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PREFACE

Wild-growing mushrooms have been a part of my life since early
childhood. A basket full of cepes and other valuable species was
prestigious for us country boys. We passed through forests very
early, even after daybreak. Our favorite dishes were only one of the
rewards. The mood of the temperate forests with their calm, vari-
ous aromas, and changeableness within a day and within seasons
together with the esthetic look of mushrooms in their natural envi-
ronment helped to form my stance in nature. Mushroom picking
has remained my tried and true recreational activity, until now.

During my academic work as a food and feed chemist, mush-
rooms have become a part of my research. To tell the truth, this
was never a funded project, it has only been a hobby. I have col-
lected literature for decades, being focused on the chemical com-
position and nutritional value of both wild and cultivated edible
mushrooms. And only in my senior age have I found the time
and the courage to turn the expanding, but until now dispersed,
information into a book. This book does not deal with medicinal
and toxic species because data on these self-standing topics have
already been collected.

Although written primarily for nutritionists and mushroom pro-
ducers, it 1s my hope that this book will prove useful for students of
food and human nutrition sciences and for mushroom fanciers.

Pavel Kalaé
September 30, 2015
In Ceské Bud&jovice
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CHAPTER1

Introduction

Contents

1.1 Basic Mycological Terms 4

References

Fresh and preserved mushrooms are consumed in many coun-
tries as a delicacy, particularly for their specific aroma and texture,
but also for their low energy level and fiber content. However,
mushrooms became a required part of nutrition during periods of
staple food shortage, such as during wars. Approximately 14,000
mushroom species, described according to the rules of mycologi-
cal nomenclature, represent approximately 10% of the estimated
number of species existing on Earth. More than 2000 species are
safe for consumption, and approximately 700 species are known
to possess significant pharmacological properties (Wasser, 2002).
Information on number of edible species collected for culinary
purposes throughout the world varies widely between 200 and
3000. Approximately 100 species can be cultivated commer-
cially, but only 10-20 of them can be cultivated on an industrial
scale (Chang and Miles, 2004). The mushroom industry has three
main segments: cultivated edible, wild-growing, and medicinal
mushrooms.

According to FAOSTAT data (Table 1.1), the total world pro-
duction of cultivated mushrooms was nearly 10 million tons in
2013, whereas it was only 4.2 million tons in 2000. China has
been the leading producer by far. The most produced species is the
Agaricus bisporus (white or button mushroom, brown mushroom, or
portobello), dominating worldwide, followed by Lentinula edodes
(commonly called by its Japanese name, shiitake), a species of genus

Edible Mushrooms. © 2016 Elsevier Inc.
DOI: http://dx.doi.org/10.1016/B978-0-12-804455-1.00001-1 All rights reserved. 1



2 Edible Mushrooms

Table 1.1 Production statistics of cultivated edible mushrooms, including
truffles, in 2013 (FAOSTAT)

Country Production (metric tons) World production (%)
China 7,068,102 71.20
Italy 792,000 7.98
USA 406,198 4.09
Netherlands 323,000 3.25
Poland 220,000 2.22
Spain 149,700 1.51
France 104,621 1.05
Canada 81,788 0.82
United Kingdom 79,500 0.80
Ireland 93,600 0.64
Japan 61,500 0.62
World 9,926,966 100.00

Pleurotus (particularly P ostreatus, oyster mushroom, hiratake), and
Flammulina velutipes (golden needle mushroom, enokitake). Only
approximately 45% of produced mushrooms are culinary-processed
in the fresh form. The rest are preserved, mostly by canning and
drying, with a ratio of approximately 10:1.

Consumption of wild-growing mushrooms has been preferred
to cultivated species in many countries of Central and Eastern
Europe due to species diversity and more savorous properties.
Moreover, mushroom picking in forests and grasslands, as a lasting
part of cultural heritage, has become a highly valued recreational
activity in these countries. The collection of wild mushrooms
can be seen as a relic of bygone gatherers and hunters. Moreover,
mushrooms in their natural habitat are regarded for their esthetic
value. This attitude is quite different from that of countries where
wild mushrooms have been ignored as “toadstools.”

Mushrooms have been collected mostly as a delicacy for the
pickers’ own consumption; however, the collection has been
an economic activity for some rural populations. For instance,
the picking is a “national hobby” in the Czech Republic.
Interestingly, approximately 70% of the population picks
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mushrooms, with a statistical mean of 5-8kg of fresh mush-
rooms per household or 2-3kg per capita yearly. Some individu-
als consume more than 10kg yearly. The factual consumption is
lower due to removal of parts damaged by animals or insect lar-
vae. In Finland, approximately 42% of households were engaged
in picking, with a total harvest of 15,000 metric tons in 2011.
Information on the harvest of wild-growing species worldwide is
lacking.

Fresh mushrooms rank among the most perishable food mate-
rials, with a very short shelf life of only 1-3 days at ambient tem-
perature. This considerably limits their distribution and marketing.
Deterioration after harvesting, such as color changes, particularly
browning, weight loss, texture changes, or cap opening, is caused by
high water content, high respiration rate, and lack of physical protec-
tion to avoid water loss (transpiration) and microbial attack. Various
endogenous enzymes participate in biochemical changes after dis-
ruption of cellular integrity such as by mechanical damage of tissues.

Quick deterioration of mushrooms has been an obstacle for
both manufacturers and consumers. Drying, canning, or deep-
freezing have been traditionally used for mushroom preserva-
tion; however, emerging technologies have been studied. Gamma
irradiation has been shown to be a preservation method that
saves chemical parameters of various mushroom species to a
greater extent than drying or freezing (Fernandes et al., 2012).
Nevertheless, the period between research results and industrial
application can be rather long.

The following chapters provide recent overall knowledge and
include data and references since 2000. It is not possible to cite
all original works. Partial reviews, when available, are thus prefer-
entially referred to and have numerous earlier references therein.
Such reviews dealing with mushroom chemical composition and
nutritional value were published during the past decade (Bernas
et al., 2006; Kala¢, 2009, 2012, 2013; Wang et al., 2014). Most of
the available data deal with European and East Asian edible spe-
cies, often called culinary mushrooms.
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Many mushroom species are toxic. The inability of immobile
higher fungi to escape from an attack by fungivores, ranging from
insects to mammals, has led to the evolution of several defense
strategies to deter the pests. Fruit bodies of fungi often produce
toxins and pungent or bitter compounds to deter fungivores (for
an overview see Spiteller, 2008). This book does not focus on
toxic mushroom species because such information is accessible
elsewhere.

Similarly, this book does not deal with medicinal species,
which are widely used in East Asian folk medicine and have been
recently extensively studied as potential sources of novel drugs.
Commercial products from medicinal mushrooms have been
obtained from large-scale cultivation of fruit bodies. However,
under such conditions it is difficult to sustain a regular level of
effective compounds. Therefore, the production of fungal myce-
lium by submerged cultivation increases. The medicinal targets
are very wide; antioxidant, antitumor, antidiabetic, antimalarial,
antiviral, antimicrobial, anti-Alzheimer, and hypocholesterolemic
activities have been observed. The specialized International Journal
of Medicinal Mushrooms has been published since 1999. Several
overviews of the topic are available (eg, De Silva et al., 2013;
Lindequist et al., 2005; or Wasser, 2010).

1.1 BASIC MYCOLOGICAL TERMS

Scientific (Latin) names are used in the text because common
names (eg, chanterelles, boletes, cepes, or truffles) are widely
known for only the most consumed species, whereas less frequent
mushroom species have more locally common names.

The term “mushroom” is used for a distinctive fruit body
(mycocarp or carpophore) of a macrofungus (or higher fun-
gus) that is large enough to be seen by the naked eye and to be
picked up by hand. For culinary species, the term is used for the
harvested, processed, and consumed part of macrofungi. Fruit
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Figure 1.1 A sketch of a mushroom.

bodies are mostly above ground, varying in size, shape, and color-
ation for each mushroom species. The fruit body is the sexual part
of a macrofungus bearing spores. It grows from spacious mycelia
(hyphae), mostly underground, by the process of fructification.
Mycelium is the vegetative part of a fungus, consisting of a mass of
branched hyphae. The basic terminology of a fruit body is given in
Fig. 1.1.The lifetime of the bulk of fruiting bodies is only approx-
imately 10—-14 days. In some species (eg, of genus Comatus) the life
span is very short, even ephemeral.

Mushroom species can be divided into three classes according
to their prevailing nutritional (trophic) strategy or ecological pref-
erences. Ectomycorrhizal (symbiotic) species form a close, mutu-
ally profitable relationship with their host vascular plant, usually
roots of a tree. Saprobic (saprotrophic) species (saprophytes) derive
their nutrients from dead organic materials. Some species of this
class are exploited for cultivation, whereas ectomycorrhizal species
have not yet been successfully cultivated. The third group, parasitic
species, lives on other species in a nonsymbiotic relationship, such
as ligniperdous mushrooms on living trees.
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Most data dealing with the nutritional composition of both cul-
tivated and wild-growing mushrooms were published during the
past decade. A great deal of the information in this chapter origi-
nates from numerous papers from the laboratory of Professor Isabel
C.ER. Ferreira, Polytechnic Institute of Braganca, Portugal.

2.1 DRY MATTER, PROXIMATE COMPOSITION, AND
ENERGY VALUE

Overall data on the proximate (also crude or gross) composition
and energy value of fresh wild-growing mushrooms are given in
Table 2.1, and those for cultivated species are presented in Table
2.2.The data should be taken as approximate values for a few rea-
sons: variability in mushroom chemical composition within the
species is greater than in plants, and each individual fruit body

Edible Mushrooms. © 2016 Elsevier Inc.
DOI: http://dx.doi.org/10.1016/B978-0-12-804455-1.00002-3 All rights reserved. 7



Table 2.1 Dry matter content (g 100g~" fresh matter), proximate composition (g 100g~" dry matter), and energy

(kcal kg~! fresh matter) of unprocessed wild-growing mushrooms

Species Dry Crude Crude Ash Carbohydrates Energy Reference
matter protein  fat
Agaricus albertii 9.3 19.8 1.4 22.1 56.7 318 Reis et al. (2014a)
Agaricus arvensis 5.1 56.3 2.7 3.5 37.5 204 Barros et al. (2007a)
Agaricus bitorquis - 24.9 3.2 13.8 58.1 - Glamoclija et al. (2015)
Agaricus campestris 14.9 38.9 2.7 3.5 54.9 562 Beluhan and
Ranogajec (2011)
11.8 18.6 0.1 23.2 58.1 364 Pereira et al. (2012)
- 19.1 3.0 17.7 60.2 - Glamoclija et al. (2015)
Agaricus macrosporus - 21.9 2.4 10.4 65.3 - Glamoclija et al. (2015)
Agaricus urinascens 12.3 14.5 1.4 29.6 54.5 288 Reis et al. (2014a)
var. excellens
Amanita rubescens 9.1 26.0 7.2 4.6 62.2 380 Ouzouni and
Riganakos (2007)
Amanita cesarea - 6.3 6.4 14.8 72.5 - Fernandes et al. (2015¢)
Amanita crocea 11.0 20.0 4.6 25.7 49.7 351 Leal et al. (2013)
Amanita curtipes - 6.4 8.6 17.2 67.8 - Fernandes et al. (2015¢)
Amanita mairei 23.2 17.7 8.3 11.2 62.8 920 Leal et al. (2013)
Armillariella mellea 12.8 17.2 2.1 8.0 72.7 484 Ouzuni et al. (2009)
11.7 16.4 5.6 6.8 71.2 514 Vaz et al. (2011)
- 7.6 3.4 9.0 80.0 - Ayaz et al. (2011a)
- 17.3 6.6 12.3 63.8 - Akata et al. (2012)




Boletus
leucomelaena
Boletus aestivalis
(syn. reticulatus)
Boletus
appendiculatus
(syn. aereus)
Boletus armeniacus
Boletus edulis

Boletus erythropus
Boletus fragrans
Boletus regius
Calocybe gambosa

Calvatia utriformis

8.9

12.4
8.4

28.5
12.0

12.2

10.9
10.0

9.0
11.6
22.0
20.9
13.9

9.1
22.0

16.0

22.6
27.9
19.1
17.9

18.3
26.5

36.9

22.8
211
22.6
16.4
20.9
17.2

5.2
36.7

15.5
20.4

2.2

2.6
3.1
4.5
0.4

1.6
2.8

2.9

2.9
2.5
3.8
5.0
0.8
1.8
1.6
1.3

0.8
1.9

6.3

19.7
16.6
6.3
8.9

121
53

53

5.0
55
5.2
8.0
25.9
4.7
4.4
8.0

13.9
17.8

75.5

55.1
52.4
70.1
72.8

68.0
65.4

54.9

69.3
70.9
68.4
70.6
52.4
76.3
88.8
54.0

69.8
59.9

297

306

1053
471

436

423
377
375
349
858
814
467

318
744

Ayaz et al. (2011a)

Grangeia et al. (2011)
Akata et al. (2012)
Ouzuni et al. (2009)
Heleno et al. (2011)

Pereira et al. (2012)
Ouzouni and
Riganakos (2007)
Beluhan and
Ranogajec (2011)
Ayaz et al. (2011a)
Heleno et al. (2011)
Jaworska et al. (2012)
Fernandes et al. (2014b)
Grangeia et al. (2011)
Grangeia et al. (2011)
Leal et al. (2013)
Beluhan and
Ranogajec (2011)
Vaz et al. (2011)
Grangeia et al. (2011)

(Continued)



Table 2.1 Dry matter content (g 100g~" fresh matter), proximate composition (g 100g~" dry matter), and energy
(kcal kg~! fresh matter) of unprocessed wild-growing mushrooms (Continued)

Species Dry Crude Crude Ash Carbohydrates Energy Reference
matter protein  fat
Cantharellus cibarius 7.6 53.7 2.9 11.5 31.9 282 Barros et al. (2008a)
17.4 15.1 2.9 9.4 72.6 656 Ouzuni et al. (2009)
14.2 30.9 1.9 8.8 58.4 508 Beluhan and
Ranogajec (2011)
Clitocybe odora 11.5 17.3 2.5 9.6 70.6 431 Vaz et al. (2011)
Coprinus comatus 14.8 15.7 1.1 12.9 70.3 525 Vaz et al. (2011)
- 29.5 5.4 15.9 49.2 - Akata et al. (2012)
- 11.8 1.8 10.1 76.3 - Stojkovi€ et al. (2013)
Craterellus 10.1 47.2 4.9 10.1 37.8 420 Beluhan and
cornucopioides Ranogajec (2011)
12.8 21.0 5.9 8.4 64.7 507 Liu et al. (2012)
Fistulina hepatica 8.3 50.1 1.9 16.4 31.6 286 Heleno et al. (2009)
Flammulina velutipes 9.3 17.9 1.8 9.4 70.9 346 Pereira et al. (2012)
Gyromitra esculenta 14.3 14.7 0.7 32.1 52.5 394 Leal et al. (2013)
Helvella lacunosa 17.6 4.4 2.4 21.7 71.5 573 Leal et al. (2013)
Hydnum repandum = 13.8 4.3 9.2 72.7 - Ayaz et al. (2011a)
Laccaria amethystea 13.9 29.8 2.8 10.3 57.1 518 Liu et al. (2012)
Laccaria laccata 11.8 62.8 3.8 20.7 12.7 397 Heleno et al. (2009)
Lactarius deliciosus 10.0 29.8 2.2 5.1 62.9 389 Barros et al. (2007a)
10.0 17.9 6.5 14.3 61.3 371 Barros et al. (2007b)
- 20.2 8.0 7.2 64.6 - Akata et al. (2012)
11.0 14.1 2.8 5.8 77.3 432 Kalogeropoulos
et al. (2013)



Lactarius salmonicolor
Lactarius sanguifluus

Lactarius
semisanguifluus
Laetiporus sulphureus

Lepista nuda

Lycoperdon
echinatum
Lycoperdon perlatum
Macrolepiota
mastoidea
Macrolepiota procera

12.3

10.4

8.7
6.2
8.7
14.8

11.4
11.3

12.3
10.0
13.2

141

37.3
13.5
17.0

15.2

8.3
16.0
10.6
19.8
59.4
24.1
23.5

171
21.9

23.9

7.6
24.2

18.4
19.0

2.0
1.1
3.1

3.7
5.9
2.4
3.0
3.2
1.8
3.2
1.2

44
2.6

2.3

1.5
2.2

2.4
2.9

23.3
6.2
7.3

5.7
4.0
9.0
6.4
6.0
18.5
6.0
9.4

31.9
8.0

5.4

9.9
5.4

6.8
8.0

37.4
79.2
72.6

75.4
81.8
72.6
80.0
71.0
20.3
66.7
65.9

46.6
67.5

68.4

81.0
68.2

72.4
70.1

389

352

412

341
208
341
544

314
381

480
365
517

540

Heleno et al. (2009)
Akata et al. (2012)
Kalogeropoulos et al.
(2013)
Kalogeropoulos et al.
(2013)
Ayaz et al. (2011a)
Petrovi€ et al. (2014)
Kovacs and Vetter
(2015)
Ouzouni and
Riganakos (2007)
Barros et al. (2008a)
Ouzuni et al. (2009)
Grangeia et al. (2011)

Barros et al. (2008a)
Barros et al. (2007b)

Ouzouni and
Riganakos (2007)

Barros et al. (2007b)

Beluhan and Ranogajec
(2011)

Ayaz et al. (2011a)

Fernandes et al. (2013a)

(Continued)



Table 2.1 Dry matter content (g 100g~" fresh matter), proximate composition (g 100g~" dry matter), and energy

(kcal kg‘1 fresh matter) of unprocessed wild-growing mushrooms (Continued)

Species Dry Crude Crude Ash Carbohydrates Energy Reference
matter protein  fat
Morchella esculenta 9.2 11.5 2.6 11.3 74.6 349 Heleno et al. (2013)
10.6 11.5 2.3 7.9 78.3 403 Heleno et al. (2013)
Pleurotus eryngii 17.4 2.1 4.4 15.0 78.6 362 Reis et al. (2014a)
Pleurotus ostreatus 8.5 21.4 3.4 4.5 70.7 339 Ouzouni and
Riganakos (2007)
11.7 24.9 2.1 7.6 65.4 437 Beluhan and
Ranogajec (2011)
- 13.2 3.6 8.1 75.1 - Akata et al. (2012)
Ramaria aurea 11.5 14.6 2.3 5.7 77.4 447 Pereira et al. (2012)
Ramaria botrytis 10.2 39.0 1.4 8.8 50.8 380 Barros et al. (2008a)
Russula aurea 20.0 10.3 1.2 12.8 75.7 710 Leal et al. (2013)
Russula cyanoxantha | 15.6 16.8 1.5 7.0 74.7 590 Grangeia et al. (2011)
Russula delica 13.3 50.6 0.9 22.9 25.6 416 Heleno et al. (2009)
10.3 15.2 1.3 8.3 75.2 385 Kalogeropoulos et al.
(2013)
8.0 13.8 3.4 8.8 74.0 363 Fernandes et al. (2014b)
Russula olivacea 15.4 16.8 2.0 37.8 43.4 399 Grangeia et al. (2011)
Russula virescens 7.5 21.9 1.9 11.0 62.2 274 Leal et al. (2013)
Suillus bellinii 5.1 17.2 3.9 9.0 69.9 196 Kalogeropoulos et al.

