacterial activity
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402 4.2. Antioxidant activity

403 In the last years, extensive research has focused on the antioxidant potential of wild-growing and 

404 cultivated mushrooms, mainly associated to the presence of phenolic compounds in their 

405 composition. Table 6 summarises some results in the evaluation of the antioxidant activity of 

406 different mushroom species. In general terms, phenolic compounds are divided in two main 

407 groups, based on the hydroxyl derivatives of benzoic acid and trans-cinnamic acid respectively. 

408 Within the first group, gallic acid, protocatechuic acid, p-hydroxybenzoic acid, vanillic acid and 

409 syringic acid have been detected in different mushroom species, while p-coumaric acid, ferulic 

410 and caffeic acid belong to the second group (Yildiz, Can, Laghari, Şahin, & Malkoç, 2015).
411
412 Table 6. Antioxidant activities of different mushroom species

Reducing power Scavenging activity
Mushroom 

specie Extraction process
TPC* Ferricyanide 

assay DPPH* FRAP*
Ref.

Agaricus 
bisporus
(white)

Methanolic extracts from 
lyophilized powder (25 

°C, 150 rpm, 1 h)

23.34 ± 0.36 
mg GAE/g 

extract

1.80 ± 0.03 
EC50 mg/mL 

3.13 ± 
0.09 EC50 
mg/mL

> 1

(Reis, 
Martins, 

Barros, & 
Ferreira, 
2012b)

Coriolus 
versicolor

MAE (2 g dried poder, 
3.8 min, 40 % etanol, 125 

W)

470 mg 
GAE/100 g 

DM

773 
mMTE/g 
DM

1,710 mM 
TE/g DM

(Maeng, 
Muhammad 

Shahbaz, 
Ameer, Jo, & 
Kwon, 2016)

Lentinus 
edodes

10 dried powder 
extracted with 50 % 

ethanol (150 rpm, room 
T, 24 h)

80 % (500 
mg/mL)

64.3 % 
(500 

µg/mL)

(Boonsong, 
Klaypradit, & 

Wilaipun, 
2016)

Boletus 
edulis

MAE (0.2 g lyophilized 
powder, 80 % methanol, 

80 ºC, 5 min)

2.9 ± 0.1 
EC50 

mg/mL

(Özyürek, 
Bener, Güçlü, 

& Apak, 
2014)

Agaricus 
bisporus

Methanolic extracts from 
lyophilized powder (0.2 

g, 65 °C, 1 h)

3-4 mg 
GAE/g DM

(Palacios, et 
al., 2011)

Ganodermal
ucidum

Ultrasonic bath (60ºC, 3 
h) with methanol

26.40 mg 
GAE/g DM

1.76 ± 
0.38 
EC50 

mg/mL

240 ± 13 
µM 

TE/100 g 
DM

(Yildiz, et al., 
2015)

*DPPH (2,2-diphenyl-1-picrylhydrazyl method); FRAP: (Ferric Reducing Antioxidant Power); TPC (total phenolic 
content); TE (trolox equivalent); GAE (galic acid equivalent)

413
414 Not only the different compounds present in a particular mushroom species, but also the extraction 

415 method and the solvent used influence their antioxidant potential. In this sense, antioxidant 

416 properties and phenolic profiles of four cultivated mushrooms species (A.bisporus, Pleurotus 

417 ostreatus, Pleurotus eryngii and Lentinula edodes) were compared to their mycelia, but no 

418 correlation was found between in vitro and in vivo behaviour, probably due to the different 

419 growing conditions that affected their chemical composition (Reis, Martins, Barros, & Ferreira, 

420 2012b). These authors found that the extracts from A.bisporus showed the highest antioxidant 

421 activity, with the lowest concentration of EC50 values (sample concentration that provides 50 % 
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422 of antioxidant activity). Tian et al. monitored the change in concentration of A.bisporus 

423 polysaccharide extracts to evaluate the antioxidant ability through the DPPH scavenging activity 

424 test. Results demonstrated that at 250 μg/mL, the extract showed 86.1 % free radical-scavenging 

425 activity significantly higher (p < 0.01) than BHT (83 %) (Tian, et al., 2012).

426
427 4.3. Valuable compounds

428 Polysaccharide hot water extracts from A.bisporus showed a total D-glucan content of 63.8 g/100 

429 g DW, from which 5.6 g corresponded to -D-glucans and 58.2 g to -D-glucans (Kozarski, et al., 

430 2011). These extracts were used to evaluate and compare immunomodulatory effects with hot 

431 water extracts from other mushroom species. A.bisporus polysaccharide extracts obtained by 

432 using UAE showed high purity in D-glucose with estimated molecular weight of 158 kDa after 

433 the extract purification by ion chromatography using DEAE-Cellulose-52 column and Sepharose 

434 G-100 column (Tian, et al., 2012). 

435 The chitin content is variable depending on the mushroom species and A.bisporus shows 6-9 % 

436 of the total dry weight (Hassainia, Satha, & Boufi, 2018). Some authors have worked to obtain 

437 chitin and its deacetylated derivative chitosan from fungal species since their use presents some 

438 advantages due to the seasonal independence in the biotechnological usage of yeasts (in industrial 

439 fermentations) and the absence of demineralization treatments necessary in their shellfish 

440 counterparts (Erdogan, Kaya, & Akata, 2017). Hassainia et al. obtained chitin from A.bisporus 

441 fruit body parts by alkaline treatment (Hassainia, Satha, & Boufi, 2018). Results showed that the 

442 extracted chitin was in the alpha form, with a 63 % crystalline index and degree of N-acetylation 

443 of 70 %.

444 Fungal species have been also identified as source of natural enzymes, in particular, tyrosinases: 

445 type 3 copper proteins involved in the initial steps of the melanin synthesis. These enzymes were 

446 first characterised in A.bisporus because of the unfavourable enzymatic browning during post-

447 harvest storage, but also have their role in the formation/stability of spores, and defense/virulence 

448 mechanisms. These enzymes catalyse both the ο-hydroxylation of monophenols and the 

449 subsequent oxidation of the resulting ο-diphenols into reactive ο-quinones, which evolve 

450 spontaneously to produce intermediates associated to dark brown pigments.

451
452 5. Applications of mushroom extracts.

453 This section aims to give an overview of the scarcely-reported but interesting applicability of the 

454 extracts obtained from mushrooms or their by-products. Just a few mushroom extracts are 

455 currently used in functional foods, nutraceuticals, food supplements, medicine or 

456 pharmacological applications (Rathore, Prasad, & Sharma, 2017; Reis, Martins, Vasconcelos, 

457 Morales, & Ferreira, 2017; Ruthes, et al., 2013). However, they are also used as natural biocontrol 

458 agents in plant protection (acting as insecticides, fungicides, bactericides, etc) and in cosmetics 
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459 due to their film-forming ability, antioxidant, antiallergic or antibacterial activities, and 

460 stimulation of collagen activity, among others. In general terms, microorganisms such as 

461 B.cereus, E.coli, Shigella spp., S.aureus, Listeria spp. and Vibrio spp. can be deposited on 

462 household surfaces to form biofilms and may constitute grounds for potential disease sources 

463 (Bridier et al, 2015). In this sense, the antimicrobial compounds extracted from mushrooms 

464 fruiting bodies and/or by-products should be able to inactivate these bacteria by the presence of 

465 different functional groups (Ashraf et al, 2014). Ethanolic extracts prepared from A.bisporus, 

466 Pleurotus ostreatus, and Lentinula edodes rich in ergosterol showed excellent properties for 

467 application in a base cream for cosmetics, since ergosterol, cinnamic acid and other polyphenols 

468 showed good stability after their incorporation to the base products. In addition, the formulation 

469 with A.bisporus extracts maintained good antioxidant and anti-inflammatory activities by 

470 inhibition of NO production and melanin by suppression of tyrosinase activity (Taofiq, et al., 

471 2016).

472 Many results about the in vitro antioxidant and antimicrobial potential of mushroom extracts have 

473 been reported, but the number of in vivo studies is much lower. Until now, not much extensive 

474 research has been reported about the great potential benefits of mushroom extracts as food 

475 additives with antimicrobial and/or antioxidant activity to meet the increasing demands for food 

476 quality and safety avoiding spoilage deterioration (Shen, Shao, Chen, & Zhou, 2017). A 

477 successful application of Agaricus bohusii Bon extracts to inhibit Penicillium verrucosum var. 

478 cyclopiumin (Reis, et al., 2012c) and methanolic Agrocybe aegerita extracts (Petrović, et al., 

479 2015) in cream cheese have been developed. In addition, innovative techniques, such as spray-

480 drying, to process liquid by-products obtained from Stropharia rugoso-annulata mushroom have 

481 been reported (Chen, Lai, Shen, Li, & Zhou, 2014).

482 Microencapsulated Suillus luteus and Coprinus atramentaria extracts showed synergistic 

483 antioxidant effect when incorporated to cottage cheese, preserving nutritional properties and 

484 colour (Ribeiro, et al., 2015). Francisco et al. also used microencapsulation to functionalise 

485 yoghurts with A.bisporus extracts encapsulated in spray-dried maltodextrin crosslinked with citric 

486 acid, achieving noticeable improvement in the stability and hydrophilicity of the extracts 

487 (Francisco, et al., 2018). Despite all these recent studies in mushroom extracts incorporation to 

488 functional foods, more work is necessary to obtain information regarding the bioaccessibility and 

489 bioavailability of these type of compounds (Reis, Martins, Vasconcelos, Morales, & Ferreira, 

490 2017).

491 Extracts from A.bisporus have a wealth of secondary metabolites, many of which possessing 

492 significant biological activities and providing the basis of novel drugs or nutraceuticals (Atila et 

493 al., 2017). A nutraceutical can be defined as a substance that may be considered a food constituent 

494 to provide prophylaxis to the onset of disease. Dietary fibres, proteins, peptides, amino acids, keto 

495 acids, minerals, and anti-oxidative vitamins are examples of nutraceuticals extracted from 
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496 mushroom species (Rathore, Prasad, & Sharma, 2017). High contents of these compounds are 

497 found within Agaricus spp (Stojkovic, et al., 2014) making them a potent source of potentially 

498 bioactive compounds. Nevertheless, long standing traditional use and intense research has 

499 provided evidence that several fungi contain important bioactive components that are beneficial 

500 in an array of diseases, including immune- and inflammatory disorders, cancer, hypertension, 

501 stroke, diabetes and hyperlipidemia (Rathore, Prasad, & Sharma, 2017).

502 Novel approaches to identify fungal nutraceuticals are being introduced in the identification of 

503 the fungal ingredients with nutraceutical interest. In general terms, in vitro bioassays are much 

504 more suitable for this purpose, but the efficiency of the screening activities greatly depends on 

505 the assay quality. For this purpose, a high throughput screening panel of Chemical Activated 

506 LUciferase gene eXpression (CALUX®) can be used in activity screens of chemicals and 

507 complex chemical mixtures as present in plant- and fungal extracts (van der Burg, et al., 2013). 

508 This panel contains assays measuring pathways that are relevant for obesity and metabolic 

509 syndromes, endocrine functioning pathways, (anti)inflammatory and immune modulatory 

510 pathways, cancer and antioxidants/chemoprevention.

511 Another application based on mushroom compounds was reported in the CN102177960A Patent, 

512 where the production of a film-free preservative from A.bisporus was detailed (Patent, 2011). The 

513 film-free preservative is an aqueous solution composed of chitosan (1.2-2.5 %), citric acid (0.4-

514 0.6 %), sodium chloride (0.4-0.6 %) vitamin C (0.2-0.3 %) and 0.0001-0.0003 % of cysteine, in 

515 percentage by mass. Comparing with prior methods, the film-free preservative has advantages 

516 such as no film formation, no observable colour change, convenient operation while shelf-life is 

517 prolonged by 3-5 days at normal temperatures (25 ˚C) and by 15 to 20 at low temperatures (5 ºC). 

518 In addition, the preservative is edible and the process is environmentally-friendly with relative 

519 low cost. This method may reinforce the existing cell layers by acting as an additional chitosan 

520 cell membrane.

521 The production of valuable compounds from enzymes recovered from industrial by-products of 

522 Lentinula edodes mushrooms could be a promising alternative to obtain economic profitable 

523 enzyme preparations (Schimpf & Schulz, 2016). Other authors studied the production of chitosan 

524 through the deacetylation of chitin isolated from the Ganoderma lucidum basidiomycetes 

525 mushroom, as alternative to the crustaceous shell common source. They concluded that chitosan 

526 obtained from this mushroom, following a new protocol, showed significant similitudes with 

527 commercial products (Mesa Ospina et al, 2015).