(2013)



Suillus granulatus

from Portugal
from Serbia
Suillus imbricatus
Suillus luteus
Suillus variegatus
Terfezia boudieri
Termitomyces
robustus
Tricholoma
imbricatum
Tricholoma
portentosum

Tricholoma terreum

Titber aestivum

7.7

6.1
45
9.2

14.4

17.6

7.0

16.5

14.8

7.9
30.0
25.1
17.6
15.0
13.3

50.5
13.7

30.5
14.1

19.1

4.0

3.7
0.3
3.5
7.0
3.3
9.9
1.3

1.9

5.8

55
6.6

2.3

5.2

8.0
10.4
121
18.3
15.4
11.5

6.3

6.5

9.9

11.7
121

7.6

74.3

73.5
81.4
54.4
49.6
63.7
63.6
79.1

411

70.6

52.3
67.2

71.0

307

369
164
328
565

677

265

Ouzouni and
Riganakos (2007)
Reis et al. (2014b)
Reis et al. (2014b)
Barros et al. (2007b)
Jaworska et al. (2014)
Pereira et al. (2012)
Dundar et al. (2012)
Obodai et al. (2014)

Heleno et al. (2009)

Diez and Alvarez
(2001)

Barros et al. (2007a)

Diez and Alvarez
(2001)

Kruzseleyi and
Vetter (2014)

Contents of crude protein were recalculated for data from some works using a factor of 6.25. A factor of 4.38 is thought to be credible for
mushrooms. The content of carbohydrates was calculated as: [100 — (crude protein + fat 4 ash)|. Energy (kcal) was calculated as: 4 (g protein +

g carbohydrates) + 9 (g fat). 1kcal = 4.168k].



Table 2.2 Dry matter content (g 100g~" fresh matter), proximate composition (g 100g~" dry matter), and energy
(kcal kg™ fresh matter) of unprocessed cultivated mushrooms

Species Dry Crude Crude Ash Carbohydrates Energy Reference
matter protein  fat
Agaricus bisporus 7.7 27.1 4.3 10.1 58.5 293 Mattila et al. (2002)
white 8.7 14.1 2.2 9.7 74.0 325 Reis et al. (2012)
8.6 13.8 4.0 10.7 71.5 377 Jaworska et al. (2015)
brown 7.8 26.5 4.0 10.0 59.5 296 Mattila et al. (2002)
8.4 15.4 1.7 11.4 71.5 303 Reis et al. (2012)
unspecified - 36.3 0.8 12.0 50.9 - Akyiiz and Kirbag (2010)
- 26.5 2.5 8.8 62.2 - Ulziijargal and Mau (2011)
8.8 30.7 4.0 8.1 57.2 309 Jaworska et al. (2012)
7.3 26.3 3.2 7.2 63.3 387 Liu et al. (2014)
- 3.1 1.8 6.0 89.1 - Stojkovi€ et al. (2014)
- 10.0 3.1 15.0 71.9 - Glamoclija et al. (2015)
Agaricus subrufescens - 26.7 2.6 6.8 63.9 - Tsai et al. (2008)
- 31.3 1.8 7.5 59.4 - Carneiro et al. (2013)
- 28.0 2.6 9.5 59.9 - Cohen et al. (2014)
- 13.4 2.8 8.2 75.6 - Stojkovi€ et al. (2014)
Auricularia - 8.1 1.5 9.4 81.0 - Cheung (2013)
auricula-judae - 19.3 0.8 3.1 76.8 - Obodai et al. (2014)
Coprinus comatus - 11.0 2.0 10.5 76.5 - Stojkovi€ et al. (2013)
- 16.6 1.4 13.8 68.2 - Cohen et al. (2014)



Flammulina velutipes
white
yellow

Grifola frondosa
Hericium erinaceus
Hypsizygus marmoreus
Lentinula edodes

Lentinula squarrosulus

Oudemansiella
submucida
Pleurotus cystidiosus

13.3

20.0

26.7
26.7

3.9
17.2
13.4
15.5
19.6
20.5
21.4
20.5

4.4
12.8
14.0
16.0
27.0
15.3

15.4

8.9

9.2
9.2
2.9
2.2
5.6
5.4
41
6.3
3.7
6.3
1.7
1.0
0.9
1.9
3.4
7.4

3.1

6.9

7.5
7.5
7.3
8.7
4.9
7.2
7.8
5.3
5.8
5.3
6.7
4.3
5.5
5.9
5.8
11.9

9.6

64.2

56.6
56.6
85.9
71.9
76.1
71.9
68.5
67.9
69.1
67.9
87.2
81.9
79.6
76.2
63.8
65.4

71.9

502

Yang et al. (2001)

Yang et al. (2001)
Ulziijargal and Mau (2011)
Reis et al. (2012)

Cohen et al. (2014)
Cohen et al. (2014)
Cohen et al. (2014)

Lee et al. (2009)

Yang et al. (2001)

Mattila et al. (2002)
Ulziijargal and Mau (2011)
Reis et al. (2012)

Carneiro et al. (2013)
Cohen et al. (2014)
Obodai et al. (2014)

Zhou et al. (2015)

Zhou et al. (2015)

Yang et al. (2001)

(Continued)



Table 2.2 Dry matter content (g 100g~" fresh matter), proximate composition (g 100g~" dry matter), and energy
(kcal kg™ fresh matter) of unprocessed cultivated mushrooms (Continued)

Species Dry Crude Crude Ash Carbohydrates Energy Reference
matter protein  fat
Pleurotus ostreatus 9.7 27.5 - 8.3 - - Manzi et al. (1999)
11.4 23.9 2.2 7.6 66.3 434 Yang et al. (2001)
8.0 24.6 4.4 8.0 63.0 312 Mattila et al. (2002)
- 41.6 0.5 6.0 51.9 - Akyiiz and Kirbag (2010)
- 23.9 2.2 7.6 66.3 - Ulziijargal and Mau (2011)
8.8 16.7 5.5 6.7 711 433 Jaworska et al. (2011)
10.8 7.0 1.4 5.7 85.9 416 Reis et al. (2012)
- 25.6 2.5 7.7 64.2 - Cohen et al. (2014)
- 28.4 1.5 6.0 64.1 - Obodai et al. (2014)
15.7 14.7 1.5 5.7 78.1 604 Fernandes et al. (2015a)
10.0 8.3 8.0 8.2 75.5 407 Jaworska et al. (2015)
Pleurotus eryngii 8.3 22.9 - 9.9 - - Manzi et al. (1999)
- 22.2 1.6 5.8 70.4 - Ulziijargal and Mau (2011)
11.0 11.0 1.5 6.2 81.3 421 Reis et al. (2012)
6.9 19.1 2.6 6.8 71.5 266 Cui et al. (2014)
11.2 18.2 2.5 6.7 72.6 386 Li X. et al. (2015)
Pleurotus sajor-caju - 37.4 1.0 6.3 55.3 - Akytiz and Kirbag (2010)
- 29.3 0.9 6.8 63.0 - Gogavekar et al. (2014)
- 15.3 2.9 6.4 75.4 - Obodai et al. (2014)
Pleurotus tuber-regium - 13.3 1.3 6.3 79.1 - Obodai et al. (2014)
Tremella aurantialba - 7.8 3.5 6.1 82.6 - Zhou et al. (2015)

Contents of crude protein were recalculated for data from works using a factor of 6.25. A factor of 4.38 is thought to be credible for mushrooms.
The content of carbohydrates was calculated as: [100 — (crude protein + fat + ash)]. Energy (kcal) was calculated as: 4 (g protein +
g carbohydrates) + 9 (g fat). 1 kcal = 4.168K].
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can result from the cross-breeding of difterent hyphaes, thus pre-
senting a distinct genotype.

The content of crude protein has been quantified by the
Kjeldahl method determining total nitrogen. In nutritionally
high-value proteins, such as in meats, nitrogen comprises 16%
of protein weight. A factor of 6.25 (ie, 100:16) has therefore
been used for the calculation of protein content from the level
of determined nitrogen. However, mushrooms differ from such
foods by a high proportion of nonprotein nitrogen, particularly
nitrogen-containing polysaccharide chitin. A lower factor of 4.38
has therefore been recommended for the calculation of mush-
room protein content. This factor was used for all protein val-
ues given in Tables 2.1 and 2.2. Thus, the previous data regarding
mushroom protein values were overestimated by nearly one-third.

Total carbohydrate contents in dry matter have not been
determined but are calculated as [100 — (crude protein + crude
fat + ash)]. The calculated content comprises various carbo-
hydrates, including indigestible ones such as dietary fiber. The
equation [kcal = 4 X (g crude protein + g carbohydrates) + 9 X
(g crude fat)] commonly used in the references cited in Tables
2.1 and 2.2 for the calculation thus overestimates the total energy
level. Therefore, the reported values should be reduced by up to
one-third (see Section 2.4.2).

According to the data of Tables 2.1 and 2.2, considerable dif-
ferences in the composition are evident not only among species
but also within a species if comparing data of various laborato-
ries. The differences can be partly caused by the analysis of fruit
bodies at different stages of development. Nevertheless, such data
have been limited. For instance, Cui et al. (2014) reported only a
small increase of protein content and decrease of fat proportion
during five stages, from bud-forming to full maturity, of Pleurotus
eryngii.

Dry matter (DM; or dry weight) of both wild-growing and
cultivated mushrooms is very low, commonly ranging between
8 and 14g 100g™" fresh matter (FM; or fresh weight). The value
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of 10g 100g™" FM (10%) is widely used for the calculations if
actual DM content is unknown. High water content and water
activity participate considerably in the short shelf life of fruit
bodies. Dried mushrooms rank among food materials with high
hygroscopicity.

The most frequent values for crude protein, crude fat, and
ash (minerals) contents are within the ranges of 20-25, 2-3, and
5-12g 100g~! DM, respectively, with carbohydrates forming the
rest of the DM. Ash content is the steadiest value. Results from
the comparison of data for wild and cultivated mushrooms indi-
cate that the differences both among and within species seem to
be more important than the effect of provenance. In cultivated
species, the effect of the used substrate is of significance in both
yield and composition.

Low DM and fat content result in low energy of approxi-
mately 350-450kcalkg™" FM, with great variations given
chiefly by varying DM content. Such calculated values have to
be reduced by up to one-third. Overall, both wild and cultivated
mushrooms are a low-energy delicacy.

The very scarce information on mushroom digestibility and
bioavailability of their components has been a weak point in the
evaluation of the nutritional value. It may be supposed that a high
proportion of indigestible dietary fiber apparently limits availabil-
ity of other components. Moreover, most data are given for fresh
mushrooms, whereas information on the nutrient changes under
various storing and cooking conditions remains very limited. It
seems that boiled mushrooms have a lower energy value than
dried or frozen mushrooms.

Overall, despite rapidly growing quantitative compositional
data, it is not yet possible to draw generalized conclusions about
the relations between mushroom proximate chemical composi-
tion and their nutritional value.

Synoptic information on composition and biological proper-
ties of truffles, which are apart of common culinary species due
to their extreme price, is available (Wang and Marcone, 2011).
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2.2 PROTEINS

The information making the public familiar with the nutri-
tional value of mushrooms underlines their high protein con-
tent. Mushrooms were once called “meat of the poverty” in some
countries of Central Europe. However, such an opinion has to be
corrected.

As mentioned, the levels of crude protein given in Tables 2.1
and 2.2 were calculated using a factor of 4.38 for the multiplica-
tion of total nitrogen content determined by Kjeldahl method.
Nevertheless, protein content obtained in this manner is unreli-
able because it is not based on strict analytical data but rather on
common agreement. The nutritional value can be overestimated.
Braaksma and Schaap (1996) reported for Agaricus bisporus no
fewer than four-times lower protein content, as determined by
another analytical method, than that resulting from Kjeldahl total
nitrogen. Bauer Petrovska (2001) concluded a somewhat lower
factor of 4.16 for 52 Macedonian species, mostly wild-growing,
with a mean proportion of 33.4% nonprotein nitrogen from total
nitrogen.

Data on crude protein contents in Tables 2.1 and 2.2 vary con-
siderably within species, such as for Cantharellus cibarius, Lepista
nuda, or A. bisporus. The variability is even more apparent from
values listed in Table 2.3. Unfortunately, the factors affecting
the variability have remained poorly explained until now. Vetter
and Rimoczi (1993) reported the highest crude protein content
together with the highest digestibility of 92% in cultivated Pleurotus
ostreatus (oyster mushroom) with a cap diameter of 5-8 cm. At that
stage of development, crude protein contents were 36.4% and
11.8% 1n caps and stipes, respectively. Thereafter, both crude protein
and its digestibility decreased. Thus, further studies on the changes
in bioavailable nutritional protein content during the development
of both cultivated and wild-growing mushrooms are needed.

Information on protein fractions has been very scarce. Bauer
Petrovska (2001) reported mean proportions of 24.8%, 11.5%,
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Table 2.3 Variability of crude protein content in several mushroom species

Species Number Mean Standard Relative
of samples (% of deviation standard
dry (% of dry  deviation
matter)  matter) (%)
Armillariella mellea 6 22.3 5.4 24.2
Boletus edulis 10 33.1 3.1 9.4
Cantharellus cibarius 3 18.7 5.9 31.5
Clitocybe nebularis 6 39.0 4.4 11.3
Craterellus cornucopioides 6 22.3 5.5 24.7
Leccinum scabrum 9 30.5 4.1 13.4
Marasmius oreades 3 52.8 2.1 4.0
Xerocomus subtomentosus 7 33.2 6.8 20.5

Adapted from Vetter (1993a). With permission.

7.4%, 11.5%, 5.7%, 5.3%, and 33.8% of total protein for albu-
mins, globulins, glutelin-like matter, glutelins, prolamins, pro-
lamine-like matter, and residues, respectively, in 24 mushroom
species. The respective values (except for residues) were 57.8%,
8.6%, 2.1%, 25.7%, 3.2%, and 2.5% in valued Tiber aestivum
(Kruzselyi and Vetter, 2014) and 51.3%, 11.1%, 13.2%, 17.1%,
4.4%, and 2.9% in wood-decaying Laetiporus sulphureus (formerly
Polyporus sulphureus) (Kovacs and Vetter, 2015). Also, Florczak et al.
(2004) observed albumins as the prevailing protein fraction in
Armillariella mellea, Coprinus atramentarius, and Tricholoma equestre.
Table 2.4 and the data of Ayaz et al. (2011b) indicate that
amino acid composition varies among mushroom species.
However, information on variability within a species and on fac-
tors affecting the proportion of various proteins would be use-
tul. The proportion of essential (indispensable) amino acids
varies around 40% from total amino acid content in wild species,
whereas it varies between 30% and 35% in cultivated mushrooms.
Methionine appears to be the very limiting essential amino acid.
Levels of histidine and arginine, called semi-essential amino acids
because they are necessary in the diet during childhood, vary
widely. Aspartic acid and glutamic acid occur in relatively high



Table 2.4 Proportion of essential amino acids (% of total amino acids) in mushroom proteins

Species Val Leu lle Thr Met Lys Phe Trp Total Reference
Wild-growing species
Agaricus arvensis 6.4 8.1 4.9 4.7 1.5 6.3 5.6 - 37.5 | Vetter (1993b)
Agaricus silvaticus 3.8 6.9 4.5 4.5 1.2 6.0 3.8 - 30.7 | Vetter (1993b)
Cantharellus cibarius 3.5 16.3 3.3 4.2 1.0 4.3 3.2 1.7 35.8 | Surinrut et al. (1987)
Hydnum repandum 3.9 14.5 3.2 4.4 1.0 4.2 3.4 1.4 34.5 | Surinrut et al. (1987)
Russula cyanoxantha 6.8 7.8 4.9 5.0 2.0 6.3 7.8 - 40.6 | Vetter (1993b)
Russula vesca 7.1 8.4 5.5 5.0 0.9 7.0 6.2 - 40.1 | Vetter (1993b)
Tricholoma portentosum | 7.8 9.4 3.7 9.5 3.0 8.6 4.4 1.0 46.4 | Diez and Alvarez (2001)
Tricholoma terreum 8.9 8.2 3.6 9.1 3.5 7.6 6.6 1.1 47.5 | Diez and Alvarez (2001)
Cultivated species
Agaricus bisporus 3.9 6.0 3.1 3.4 1.4 6.1 3.1 - 27.0 | Vetter (1993b)

white 5.0 6.3 3.8 4.6 1.4 5.9 4.4 - 31.4 | Mattila et al. (2002)

brown 5.0 6.1 3.6 4.3 1.3 5.3 4.9 - 30.5 | Mattila et al. (2002)
Lentinula edodes 3.8 6.4 3.3 5.6 2.2 5.0 3.8 1.9 32.0 | Manzi et al. (1999)
Pleurotus eryngii 3.9 7.1 3.7 5.3 1.7 6.8 4.2 1.4 34.1 | Manzi et al. (1999)

6.0 6.3 3.8 4.7 1.4 5.9 4.4 - 32.5 | Mattila et al. (2002)
Pleurotus ostreatus 4.7 6.8 4.3 5.0 1.9 6.0 4.3 1.4 34.4 | Manzi et al. (1999)
4.9 6.1 3.6 4.6 1.5 5.5 4.9 - 31.1 | Mattila et al. (2002)

Standard protein 5.0 7.0 4.0 4.0 3.5 5.4 6.1 1.0 36.0

(FAO/WHO)

Val, valine; Leu, leucine; Ile, isoleucine; Thr, threonine; Met, methionine; Lys, lysine; Phe, phenylalanine; Trp, tryptophan.
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proportion within the nonessential amino acids. Overall, data sug-
gest a higher nutritional value of mushroom proteins as compared
with most plant proteins, but it is lower than that in high-value
proteins of hen egg whites, milk, or meat.

Mushrooms also contain a low level of free amino acids (ie,
unbound in proteins). These amino acids contribute to the taste
of mushrooms and are discussed in Section 3.1.1.

Data regarding changes of protein and amino acid composi-
tion during mushroom preservation and cooking have been lim-
ited until now. In a series of experiments with A. bisporus, Boletus
edulis, and P ostreatus, Jaworska et al. (2011, 2012) and Jaworska
and Berna$ (2012) tested the effect of pretreatments (blanching
or soaking and blanching) followed by either freezing or canning
and 12-month storage on amino acid composition. Both increases
and decreases of the individual amino acids were observed, par-
ticularly among nonessential ones. The nutritional value of pre-
served mushrooms was thus only somewhat lower than that of
raw materials.

Mushrooms have recently become a promising source of novel
proteins with unique features, particularly for medicine and bio-
technology. Such proteins are briefly mentioned in Section 4.4.

2.3 LIPIDS

Mushroom lipids are formed by two groups, neutral and polar
lipids. Neutral lipids comprise fats, esters of trifunctional alcohol
glycerol, and fatty acids, with prevailing fully esterified glycerol
(triglycerides or triacylglycerols) and waxes, esters of a mono-
functional higher alcohol, and a fatty acid. Phospholipids, the
main polar lipids occurring in mushrooms, are, in their chemi-
cal structure, related to fats, but instead of one bound fatty acid
they contain, as an ester, bound phosphoric acid esterified with
an aminoalcohol, particularly ethanolamine or choline.
Information on the proportion of neutral and polar lipids has
been scarce. Pedneault et al. (2008) reported the mean proportion
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of neutral lipids as 34.4% from total lipids for 10 Canadian wild
species. However, there is a wide variation ranging between
13.2% in Agaricus campestris and 67.0% in Amanita rubescens. Data
on waxes have been virtually lacking.

More than 40 fatty acids were observed in various mushroom
species. The prevailing fatty acids are aliphatic and monocar-
boxylic, with a straight, even carbon chain; unsaturated acids are
of cis-configuration (see Appendix III). Fatty acids with an odd
number of carbons with branched chain or hydroxy fatty acids
are only minor components. Nevertheless, they are regarded as a
potential marker for distinguishing the individual species and are
useful for both taxonomy and for the identification of adulter-
ation (Barreira et al., 2012). Elaidic acid, a trans-isomer of oleic
acid, was first reported in mushrooms by Pedneault et al. (2008) at
a proportion of 0.07-0.48% from total fatty acids.

Fatty acid composition of lipids in many mushroom spe-
cies, particularly wild-growing, has been determined during the
past years. Selected data on seven nutritionally interesting acids
and their groups are presented in Table 2.5. Data from difter-
ent laboratories available for several species often show consid-
erable differences, such as for A. rubescens or Suillus granulatus.
Environmental factors aftecting changes in fatty acid composition
within a species remain unexplained. Genus Agaricus spp. seem
to be lower in oleic acid than in most other species. Unsaturated
fatty acids prevail, formed mostly by alpha-linoleic acid from
the -6 family and by oleic acid. However, nutritionally desir-
able linolenic acid from the -3 family occurs at very low levels.
The ®-3:0-6 ratio of fatty acids is thus far from the nutritional
optimum of 1:<5. An extreme proportion of linolenic acid in
cultivated Flammulina velutipes was not proven in its wild-grown
counterpart. Among saturated fatty acids, which are nutritionally
unwanted, there prevails palmitic acid, whereas the most undesir-
able myristic acid occurs at only very low levels.

Linoleic acid is a precursor of numerous oxidation products
with the characteristic attractive smell of mushrooms, particularly



Table 2.5 Proportion of major fatty acids (% of total fatty acids) in selected mushroom species

Species Lauric Myristic Palmitic Stearic Oleic Linoleic Linolenic SFA MUFA PUFA Reference
acid acid acid acid acid  acid acid
Wild-growing species
Agaricus albertii | — - 111 3.1 2.1 |75.8 - 21.1 2.4 | 76.5 |Reisetal (2014a)
Agaricus arvensis | — 2.3 14.6 3.4 15.5 |56.1 0.2 235 [19.9 |56.6 |Barros et al. (2007a)
0.1 0.8 20.2 5.5 4.5 |58.7 0.1 33.4 7.3 | 59.3 | Pedneault et al. (2008)
Agaricus <0.1 [0.7 12.7 5.0 55 1699 0.9 23.0 6.0 |71.0 |Glamoclija et al.
bitorquis (2015)
Agaricus 0.1 0.5 16.5 3.0 4.0 |68.8 0.2 24.5 6.1 | 69.4 | Pedneault et al. (2008)
campestris - - 12.5 2.7 6.1 169.0 - 20.9 9.1 | 70.0 | Pereira et al. (2012)
0.1 0.8 13.2 3.5 35 |71.4 0.2 22.6 53 |72.1 | Glamoclija et al.
(2015)
Agaricus Traces | 0.3 10.9 3.1 2.6 |749 0.2 20.8 2.9 1763 |Glamoclija et al.
macrosporus (2015)
Agaricus Traces | 0.3 11.7 1.4 6.7 |74.8 0.1 171 7.7 | 75.2 | Barros et al. (2008b)
silvaticus
Agaricus silvicola | Traces | 0.3 10.0 2.6 35 |76.5 <0.1 18.8 4.3 | 76.9 |Barros et al. (2008b)
Agaricus - - 14.9 3.6 5.5 |51.2 - 28.8 | 19.2 |52.0 |Reisetal (2014a)
urinascens var.
excellens
Amanita caesarea | Traces | 0.2 15.0 6.1 58.0 |19.0 Traces 215 |59.1 | 194 |Dogan and
Akbasg (2013)
- 0.3 14.5 2.9 44.0 ]35.0 - 19.4 | 45.6 | 35.0 |Fernandes et al.
(2015¢)




Amanita ceciliae
Amanita curtipes

Amanita ovoidea
Amanita
rubescens
Armillariella
mellea
Armillariella
polytricha
Boletus aestivalis
Boletus
appendiculatus
Boletus
armeniacus
Boletus edulis

Traces

<0.1
0.1
Traces
0.7
0.6

<0.1
<0.1

0.1

Traces

Traces

0.2
0.3

0.2
0.2
0.8
0.3
0.4
0.8

0.4
0.15

0.2

0.15
ND

0.1
0.35

16.4
18.9

15.8
14.5
22.7
11.0
12.6
11.2

11.3
12.5

15.7

9.8

10.0
21.6

8.9

9.6
11.0

3.6
4.1

5.4
4.5
16.1
3.5
3.3
10.2

5.8
3.8

2.9

2.7

2.75
9.1

3.0

3.1
0.92

427
54.0

58.8
58.0
40.4
47.7
227
27.1

37.6
36.7

27.6

36.1

39.7
31.1

29.4

421
5.7

31.8
19.2

18.0
19.0
211
27.7
48.6
29.5

36.6
43.8

49.0

42.2

443
33.8

51.7

41.3
77.2

Traces

<0.1
0.1
ND
<0.1
ND
3.6

ND
Traces

0.2

<0.1
3.6

1.2

<0.1
1.76

22.0
25.4

21.8
21.8
46.8
17.2
23.8
39.8

211
18.1

21.0

15.5

14.5
33.4

14.8
13.2

44.1
55.2

59.4
59.0
41.7
55.0
26.5
27.1

40.3
37.8

29.7

41.4

40.9
31.1

43.5
7.4

33.9
19.4

18.8
19.2
11.5
27.8
49.7
33.1

38.6
44.1

49.3

43.1

44.6
35.5

41.7
79.3

Akata et al. (2013)
Fernandes et al.
(2015¢)
Dogan (2013)
Pedneault et al. (2008)
Ribeiro et al. (2009)
Vaz et al. (2011)
Akata et al. (2013)
Kavishree et al. (2008)

Ergontl et al. (2013)
Heleno et al. (2011)

Pereira et al. (2012)

Pedneault et al.
(2006)

Barros et al. (2008b)

Kavishree et al.
(2008)

Dembitsky et al.
(2010)

Heleno et al. (2011)

Fernandes et al.

(2014b)

(Continued)



Table 2.5 Proportion of major fatty acids (% of total fatty acids) in selected mushroom species (Continued)

Species Lauric Myristic Palmitic Stearic Oleic Linoleic Linolenic SFA MUFA PUFA Reference
acid acid acid acid acid  acid acid
Boletus 0.6 1.4 21.3 4.2 14.7 | 48.8 1.1 33.6 | 16.1 |50.3 |Grangeia etal. (2011)
erythropus
Boletus regius - - 15.9 1.6 21.8 |56.1 - 19.5 | 24.0 |[56.5 |Lealetal (2013)
Calocybe 0.2 0.4 15.2 2.1 18.1 |57.8 0.5 225 |19.1 | 58.4 | Barros etal. (2008b)
gambosa 0.2 0.4 13.6 3.2 325 |43.9 0.9 215 | 334 |451 |Vazetal (2011)
Calvatia 0.2 0.5 13.5 2.4 6.0 |70.3 0.6 22.4 6.5 | 71.1 | Grangeia et al. (2011)
utriformis
Cantharellus Traces | 0.1 7.2 3.3 8.1 [50.0 0.1 12.0 | 37.5 |50.5 | Barros et al. (2008a)
cibarius Traces | 0.1 13.1 6.5 10.8 [53.6 0.1 22.6 |23.3 |54.1 |Barrosetal. (2008b)
- 8.0 18.3 6.0 354 |17.3 ND 39.0 |43.7 |17.3 |Kavishree et al.
(2008)
Traces | 0.3 1.9 0.8 17.8 [78.8 ND 32 | 17.9 |78.9 |Ribeiro et al. (2009)
0.1 0.5 171 5.6 21.1 | 49.6 Traces 26.0 |22.9 |51.1 |Akataetal (2013)
Clitocybe odora | 0.1 0.2 12.5 3.5 46.1 | 349 0.9 18.6 | 46.4 |35.0 |Vazetal (2011)
Coprinus 0.1 0.6 18.9 1.8 7.5 |64.5 0.5 23.8 |10.4 |65.2 |Pedneault et al.
comatus (2008)
0.2 0.4 10.6 1.9 6.3 |74.9 1.9 15.4 7.1 | 775 |Vazetal (2011)
- - 12.9 2.3 13.5 | 64.1 - 18.7 | 15.3 | 66.0 |Stojkovic¢ et al. (2013)
Craterellus <0.1 <0.1 6.7 7.8 51.9 |23.7 <0.1 16.4 | 59.9 |23.7 | Barros et al. (2008b)
cornucopioides | — - 10.2 5.4 54.0 |28.4 1.3 15.8 | 54.4 |29.8 |Liuetal (2012)
Flammulina - - 10.3 1.4 15.1 [56.3 - 144 | 17.6 | 68.0 |Pereiraetal. (2012)
velutipes 0.3 0.5 14.6 3.6 16.4 140.9 Traces 20.7 118.6 160.7 |Ergonil etal. (2013)



Helvella crispa

Hericium
coralloides
Hericium
erinaceus
Hydnum
repandum
Laccaria
amethystea
Laccaria laccata
Lactarius
deliciosus

Lactarius
sanguifluus

Laetiporus
sulphureus

Leccinum
aurantiacum

<0.1

0.2

0.1

0.1

ND

1.6

0.1
0.5
2.0

0.2

0.1

0.5

0.7

10.6

23.3

37.6

15.7

6.9

11.6

12.1

16.3

9.1

9.7
23.1

7.1

11.7

16.5

ND

6.8

7.6

0.9

3.3

2.0

25.3

6.1

29.8

41.4
49

34.4

3.2

0.9

22.7

33.7

26.1

260.4

13.7

60.7

41.3

33.0

21.8

259
32.4

18.8

14.5

211

62.7

30.9

25.1

27.2

74.4

20.5

171

37.1

31.8

229
35.1

34.6

63.3

529

0.3

20.3
1.1
0.4
0.3
ND

0.6

ND

0.7

0.2

0.2

12.8

33.5

47.6

24.6

10.3

15.4

40.1

28.5

42.6

51.2
31.2

44.0

20.5

22.2

24.2

34.6

26.8

27.9

13.7

63.6

42.3

34.4

22.3

259
33.7

19.2

15.3

24.1

63.0

31.9

25.6

47.5

76.0

21.0

17.6

37.1

35.1

229
35.1

36.8

64.2

53.7

Kavishree et al.
(2008)
Heleno et al. (2015)

Heleno et al. (2015)

Kavishree et al.
(2008)
Liu et al. (2012)

Heleno et al. (2009)

Barros et al. (2007a)

Kavishree et al.
(2008)

Kalogeropoulos et al.
(2013)

Oztiirk et al. (2014)

Kavishree et al.
(2008)

Kalogeropoulos et al.
(2013)

Petrovi€ et al. (2014)

Pedneault et al.
(2006)

(Continued)



Table 2.5 Proportion of major fatty acids (% of total fatty acids) in selected mushroom species (Continued)

Species Lauric Myristic Palmitic Stearic Oleic Linoleic Linolenic SFA MUFA PUFA Reference
acid acid acid acid acid  acid acid

Leccinum Traces | 0.5 13.8 1.1 37.8 | 423 0.1 17.5 |39.4 |43.1 | Pedneault et al.

scabrum (2006)
- - 9.7 3.4 31.7 |45.8 3.1 - - — | Dembitsky et al.
(2010)

Lepista nuda 0.1 0.3 11.8 2.4 29.5 |51.5 0.2 17.6 | 30.3 |52.1 | Barros et al. (2008a)

Leucopaxillus - 2.7 13.5 2.1 21.1 | 46.2 0.1 19.3 | 34.1 | 46.6 | Barros et al. (2007a)
giganteus

Lycoperdon 0.2 0.4 12.9 3.0 4.6 |70.7 0.2 23.6 4.9 | 71.5 | Barros et al. (2008a)
perlatum

Macrolepiota - 2.8 4.6 ND 17.2 | 47.0 15.6 20.2 | 17.2 | 62.6 | Kavishree et al. (2008)
procera - 0.3 21.0 1.6 7.0 |65.0 - 25.0 9.0 |66.0 |Fernandes et al.

(2014a)

Marasmius <0.1 0.15 13.8 1.7 51.9 |23.7 <0.1 18.9 | 30.2 |50.9 | Barros et al. (2008b)
oreades

Morchella conica | — ND 8.5 5.4 11.3 | 68.6 ND 18.5 | 12.9 | 68.6 | Kavishree et al. (2008)

Morchella - - 9.5 2.6 12.4 | 71.8 0.2 13.7 | 13.8 | 72.5 |Heleno etal. (2013)
esculenta

Pleurotus djamor | — 1.6 15.8 ND 28.8 |455 ND 25.1 |29.4 | 455 |Kavishree et al. (2008)

Pleurotus eryngii | — - 17.4 4.8 475 | 247 - 25.8 |49.0 |25.2 |Reisetal (2014a)

Pleurotus 0.2 0.7 12.4 3.7 10.4 | 65.3 Traces 21.8 | 11.4 | 66.8 |Ergonil etal. (2013)
ostreatus

Pleurotus - 0.6 15.8 ND 16.4 |53.8 ND 27.1 | 19.1 | 53.8 |Kavishree et al.
sajor-caju (2008)




Ramaria flava
Ramaria botrytis
Russula
cyanoxantha
Russula delica

Russula olivacea
Russula virescens
Sprassis crispa
Suillus
granulatus
from Portugal
from Serbia
Suillus grevillei

Suillus luteus

Suillus variegatus
Tetfezia boudieri
Termitomyces
robustus
Tricholoma
imbricatum

2.2
Traces
0.4

0.4

ND

Traces
Traces
Traces
Traces

ND

3.6
0.4
0.4

0.23

0.3

2.0
0.2
0.1
0.2
0.2
0.2

0.1

14.4
9.9
13.0

12.2

16.1
17.3
10.4
12.0
0.4
9.6
9.6
8.9

11.9
7.6

12.7
23.7
20.9

7.4

6.7
2.4
11.1

1.5

2.8
7.2
1.7
3.3
0.4
3.2
2.7
1.5

0.6
41

3.5
4.0
4.0

41

47.1
43.9
28.4

16.3

26.0
40.3
49.0
34.2
62.8
24.6
20.1
43.9

ND
37.8

42.0
10.4
9.5

51.5

9.8
38.3
43.7

67.5

50.2
29.2
31.3
46.6
35.4
57.1
64.0
40.1

67.1
441

37.4
44.3
59.2

33.0

Traces
0.1

0.1

ND
0.2
ND
0.4
0.2
0.6

1.4

0.7

2.1

0.2

0.2

39.1
16.4
26.9

15.0

21.8
28.8
19.0
17.2

1.3
15.4
14.3
12.6

18.1

30.1

14.9

47.9
44.7
29.1

17.2

27.4
41.5
49.7
35.7
63.3
20.6
21.3
45.5

44.2
10.3

51.8

13.0
38.9
44.0

67.8

50.8
29.7
31.3
47.1
35.4
58.0
64.4
41.9

37.7
59.6

33.3

Oztiirk et al. (2014)
Barros et al. (2008a)
Grangeia et al. (2011)

Fernandes et al.
(2014b)
Grangeia et al. (2011)
Leal et al. (2013)
Kavishree et al. (2008)
Pedneault et al. (20006)
Ribeiro et al. (2009)
Reis et al. (2014b)
Reis et al. (2014b)
Pedneault et al.
(2006)
Karlifiski et al. (2007)
Dembitsky et al.
(2010)
Pereira et al. (2012)
Dundar et al. (2012)
Obodai et al. (2014)

Heleno et al. (2009)

(Continued)



Table 2.5 Proportion of major fatty acids (% of total fatty acids) in selected mushroom species (Continued)

Species Lauric Myristic Palmitic Stearic Oleic Linoleic Linolenic SFA  MUFA PUFA Reference
acid acid acid acid acid  acid acid
Tricholoma 0.4 1.2 7.6 3.4 58.0 [27.9 - - - — | Diez and Alvarez
portentosum (2001)
- 0.1 5.6 2.3 58.4 ]30.9 0.4 9.6 |59.0 |31.4 |Barrosetal (2007a)
Tricholoma 0.2 0.3 10.1 1.8 56.7 [29.7 - - - — | Diez and Alvarez
terreum (2001)
Xerocomus ND 0.15 20.2 ND 22 1709 Traces - - — | Karlifiski et al. (2007)
badius - - 15.1 2.1 36.5 |38.2 1.6 - - — | Dembitsky et al.
(2010)
Xerocomus 0.2 0.4 16.3 1.7 31.7 | 422 0.3 224 | 344 |43.2 |Pedneaultetal
subtomentosus (20006)
ND 0.2 18.5 0.1 7.3 |66.7 ND - - — | Karlifiski et al. (2007)
Cultivated species
Agaricus bisporus | — - 11.9 3.1 1.1 777 0.1 20.3 1.4 | 783 |Reisetal (2012)
white
brown - - 11.1 3.0 1.2 |79.4 0.1 18.4 1.8 |79.8 |Reisetal (2012)
0.1 0.6 14.0 6.5 20.6 | 43.9 3.3 30.3 | 21.7 | 48.0 |Stojkovi€ et al. (2014)
0.1 0.6 15.4 3.7 14.9 | 60.4 0.9 23.1 | 15.6 | 61.6 |Glamoclija et al.
(2015)
Agaricus Traces | 0.2 11.3 3.1 1.0 | 745 0.2 22.1 1.5 | 76.4 | Stojkovi€ et al. (2014)
subrufescens




Auricularia
auricula-judae
Coprinus
comatus
Flammulina
velutipes
Lentinula edodes
Lentinula
squarrosulus
Pleurotus eryngii
Pleurotus
ostreatus

Pleurotus
sajor-caju

Pleurotus
tuber-regium

0.1

<0.1
0.1

0.3

0.6

0.4
0.6

1.1

18.8

8.6

11.0

10.3
18.8

12.8
11.2
11.2

14.3
18.8

21.2

2.1

2.0

1.6
3.3

1.7
3.0
2.5

4.4
4.6

9.6

27.2

36.4

5.7

2.3
8.3

12.3
12.3
9.5

18.3
22.6

21.2

34.6

50.5

45.4

81.1
62.9

68.9
68.8
68.1

58.5
48.6

32.3

1.6

28.8

0.1
1.1

0.3
0.3
0.2

0.2
0.2

1.1

35.8

11.8

18.5

15.1
26.6

17.4
17.0
20.2

21.9
26.6

42.2

27.7

36.8

7.2

29
9.1

13.1
13.6
10.8

18.9
24.2

241

36.5

51.4

74.3

82.0
64.3

69.4
69.4
69.1

59.2
49.2

33.7

Obodai et al. (2014)
Stojkovi€ et al. (2013)
Reis et al. (2012)

Reis et al. (2012)
Obodai et al. (2014)

Reis et al. (2012)

Reis et al. (2012)

Fernandes et al.
(2015a)

Obodai et al. (2014)

Obodai et al. (2014)

Obodai et al. (2014)

For fatty acid characteristics see Appendix III. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.