528

529 6. Conclusions and future perspectives

530 Compounds that can be extracted from mushrooms fruiting bodies and/or their by-products show 

531 high potential by their specific functionalities and a rising number of studies have been reported 
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532 in the last years focusing on their nutritional value, health-promoting benefits, polysaccharide 

533 sources and antioxidant and antimicrobial properties of chemicals extracted from them.

534 Throughout this review, the high potential of A.bisporus as a source of valuable compounds has 

535 been proved and the possibilities for their application are continuously increasing since they can 

536 be applied in many different fields. In addition, the innovation by applying new techniques or 

537 procedures to extract these compounds with high yields and selectivities, in particular by using 

538 green extraction techniques, become a cornerstone to achieve success in this field of research. 

539 However, more and deeper studies are still necessary to get a solid introduction of these products 

540 into the market, due to the lack of information on safety issues and robust extraction procedures. 

541 In addition, restrictive legislations depending on the final application should be still implemented 

542 to ensure consumer’s safety.
543

544 Acknowledgements
545 Authors would like to express their gratitude to the Bio Based Industries Consortium and European 
546 Commission by the financial support to the FUNGUSCHAIN project. This project has received funding 
547 from the Bio Based Industries Joint Undertaking under the European Union’s Horizon 2020 research and 
548 innovation programme under grant agreement No 720720
549

550 Conflict of Interest: The authors declare that they have no conflict of interest.

551
552 References 

553 Abah, S. E., & Abah, G. (2010). Antimicrobial and Antioxidant Potentials of Agaricus bisporus. Advances 
554 in Biological Research, 4(5), 277-282.
555 Aguiló-Aguayo, I., Walton, J., Viñas, I., & Tiwari, B. K. (2017). Ultrasound assisted extraction of 
556 polysaccharides from mushroom by-products. LWT-Food Science and Technology, 77, 92-99.
557 Akyuz, M., Onganer, A. N., Erecevit, P., & Kirbag, S. (2010). Antimicrobial activity of some edible 
558 mushrooms in the eastern and southeast Anatolia region of Turkey. Gazi University Journal of 
559 Science, 23(2), 125-130.
560 Alquini, G., Carbonero, E. R., Rosado, F. R., Cosentino, C., & Iacomini, M. (2004). Polysaccharides from 
561 the fruit bodies of the basidiomycete Laetiporus sulphureus (Bull.: Fr.) Murr. FEMS 
562 Microbiological Letters, 230(1), 47-52.
563 Alves, M. J., Ferreira, I. C. F. R., Froufe, H. J. C., Abreu, R. M. V., Martins, A., & Pintado, M. (2013). 
564 Antimicrobial activity of phenolic compounds identified in wild mushrooms, SAR analysis and 
565 docking studies. Journal of Applied Microbiology, 115(2), 346-357.
566 Ashraf, M. A., Ullah, S., Ahmad, I., Qureshi, A. K., Balkhair, K. S., & Abdur Rehman, M. (2014). Green 
567 biocides, a promising technology: current and future applications to industry and industrial 
568 processes. Journal of the Science of Food and Agriculture, 94(3), 388-403.
569 Atila, F., Owaid, M. N., & Shariati, M. A. (2017). The nutritional and medical benefits of Agaricus 
570 Bisporus: A review. Journal of Microbiology, Biotechnology and Food Sciences, 7(3), 281-286.
571 Balouiri, M., Sadiki, M., & Ibnsouda, S. K. (2016). Methods for in vitro evaluating antimicrobial activity: 
572 A review. Journal of Pharmaceutical Analysis, 6(2), 71-79.
573 Boonsong, S., Klaypradit, W., & Wilaipun, P. (2016). Antioxidant activities of extracts from five edible 
574 mushrooms using different extractants. Agriculture and Natural Resources, 50(2), 89-97.
575 Bridier, A., Sanchez-Vizuete, P., Guilbaud, M., Piard, J. C., Naïtali, M., & Briandet, R. (2015). Biofilm-
576 associated persistence of food-borne pathogens. Food Microbiology, 45, 167-178.
577 Buruleanu, L. C., Radulescu, C., Georgescu, A. A., Danet, F. A., Olteanu, R. L., Nicolescu, C. M., & 
578 Dulama, I. D. (2018). Statistical Characterization of the Phytochemical Characteristics of Edible 
579 Mushroom Extracts. Analytical Letters, 51(7), 1039-1059.
580 Carbonero, E. R., Gracher, A. H. P., Smiderle, F. R., Rosado, F. R., Sassaki, G. L., Gorin, P. A. J., & 
581 Iacomini, M. (2006). A β-glucan from the fruit bodies of edible mushrooms Pleurotus eryngii and 



  