ND, the content below the level of detection limit.
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dried ones (see Section 3.1.2). Sporadic and fragmentary infor-
mation has been published on the occurrence of conjugated lin-
oleic acid (CLA; see Appendix III) in A. bisporus. CLA is the term
for a group of 18-carbon acids with two double bonds in posi-
tions 9,11 or 10,12 and one frans-configuration, or for prevailing
9-cis, 11-trans-linoleic acid. The latter compound occurs mainly
in fats of ruminants and is called rumenic acid. It has been known
as a chemopreventive agent against several types of cancer.

In sliced fruit bodies of P ostreatus irradiated with UV-B light
(310-320nm) there has decreased content of only linoleic acid,
but no significant changes of the main fatty acids were observed
in intact fruit bodies (Krings and Berger, 2014). In a series of
experiments with several mushroom species, gamma irradiation
affected the proportion of saturated, monounsaturated, and poly-
unsaturated fatty acids to a lesser extent than did oven-drying or
freezing (Fernandes et al., 2013a,b,c, 2014a).

Overall, with their very low lipid content, only approximately
2-3g 100g™! DM or approximately 0.2-0.3g 100g™" FM, and a
low proportion of both saturated and w-3 fatty acids, mushrooms
rank among food items with a marginal nutritional role of lipids.

2.4 CARBOHYDRATES AND DIETARY FIBER

As indicated in Tables 2.1 and 2.2, carbohydrates form the main
proportion of mushroom DM. Groups of carbohydrates comprise
numerous compounds. Monosaccharides and their derivatives, in
mushrooms particularly polyol (or alcoholic sugar) mannitol, oli-
gosaccharides formed by 2—10 monosaccharides linked with gly-
cosidic bonds, and various polysaccharides (glycans) contain from
tens to thousands of linked monosaccharides.

Generally, the composition of mushroom carbohydrates, from
monosaccharides and oligosaccharides, commonly named sugars,
to polysaccharides, difters from that of plants. Mushrooms con-
tain glycogen as an energy reserve instead of starch and distinct
structural polysaccharides. Difterent opinions exist regarding



Proximate Composition and Nutrients 33

cellulose occurrence in mushrooms. While some authors admit its
presence, Bauer Petrovska (2002) did not find cellulose in fiber
isolates of 53 mushroom species. Nevertheless, cellulose is a com-
ponent of fungal cell walls (eg, of the yeast Saccharomyces cerevisiae).

2.4.1 Sugars

Available data on the main monosaccharides (arabinose, fruc-
tose, and glucose), oligosaccharides (melezitose and trehalose), and
polyol mannitol occurring in mushrooms are collated in Table 2.6.
Total sugar contents vary widely, between 5 and 25g 100g™!
DM (ie, approximately 0.5-2.5g 100g~" FM), with several outly-
ing data. Mannitol and trehalose (more accurately a, a-trehalose
formed by two molecules of a-D-glucopyranose bound by 1—1
glycosidic bond) occur at the highest level by far. However, their
contents vary widely among species. As may be seen from limited
data for several species (eg, for Coprinus comatus or B. edulis) origi-
nating from various laboratories, great variability also occurs within
a species. Information on other sugars, such as xylose, mannose,
sucrose and maltose, deoxysugars fucose, and rhamnose or polyol
arabitol, has been very sporadic and mostly negligible contents have
been reported. The sugars are water-soluble and partly contrib-
ute to mushroom taste (see Section 3.1.1). Mannitol is synthesized
through the reduction of fructose by mannitol dehydrogenase. It
participates in volume growth and firmness of fruit bodies. Such
roles are supported by an observed increase of mannitol level in
mature fruit bodies of several cultivated species, as compared with
the immature ones. Mannitol is of limited sweetness, with approxi-
mately half the calories of common sugars, and is poorly absorbed
by the human body. It does not raise insulin levels as sucrose does.
Maldigestion of trehalose in some individuals can cause
abdominal symptoms similar to those of lactose maldigestion
and intolerance. One of the factors is low activity of trehalase in
the small bowel. The activity is significantly reduced in untreated
celiac disease. Nevertheless, a very low frequency of such disease
was observed within the UK population (Murray et al., 2000).



Table 2.6 Contents of soluble sugars and polyols (g 100g~" dry matter) in selected mushroom species

Species Arabinose Fructose Mannitol Melezitose Trehalose Total sugars Reference
Wild-growing species
Agaricus albertii | — 0.48 4.78 - 0.70 6.0 Reis et al. (2014a)
Agaricus arvensis | — - 6.5 - 0.4 6.9 Barros et al. (2007a)
Agaricus bitorquis | — 0.40 7.04 - 2.27 11.2 Glamoclija et al.
(2015)
Agaricus - ND 16.9 - 3.62 20.5 Pereira et al. (2012)
campestris - 0.29 5.59 - 0.63 6.51 Glamoclija et al.
(2015)
Agaricus - 2.65 4.98 - 1.15 8.78 Glamoclija et al.
Macrosporus (2015)
Agaricus silvaticus | — - 2.65 0.38 0.25 3.72 Barros et al. (2008b)
Agaricus silvicola | — - 6.09 0.47 0.66 7.79 Barros et al. (2008b)
Agaricus - 0.60 0.77 - 0.14 1.5 Reis et al. (2014a)
urinascens var.
excellens
Amanita cesarea | — ND 0.30 - 0.58 0.88 Fernandes et al.
(2015¢)
Amanita curtipes | — 2.3 3.9 - 8.9 15.1 Fernandes et al.
(2015¢)
Armillariella 0.78 - 5.45 - 9.33 15.7 Vaz et al. (2011)
mellea
Auricularia - ND 0.68 - 2.52 3.87 Obodai et al. (2014)

auricula-judae




Boletus aestivalis
Boletus
appendiculatus
Boletus
armeniacus
Boletus edulis

Boletus

erythropus
Boletus regius
Calocybe gambosa

Calvatia
utriformis
Cantharellus
cibarius
Clitocybe odora
Coprinus comatus

ND
ND

ND
ND

0.08

1.72

14.0

ND

1.57

ND

2.93
1.34

23.6

3.46
2.45
1.13

0.15

27.9

6.25
0.27
0.29
ND

13.9
8.33
0.59
0.40
1.84

3.92
4.65

5.62

9.71
12.4
17.7

3.2

4.84

0.66
8.01
7.96
0.40

11.2
6.12
7.77

42.8
541

6.85
6.0

39.7

13.5
14.85
20.9

4.0

34.5

20.9
9.13
8.25
0.40

251

14.5
8.36

43.2
7.25

Heleno et al. (2011)
Heleno et al. (2011)

Pereira et al. (2012)

Barros et al. (2008b)
Heleno et al. (2011)
Fernandes et al.
(2013b)
Fernandes et al.
(2014b)
Grangeia et al.
(2011)
Leal et al. (2013)
Barros et al. (2008b)
Vaz et al. (2011)
Grangeia et al.
(2011)
Barros et al. (2008a)
Barros et al. (2008b)
Vaz et al. (2011)
Vaz et al. (2011)
Stojkovi€ et al.
(2013)

(Continued)



Table 2.6 Contents of soluble sugars and polyols (g 100g~" dry matter) in selected mushroom species (Continued)

Species Arabinose Fructose  Glucose Mannitol Melezitose Trehalose Total sugars Reference

Craterellus - - - 10.7 ND 0.11 10.8 Barros et al. (2008b)
cornucopioides

Flammulina - ND - 5.98 - 15.1 21.1 Pereira et al. (2012)
velutipes

Hericium 6.25 - - 3.86 - 0.68 - Heleno et al. (2015)
coralloides

Hericium 17.5 - - 5.63 - 0.54 - Heleno et al. (2015)
erinaceus

Hydnum - ND ND 13.0 - 4.4 17.4 Fernandes et al.
repandum (2013c¢)

Laccaria laccata ND - - 0.64 - 5.81 6.45 Heleno et al. (2009)

Lactarius - - - 13.7 - 2.7 16.4 Barros et al. (2007a)
deliciosus - 0.18 - 12.0 - 1.4 - Fernandes et al.

(2013b)

Laetiporus - 0.46 - 3.54 - 4.0 8.0 Petrovi€ et al. (2014)
sulphureus

Lepista nuda - - - 0.8 ND 12.0 12.8 Barros et al. (2008a)

Leucopaxillus - - - 1.85 - 6.6 8.45 Barros et al. (2007a)
giganteus

Lycoperdon - - - 0.2 ND 2.6 2.8 Barros et al. (2008a)
perlatum

Macrolepiota - 0.06 - 5.2 1.24 9.1 15.7 Fernandes et al.

procera

(2013a)



Marasmius
oreades
Morchella
esculenta
Pleurotus eryngii
Ramaria botrytis
Russula
cyanoxantha
Russula delica

Russula olivacea

Russula virescens
Suillus granulatus
from Portugal
from Serbia
Suillus variegatus
Termitomyces
robustus
Tricholoma
imbricatum
Tricholoma
portentosum

0.71
ND
ND
0.34
ND
0.23

ND
4.5

7.02
ND
ND

2.42
11.5
1.08
1.40
11.7
16.2
4.28
15.3

10.9
3.33

3.18

ND

4.71
10.5

1.0

0.55

10.5
3.41
5.34

14.2
2.0
1.64
2.83
0.71

0.2

4.86
2.57
4.85
9.92
6.56

21.0

13.5
15.6
6.42
15.6
13.9
18.2
10.3
16.2

111
12.7

12.8
4.85

14.63

171

22.0

Barros et al. (2008b)

Heleno et al. (2013)

Heleno et al. (2013)

Reis et al. (2014a)

Barros et al. (2008a)

Grangeia et al.
(2011)

Fernandes et al.
(2014b)

Grangeia et al.
(2011)

Leal et al. (2013)

Reis et al. (2014b)

Reis et al. (2014b)

Pereira et al. (2012)
Obodai et al. (2014)
Heleno et al. (2009)

Barros et al. (2007a)

(Continued)



Table 2.6 Contents of soluble sugars and polyols (g 100g~" dry matter) in selected mushroom species (Continued)

Species Arabinose Fructose  Glucose Mannitol Melezitose Trehalose Total sugars Reference
Cultivated species
Agaricus bisporus | — 0.03 - 5.6 0.16 5.8 Reis et al. (2012)
white
brown - 0.04 - 4.0 0.22 4.26 Reis et al. (2012)
- 0.97 - 12.1 1.21 14.6 Pei et al. (2014)
- - - 14.9 ND 14.9 Stojkovi€ et al.
(2014)
- ND - 11.3 0.60 11.9 Glamoclija et al.
(2015)
Agaricus - - 2.76 7.94 2.98 18.5 Tsai et al. (2008)
subrufescens
dried powder | — 0.27 - 60.9 5.7 66.9 Carneiro et al.
(2013)
- 0.13 Traces 15.2 1.22 16.5 Li et al. (2014)
_ - - 13.8 0.49 14.3 Stojkovi€ et al.
(2014)
Coprinus comatus | — 0.11 - 1.41 8.75 10.4 Stojkovi€ et al.
(2013)
- Traces Traces 8.39 17.4 25.8 LiW. et al. (2014)
Flammulina - 4.60 - 0.97 2.63 8.2 Reis et al. (2012)
velutipes
Hypsizigus 0.66 0.27 - 2.26 0.98 4.17 Lee et al. (2009)

marmoreus




white
Lentinula edodes

caps
stipes
dried powder

Lentinula
squarrosulus

Oudemansiella
submucida

Pleurotus eryngii

Pleurotus
ostreatus

Pleurotus
sajor-caju

Pleurotus
tuber-regium

Tremella
aurantialba

Traces
0.39
1.79

0.36

0.69
0.67
0.43
ND

0.42

ND
0.03
0.05

ND
0.01
0.30
0.32

ND

2.86

4.34
1.57

6.64
0.97

ND
0.31

1.06
1.43

0.63

8.38
10.0
56.7
34.4
23.3

1.15
2.58
2.90

1.5

0.60
1.17
0.36
0.54
0.87
1.99
0.35

0.89

14.3
2.92
3.38

36.6

40.1

13.2

12.7
0.29
ND

30.2
8.01

30.1
0.27
0.30
4.42

12.7
6.61

1.50

1.66

21.5
14.2
14.1
111.6
125.0
38.3

14.3

31.7
8.64

31.5
1.69

4.97
13.9
8.92

1.85

Wu et al. (2015)
Yang et al. (2001)
Reis et al. (2012)
Chen et al. (2015)
Chen et al. (2015)
Carneiro et al.
(2013)
Obodai et al. (2014)
Zhou et al. (2015)
Zhou et al. (2015)

LiW. et al. (2014)
Reis et al. (2012)

Li et al. (2015)
Yang et al. (2001)
Kim et al. (2009)
Reis et al. (2012)
Obodai et al. (2014)
Obodai et al. (2014)

Obodai et al. (2014)

Zhou et al. (2015)

ND, content below detection limit. In several species, total content is higher than sum of the values for individual sugars due to the occurrence of other

sugars. Total contents are rounded oft to three significant digits.
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Table 2.7 Mannitol and trehalose contents (g 100g~" dry matter) in
preserved and cooked mushrooms

Species Mannitol Trehalose
Dried Frozen Cooked Dried Frozen Cooked

Lactarius 15.4 13.9 10.2 0.9 35 2.2
deliciosus

Macrolepiota 7.8 4.6 7.5 4.1 5.1 ND
mastoidea

Macrolepiota 4.7 6.5 2.3 2.9 7.6 1.2
procera

Sarcodon 19.6 25.3 11.8 6.0 5.0 3.4
imbricatus

Adapted from Barros et al. (2007b). Copyright 2007, American Chemical Society. With
permission.

Dried at 40°C; frozen at —20°C; cooked with olive oil, onions, and salt. ND, content
below detection limit.

Data on changes in sugar content and composition caused by
different mushroom storage and processing conditions have been
limited. Barros et al. (2007b) compared eftects of drying at 40°C,
freezing to —20°C, and cooking with olive oil, onions, and table
salt on the changes in mannitol and trehalose contents in four
species (Table 2.7). Unfortunately, initial data prior to preserva-
tion and cooking were not given. Cooking caused the highest
losses of both the compounds, and the effects of drying and freez-
ing were not significantly different.

Trehalose was the main sugar in P eryngii, accounting for more
than 94% of total soluble sugars. Five drying methods, namely
ambient air drying, hot air drying, freeze, or vacuum or microwave
drying, caused only limited changes in trehalose content. Similar
relative stability was observed in mannitol content (Li et al., 2015).

Difterent data for Macrolepiota procera were reported by
Fernandes et al. (2013a). The mannitol contents were 5.2, 11.4,
4.9, and 5.1¢g 100g_1 DM in fresh, dried (at 30°C), frozen, and
gamma-irradiated fruit bodies, respectively. The respective values
for trehalose were 9.1, 6.8, 3.0, and 10.2¢g 100g_] DM. This and
further reports of a similar nature (Fernandes et al., 2013b,c, 2014a)
demonstrated that gamma irradiation maintained the profile of
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sugars (similarly as of other components) to a greater extent than
traditional preservation by drying or freezing.

2.4.2 Polysaccharides and Dietary Fiber

The major types of mushroom polysaccharides include chitin,
glucans, and heteroglycans. The usual content of reserve poly-
saccharide glycogen, an alpha-glucan also called “animal starch,”
is 5-15% of DM (ie, approximately 0.5-1.5% of fresh weight)
(Dikeman et al., 2005). Some evidence exists that glycogen
together with disaccharide trehalose supply a considerable pro-
portion of carbon for growth of fruit bodies (eg, for mannitol
synthesis). Their peak levels in mycelium are related to the pro-
ductivity of the emerging flush. Glycogen is widely consumed in
human nutrition, mainly in meat and liver. Its low intake from
mushrooms thus seems to be nutritionally unimportant.

Great interest has been focused on specific mushroom struc-
tural polysaccharides, beta-glucans, due to their positive health
effects. Information on these compounds are given in Section 4.2.

The main components of the mushroom cell wall are struc-
tural polysaccharides, which account for up to 80-90% of cell
wall DM. Among them, chitin is characteristic for mushrooms.
[t is a water-insoluble polymer of B-(1—4)-branched N-acetyl-
D-glucosamine units. Partial deacetylation of chitin yields chito-
san. The reported content in T, aestivum was 10.6+ 3.6g 100g™!
DM (Kruzselyi and Vetter, 2014), and in A. bisporus and Lentinula
edodes it was 5-10g 100g™' DM (Manzi et al., 2001; Vetter,
2007), whereas only 2—4g 100g™" DM has been reported for
P ostreatus (Vetter, 2007). These contents are somewhat higher
than the mean levels determined by Nitschke et al. (2011)
in six cultivated species: 9.60, 4.69, 3.16, 1.87, 0.76, and 0.39g
100g™! DM (expressed as chitosan) in E wvelutipes, A. bisporus,
P eryngii, L. edodes, P ostreatus, and Hypsizygus tessulatus, respec-
tively. Nevertheless, it is not reliable to compare chitin contents
determined by various analytical methods. Chitin is insoluble in
most solvents and its direct determination is thus difficult. It can
be quantified indirectly as chitosan or N-acetylglucosamine.
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According to Vetter (2007), significantly higher chitin content
was observed in caps than in stipes of A. bisporus. Moreover, chi-
tin content in the three aforementioned cultivated species seems
to be characteristic for a species and independent for variet-
ies. Its content is lower in wood-rotting species than in saprobic
and ectomycorrhizal ones. Chitin is indigestible for humans, thus
forming an important part of mushroom insoluble dietary fiber.
It seems to be responsible for decreasing the cholesterol pool in
experimental animals ingesting a P ostreatus diet. Chitin appar-
ently decreases the digestibility of other mushroom components.

Dietary fiber is the sum of intrinsic carbohydrates indigestible
in the small intestine. A further component in plant foods is lig-
nin of polyphenolic nature, which is absent in mushrooms. Total
dietary fiber (TDF) consists of soluble and insoluble parts. Soluble
fiber forms a gel with water, which increases viscosity of foods
and chyme. Digestion is slowed, which can lower postprandial
blood glucose, insulin, and cholesterol levels. The insoluble frac-
tion softens stools and increases stool bulk, contributing to good
health conditions of the colon.

It should be noticed here that the analytical methods used for
fiber determination give difterent results and the reported data
should be interpreted cautiously. The reported proportion of TDF
in 12 wild-growing mushroom species varied widely between
5.1% and 40.0% in DM, with mean and median values of 26%
and 30.5%, respectively (Wang et al., 2014). More narrow TDF
variability, with a usual proportion of approximately 30% in DM,
was observed in wild mushrooms collected in India (Table 2.8).
Insoluble dietary fiber amounted, on average, to 60% of TDF
(Nile and Park, 2014). Such data fit well with available infor-
mation for cultivated species. The TDF proportions of 25-30%
have been the most frequent. Lower values of approximately
20% have been reported in T aestivum (Kruzselyi and Vetter,
2014), in cultivated Agaricus spp. (Mattila et al., 2002; Tsai et al.,
2008; Lee et al., 2009; Khan and Tania, 2012), and in cultivated
P eryngii (Cui et al., 2014). An even lower level of 5.6% in DM
was determined by Kovacs and Vetter (2015) in wood-decaying
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Table 2.8 Content of total, insoluble, and soluble dietary fiber
(g 100g~" dry matter) determined by AOAC enzymatic-gravimetric
method in selected wild mushroom species

Species Total dietary  Insoluble Soluble
fiber dietary fiber dietary fiber
Agaricus bisporus 31+ 1.4 14+1.9 2
Auricularia polytricha 32+23 17+ 1.8 3
Boletus edulis 28+ 2.1 13 +£23 3
Cantharellus cibarius 36 + 2.1 20+ 2.4 3
Cantharellus clavatus 36 +1.7 12+ 1.6 4
Helvella crispa 28 +2.4 21 +£3.2 3
Hericium erinaceus 30+2.3 14+12 3
Hydnum repandum 3B3+1.4 17+ 1.8 3
Lactarius sanguifluus 24+141 18+ 1.5 3
Morchella conica 30+ 1.8 16 £3.2 2
Pleurotus sajor-caju 27+21 12+23 2
Sparassis crispa 32+1.6 15+ 15 4

Adapted from Nile and Park (2014). With permission.

L. sulphureus. On the contrary, Heleno et al. (2015) determined
TDF to be more than 40% in DM and determined the propor-
tion of indigestible fiber to be more than 90% in Hericium coralloi-
des and H. erinaceus.

Cooking increased the TDF proportion in DM as compared
with raw mushrooms. The proportion of chitin ranged between
8% and 32% of TDF in several tested species, with Boletus spp.
being richest (Manzi et al., 2001, 2004). Preservation treatment
of air-dried B. edulis and M. procera with electron beam irradiation
up to a dose of 10kGy had only limited effect on both insoluble
and soluble fiber of B. edulis, whereas increasing doses decreased
the content of the insoluble fraction and increased the soluble
fraction in M. procera. However, both irradiated species remain a
good source of dietary fiber (Fernandes et al., 2015b).

Heteroglycans are further components of dietary fiber. They
have been characterized insufficiently. An illustration of their com-
ponents is seen from the data in Table 2.9. Glucose and glucos-
amine prevail considerably, followed by mannose and uronic acids.



Table 2.9 Proportion of total dietary fiber (TDF; % of dry matter) and monosaccharide composition of total dietary fiber (%
of total polysaccharides). The values were determined by Uppsala Methods

Species TDF Rhamnose  Xylose Mannose Galactose Glucose Glucosamine Uronic acids
Lentinula edodes

Caps 324 |ND 1.92 5.21 3.30 70.8 15.0 3.75

Stipes 40.0 ]0.65 1.47 5.23 1.77 73.9 13.9 3.12
Pleurotus sajor-caju

Caps 29.1 ND 1.14 5.12 3.47 78.2 7.90 417

Stipes 309 | ND 0.62 3.77 2.01 82.8 6.50 4.34
Volvariella volvacea

Caps 22.8 ND ND 6.22 4.48 70.5 13.9 491

Stipes 24.3 ND ND 6.01 4.11 72.0 13.1 4.73

Adapted from Cheung (1996). Copyright 1996, American Chemical Society. With permission.
ND, content below detection limit.
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The recommended daily intake of TDF is 30g for an adult.
Mushrooms are thus a suitable source of dietary fiber, particularly its
prevailing insoluble part, which is commonly insufficient in human
nutrition. One portion comprising 100g of fresh mushrooms pro-
vides approximately 10% of the recommended daily intake.

2.5 MAJOR MINERALS

Crude ash consists of seven major elements, which quantitatively
highly prevail, and of tens of trace elements commonly occurring
at the level up to 50mg/kg of FM for each of them. Information
on trace elements is given in Section 3.9 and information on
radioactive ones is given in Section 5.7.

Mushrooms usually contain 5-12g of ash 100g™' DM (ie,
approximately 0.5-1.2g in 100g FM). Such an extent is typical
for cultivated species (Table 2.2), whereas contents more than
20g 100g™! DM were reported for several wild-growing species
(Table 2.1). This probably results from the greater variability of
substrates in nature. Nevertheless, as shown by data of Table 2.10,
variability in ash contents (except for Craterellus cornucopioides)
seems to be lower than in other major components (eg, in crude
protein as shown in Table 2.3).

The wusual major mineral elements contents are given in
Table 2.11 and information on variability of three elements are
given in Table 2.12.The levels of cultivated species are usually in the
lower ranges. Potassium is by far the main major mineral element,
followed by phosphorus. The sodium and calcium contents are low.
The vast data for more than 400 wild species, not exceeded until
now, were published by the laboratory of Professor Ruth Seeger
from the University of Wiirzburg, Germany, in the 1970s and 1980s.
Data on four alkaline metals have been supplemented until now, and
information on sulfur and particularly chlorine has been limited.

Potassium is not distributed evenly within fruit bodies. Its
content decreases in the following order: cap > stipe > spore-
forming part > spores. Potassium levels are between 20- and



46 Edible Mushrooms

Table 2.10 Variability of ash content in several mushroom species
Species Number Mean Standard Relative
of samples (% ofdry deviation (% standard
matter) of dry matter) deviation (%)

Armillariella 6 15.15 1.44 9.5
mellea

Boletus edulis 10 7.45 0.68 9.1

Cantharellus 8 19.96 4.60 23.0
cibarius

Clitocybe 6 10.89 1.09 10.0
nebularis

Craterellus 6 16.90 8.10 47.9
cornucopioides

Leccinum scabrum 9 11.53 1.22 10.6

Marasmius oreades | 3 11.71 0.51 4.35

Xerocomus 7 10.54 0.15 1.4
subtomentosus

Adapted from Vetter (1993a). With permission.

Table 2.11 Usual content (mg 100g~" dry matter) of major mineral
elements in wild-growing mushrooms

Element Usual content
Sodium 10—40
Potassium 2000—4000
Calcium 20-100
Magnesium 80-180
Phosphorus 500-1000
Sulfur 100-300
Chlorine 100-600

40-fold higher in fruiting bodies than in underlying substrates.
Bioaccumulation has not been observed for sodium and calcium.
Magnesium contents in fruit bodies were even lower than in
substrates.

The total phosphorus content of 825 samples was reported
by Quinche (1997). Significantly differing mean levels were 610
and 1370mg 100g™! DM in 51 ectomycorrhizal and 42 saprobic



Table 2.12 Variability in three major minerals (mg 100g~" dry matter)
Species n Phosphorus Potassium Calcium

Mean SD RSD Mean SD RSD Mean SD RSD

Armillariella mellea 6 1100 140 13.2 3890 420 10.8 34 4 11.7
Boletus edulis 10 720 140 19.4 2870 460 16.0 21 2 9.5
Cantharellus cibarius 8 670 100 14.9 3900 590 15.1 27 6 22.2
Clitocybe nebularis 6 1670 140 8.3 3360 200 5.9 26 4 15.3
Craterellus cornucopioides 6 630 50 7.9 3710 530 14.2 24 4 16.6
Leccinum scabrum 9 690 120 17.4 3150 180 5.7 18 6 33.3
Marasmius oreades 3 690 207 30.0 2080 690 33.3 25 6 24.0
Xerocomus subtomentosus 7 840 125 14.8 3110 340 10.9 23 1 4.3

Adapted from Vetter (1993a). With permission.
n, number of samples; SD, standard deviation (mg 100 g_1 dry matter); RSD, relative standard deviation (%).
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species, respectively. Usual contents were 500-700mg 100g™
DM in the Boletaceae family, whereas usual levels were 1300—
2300mg 100g™! DM in the genus Lepista. The tested species
accumulated phosphorus in their bodies at contents between
10- and 50-fold higher than in the underlying substrates.

Mean total sulfur content 220+ 110mg 100g™" DM was
found in eight widely consumed wild species, with ranges
between 90 and 440mg 100g™! DM for A. rubescens and
Xerocomus chrysenteron, respectively. Although the difterences in
sulfur content were highly significant among the tested species,
insignificant differences were observed between caps and stipes
(Rudawska and Leski, 2005). In a more recent article on 27 wild
species from Canada, there was a reported mean total sulfur con-
tent of 263+ 91mg 100g~! DM. The minimum and maximum
levels of 73 and 1387 mg 100g™! DM were observed in Hydnum
repandum and B. edulis, respectively (Nasr et al., 2012).

Recent partial reviews on major mineral elements are available
for Chinese wild species (Wang et al., 2014) and species of the
genus Pleurotus (Khan and Tania, 2012). The collated data were
inserted into the values of Table 2.10. The latter review reports
surprisingly high sodium contents in Pleurotus flabellatus and a low
level of potassium in Pleurotus tuber-regivm.

Caglarirmak (2009) studied changes in ash and five major ele-
ments during three flushes of cultivated brown A. bisporus (por-
tobello). Although ash, phosphorus, and sodium contents did not
change significantly, calcium and magnesium contents decreased,
and that of potassium increased between the first and third flush.
Similarly, as mentioned for potassium, the major elements are
distributed unevenly within a fruit body. The contents are usu-
ally higher in caps than in stipes; however, an inverse relation was
observed for calcium and sodium in Agaricus subrufescens (Gyorfi
et al., 2010).

Generally, ash content of mushrooms is higher than or com-
parable with that of most vegetables. This particularly applies to
phosphorus and potassium, whereas sodium and calcium levels
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are often lower than that in vegetables. Nevertheless, information
on the bioavailability of the essential major elements from mush-
rooms has been lacking.

2.6 VITAMINS AND PROVITAMINS

The contents of vitamins and provitamins as their precursors are
discussed according to the traditional classifications of fat-soluble
and water-soluble groups.

2.6.1 Fat-Soluble Vitamins and Provitamins

Data are presented in Table 2.13. Beta-carotene contents, as the
most potent precursor of vitamin A, are low, commonly between
non-detectable level and 0.6mg 100g™' DM. Generally, the
occurrence of carotenoids in mushrooms is considerably lower
than in plants (see Section 3.2). Information on mushroom beta-
carotene bioavailability in the human intestinal tract has been
lacking. Thus, the nutritional contribution of mushroom beta-
carotene seems to be marginal.

On the contrary, mushroom ergosterol, the provitamin of vita-
min D, (ergocalciferol), is nutritionally significant. Its content is
highest among mushroom sterols (mycosterols) (see Section 3.5)
and varies widely from tens to several hundreds of mg 100g™" DM
(Table 2.13). Carvalho et al. (2014) reported a somewhat higher
mean content of 103mg 100g™" FM (ie, approximately 1000 mg
100g™! DM) in 12 edible wild species. The content of free ergos-
terol in both white and brown cultivated A. bisporus varied, with
a range of 204—482mg 100g™" DM. A higher level was observed
in early growth stages, but the level decreased as the fruit bodies
grew. Ergosterol was distributed evenly between caps and stems
during early developmental stages but increased in caps after mat-
uration (Shao et al., 2010).

Ergosterol occurs in two main forms, free and esterified with
acids as ergosteryl esters. Free molecules participate in fluidity,
permeability, and integrity of the cell membranes while the esters



Table 2.13 Content of fat-soluble provitamin ergosterol (mg 100g~" dry matter) and tocopherols (ug 100g~" dry matter)
in selected mushroom species

Species Ergosterol Tocopherols Reference
Alpha-  Beta- Gamma- Delta- Total

Wild-growing species
Agaricus albertii - ND ND ND ND ND Reis et al. (2014a)
Agaricus arvensis - 7.0 115 ND ND 122 Barros et al. (2008¢)
Agaricus bitorquis - 5.1 ND 11 18.8 34.9 Glamoclijja et al. (2015)
Agaricus campestris - 10 30 40 30 110 Pereira et al. (2012)

- 6.4 ND 110 ND 116.4 Glamoclija et al. (2015)
Agaricus macrosporus | — 4.1 ND 26.9 ND 31.0 Glamoclijja et al. (2015)
Agaricus romagnesii - ND 129 ND ND 129 Barros et al. (2008¢)

- 130 193 ND ND 323 Barros et al. (2008¢)
Agaricus silvicola - 48.7 67.7 ND ND 116.4 Barros et al. (2008b)
Agaricus urinascens - ND ND ND ND ND Reis et al. (2014a)

var. excellens

Amanita caesarea 231 - - - - - Barreira et al. (2014)

- 6.4 ND 100 34 140 Fernandes et al. (2015¢)
Amanita curtipes - 4.0 ND 40.0 4.1 48 Fernandes et al. (2015¢)
Armillariella mellea - 9.1 ND 58.0 ND 67.1 Vaz et al. (2011)
Boletus aestivalis - 10 ND 2520 ND 2530 Heleno et al. (2011)
Boletus appendiculatus | — 14 ND 566 29 609 Heleno et al. (2011)




Boletus edulis

Boletus erythropus
Boletus regius
Calocybe gambosa

Calvatia utriformis
Cantharellus cibarius

Cantharellus
tubaeformis

Clitocybe odora

Coprinus comatus

Craterellus
cornucopioides

32
12

17
1.5
361
6.0
15.8

8.7

12

18.2
22.8
13.2
24
115

890
ND

ND
ND
20

ND

ND

3.0

ND
ND
ND
155
ND

142
517

20
17.6
403
14
119

56.4

3.0

117
124
ND
8.0
62

ND
51

57

ND
ND
ND
24.7

ND

ND

54.5
154

31.8
ND

17

1064
580

94
19.1
764
40.0
160

65.1

18.0

190
301
45.0
187
194

Teichmann et al. (2007)
Barros et al. (2008b)
Heleno et al. (2011)
Barreira et al. (2014)
Villares et al. (2014)
Fernandes et al. (2014b)
Grangeia et al. (2011)
Leal et al. (2013)
Barros et al. (2008b)
Vaz et al. (2011)
Villares et al. (2014)
Grangeia et al. (2011)
Teichmann et al. (2007)
Barros et al. (2008b)
Barreira et al. (2014)
Villares et al. (2014)
Teichmann et al. (2007)

Vaz et al. (2011)

Vaz et al. (2011)
Stojkovi€ et al. (2013)
Barros et al. (2008b)
Liu et al. (2012)
Villares et al. (2014)

(Continued)



Table 2.13 Content of fat-soluble provitamin ergosterol (mg 100g~" dry matter) and tocopherols (ug 100g~" dry matter)
in selected mushroom species (Continued)

Species Ergosterol Tocopherols Reference
Alpha-  Beta- Gamma- Delta- Total
Fistulina hepatica - 12 173 41 ND 226 Heleno et al. (2010)
108 - - - - - Barreira et al. (2014)
Flammulina velutipes | — 10 30 ND 20 60 Pereira et al. (2012)
Gyromitra esculenta - 2.2 ND 11.5 99.1 112.8 Leal et al. (2013)
Hydnum repandum - ND ND 51 ND 51 Heleno et al. (2010)
Hygrophorus 681 - - - . - Villares et al. (2014)
marzuolus
Laccaria amethystea - 5.0 109 83 ND 197 Heleno et al. (2010)
637 212 ND 49 1 272 Liu et al. (2012)
Laccaria laccata - 22 706 57 19 804 Heleno et al. (2010)
Lactarius deliciosus 84 - - - - Kalogeropoulos et al. (2013)
55 - - - - - Barreira et al. (2014)
32 - - - - - Villares et al. (2014)
Lactarius sanguifluus 197 - - - - - Kalogeropoulos et al. (2013)
Laetiporus sulphureus | — 109 ND 62.1 18.4 190 Petrovi€ et al. (2014)
Lycoperdon echinatum | — 9.4 48.2 73.9 ND 131.5 Grangeia et al. (2011)
Macrolepiota procera 118 - - - - - Barreira et al. (2014)
Marasmius oreades - 6.0 19 130 ND 155 Barros et al. (2008b)
Morchella esculenta - 2.4 ND 12.4 48.9 63.7 Heleno et al. (2013)
43 - - - - - Barreira et al. (2014)
Pleurotus eryngii - 6.8 48.2 31.6 ND 86.6 Reis et al. (2014a)




Russula cyanoxantha | — 10.5 ND 21.9 6.5 38.9 Grangeia et al. (2011)
Russula delica - ND - 10.7 15.3 26.0 Fernandes et al. (2014b)
Russula olivacea - 11.8 ND 11.8 26.2 49.8 Grangeia et al. (2011)
Russula virescens - 20.0 21.3 8.0 ND 49.3 Leal et al. (2013)
Suillus granulatus - 17.9 175 ND 102 295 Reis et al. (2014b)
from Portugal
from Serbia N 6.8 180 13.6 19.8 220 Reis et al. (2014b)
Suillus luteus - 1270 - 240 ND 1510 Jaworska et al. (2014)
Suillus variegatus - 20 ND 1440 ND 1460 Pereira et al. (2012)
Titber aestivum 186 - - - . - Villares et al. (2012)
Tisber indicum 137 - - - . - Villares et al. (2012)
Titber melanosporum 190 - - - . - Villares et al. (2012)
Cultivated species
Agaricus bisporus - 75 166 ND ND 241 Barros et al. (2008b)
white 474 - - — - - Teichmann et al. (2007)
- 2.6 9.7 17.3 29.8 59.4 Reis et al. (2012)
352 - - — - - Barreira et al. (2014)
642 - - — - - Villares et al. (2014)
- 3.1 Traces ND ND 3.2 Jaworska et al. (2015)
brown 399 - - — - - Teichmann et al. (2007)
- Reis et al. (2012)
77 - - — - - Barreira et al. (2014)
139 3.9 ND 9.6 35.2 48.7 Stojkovi€ et al. (2014)
- ND 25.3 ND ND 25.3 Glamoclija et al. (2015)

(Continued)



Table 2.13 Content of fat-soluble provitamin ergosterol (mg 100g~" dry matter) and tocopherols (ug 100g~" dry matter)
in selected mushroom species (Continued)

Species Ergosterol Tocopherols Reference
Alpha-  Beta- Gamma- Delta- Total
Agaricus subrufescens | — 77.8 ND 46.5 ND 124.3 Carneiro et al. (2013)
dried formulation | 89 10.1 ND 562 ND 572 Stojkovi€ et al. (2014)
Coprinus comatus - ND 376 166 46.7 589 Stojkovi€ et al. (2013)
Flammulina velutipes | — 0.2 ND 1.3 ND 1.5 Reis et al. (2012)
189 - - - - - Barreira et al. (2014)
Lentinula edodes 495 - - - - - Teichmann et al. (2007)
- 0.5 ND 2.7 2.2 5.4 Reis et al. (2012)
dried formulation |- 1.0 31.3 ND ND 32.3 Carneiro et al. (2013)
217 - - - - - Barreira et al. (2014)
364 - - - - - Villares et al. (2014)
Pleurotus eryngii - 0.2 2.0 1.7 0.6 4.5 Reis et al. (2012)
187 - - - - - Barreira et al. (2014)
Pleurotus ostreatus 419 - - - - - Teichmann et al. (2007)
- 0.3 0.9 9.1 3.0 13.3 Reis et al. (2012)
104 - - - - - Barreira et al. (2014)
331 - - - - - Villares et al. (2014)

ND, content below detection limit.
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are stored in the hydrophobic core of cytosolic lipid particles and
play a role in sterol homeostasis. The ratio of free and esterified
ergosterol in the cell is regulated by several factors.