22

582 Pleurotus ostreatoroseus. Carbohydrate Polymers, 66(2), 252-257.
583 Cardoso, R. V. C., Fernandes, A., Barreira, J. C. M., Verde, S. C., Antonio, A. L., Gonzalez-Paramas, A. 
584 M., Barros, L., & Ferreira, I. C. F. R. (2019). Efectiveness of gamma and electron beam irradiation 
585 as preserving technologies of fresh Agaricus Bisporus portobello: A comparative study. Food 
586 Chemistry, 278, 760-766.
587 Carris, L. M., Little, C. R., & Stiles, C. M. (2012). Introduction to Fungi. The Plant Health Instructor.
588 Cetin-Karaca, H., & Newman, M. C. (2015). Antimicrobial efficacy of plant phenolic compounds against 
589 Salmonella and Escherichia Coli. Food Bioscience, 11, 8-16.
590 Cvjetko Bubalo, M., Vidović, S., Radojčić Redovniković, I., & Jokić, S. (2018). New perspective in 
591 extraction of plant biologically active compounds by green solvents. Food and Bioproducts 
592 Processing, 109, 52-73.
593 Chakraborty, I., Mondal, S., Rout, D., & Islam, S. S. (2006). A water-insoluble (1→3)-β-d-glucan from the 
594 alkaline extract of an edible mushroom Termitomyces eurhizus. Carbohydrate Research, 341(18), 
595 2990-2993.
596 Chen, J., Lai, P., Shen, H., Li, Y., & Zhou, X. (2014). Effect of spray drying technique on processing of 
597 Stropharia rugoso-annulata Farl: Murrill blanching liquid. Advanced Journal of Food Science and 
598 Technology, 6(4), 512-516.
599 Dahaghin, Z., Zavvar Mousavi, H., & Maryam Sajjadi, S. (2017). A novel magnetic ion imprinted polymer 
600 as a selective magnetic solid phase for separation of trace lead(II) ion from agricultural products, 
601 and optimization using a Box-Behnken design. Food Chemistry, 237, 275-281
602 Das, D., Maiti, D., Chandra, K., Mondal, S., Ojha, A. K., Roy, S. K., Ghosh, K., & Islam, S. S. (2008). 
603 NMR and MALDI-TOFMS analysis of a heteroglycan isolated from hot water extract of edible 
604 mushroom, Volvariella bombycina. Carbohydrate Research, 343(13), 2258-2265.
605 Ding, H., Wang, R., Wang, X., & Ji, W. (2018). Molecularly imprinted covalent organic polymers for the 
606 selective extraction of benzoxazole fluorescent whitening agents from food samples. Journal of 
607 Separation Science; 41(16), 3294-3301
608 Ding, X., Feng, S., Cao, M., Li, M. T., Tang, J., Guo, C. X., Zhang, J., Sun, Q., Yang, Z. R., & Zhao, J. 
609 (2010). Structure characterization of polysaccharide isolated from the fruiting bodies of 
610 Tricholoma matsutake. Carbohydrate Polymers, 81(4), 942-947.
611 Erdogan, S., Kaya, M., & Akata, I. (2017). Chitin extraction and chitosan production from cell wall of two 
612 mushroom species (Lactarius vellereus and Phyllophora ribis). AIP Conference Proceedings, 
613 1809(1), 020012. DOI: 10.1063/1.4975427
614 Feeney, M. J., Miller, A. M., & Roupas, P. (2014). Mushrooms - Biologically distinct and nutritionally 
615 unique: Exploring a "third food kingdom". Nutrition Today, 49(6), 301-307.
616 Fernandes, A., Barreira, J. C. M., Antonio, A. L., Rafalski, A., Morales, P., Fernández-Ruiz, V.; Oliveira, 
617 M. B. P. P., Martins, A., & Ferreira, I. C. F. R. (2016). Gamma and electron-beam irradiation as 
618 viable technologies for wild mushrooms conservation: effects of macro- and micro-elements. 
619 European Food Research and Technology. 242(7), 1169-1175.
620 Food and Agriculture Organization of the United Nations, FAO. (2016). 
621 http://www.fao.org/corp/statistics/en Accessed 19 March 2019
622 Francisco, C. R. L., Heleno, S. A., Fernandes, I. P. M., Barreira, J. C. M., Calhelha, R. C., Barros, L., 
623 Gonçalves, O. H., Ferreira, I. C. F. R., & Barreiro, M. F. (2018). Functionalization of yogurts with 
624 Agaricus bisporus extracts encapsulated in spray-dried maltodextrin crosslinked with citric acid. 
625 Food Chemistry, 245, 845-853.
626 Ganeshpurkar, A., Rai, G., & Jain, A. (2010). Medicinal mushrooms: Towards a new horizon. 
627 Pharmacognosy Reviews, 4(8), 127-135.
628 Gao, W., Baars, J. J. P., Maliepaard, C., Visser, R. G. F., Zhang, J., & Sonnenberg, A. S. M. (2016). Multi-
629 trait QTL analysis for agronomic and quality characters of Agaricus bisporus (button mushrooms). 
630 AMB Express, 6(1), 67.
631 Gasecka, M., Magdziak, Z., Siwulski, M., & Mleczek, M. (2018). Profile of phenolic and organic acids, 
632 antioxidant properties and ergosterol content in cultivated and wild growing species of Agaricus. 
633 European Food Research and Technology, 244(2), 259-268.
634 Ghahremani-Majd, H., & Dashti, F. (2015). Chemical composition and antioxidant properties of cultivated 
635 button mushrooms (Agaricus bisporus). Horticulture Environment and Biotechnology, 56(3), 376-
636 382.
637 Ghosh, K., Chandra, K., Roy, S. K., Mondal, S., Maiti, D., Das, D., Ojha, A. K., & Islam, S. S. (2008). 
638 Structural investigation of a polysaccharide (Fr. I) isolated from the aqueous extract of an edible 
639 mushroom, Volvariella diplasia. Carbohydrate Research, 343(6), 1071-1078.
640 Giavasis, I. (2014). Bioactive fungal polysaccharides as potential functional ingredients in food and 
641 nutraceuticals. Current Opinion in Biotechnology, 26, 162-173.



  

23

642 Hashim, S. N. N. S., Schwarz, L. J., Danylec, B., Mitri, K., Yang, Y., Boysen, R. I., Hearn, M. T. W.. 
643 (2016). Recovery of ergosterol from the medicinal mushroom, Ganoderma tsugae, var. Janniae, 
644 with a molecularly imprinted polymer derived from a cleavable monomer-template composite. 
645 Journal of Chromatography A, 1468, 1-9
646 Hassainia, A., Satha, H., & Boufi, S. (2018). Chitin from Agaricus bisporus: Extraction and 
647 characterization. International Journal of Biological Macromolecules, 117, 1334-1342.
648 Heleno, S. A., Diz, P., Prieto, M. A., Barros, L., Rodrigues, A., Barreiro, M. F., & Ferreira, I. C. F. R. 
649 (2016a). Optimization of ultrasound-assisted extraction to obtain mycosterols from Agaricus 
650 bisporus L. by response surface methodology and comparison with conventional Soxhlet 
651 extraction. Food Chemistry, 197, 1054-1063.
652 Heleno, S. A., Prieto, M. A., Barros, L., Rodrigues, A., Barreiro, M. F., & Ferreira, I. C. F. R. (2016b). 
653 Optimization of microwave-assisted extraction of ergosterol from Agaricus bisporus L. by-
654 products using response surface methodology. Food and Bioproducts Processing, 100, Part A, 25-
655 35.
656 Houshdar Tehrani, M. H., Fakhrehoseini, E., Kamali Nejad, M., Mehregan, H., & Hakemi-Vala, M. (2012). 
657 Search for Proteins in the Liquid Extract of Edible Mushroom, Agaricus bisporus, and Studying 
658 their Antibacterial Effects. Iranian Journal of Pharmaceutical Research : IJPR, 11(1), 145-150.
659 Jagadish, L. K., Krishnan, V. V., Shenbhagaraman, R., & Kaviyarasan, V. (2009). Comparative study on 
660 the antioxidant, anticancer and antimicrobial property of Agaricus bisporus (J.E. Lange) Imbach 
661 before and after boiling. African Journal of Biotechnology, 8(4), 654-661.
662 Kaewnarin, K., Suwannarach, N., Kumla, J., & Lumyong, S. (2016). Phenolic profile of various wild edible 
663 mushroom extracts from Thailand and their antioxidant properties, anti-tyrosinase and 
664 hyperglycaemic inhibitory activities. Journal of Functional Foods, 27, 352-364.
665 Kimatu, B. M., Zhao, L., Biao, Y., Ma, G., Yang, W., Pei, F., & Hu, Q. (2017). Antioxidant potential of 
666 edible mushroom (Agaricus bisporus) protein hydrolysates and their ultrafiltration fractions. Food 
667 Chemistry, 230, 58-67.
668 Kocaçalişkan, I., Talan, I., & Terzi, I. (2006). Antimicrobial activity of catechol and pyrogallol as 
669 allelochemicals. Zeitschrift fur Naturforschung - Section C Journal of Biosciences, 61(9-10), 639-
670 642.
671 Komura, D. L., Carbonero, E. R., Gracher, A. H. P., Baggio, C. H., Freitas, C. S., Marcon, R., Santos, A. 
672 R. S., Gorin, P. A. J., & Iacomini, M. (2010). Structure of Agaricus spp. fucogalactans and their 
673 anti-inflammatory and antinociceptive properties. Bioresource Technology, 101(15), 6192-6199.
674 Kozarski, M., Klaus, A., Niksic, M., Jakovljevic, D., Helsper, J. P. F. G., & Van Griensven, L. J. L. D. 
675 (2011). Antioxidative and immunomodulating activities of polysaccharide extracts of the 
676 medicinal mushrooms Agaricus bisporus, Agaricus brasiliensis, Ganoderma lucidum and 
677 Phellinus linteus. Food Chemistry, 129(4), 1667-1675.
678 Lam, K. L., & Chi-Keung Cheung, P. (2013). Non-digestible long chain beta-glucans as novel prebiotics. 
679 Bioactive Carbohydrates and Dietary Fibre, 2(1), 45-64.
680 Li, B., Dobruchowska, J. M., Gerwig, G. J., Dijkhuizen, L., & Kamerling, J. P. (2013). Structural 
681 investigation of water-soluble polysaccharides extracted from the fruit bodies of Coprinus 
682 comatus. Carbohydrate Polymers, 91(1), 314-321.
683 Li, Q. Z., Wu, D., Zhou, S., Liu, Y. F., Li, Z. Pp., Feng, J., & Yang, Y. (2016). Structure elucidation of a 
684 bioactive polysaccharide from fruiting bodies of Hericium erinaceus in different maturation stages. 
685 Carbohydrate Polymers, 144, 196-204.
686 Lima, V. N., Oliveira-Tintino, C. D. M., Santos, E. S., Morais, L. P., Tintino, S. R., Freitas, T. S., Geraldo, 
687 Y. S., Pereira, R. L. S., Cruz, R. P., Menezes, I. R. A., & Coutinho, H. D. M. (2016). Antimicrobial 
688 and enhancement of the antibiotic activity by phenolic compounds: Gallic acid, caffeic acid and 
689 pyrogallol. Microbial Pathogenesis, 99, 56-61.
690 Liu, J., Sun, Y., Yu, H., Zhang, C., Yue, L., Yang, X., Wang, L., & Liu, J. (2012). Purification and 
691 identification of one glucan from golden oyster mushroom (Pleurotus citrinopileatus (Fr.) Singer). 
692 Carbohydrate Polymers, 87(1), 348-352.
693 Liu, J., Zhang, C., Wang, Y., Yu, H., Liu, H., Wang, L., Yang, X., Liu, Z., Wen, X., Sun, Y., Yu, C., & 
694 Liu, L. (2011). Structural elucidation of a heteroglycan from the fruiting bodies of Agaricus blazei 
695 Murill. International Journal of Biological Macromolecules, 49(4), 716-720.
696 Luo, Q., Sun, Q., Wu, L., & Yang, Z. (2012). Structural characterization of an immunoregulatory 
697 polysaccharide from the fruiting bodies of Lepista sordida. Carbohydrate Polymers, 88(3), 820-
698 824.
699 Maeng, J. H., Muhammad Shahbaz, H., Ameer, K., Jo, Y., & Kwon, J. H. (2016). Optimization of 
700 Microwave-Assisted Extraction of Bioactive Compounds from Coriolus versicolor Mushroom 
701 Using Response Surface Methodology. Journal of Food Process Engineering. 



  