Ultraviolet (UV) light is necessary for the biotransformation
of ergosterol to vitamin D,. Ultraviolet light is classified into three
regions: A, B, and C, with wavelengths of 400-315nm, 315-280nm
(boundary of 320nm is sometimes used), and less than 280nm,
respectively. Limited data reported higher levels of vitamin D, in
wild mushrooms exposed to more intensive daylight than in mush-
rooms cultivated under a roof. Existing research studies (eg, Ko
et al., 2008; Krings and Berger, 2014; Roberts et al., 2008) have
tested the effect of UV-B irradiation of various intensity for several
minutes on vitamin D, formation in main cultivated species. The
results indicated immediate vitamin D, formation up to several
mg 100g~! DM. The exposed area of the mushrooms and light
intensity were shown to be the important factors because UV
light penetrates food materials only a few millimeters, depend-
ing on the optical properties of the food. The highest effectiveness
of vitamin D, formation was observed in mushroom slices, fol-
lowed by gill side of intact fruit bodies. Similarly, a single layer and
even distribution were more efficient dispositions than packaging
together in layers. Also, UV-B exposure of A. bisporus just prior to
harvest (Kristensen et al., 2012) and postharvest pulsed UV light
treatment for a few seconds (Kalaras et al., 2012) were very eftec-
tive in the formation of vitamin D,. The latter treatment did dot
adversely affect quality parameters. Such a point of view has to
be considered due to possible formation of free radicals caused by
UV irradiation. Another procedure, exposure of P ostreatus freeze-
dried powder to UV-B, produced remarkably higher levels of vita-
min D, during a much shorter application time than in fresh fruit
bodies (Wu and Ahn, 2014).

High gamma irradiation doses of 5-10kGy increased vitamin
D, content in A. bisporus two-fold to three-fold as compared to
the level of 224mg 100g™" in the nonirradiated control (Tsai
et al., 2014).
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Moreover, vitamin D, (22-dihydroergocalciferol) was deter-
mined in both wild and cultivated species, particularly following
UV irradiation, but with lower contents than ergosterol (Phillips
et al., 2012).

It should be considered that vitamin D, is degraded in UV-B-
treated mushrooms during the storage period. Roberts et al.
(2008) observed in brown A. bisporus (portobello) apparent first-
order kinetics, with the degradation rate constant being 0.025h™".

The daily dietary allowance of 15 pg (600 IU; 1 TU= 0.025 pg)
of vitamin D is usually recommended in Europe and the United
States. There is increasing evidence that populations in areas with
limited exposure to sunlight, especially during the winter season,
suffer from latent vitamin D deficiency. Among the more endan-
gered groups are vegans and vegetarians, because 7-dehydrocho-
lesterol, the natural precursor of vitamin Dj3, occurs only in foods
of animal origin. Moreover, melanin in dark-skinned individuals
inhibits UV light penetration. Under such conditions the nutri-
tional contribution of edible mushrooms increases and comprises
the only nonanimal source of vitamin D. Thus, UV-B-irradiated
mushrooms become a valuable and safe source of vitamin D, for
vitamin D-deficient individuals (Calvo et al., 2013; Simon et al.,
2013; Urbain et al., 2011).

A distinct situation was observed in healthy adults. Consuming
UV-treated white A. bisporus or purified vitamin D, with untreated
mushrooms provided good absorption of the vitamin and its
transformation to the active 25-hydroxyergocalciferol. However,
vitamin D status in blood serum was not affected due to the pro-
portional decrease of 25-hydroxycholecalciterol, the active form of
vitamin Dj (Stephensen et al., 2012). Only a limited increase of
serum 25-hydroxyergocalciferol was observed in an experimental
prediabetic overweight/obese adult cohort deficient in vitamin D
following daily consumption of various combinations and doses of
untreated/UV-B-treated cooked mushrooms and vitamin D,/Dj;
supplements for 16 weeks (Mehrotra et al., 2014).
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Vitamin E is the overall term for sum of four tocopherols
(a- to 8-) and four tocotrienols (a- to 8-). The latter compo-
nents have not yet been reported in mushrooms at detectable
levels. Vitamin E is the most efficient, natural, fat-soluble anti-
oxidant and protects cell membrane lipids against their oxidation.
Alpha-tocopherol is biologically the most efficient, and the activ-
ity of further tocopherols decreases in the following order: - >
Y- > 0-. The recent recommended daily intake is approximately
20-30mg. From this point of view (data for total tocopherols
presented in Table 2.13), usually tens to hundreds of pg per 100 g
DM (ie, 10-times less in FM) classify mushrooms as food items
with low vitamin E content and nutritional contribution.

Moreover, there is wide variability among the individual tocoph-
erols contents and compositions in various species (Table 2.12), even
though most of the data originate from the same laboratory, and
thus demands further research.

2.6.2 Water-Soluble Vitamins

The informative data on six water-soluble vitamins are presented
in Table 2.14. Nevertheless, the range of the analyzed species
has been limited and future data may contribute some correc-
tive information. Unfortunately, information on expectable losses
during preservation, storage, and cooking treatments and on bio-
availability has been lacking.

Literature data on ascorbic acid (vitamin C) mostly report
contents between 100 and 400mg 100g™" DM (ie, approximately
10-40mg 100g™") in fresh mushrooms. This is comparable with
potatoes, but lower than in most vegetables. Losses during storage,
under usual preservation methods, and during cooking treatments
have to be supposed.

Within the vitamins of the B group, the contents of niacin
(vitamin PP or Bj) are similar to usual levels in common veg-
etables; those of riboflavin (vitamin B,) are lower. As compared to
other vegetables, mushrooms are poorer in thiamin (vitamin B))



Table 2.14 Mean contents of water-soluble vitamins (mg or pg 100g~" dry matter)

Species Ascorbic  Thiamine Riboflavin Folates Cyanocobalamin Niacin/ Reference
acid niacinamid
Vitamin C Vitamin B; Vitamin B, VitaminBy VitaminB,, Vitamin PP
(mg) (mg) (mg) (mg) (h9) or B3 (mg)
Wild-growing species
Cantharellus cibarius | — - - - 1.46 - Watanabe et al. (2012)
Craterellus - - - - 2.19 Watanabe et al. (2012)
corncopioides
Suillus luteus 25.6 1.1 3.9 - - 35 Jaworska et al. (2014)
Cultivated species
Agaricus bisporus 19 0.6 5.1 0.45 0.8 43 Mattila et al. (2001)
white - - - - 1.01 - Furlani and Godoy (2007)
- 1.05 3.6 - - - Berna$ and Jaworska (2015)
7.2 0.9 5.5 - - 24 Jaworska et al. (2015)
brown 21 0.6 4.2 0.59 0.6 53 Mattila et al. (2001)
Lentinula edodes 25 0.6 1.8 0.3 0.8 31 Mattila et al. (2001)
- - - 0.66 - - Furlani and Godoy (2007)
- - - - 5.6 +3.9° - Bito et al. (2014)
- - - - 4.2 +2.4° - Bito et al. (2014)
Pleurotus ostreatus 20 0.9 2.5 0.64 0.6 65 Mattila et al. (2001)
- - - 0.79 - - Furlani and Godoy (2007)
28-35 1.9-2.0 1.8-5.1 0.3-0.7 - 30-65 Khan and Tania (2012)
5.9 0.3 1.6 - - 10 Jaworska et al. (2015)

*Dried Donko-type fruit bodies with closed caps.
Dried Koushin-type fruit bodies with open caps.
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and folate (vitamin By). Information on pyridoxine (vitamin By)
has been very limited. Contents of 0.95 and 0.07mg 100g™! FM
were determined in cultivated white A. bisporus and P ostreatus,
respectively. Pyridoxine highly prevailed in A. bisporus, whereas
the same levels of pyridoxine and pyridoxamine were found in
P ostreatus. Pyridoxal was a minor component in both species
(Jaworska et al., 2015). Losses of thiamin and riboflavin at levels
of 14-65% and 3—13% of the initial contents in fresh P ostreatus,
respectively, were reported after 12 months of storage at —25°C.
The difterences were caused by various preprocessing of fruit
bodies prior to storage (Jaworska and Berna$, 2009). Significant
losses in thiamin, riboflavin, niacin, and pyridoxine were observed
during blanching, stewing, and subsequent storage of A. bisporus
and P, ostreatus (Jaworska et al., 2015).

Vitamin By, usually restricted to cyanocobalamin, is synthe-
sized by certain bacteria present in animal organisms. Animal
foods are thus considered to be the major dietary sources. Typical
levels of vitamin By, in foods range from low pg kg™! for cheese
and fish to hundreds of pg kg™! for liver. Vegans and vegetarians
thus have an elevated risk for vitamin Bj, deficiency. As shown
in Table 2.14, considerable contents were observed in C. cibarius
and C. cornucopioides, and even higher contents were found in
L. edodes. The determined compound was identified as authentic
vitamin By, (cyanocobalamin), not pseudovitamin Bj,, occur-
ring in some edible algae, which is inactive in humans (Watanabe
et al., 2012).Vitamin By, production in mushrooms independent
of bacteria is controversial. It has been suggested that cyanoco-
balamin is produced by microorganisms living in substrate and
on the surface of mushrooms. Higher vitamin By, contents were
detected in the outer peel of A. bisporus than in other parts of
the mushroom (Koyyalamudi et al., 2009). Bito et al. (2014) con-
cluded that vitamin B, found in dried L. edodes (Table 2.14) had
been derived from bed logs used for the cultivation.

Very high losses of approximately 75% of the initial content
of ascorbic acid, thiamine, and riboflavine caused usual stewing of
Suillus luteus. Cold storage of the stewed mushrooms led to fur-
ther losses (Jaworska et al., 2014).
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Opverall, mushrooms have been often popularized as a good
source of vitamins (or provitamins). However, the information
should be limited to ergosterol, vitamin D5, and vitamin By,.
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Edible mushrooms contain low concentrations of numerous
compounds of various chemical structures and, thus, diversified
biological properties. The constituents affecting sensory properties
together with compounds showing both favorable and adverse
effects (eg, various trace elements) are presented in this chapter.
The constituents with obvious health-stimulating or deleterious
effects are described in the following chapters.

3.1 TASTE AND FLAVOR COMPONENTS

The specific taste of edible mushrooms originates from various
combinations of water-soluble substances such as free amino acids
(Table 3.1), 5'-nucleotides (Table 3.2), sugars and polyols, and
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Table 3.1 Content of free amino acids (mg g~' dry matter) affecting the taste of fresh mushrooms

Species MSG-like Sweet Bitter Tasteless Total Reference
Wild-growing species
Agaricus campestris 35.0 16.9 5.77 5.27 62.9 Beluhan and Ranogajec (2011)
Amanita rubescens 0.58 4.88 1.64 0.61 10.3 Ribeiro et al. (2008a)
Boletus edulis 1.24 1.35 3.49 2.89 8.97 Tsai et al. (2008)
0.75 10.2 2.47 0.84 227 Ribeiro et al. (2008a)
39.4 19.1 5.86 5.46 69.8 Beluhan and Ranogajec (2011)
Calocybe gambosa 25.9 11.7 7.41 4.20 49.2 Beluhan and Ranogajec (2011)
Cantharellus cibarius 0.89 2.45 0.73 0.86 7.37 Ribeiro et al. (2008a)
30.1 14.3 10.2 5.74 60.3 Beluhan and Ranogajec (2011)
Craterellus cornucopioides 45.9 7.08 7.85 4.71 65.5 Beluhan and Ranogajec (2011)
Flammulina velutipes 7.63 7.52 7.00 5.72 27.9 Beluhan and Ranogajec (2011)
Macrolepiota procera 33.8 8.19 6.68 4.13 52.8 Beluhan and Ranogajec (2011)
Pleurotus ostreatus 41.3 13.8 6.24 4.65 66.0 Beluhan and Ranogajec (2011)
Russula cyanoxantha 0.58 4.97 3.62 0.44 12.2 Ribeiro et al. (2008a)
Suillus granulatus 0.17 2.00 1.83 0.29 5.21 Ribeiro et al. (2008a)
Suillus luteus 1.58 4.66 1.43 0.39 8.94 Ribeiro et al. (2008a)
Terfezia claveryi 0.17 0.50 2.74 0.37 3.78 | Kivrak (2015)
Tetfezia olbiensis 0.16 0.43 2.37 0.41 3.37 | Kivrak (2015)
Tricholoma equestre 1.06 10.3 1.72 3.16 20.3 Ribeiro et al. (2008a)
Cultivated species
Agaricus bisporus 34.1 51.1 4.67 5.15 95.0 Kim et al. (2009)
20.9 23.2 10.1 5.11 59.3 Liu et al. (2014)
9.00 6.42 233 5.48 44.2 Pei et al. (2014)
Agaricus subrufescens 4.40 2.62 4.73 3.16 14.9 Tsai et al. (2008)
28.7 49.4 10.7 4.90 93.7 Kim et al. (2009)
2.97 7.00 7.85 4.90 22.7 Li et al. (2014b)
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MSG-like (monosodium glutamate-like): aspartic acid + glutamic acid.
Sweet: alanine + glycine + serine + threonine + proline.

Bitter: arginine + histidine + valine + leucine + isoleucine + methionine 4+ phenylalanine.

Tasteless: lysine + tyrosine + cysteine.
Note: Although values of total free amino acids cited by Ribeiro et al. (2008a) also comprise asparagine, glutamine, tryptophan, and
threonine, data of other authors comprise only the free amino acids listed here.



Table 3.2 Content of total and flavor 5'-nucleotides (mg g~ dry matter) affecting taste of fresh mushrooms and

equivalent umami concentration (EUC; g monosodium glutamate 100g~" dry matter)

Species Total Flavor EUC Reference
5’-nucleotides 5’-nucleotides

Wild-growing species
Agaricus campestris 3.91 1.29 992 Beluhan and Ranogajec (2011)
Boletus edulis 2.76 2.01 10.5 Tsai et al. (2008)

4.65 1.63 1186 Beluhan and Ranogajec (2011)
Calocybe gambosa 7.07 1.01 641 Beluhan and Ranogajec (2011)
Cantharellus cibarius 2.01 0.38 249 Beluhan and Ranogajec (2011)
Craterellus cornucopioides 35.4 13.9 121 Beluhan and Ranogajec (2011)
Flammulina velutipes 7.96 1.05 73.8 Beluhan and Ranogajec (2011)
Macrolepiota procera 4.55 0.52 318 Beluhan and Ranogajec (2011)
Morchella elata 20.4 5.32 79.5 Beluhan and Ranogajec (2011)
Pleurotus ostreatus 6.04 3.43 151 Beluhan and Ranogajec (2011)
Cultivated species
Agaricus bisporus 12.9 7.02 - Liu et al. (2014)

5.35 0.68 751 Pei et al. (2014)
Agaricus subrufescens 8.00 5.15 136 Tsai et al. (2008)

3.58 1.47 88.4 Li et al. (2014b)
Agrocybe cylindracea 8.56 2.44 46.7 Tsai et al. (2008)

2.32 0.62 45.4 Li et al. (2014b)
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Flavor 5'-nucleotides: 5'-guanosine monophosphate 4+ 5’-inosine monophosphate 4+ 5’-xanthosine monophosphate.
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carboxylic acids. Typical mushroom flavor (smell, aroma) consists
of both volatile and nonvolatile components. Flavor is an impor-
tant factor in the popularity of mushroom consumption.

3.1.1 Taste

Numerous mushroom compounds participate in the four basic
tastes: sour, sweet, bitter, and salty. In particular, carboxylic acids
(Section 3.3, Table 3.3) contribute to sour taste, and sugars, poly-
ols (Section 2.4.1, Table 2.6), and several free amino acids (alanine,
glycine, serine, and threonine) form a sweet taste. It is difficult to
evaluate and generalize data regarding amino acids from Table 3.1.
The available contents determined by difterent laboratories vary
up to one order of magnitude in some species (eg, in Boletus edulis,
Agaricus subrufescens, or Pleurotus ostreatus). A greater impact on
sweet taste is caused by disaccharide trehalose and polyol manni-
tol occurring at considerably higher contents than the free amino
acids. The most numerous group of free amino acids with a bitter
taste comprises arginine, histidine, isoleucine, leucine, methio-
nine, phenylalanine, and valine. The differences in their content
reported by different laboratories are not as wide as those in the
previous group. The highest content was observed in cultivated
Hypsizygus marmoreus and among wild species in Cantharellus cibar-
ius. Sweet compounds can probably mask the bitterness of the bit-
ter components.

The fifth taste perceived in the mouth is the umami taste. It
is also called the palatable taste or the perception of satisfaction,
which is induced or enhanced by monosodium glutamate (MSG)
and three 5'-nucleotides, namely monophosphates of guanosine,
inosine, and xanthosine. 5'-Guanosine monophosphate elicits a
meaty flavor that is much stronger than MSG. Two free amino
acids, glutamic acid and aspartic acid, cause a palatable MSG-like
taste of mushrooms. However, glutamine and asparagine produce
sour and sweet tastes, respectively, not the umami taste (Kawai
et al., 2012). According to the data collated in Table 3.1, great dif-
ferences occur in the content of MSG-like tasting amino acids



Table 3.3 Content of aliphatic acids (mg 100g~" dry matter) in selected mushroom species

Species Oxalic  Succinic Fumaric Malic Citric Quinic  Reference
acid acid acid acid acid acid
Wild-growing
Agaricus albertii 620 160 1390 710 650 Reis et al. (2014a)
Agaricus bitorquis 4050 230 4400 |ND ND Glamoclija et al. (2015)
Agaricus campestris 3470 650 4440 2390 | ND Glamoclija et al. (2015)
Agaricus macrosporus 260 200 1740 360 | 2590 Glamoclija et al. (2015)
Agaricus urinascens var. excellens 870 100 760 500 |- Reis et al. (2014a)
Amanita cesarea 170 320 1100 |- - Fernandes et al. (2015)
Amanita curtipes 270 260 1500 |- - Fernandes et al. (2015)
Amanita rubescens 149 12.8 206 1180 1360 |- Ribeiro et al. (2008b)
Armillariella mellea - - 1685 1790 |- Ayaz et al. (2011)
Boletus appendiculatus 2080 30 8570 | ND - Barros et al. (2013)
Boletus edulis 66 6.4 3.1 882 217 |- Ribeiro et al. (2008b)
- - 493 2150 |- Ayaz et al. (2011)
602 221 1730 | ND - Barros et al. (2013)
650 22 ND 4100 | ND Fernandes et al. (2014)
Boletus regius 170 70 ND 3320 |- Leal et al. (2013)
Calocybe gambosa 1190 51 2440 | ND - Barros et al. (2013)
Cantharellus cibarius 131 163 3870 1200 |- Barros et al. (2013)
Coprinus comatus 492 848 2030 | ND - Barros et al. (2013)
680 650 4080 11,840 | 3370 Stojkovi€ et al. (2013)
- 1540 5400 2390 6000 |- Li et al. (2014b)

(Continued)



Table 3.3 Content of aliphatic acids (mg 100 g‘1 dry matter) in selected mushroom species (Continued)

Species Oxalic Fumaric Malic  Citric Quinic  Reference
acid acid acid acid acid
Craterellus cornucopioides 329 259 2780 | ND - Barros et al. (2013)
Gyromitra esculenta 130 360 690 1460 |- Leal et al. (2013)
Hydnum repandum - - 309 670 |- Ayaz et al. (2011)
Lactarius deliciosus 511 114 2330 |ND - Barros et al. (2013)
Laetiporus sulphureus 2660 250 - 1240 160 Petrovi€ et al. (2014)
Lepista nuda 4340 68 869 | ND - Barros et al. (2013)
Macrolepiota procera - - 1940 4090 |- Ayaz et al. (2011)
1330 41 969 2640 |- Barros et al. (2013)
440 200 2800 400 | 1000 Fernandes et al. (2014)

Morchella esculenta (Portugal) 32.3 47.8 199 | ND ND Heleno et al. (2013)

(Serbia) 32.7 17.4 ND 233 43.6 | Heleno et al. (2013)
Pleurotus eryngii 250 550 6150 430 | ND Reis et al. (2014a)
Russula cyanoxantha - 727 5000 361 |- Ribeiro et al. (2008b)
Russula delica 210 114 2280 870 | 1800 Fernandes et al. (2014)
Russula virescens 780 230 2710 550 |- Leal et al. (2013)
Suillus granulatus 626 793 716 1320 |- Ribeiro et al. (2008b)

from Portugal 3350 920 ND ND 360 Reis et al. (2014b)

from Serbia 420 1310 940 1770 I ND Reis et al. (2014b)




Suillus variegatus 2460 - 22 383 |ND - Barros et al. (2013)
"Termitomyces robustus 690 - 10 - — - Obodai et al. (2014)
Tricholoma portentosum 426 - 502 6490 | 1900 - Barros et al. (2013)
Cultivated
Agaricus bisporus - 3810 53 2570 | 3080 - Pei et al. (2014)
580 - Traces 1300 |- - Stojkovi€ et al. (2014)

3730 - 280 3820 |ND ND Glamoclija et al. (2015)
Agaricus subrufescens - 2670 2870 1600 | 11,310 |- Li et al. (2014b)
Auricularia auricula-judae - 270 - 10 |- - Obodai et al. (2014)
Hypsizygus marmoreus white - 8790 51 - 704 - Wu et al. (2015)
Lentinula edodes, caps - 17,410 319 2660 | 5910 - Chen et al. (2015)

stipes - 6840 154 771 | 2760 - Chen et al. (2015)

Lentinula squarrosulus - 295 - 110 |- - Obodai et al. (2014)
Pleurotus eryngii - 2930 156 529 | 4360 - Li et al. (2014b)

- - 220 5218 | ND - Li et al. (2015)
Pleurotus ostreatus - 290 - 180 |- - Obodai et al. (2014)
Pleurotus sajor-caju - 320 - 180 |- - Obodai et al. (2014)
Pleurotus tuber-regium - 690 - 10 |- - Obodai et al. (2014)

ND, content below detection limit.
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in the values reported by difterent laboratories for several species,
namely B. edulis, A. subrufescens, Lentinula edodes, and P, ostreatus. It
is thus difficult to deduce species with typically high or low levels
of MSG-like taste.

Due to the synergistic effects of MSG-like components with
flavor 5'-nucleotides, which may greatly increase the umami taste
of mushrooms, Yamaguchi et al. (1971) established the equivalent
umami concentration (EUC) with an equation and constants for
its calculation. The EUC, expressed as grams of MSG 100g™" dry
matter (DM), is the concentration of the MSG equivalent to the
umami intensity given by a mixture of MSG and 5'-nucleotides.
Mau (2005) grouped mushroom EUC values into four levels:
>1000, 100-1000, 10-100, and <10g 100g™" DM. The respec-
tive values for MSG are >10, 1-10, 0.1-1, and <0.1g g~' DM.
As shown in Table 3.2, wild-growing mushrooms seem to have
considerably higher EUC values than the cultivated species. This
would confirm the higher palatability of commonly known wild
species (eg, in the Central Europe). Nevertheless, the extreme dif-
ference in the EUC values in B. edulis demands further data from
more laboratories.

A comprehensive review of the umami ingredients in edible
mushrooms with numerous cited references has published Zhang
et al. (2013). The umami taste of edible mushrooms was widely
investigated in recent years and has shown a promising potential
for use in the food spices industry. The presence of umami ingre-
dients and their quantities in mushrooms are influenced by many
factors including species, maturity stage, part of the mushroom
(cap or stipe), storage time, and preservation treatment. The con-
tent of umami ingredients in edible mushrooms changes greatly
with maturity stage and mushroom species. It is not yet possible
from the available results to conclude and recommend the right
maturity stage for harvest to get mushrooms with maximum
umami ingredients. Thus, a preharvest analysis would be wvital
to decide the harvest time. However, the literature data indicate
that maximum EUC level can be at low yield in some species.
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From the fragmentary data, it seems that the caps are higher in
the EUC than are the stipes. Moreover, each mushroom species
has various substrains that differ from each other in the level of
umami taste compounds. The eftect of strains was found to have
a lower effect on the MSG-like amino acid content than on the
umami 5’-nucleotides.

The content of MSG-like free amino acids decreased signifi-
cantly during storage of L. edodes packaged under various modi-
fied atmospheres. This indicates that none of the tested packaging
methods could maintain the typical taste of just harvested shii-
take (L1 et al., 2014c). Freezing was the most saving preservation
method of MSG-like amino acids in blanched Agaricus bisporus as
compared with the canned or salted variants (Liu et al., 2014).
Low EUC levels in canned A. bisporus, Flammulina velutipes, and
Volvariella volvacea were also reported by Chiang et al. (2000).

Both freeze drying and energy-saving combinations of freeze
drying with microwave vacuum drying effectively preserved
MSG-like components in sliced A. bisporus as compared with the
fresh mushroom (Pei et al., 2014). 5'-Cytosine monophosphate
highly prevailed among 5'-nucleotides in Pleurotus eryngii. Freeze-
drying was the drying procedure most saving of 5'-nucleotides,
followed by vacuum drying, whereas ambient drying, hot-air
drying, and microwave drying caused higher losses. On the con-
trary, hot-air drying greatly elevated the content of glutamic acid
and preserved aspartic acid better than the other drying methods
(L1 et al., 2015). The eftects of four drying methods on nonvola-
tile taste components in white H. marmoreus were reported by Wu
et al. (2015). Freeze drying was the most saving method, followed
by hot-air drying, whereas both microwave vacuum drying and
vacuum drying caused considerably higher losses. The content of
some taste 5'-nucleotides in A. bisporus was lowered by gamma
irradiation (Sommer et al., 2010). However, Tsai et al. (2014)
reported an increase in the same species, particularly following a
dose of 2.5kGy. Heating generally causes a loss of both MSG-
like amino acids and taste 5'-nucleotides. The losses decrease in
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the following order: autoclaving > boiling > microwave cooking
(Zhang et al., 2013).

A role in the taste of mushrooms was also observed in some
other minor constituents, such as gamma-aminobutyric acid
(GABA) (see Section 4.7), as a chemical inducer of the mouth-
drying and mouth-coating oral sensation (Rotzoli et al., 2006).
Free amino acid L-theanine (N-ethyl-L-glutamine) with a favor-
able taste, typically occurring in tea leaves (Camellia sinensis), was
observed in Xerocomus badius.

3.1.2 Flavor

Unique and varied flavors exhibited by numerous species are
among the most valued mushroom characteristics. Pleasant smells
include anise-like, almond-like, floral, or fruity aromas, whereas
coal tar smell is among disagreeable odors. Typical smells help in
the sensory identification of species together with morphologic
teatures.

Various volatiles emitted from fruit bodies play a role as attrac-
tants of insects, which are likely to disseminate spores and help in
the reproduction process. However, other authors suggest that some
volatiles could attract predators of fungal insect pests as a defense
mechanism. Highly diverse ecological functions of volatile sesqui-
terpenes reviewed thoroughly Kramer and Abraham (2012).

Numerous original works regarding mushroom flavor have
been reviewed (Combet et al., 2006; Gross and Asther, 1989;
Maga, 1981). The volatiles can be grouped according to their
chemical structure as alcohols, aldehydes, ketones, sesquiterpene-
like compounds, terpenes, and various further compounds (eg,
acids, esters, and sulfur-containing and heterocyclic components).
Tens of volatiles have been detected in a species, whereas the total
number of identified compounds from various species is in the
order of hundreds. Nevertheless, it is virtually impossible to iden-
tify volatiles in an intact fruit body. The reported data provide
information on the “postharvest” situation. Moreover, volatile
content and composition can change considerably during aging
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of the fruit bodies. Within the tested parameters in A. bisporus, the
fruit body developmental stage, postharvest storage, tissue type,
and tissue disruption had a major impact on the profile of vola-
tiles, both qualitatively and quantitatively (Combet et al., 2009).
Eight-carbon volatile compounds are a key contributor to
mushroom flavor. The main eight-carbon volatiles present in mush-
rooms are 1-octen-3-ol, 1-octen-3-one, 3-octanol, 3-octanone, and
1-octanol, with chemical structures provided in Fig. 3.1. Aliphatic
1-octen-3-ol, often called “mushroom alcohol,” is the principal
volatile contributing to the unique fungal flavor. It has two isomers
(enantiomers), the R-(=) form (with a stronger flavor) and the
S-(+) form. Zawirska-Wojtasiak (2004) determined 1.53-5.23mg
of 1-octen-3-ol 100g™" of fresh matter (FM) in several cultivated

OH

1-Octen-3-0l

\HE&/\/\ \Eﬂi/\/\
S-(+)-1-octen-3-ol R-(-)-1-octen-3-ol
\)OJ\/\/\

3-Octanone

OQ/\/\/\ \ji/\/\
1-Octanol 3-Octanol

Figure 3.1 Chemical structure of the main eight-carbon volatiles.
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varieties of A. bisporus, with the proportion of R-(—)-enantiomer
being at least 98.9%. The respective values for cultivated Hericium
erinaceum were 1.18-3.46mg 100g~" and more than 96.7%, for
P ostreatus were 6.62mg 100g™" and 97.2%; however, values were
only 1.21mg 100g™" (95.5%) and 0.11mg 100g™" (92.5%) for
L. edodes and Pholiota nameko, respectively. Among wild-growing
species, the highest level, 15.6mg 100g™! (96.7%), was observed in
B. edulis, while considerably lower both content and R(—) isomer
proportion, 2.34mg 100g™" and 82.7% were found in X. badius,
and even lower contents were found in Macrolepiota procera (0.57 mg
100g™" and 98.3%). The results are in accordance with the highly
valued strong aroma of cepes (“true boletes”).

Several hypotheses have been formulated for the biochemistry
of 1-octen-3-ol formation, but without having been fully proven.
The eight-carbon volatiles evidently originate from linoleic acid
(Cyg; dis, cis-octadeca-9,12-dienoic acid); they are first oxidized
and then cleaved. Linoleic acid belongs to minor fatty acids pres-
ent in mushroom lipids (see Table 2.5); however, even such low
content 1s sufficient for the formation of eight-carbon volatiles
and ten-carbon compounds. At least two enzymes, lipoxygenase
and hydroperoxide lyase, participate in the processes (for more
information see the review by Combet et al., 2000).

However, the mentioned processes of linoleic acid oxida-
tion and cleavage are more than a mushroom crop quality issue.
Hydroperoxides (-O—OH) of the 18:2 polyunsaturated fatty acids
and the produced eight-carbon volatiles are named oxylipins.
In most fungi, linoleic acid is oxidized to form a 10-hydroper-
oxide intermediate, which is then cleaved to an eight-carbon
volatile and ten-carbon oxoacid. 10-Oxodecanoic acid possesses
hormone-like properties toward growth of the mushroom stipe
and development of fungal structures. It is suggested that both
1-octen-3-ol and 10-oxodecanoic acid could work together
to regulate the transition between vegetative and reproductive
growth. Fungal oxylipins are thus at the crossroads of several bio-
logically significant domains (Combet et al., 2006). Within such
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functions, volatile oxylipins act as attractants or repellents for spe-
cialist fungivores (Holighaus et al., 2014).

Surprisingly, 1-octen-3-ol was reported to exert toxicity in
humans via disruption of dopamine homeostasis. It may thus rep-
resent a naturally occurring agent involved in Parkinson’s disease
(Inamdar et al., 2013).

Among volatiles of other chemical structures, p-anisalde-
hyde is characteristic for Clitocybe odora, and benzyl alcohol and
benzaldehyde produce an almond-like aroma such as in dried
A. subrufescens. The valued flavor of dried L. edodes is caused
by lenthionine (1,2,3,6,6-pentathiepane), which is produced
together with numerous other minor sulfur-containing com-
pounds from lentinic acid, a dipeptide (Fig. 3.2), by sequence of
enzyme-catalyzed reactions. The smell is absent in fresh shiitake
mushrooms and weak after drying, and the amount of lenthio-
nine in the dried fruit bodies increases during the rehydration
and cooking processing (Hiraide et al., 2010).

De Pinho et al. (2008) tested the correlation between the
volatiles and overall aroma of 11 wild edible species and divided
them into three groups. Tricholoma equestre, Amanita rubescens,
C. cibarius, and Suillus bellinii are rich in eight-carbon volatiles;
Fistulina hepatica, Suillus granulatus, Suillus luteus, and Russula

s/s‘s
sS—S§

Lenthionine

NH,
H /\*/\*A* *
Ng ’”\T’ COOH
o Yo I

CO,H O
Lentinic acid

Figure 3.2 Chemical structure of lenthionine, which causes the valued fla-
vor of dried Lentinula edodes (shiitake) and its precursor, lentinic acid.
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cyanoxantha are rich in terpenic volatile compounds; and B. edulis,
Hygrophorus agathosmus, and Tricholomopsis rutilans are rich in
methional (3-methylthiopropanal). Methional was observed as
the main aroma compound in Pleurotus salmoneostramineus (Usami
et al., 2014).

According to Wang and Marcone (2011), aroma profiles of
truftles vary among species. Eight-carbon volatiles are not typical
for the group. Many widely variable chemical compounds were
detected from alcohols and aldehydes with various lengths of car-
bon chains to heterocyclic and sulfur-containing compounds.

The flavor of air-dried and cooked mushrooms is much more
complex and stronger than that of raw mushrooms. In addition
to the eight-carbon volatile formation, numerous products of the
Maillard reaction are produced (eg, heterocyclic compounds). As
indicated by Grosshauser and Schieberle (2013), the characteristic
odorants of raw mushrooms, 1-octen-3-one and 1-octen-3-ol, do
not contribute much to the aroma of mushrooms after thermal
processing. Because enzymes present in the raw cut mushroom
tissue are able to generate odorants 3-methylbutanal and phen-
ylacetaldehyde, which have a malty, honey-like smell, the overall
aroma present after mushroom processing can clearly be influ-
enced by the time lag during which the raw ground tissue is
allowed to react.

Aprea et al. (2015) reported interesting information on
changes in the composition of volatiles during storage of dried
B. edulis. The fruit bodies were sliced and dried in a tunnel dryer
and packaged commercially in polypropylene bags at residual
moisture of approximately 12%. In total, 66 volatile compounds
were identified. Alcohols, aldehydes, ketones, and monoterpenes
diminished but carboxylic acids, pyrazines, and lactones increased
during their 1-year shelf life. The work suggests that even short
periods at temperatures higher than 25°C should be avoided to
minimize cardinal changes in the volatiles profile.

Malheira et al. (2013) revealed 11 volatile compounds with
evidential discriminating power for taxonomic and authentication
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purposes in 6 tested wild species. Such a concept was proven by
a study by Zhou et al. (2015). Using electronic nose analysis, 88
volatiles in 8 dried edible species by gas chromatography-mass
spectrometry and statistical methods were determined and the
individual species were successfully distinguished. The composi-
tion of volatiles in commercial mushrooms could benefit a finger
spectrum by using electronic nose analysis to identify mushroom
species.

3.2 PIGMENTS

Mushroom pigmentation ranks among the main features used for
species identification. The colors may vary during aging of a fruit
body, and some of them undergo distinctive changes following
tissue bruising. Moreover, the pigments may protect mushroom
organisms from UV damage and bacterial attack or may play a
role as insect attractants.

This topic has been very wide and demands an extensive
knowledge of organic chemistry and biochemistry. Two recent
comprehensive reviews are available. Zhou and Liu (2010) have
focused primarily on chemical aspects of numerous groups of
pigments, whereas Velisek and Cejpek (2011) have dealt with the
pigments typical for the individual mycological orders. Only basic
information is given in this text.