24

702 https://doi.org/10.1111/jpfe12421
703 Maity, K. K., Patra, S., Dey, B., Bhunia, S. K., Mandal, S., Das, D., Majumdar, D. K., Maiti, S., Maiti, T. 
704 K., & Islam, S. S. (2011). A heteropolysaccharide from aqueous extract of an edible mushroom, 
705 Pleurotus ostreatus cultivar: structural and biological studies. Carbohydrate Research, 346(2), 
706 366-372.
707 Maity, P., Samanta, S., Nandi, A. K., Sen, I. K., Paloi, S., Acharya, K., & Islam, S. S. (2014). Structure 
708 elucidation and antioxidant properties of a soluble beta-D-glucan from mushroom Entoloma 
709 lividoalbum. International Journal of Biological Macromolecules, 63, 140-149.
710 Mandal, E. K., Maity, K., Maity, S., Gantait, S. K., Maiti, S., Maiti, T. K., Sikdar, S. R., & Islam, S. S. 
711 (2011). Structural characterization of an immunoenhancing cytotoxic heteroglycan isolated from 
712 an edible mushroom Calocybe indica var. APK2. Carbohydrate Research, 346(14), 2237-2243.
713 Mandal, S., Maity, K. K., Bhunia, S. K., Dey, B., Patra, S., Sikdar, S. R., & Islam, S. S. (2010). Chemical 
714 analysis of new water-soluble (1→6)-, (1→4)-α, β-glucan and water-insoluble (1→3)-, (1→4)-β-
715 glucan (Calocyban) from alkaline extract of an edible mushroom, Calocybe indica (Dudh Chattu). 
716 Carbohydrate Research, 345(18), 2657-2663.
717 Manna, D. K., Nandi, A. K., Pattanayak, M., Maity, P., Tripathy, S., Mandal, A. K., Roy, S., Tripathy, S. 
718 S., Gupta, N., & Islam, S. S. (2015). A water soluble β-glucan of an edible mushroom 
719 Termitomyces heimii: Structural and biological investigation. Carbohydrate Polymers, 134, 375-
720 384.
721 Mata, G., Medel, R., Callac, P., Billette, C., & Garibay-Orijel, R. (2016). First report of wild Agaricus 
722 bisporus (Basidiomycota, Agaricaceae) from Tlaxcala and Veracruz, Mexico. Revista Mexicana 
723 de Biodiversidad, 87(1), 10-17.
724 Mesa Ospina, N., Ospina Alvarez, S. P., Escobar Sierra, D. M., Rojas Vahos, D. F., Zapata Ocampo, P. A., 
725 & Ossa Orozco, C. P. (2015). Isolation of chitosan from Ganoderma lucidum mushroom for 
726 biomedical applications. Journal of Materials Science. Materials in Medicine, 26(3), 135.
727 Mondal, S., Chandra, K., Maiti, D., Ojha, A. K., Das, D., Roy, S. K., Ghosh, K., Chakarborty, I., & Islam, 
728 S. S. (2008). Chemical analysis of a new fucoglucan isolated from an edible mushroom, 
729 Termitomyces robustus. Carbohydrate Research, 343(6), 1062-1070.
730 Muszyńska, B., Kała, K., Rojowski, J., Grzywacz, A., & Opoka, W. (2017). Composition and Biological 
731 Properties of Agaricus bisporus Fruiting Bodies – a Review. Polish Journal of Food and Nutrition 
732 Sciences, 67(3), 173-182.
733 Öztürk, M., Duru, M. E., Kivrak, Ş., Mercan-Doğan, N., Türkoglu, A., & Özler, M. A. (2011). In vitro 
734 antioxidant, anticholinesterase and antimicrobial activity studies on three Agaricus species with 
735 fatty acid compositions and iron contents: A comparative study on the three most edible 
736 mushrooms. Food and Chemical Toxicology, 49(6), 1353-1360.
737 Özyürek, M., Bener, M., Güçlü, K., & Apak, R. (2014). Antioxidant/antiradical properties of microwave-
738 assisted extracts of three wild edible mushrooms. Food Chemistry, 157, 323-331.
739 Palacios, I., García-Lafuente, A., Guillamón, E., & Villares, A. (2012). Novel isolation of water-soluble 
740 polysaccharides from the fruiting bodies of Pleurotus ostreatus mushrooms. Carbohydrate 
741 Research, 358, 72-77.
742 Palacios, I., Lozano, M., Moro, C., D’Arrigo, M., Rostagno, M. A., Martínez, J. A., García-Lafuente, A., 
743 Guillamón, E., & Villares, A. (2011). Antioxidant properties of phenolic compounds occurring in 
744 edible mushrooms. Food Chemistry, 128(3), 674-678.
745 Parashare, V. M., Pal, S. C., & Bhandari, A. B. (2013). Antimicrobial and nutritional studies on Agaricus 
746 bisporus and Pleurotus ostreatus. Acta Biologica Indica, 2(1), 310-315.
747 Patent. (2011). Agaricus bisporus film-free preservative and use thereof. CN102177960 A. In.
748 Patra, P., Bhanja, S. K., Sen, I. K., Nandi, A. K., Samanta, S., Das, D., Devi, K. S. P., Maiti, T. K., Acharya, 
749 K., & Islam, S. S. (2012). Structural and immunological studies of hetero polysaccharide isolated 
750 from the alkaline extract of Tricholoma crassum (Berk.) Sacc. Carbohydrate Research, 362, 1-7.
751 Pei, F., Shi, Y., Gao, X., Wu, F., Mariga, A. M., Yang, W., Zhao, L., An, X., Xin, Z., Yang, F., & Hu, Q. 
752 (2014). Changes in non-volatile taste components of button mushroom (Agaricus bisporus) during 
753 different stages of freeze drying and freeze drying combined with microwave vacuum drying. 
754 Food Chemistry, 165, 547-554.
755 Petrović, J., Glamočlija, J., Stojković, D., Ćirić, A., Barros, L., Ferreira, I. C. F. R., & Soković, M. (2015). 
756 Nutritional value, chemical composition, antioxidant activity and enrichment of cream cheese with 
757 chestnut mushroom Agrocybe aegerita (Brig.) Sing. Journal of Food Science and Technology, 
758 52(10), 6711-6718.
759 Pramanik, M., Mondal, S., Chakraborty, I., Rout, D., & Islam, S. S. (2005). Structural investigation of a 
760 polysaccharide (Fr. II) isolated from the aqueous extract of an edible mushroom, Pleurotus sajor-
761 caju. Carbohydrate Research, 340(4), 629-636.



  

25

762 Rathore, H., Prasad, S., & Sharma, S. (2017). Mushroom nutraceuticals for improved nutrition and better 
763 human health: A review. PharmaNutrition, 5(2), 35-46.
764 Reis, F. S., Barros, L., Martins, A., & Ferreira, I. C. (2012a). Chemical composition and nutritional value 
765 of the most widely appreciated cultivated mushrooms: an inter-species comparative study. Food 
766 and Chemical Toxicology, 50(2), 191-197.
767 Reis, F. S., Martins, A., Barros, L., & Ferreira, I. C. F. R. (2012b). Antioxidant properties and phenolic 
768 profile of the most widely appreciated cultivated mushrooms: A comparative study between in 
769 vivo and in vitro samples. Food and Chemical Toxicology, 50(5), 1201-1207.
770 Reis, F. S., Martins, A., Vasconcelos, M. H., Morales, P., & Ferreira, I. C. F. R. (2017). Functional foods 
771 based on extracts or compounds derived from mushrooms. Trends in Food Science & Technology, 
772 66, 48-62.
773 Reis, F. S., Stojković, D., Soković, M., Glamočlija, J., Ćirić, A., Barros, L., & Ferreira, I. C. F. R. (2012c). 
774 Chemical characterization of Agaricus bohusii, antioxidant potential and antifungal preserving 
775 properties when incorporated in cream cheese. Food Research International, 48(2), 620-626.
776 Rezaeian, S., & Pourianfar, H. R. (2016). Antimicrobial properties of the button mushroom, Agaricus 
777 bisporus: A mini-review. International Journal of Advanced Research, 4(1), 426-429.
778 Ribeiro, A., Ruphuy, G., Lopes, J. C., Dias, M. M., Barros, L., Barreiro, F., & Ferreira, I. C. F. R. (2015). 
779 Spray-drying microencapsulation of synergistic antioxidant mushroom extracts and their use as 
780 functional food ingredients. Food Chemistry, 188, 612-618.
781 Rodríguez-Pérez, C., Quirantes-Piné, R., Uberos, J., Jiménez-Sánchez, C., Peña, A., & Segura-Carretero, 
782 A. (2016). Antibacterial activity of isolated phenolic compounds from cranberry (Vaccinium 
783 macrocarpon) against Escherichia coli. Food and Function, 7(3), 1564-1573.
784 Roselló-Soto, E., Parniakov, O., Deng, Q., Patras, A., Koubaa, M., Grimi, N., Boussetta, N., Tiwari, B. K., 
785 Vorobiev, E., Lebovka, N., & Barba, F. J. (2016). Application of Non-conventional Extraction 
786 Methods: Toward a Sustainable and Green Production of Valuable Compounds from Mushrooms. 
787 Food Engineering Reviews, 8(2), 214-234.
788 Rout, D., Mondal, S., Chakraborty, I., & Islam, S. S. (2006). The structure of a polysaccharide from 
789 Fraction-II of an edible mushroom, Pleurotus florida. Carbohydrate Research, 341(8), 995-1002.
790 Royse, D. J., Baars, J., & Tan, Q. (2017). Current Overview of Mushroom Production in the World. In C. 
791 Z. Diego & A. Pardo‐Giménez (Eds.), Edible and Medicinal Mushrooms): John Wiley & Sons 
792 Ltd.
793 Ruthes, A. C., Rattmann, Y. D., Carbonero, E. R., Gorin, P. A. J., & Iacomini, M. (2012). Structural 
794 characterization and protective effect against murine sepsis of fucogalactans from Agaricus 
795 bisporus and Lactarius rufus. Carbohydrate Polymers, 87(2), 1620-1627.
796 Ruthes, A. C., Rattmann, Y. D., Malquevicz-Paiva, S. M., Carbonero, E. R., Córdova, M. M., Baggio, C. 
797 H., Santos, A. R. S., Gorin, P. A. J., & Iacomini, M. (2013). Agaricus bisporus fucogalactan: 
798 Structural characterization and pharmacological approaches. Carbohydrate Polymers, 92(1), 184-
799 191.
800 Ruthes, A. C., Smiderle, F. R., & Iacomini, M. (2015). D-glucans from edible mushrooms: a review on the 
801 extraction, purification and chemical characterization approaches. Carbohydrate Polymers, 117, 
802 753-761.
803 Ruthes, A. C., Smiderle, F. R., & Iacomini, M. (2016). Mushroom heteropolysaccharides: A review on their 
804 sources, structure and biological effects. Carbohydrate Polymers, 136, 358-375.
805 Samanta, S., Nandi, A. K., Sen, I. K., Maji, P. K., Devi, K. S. P., Maiti, T. K., & Islam, S. S. (2013). 
806 Structural characterization of an immunoenhancing glucan isolated from a mushroom 
807 Macrolepiota dolichaula. International Journal of Biological Macromolecules, 61, 89-96.
808 Santajit, S., & Indrawattana, N. (2016). Mechanisms of Antimicrobial Resistance in ESKAPE Pathogens. 
809 BioMed Research International, 2016, 8.
810 Santos-Neves, J. C., Pereira, M. I., Carbonero, E. R., Gracher, A. H. P., Alquini, G., Gorin, P. A. J., Sassaki, 
811 G. L., & Iacomini, M. (2008). A novel branched αβ-glucan isolated from the basidiocarps of the 
812 edible mushroom Pleurotus florida. Carbohydrate Polymers, 73(2), 309-314.
813 Schimpf, U., & Schulz, R. (2016). Industrial by-products from white-rot fungi production. Part I: 
814 Generation of enzyme preparations and chemical, protein biochemical and molecular biological 
815 characterization. Process Biochemistry, 51(12), 2034-2046.
816 Semwal, D. K., Semwal, R. B., Combrinck, S., & Viljoen, A. (2016). Myricetin: A dietary molecule with 
817 diverse biological activities. Nutrients, 8(2).
818 Shang, X., Tan, Q., Liu, R., Yu, K., Li, P., & Zhao, G. P. (2013). In vitro anti-helicobacter pylori effects of 
819 medicinal mushroom extracts, with special emphasis on the lion's mane mushroom, Hericium 
820 erinaceus (higher Basidiomycetes). International Journal of Medicinal Mushrooms, 15(2), 165-
821 174.



  

26

822 Sharma, M. W. (2015). Study on Antibacterial activity of Agaricus bisporus (Lang.) Imbach. Microbiology 
823 and Applied Science, 4(2), 553-558.
824 Shen, H. S., Shao, S., Chen, J. C., & Zhou, T. (2017). Antimicrobials from Mushrooms for Assuring Food 
825 Safety. Comprehensive Reviews in Food Science and Food Safety, 16(2), 316-329.
826 Sinanoglou, V. J., Zoumpoulakis, P., Heropoulos, G., Proestos, C., Ćirić, A., Petrovic, J., Glamoclija, J., & 
827 Sokovic, M. (2015). Lipid and fatty acid profile of the edible fungus Laetiporus sulphurous. 
828 Antifungal and antibacterial properties. Journal of Food Science and Technology, 52(6), 3264-
829 3272.
830 Smiderle, F. R., Alquini, G., Tadra-Sfeir, M. Z., Iacomini, M., Wichers, H. J., & Van Griensven, L. J. L. 
831 D. (2013). Agaricus bisporus and Agaricus brasiliensis (1 → 6)-β-d-glucans show 
832 immunostimulatory activity on human THP-1 derived macrophages. Carbohydrate Polymers, 
833 94(1), 91-99.
834 Smiderle, F. R., Carbonero, E. R., Sassaki, G. L., Gorin, P. A. J., & Iacomini, M. (2008a). Characterization 
835 of a heterogalactan: Some nutritional values of the edible mushroom Flammulina velutipes. Food 
836 Chemistry, 108(1), 329-333.
837 Smiderle, F. R., Morales, D., Gil-Ramírez, A., de Jesus, L. I., Gilbert-López, B., Iacomini, M., & Soler-
838 Rivas, C. (2017). Evaluation of microwave-assisted and pressurized liquid extractions to obtain β-
839 d-glucans from mushrooms. Carbohydrate Polymers, 156, 165-174.
840 Smiderle, F. R., Olsen, L. M., Carbonero, E. R., Baggio, C. H., Freitas, C. S., Marcon, R., Santos, A. R. S., 
841 Gorin, P. A. J., & Iacomini, M. (2008b). Anti-inflammatory and analgesic properties in a rodent 
842 model of a (1→3),(1→6)-linked β-glucan isolated from Pleurotus pulmonarius. European Journal 
843 of Pharmacology, 597(1–3), 86-91.
844 Smiderle, F. R., Sassaki, G. L., Van Arkel, J., Iacomini, M., Wichers, H. J., & Van Griensven, L. J. L. D. 
845 (2010). High molecular weight glucan of the culinary medicinal mushroom agaricus bisporus is 
846 an α-glucan that forms complexes with low molecular weight galactan. Molecules, 15(8), 5818-
847 5830.
848 Soltanian H, Rezaeian S, Shakeri A, Janpoor J, & Pourianfar, H.R. (2016). Antibacterial activity of crude 
849 extracts and fractions from Iranian wild-grown and cultivated Agaricus spp. . Biomedical 
850 Research, 27(1), 56-59.
851 Stajich, J. (2016). Genome releases. http://1000.fungalgenomes.org/home/. Last access March 2019.
852 Stojkovic, D., Reis, F. S., Glamoclija, J., Ciric, A., Barros, L., Van Griensven, L. J., Ferreira, I. C., & 
853 Sokovic, M. (2014). Cultivated strains of Agaricus bisporus and A. brasiliensis: chemical 
854 characterization and evaluation of antioxidant and antimicrobial properties for the final healthy 
855 product--natural preservatives in yoghurt. Food Functional 5(7), 1602-1612.
856 Sun, Y., & Liu, J. (2009). Purification, structure and immunobiological activity of a water-soluble 
857 polysaccharide from the fruiting body of Pleurotus ostreatus. Bioresource Technology, 100(2), 
858 983-986.
859 Taofiq, O., Heleno, S. A., Calhelha, R. C., Alves, M. J., Barros, L., Barreiro, M. F., González-Paramás, A. 
860 M., & Ferreira, I. C. F. R. (2016). Development of Mushroom-Based cosmeceutical formulations 
861 with Anti-Inflammatory, Anti-Tyrosinase, antioxidant, and antibacterial properties. Molecules, 
862 21(10).
863 Taylor, P. W., Hamilton-Miller, J. M. T., & Stapleton, P. D. (2005). Antimicrobial properties of green tea 
864 catechins. Food science and technology bulletin, 2, 71-81.
865 Tian, Y., Zeng, H., Xu, Z., Zheng, B., Lin, Y., Gan, C., & Lo, Y. M. (2012). Ultrasonic-assisted extraction 
866 and antioxidant activity of polysaccharides recovered from white button mushroom (Agaricus 
867 bisporus). Carbohydrate Polymers, 88(2), 522-529.
868 van der Burg, B., van der Linden, S., Man, H.-y., Winter, R., Jonker, L., van Vugt-Lussenburg, B., & 
869 Brouwer, A. (2013). A Panel of Quantitative Calux® Reporter Gene Assays for Reliable High-
870 Throughput Toxicity Screening of Chemicals and Complex Mixtures. In  High-Throughput 
871 Screening Methods in Toxicity Testing,  (pp. 519-532): John Wiley & Sons, Inc.
872 Wiater, A., Choma, A., Komaniecka, I., Pleszczynska, M., Siwulski, M., Polak, P., Janusz, G., & 
873 Szczodrak, J. (2016). Fruiting bodies of Hericium erinaceus (Bull.) Pers. - A new source of water-
874 insoluble (1→3)-a-D-glucan. Acta Societatis Botanicorum Poloniae, 85(3) 18-25.
875 Wu, Y. Y., Hu, Q. H., Li, Z. X., Pei, F., Mariga, A.M., Yang, W. J., (2019). Effect of nanocomposite-based 
876 packaging on microstructure and energy metabolism of Agaricus bisporus. Food Chemistry, 276, 
877 790-796
878 Yildiz, O., Can, Z., Laghari, A. Q., Şahin, H., & Malkoç, M. (2015). Wild edible mushrooms as a natural 
879 source of phenolics and antioxidants. Journal of Food Biochemistry, 39(2), 148-154.
880 Zhang, A. Q., Fu, L., Xu, M., Sun, P. L., & Zhang, J. S. (2012). Structure of a water-soluble 
881 heteropolysaccharide from fruiting bodies of Hericium erinaceus. Carbohydrate Polymers, 88(2), 

http://1000.fungalgenomes.org/home/


  

27

882 558-561.
883 Zhang, A. Q., Xiao, N. N., Deng, Y. L., He, P. F., & Sun, P. L. (2012). Purification and structural 
884 investigation of a water-soluble polysaccharide from Flammulina velutipes. Carbohydrate 
885 Polymers, 87(3), 2279-2283.
886 Zhang, A. Q., Xu, M., Fu, L., & Sun, P. L. (2013). Structural elucidation of a novel mannogalactan isolated 
887 from the fruiting bodies of Pleurotus geesteranus. Carbohydrate Polymers, 92(1), 236-240.
888 Zhang, A. Q., Zhang, Y., Yang, J. H., & Sun, P. L. (2013). Structural elucidation of a novel 
889 heteropolysaccharide from the fruiting bodies of Pleurotus eryngii. Carbohydrate Polymers, 92(2), 
890 2239-2244.
891 Zhang, H., Jung, J., & Zhao, Y. (2016). Preparation, characterization and evaluation of antibacterial activity 
892 of catechins and catechins–Zn complex loaded β-chitosan nanoparticles of different particle sizes. 
893 Carbohydrate Polymers, 137, 82-91.
894 Zhang, M. (2010). Heating-induced conformational change of a novel β-(1→3)-D-glucan from Pleurotus 
895 geestanus. Biopolymers, 93(2), 121-131.
896 Zhang, Y., Kong, H., Fang, Y., Nishinari, K., & Phillips, G. O. (2013). Schizophyllan: A review on its 
897 structure, properties, bioactivities and recent developments. Bioactive Carbohydrates and Dietary 
898 Fibre, 1(1), 53-71.
899 Zhu, F., Du, B., Bian, Z., & Xu, B. (2015). Beta-glucans from edible and medicinal mushrooms: 
900 Characteristics, physicochemical and biological activities. Journal of Food Composition and 
901 Analysis, 41, 165-173.
902 Zsigmond, A. R., Varga, K., Kantor, I., Urak, I., May, Z., & Hebeger, K. (2018). Elemental composition of 
903 wild growing Agaricus campestris mushroom in urban and peri-urban regions of Transylvania 
904 (Romania). Journal of Food Composition and Analysis, 72, 15-21
905
906
907

908