Mushrooms contain pigments other than those dominat-
ing in higher plants. Chlorophylls and anthocyanins are lack-
ing. Betalains, carotenoids, and other terpenoids occur only in
some mushroom species. Quinones or similar conjugated struc-
tures form the great proportion of mushroom pigments. They
have usually been classified according to four pathways of their
biosynthesis, namely shikimate (chorismate), acetatemalonate
(polyketide), mevalonate (terpenoid), and nitrogen-containing
structures.

Numerous pigments are formed from their colorless precur-
sors following bruising or mechanical damage of fruit bodies
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(eg, sliced or bruised). Under such conditions, a precursor and
relevant catalyzing enzyme, so far separated within the tissue,
come into contact together with the action of air oxygen.

Such changes cause great economic losses, particularly due to
browning of white button mushrooms, A. bisporus, and the rel-
evant research has thus been extensive. Both bruising-tolerant
and bruising-sensitive strains exist. Tens of various phenolics were
identified in the species. Some of them are oxidized under the
catalysis of polyphenol oxidases to their respective quinones.
The quinones undergo oxidative polymerization leading to
high-molecular dark brown or black pigments, melanins. Four
pathways for melanin synthesis have been proposed. Great atten-
tion has been given to the pathway, including hydroxylation of
amino acid tyrosine to 3,4-dihydroxyphenylalanine (L-DOPA)
catalyzed by the enzyme tyrosinase (for reviews see Jolivet et al.,
1998; Ramsden and Railey, 2014). The following two phenolics
were identified as compounds correlated with bruising sensitiv-
ity: y-L-glutaminyl-4-hydroxybenzene and 7y-L-glutaminyl-3,
4-dihydroxybenzene (Weijn et al., 2013).

3.3 ALIPHATIC ACIDS

Several aliphatic carboxylic acids have been reported in mush-
rooms. Data for selected wild-growing species are presented in
Table 3.3, and information on numerous other species is avail-
able in the work by Barros et al. (2013). Malic, citric, and oxalic
acids are most common, followed by fumaric acid (Fig. 3.3).
Information on succinic acid and quinic acid has been very lim-
ited, and low levels of several other acids have been reported
sporadically. The acids have various roles in mushroom physiol-
ogy and participate in mushroom taste. As in other vegetables, the
acids are probably also stable in mushrooms under various cook-
ing conditions.

Data in Table 3.3 show significant difterences in the reported
contents of acids among and within species. The differences
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Figure 3.3 Chemical structure of the main aliphatic acids occurring in
mushrooms.

appear to be up to one order of magnitude (eg, in B. edulis);
therefore, it is difficult to draw a credible conclusion. Nonetheless,
malic acid is usually the main aliphatic acid, with the content
comprising up to several percent DM. The ambiguous data deal
with citric acid. Although some works reported contents com-
parable with malic acid, other have reported nondetectable levels.
Such differences are striking, such as in Coprinus comatus or
B. edulis. Exogenous citric acid is known to extend mushroom
shelf life and to prevent browning (see Section 3.2). It is an eftec-
tive antioxidant that chelates transition metals (copper, iron) into
nonfunctioning chemical forms.
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Oxalic acid is present in foods as free and/or as salts called
oxalates. Free acid, potassium, and sodium oxalates are water-
soluble, but calcium oxalate 1s insoluble. Soluble dietary oxalates
combine in the human body with calcium to crystals of calcium
oxalate, which can irritate the gut and kidneys. Healthy adult
individuals can safely consume in moderate level foods containing
increased levels of oxalates (eg, spinach or rhubarb, up to approxi-
mately 250mg day™'). However, those with kidney disorders,
gout, osteoporosis, or rheumatoid arthritis are advised to limit
oxalate intake to less than 40 mg day ™.

Soluble oxalates in wild species (Savage et al., 2002) have been
reported at 29—40mg 100g~! DM. Sembratowicz and Rusinek-
Prystupa (2012) determined levels of 36-104mg 100g™! DM
in four related species from the Boletaceae family, with the low-
est level in S. luteus. Caps had 1.6- to 3.1-times higher oxalate
content than stipes. However, data in Table 3.3, originating from
a Portuguese laboratory, provide considerably higher contents
in most species, with some exceeding 1000mg 100g™" DM (ie,
more than approximately 100mg 100g~" FM). Consumption
of such species should thus be very limited in individuals who
should not consume oxalates.

3.4 PHENOLIC COMPOUNDS

Phenolic compounds or phenolics comprise a large group of
mushroom constituents with variable chemical structures, par-
ticularly phenolic acids. Total phenolic content (TPC) is com-
monly determined by the Folin-Ciocalteu’s photometric assay
and expressed as gallic acid equivalent (GAE). The usual TPC
is between 0.1 and 0.6g GAE 100g™" DM, and is only rarely
more than 1.0g 100g™" DM (eg, Beara et al., 2014; Dubost
et al., 2007; Guo et al., 2012; Kolayli et al., 2012; Radzki et al.,
2014; Woldegiorgis et al., 2014;Yildiz et al., 2015). For instance,
Witkowska et al. (2011) determined TPC to be between 0.37
and 1.68g GAE 100g™! DM in 16 wild species. Nowacka et al.
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(2014) determined TPC to be between 0.01 and 0.32g GAE
100g™! DM in 19 species commonly collected and consumed in
the Central Europe. The highest level was observed in the genus
Boletus.

Determination of TPC by the Folin-Ciocalteu assay can lead
to overestimated values because the agent also reacts with other
nonphenolic reducing compounds such are ascorbic acid, some
sugars, and amino acids. Extraction of dried mushrooms with
water yielded somewhat higher TPC levels than did extraction
with ethanol (Radzki et al., 2014). Phenolics greatly participate in
the antioxidant capacity of mushrooms (see Section 4.1).

Great difterences in TPC occurred among years of harvest in
cultivated A. bisporus and seven strains of A. subrufescens. The dif-
ferences were higher than between the species harvested within
1 year (Geosel et al., 2011). A higher level of TPC was deter-
mined in P eryngii harvested on day 10 than that harvested on
days 12 or 15 after the initial fruit body formation (Lin et al.
2014). Within four tested drying methods of white A. bisporus, the
losses of TPC were in the following order: sun drying > hot-air
drying > freeze drying > microwave-vacuum drying (Ji et al.,
2012). However, gamma irradiation up to 5kGy in the same
species had no significant effect on TPC (Sommer et al., 2009).
Blanching of cultivated P ostreatus fruit bodies in boiling water
for 4min decreased total polyphenol content from 0.49 to
0.12g 100g™" DM. The loss was largely due to leaching into the
blanching water (Lam and Okello, 2015).

Within the mushroom phenolics, the main interest has focused
on phenolic acids. The data are presented in Table 3.4, and chemi-
cal structures of the main acids are given in Fig. 3.4. Phenolic
acids are synthesized via the shikimate pathway from amino
acids L-phenylalanine and L-tyrosine. The most documented are
p-hydroxybenzoic, protocatechuic, p-coumaric, and gallic acids,
with the usual contents being less than 5mg 100g™" DM; levels
~! DM have been sporadic. The con-
tents of other acids presented in Table 3.4 seem to be very low.

more than 10mg 100g



Table 3.4 Content of phenolic acids (mg 100g~" dry matter) in selected mushroom species

Species Hydroxybenzoic acids Hydroxycinnamic acids Reference
p-Hydro-  Proto- Gallic Vanillic Syringic o- p- Caffeic Sinapic
xybenzoic catechuic Coumaric Coumaric
Wild-growing species
Agaricus albertii | 8.23 — - — — 3.53 - Reis et al.
(2014a)
Agaricus arvensis | 7.01 ND - ND - 4.87 - Barros et al.
(2009)
Agaricus bisporus | 2.56 ND - ND — ND - Barros et al.
(2009)
Agaricus bitorquis | 0.03 ND ND |- - ND - Glamoclija
et al. (2015)
Agaricus 3.87 - 56.2 |- - 1.09 ND Woldegiorgis
campestris et al. (2014)
4.13 1.07 ND |- - 0.68 - Glamoclija
et al. (2015)
Agaricus ND ND ND |- - ND - Glamoclija
macrosporus et al. (2015)
Agaricus silvicola | 23.9 ND - ND — 4.57 - Barros et al.
(2009)
Agaricus 3.27 — - — — 1.33 - Reis et al.
urinascens var. (2014a)
excellens
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0.40
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ND
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1.21

1.34

0.66

0.19

1.77

3.84

0.23

2.89

2.79

ND

0.22

0.23

ND

ND

0.20

0.75

0.26

0.15

0.20

ND

17.3

ND

ND

ND

0.33

ND

ND

0.02

ND

ND

ND

ND

0.45

0.12

ND

2.08

0.40

ND

0.52

0.18

ND

Vaz et al.
(2011a)
Guo et al.
(2012)
Muszyniska
et al. (2013c¢)
Nowacka et al.
(2014)
Heleno et al.
(2011)
Heleno et al.
(2011)
Heleno et al.
(2011)
Muszyniska
et al. (2013c¢)
Leal et al.
(2013)
Vaz et al.
(2011a)
Muszyniska
et al. (2013c¢)
Kolayli et al.
(2012)
Vaz et al.
(2011a)

(Continued)



Table 3.4 Content of phenolic acids (mg 100g~" dry matter) in selected mushroom species (Continued)

Species Hydroxybenzoic acids Hydroxycinnamic acids Reference
p-Hydro-  Proto- Gallic Vanillic Syringic o- p- Caffeic Sinapic
xybenzoic catechuic Coumaric Coumaric
Coprinus 6.15 ND - - - - 0.18 - - Vaz et al.
comatus (2011a)
0.09 - ND |- - - 0.15 - - Stojkovi€ et al.
(2013)
Craterellus 1.27 0.21 - 0.15 - - 0.03 ND ND Nowacka et al.
cornicopioides (2014)
Fistulina hepatica | 4.19 6.76 - - - - ND - - Vaz et al.
(2011b)
Ganoderma 0.52 0.30 - 1.57 0.23 - 0.14 - - Yildiz et al.
lucidum (2015)
Gyromitra ND 3.74 - - - - ND - - Leal et al.
esculenta (2013)
Hericium 0.24 - Traces | 0.61 0.02 - 0.60 - - Yildiz et al.
erinaceum (2015)
Hydnum ND ND - - - - ND - - Vaz et al.
repandum (2011b)
Laccaria 1.77 ND - ND - - ND ND - Nowacka et al.
amethystea (2014)
Laccaria laccata | ND ND - ND - - ND ND - Nowacka et al.

(2014)



Lactarius
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0.22

ND

0.21

0.17

0.05

0.08

0.05

0.24
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ND

0.11
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ND
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ND
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ND
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ND
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0.03

ND

0.03
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ND
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0.05

0.05
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ND

0.19

ND

0.003

0.03

0.005

0.25

ND

ND

ND

ND

ND

0.004

1.43

0.004

0.006

Kalogeropoulos
et al. (2013)
Muszyniska
et al. (2013c¢)
Kalogeropoulos
et al. (2013)
Kalogeropoulos
et al. (2013)
Woldegiorgis
et al. (2014)
Nowacka et al.
(2014)
Nowacka et al.
(2014)
Yildiz et al.
(2015)
Nowacka et al.
(2014)
Nowacka et al.
(2014)
Fernandes et al.
(2014)
Nowacka et al.
(2014)

(Continued)



Table 3.4 Content of phenolic acids (mg 100g~" dry matter) in selected mushroom species (Continued)

Species Hydroxybenzoic acids Hydroxycinnamic acids Reference
p-Hydro-  Proto- Gallic Vanillic Syringic o- p- Caffeic Sinapic
xybenzoic catechuic Coumaric Coumaric
Morchella 0.10 0.24 - - - — 0.01 - — Heleno et al.
esculenta from (2013)
Portugal
from Serbia | 0.10 0.06 - - - — ND - — Heleno et al.
(2013)
0.35 1.72 0.08 |- - - Traces - - Yildiz et al.
(2015)
Pleurotus ND 0.64 ND |ND 0.17 ND ND ND - Kolayli et al.
cornucopiae (2012)
Pleurotus eryngii | 3.81 - - - - — ND - — Reis et al.
(2014a)
Pleurotus ND 0.26 ND |0.54 - ND 0.01 ND - Kolayli et al.
ostreatus (2012)
Ramaria botrytis | 1.40 34.3 - ND - — ND - — Barros et al.
(2009)
5.00 10.8 19.2 |- - — - - — Guo et al.
(2012)
Rozites caperata | 2.59 ND - ND - - ND ND - Nowacka et al.
(2014)
Russula delica 0.02 ND - 0.004 | 0.01 0.06 0.02 0.002 | 0.006 | Kalogeropoulos

etal. (2013)



Russula virescens
Sparassis crispa
Suillus bellinii
Suillus bovinus

Suillus
granulatus
from
Portugal
from Serbia

Tetfezia claveryi
Tetfezia olbiensis
Termitomyces
clypeatus
Termitomyces
robustus
Tremella
Sfuciformis
Tisber aestivum

Tisber indicum

22.6

0.10

0.13

5.90

0.48

0.13
1.70
1.81
1.17
2.43
323
1.65

ND

ND

ND

0.05

15.2

1.55
2.16
10.2

3.00

5.84

17.2

0.11

ND

6.37

6.15

ND

0.004

1.15
0.98

0.21
0.21

1.34

ND

ND

ND

0.02

0.76
1.40
1.0
0.24
3.0
9.37

ND

ND

0.004

ND
ND
ND

Leal et al.
(2013)

Nowacka et al.
(2014)

Kalogeropoulos
et al. (2013)

Guo et al.
(2012)

Reis et al.
(2014b)

Reis et al.
(2014b)
Kivrak (2015)
Kivrak (2015)
Woldegiorgis
et al. (2014)
Obodai et al.
(2014)
Li. et al.
(2014a)
Villares et al.
(2012)
Villares et al.
(2012)

(Continued)



Table 3.4 Content of phenolic acids (mg 100g~" dry matter) in selected mushroom species (Continued)

Species Hydroxybenzoic acids Hydroxycinnamic acids Reference
p-Hydro-  Proto- Gallic Vanillic Syringic o- p- Caffeic Sinapic
xybenzoic catechuic Coumaric Coumaric
Xerocomus 0.13 2.14 - ND - 1.39 - 0.15 Muszyniska
badius et al. (2013c¢)
ND 0.12 - ND - ND ND - Nowacka et al.
(2014)
Cultivated species
Agaricus bisporus | 0.05 <0.03 - — — - 0.08 — Mattila et al.
white (2001)
ND ND 6.28 |- — 0.23 - — Reis et al.
(2012b)
brown 0.65 0.11 - — — - 0.07 — Mattila et al.
(2001)
ND ND ND |- — ND - — Reis et al.
(2012b)
- — 0.1 — — ND - — Stojkovi€ et al.
(2014)
ND ND 032 |- - 0.12 - - Glamoclija
et al. (2015)
Agaricus - — ND |- — 0.28 - — Stojkovi€ et al.
subrufescens (2014)
Auricularia 1.09 — - — — ND - — Obodai et al.
auricola-judae (2014)




Coprinus
comatus
Lentinula edodes

Lentinula
squarrosulum
Pholiota nameko

Pleurotus eryngii

Pleurotus
ostreatus

0.08

0.79

0.16

0.16

1.48

0.42

Traces

0.28

0.16

0.36

1.56

0.13

0.58

0.14

0.04

Traces

0.08

0.25

1.30

0.10

ND

6.12

0.84

ND

ND

ND

ND

ND

0.10

1.43

0.10

1.60

0.08

ND

0.21

ND

1.75

<0.05

0.08

0.78

Stojkovi€ et al.
(2013)
Mattila et al.
(2001)
Reis et al.
(2012b)
Woldegiorgis
et al. (2014)
Obodai et al.
(2014)
Gasecka et al.
(2015)
Reis et al.
(2012b)
Gasecka et al.
(2015)
Reis et al.
(2012b)
Muszyniska
et al. (2013c¢)
Obodai et al.
(2014)
Woldegiorgis
et al. (2014)
Gasecka et al.
(2015)

(Continued)



Table 3.4 Content of phenolic acids (mg 100g~" dry matter) in selected mushroom species (Continued)

Species Hydroxybenzoic acids Hydroxycinnamic acids Reference
p-Hydro-  Proto- Gallic Vanillic Syringic o- p- Caffeic Sinapic
xybenzoic catechuic Coumaric Coumaric
Pleurotus 0.43 — - — - — ND - — Obodai et al.
sajor-caju (2014)
Pleurotus 0.08 — - — - — ND - — Obodai et al.
tuber-regium (2014)
Tuber aestivum® | 0.07 ND ND |- - — - - — Beara et al.
(2014)
Tiber magnatum® | ND 0.02 ND |- - — - - — Beara et al.
(2014)

ND, content below detection limit.
!Content in water extract obtained by maceration.
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(A) Hydroxybenzoic acids

COOH
— COOH
©/ HO
HO OH

Benzoic acid p-Hydroxybenzoic acid Protocatechuic acid
HO COOH COOH H;CO COOH
HOI>/ HO” ; HO: ;
OH OCH,4 OCH43
Gallic acid Vanillic acid Syringic acid

(B) Hydroxycinnamic acids

S _-COOH q\/cow /O/\/COOH
O/\/ OH HO

Cinnamic acid o-Coumaric acid p-Coumaric acid
. _-COOH H4CO X _-COOH
) /QA/ HOD/\/
OH OCH;
Caffeic acid Sinapic acid

Figure 3.4 Chemical structure of the main phenolic acids occurring in
mushroomes.

Information on further phenolic acids, such as gentisic, chloro-
genic, ferulic, p-hydroxyphenylacetic, and 3,4-dihydroxyphenylace-
tic, has been scarce and only very low contents have been reported.
Variegatic acid containing four phenolic groups in two pairs of
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o-positions was indicated as the main antioxidant compound in
B. edulis and Leccinum aurantiacum (VidoviC et al., 2010). The fate
of plant and mushroom phenolic acids after their absorption in
the gastrointestinal tract was extensively reviewed by Heleno et al.
(2015).The acids circulate in human plasma in the form of conju-
gates, glucuronides, and methylated and sulfated derivatives. Such
changes in the structures may decrease or increase their biological
activities as compared to the initial compounds.

Data on mushroom phenols have also been sporadic. Tyrosol,
vanillin, and resveratrol from the group of stilbenes were observed
at negligible levels (Kalogeropoulos et al., 2013).

In general, it has been assumed that flavonoids can be biosyn-
thesized only by plants. Barros et al. (2009) detected no flavonoids
in 16 species of Portuguese wild mushrooms. However, several
of approximately 5000 known polyphenolic flavonoids were
reported in mushrooms, namely kaempferol, quercetin, morin,
myricetin, chrysin, naringenin, and amentoflavone. Their individ-
ual contents were very low (usually less than 0.5mg 100g~! DM)
(Akytiz et al., 2012; Kalogeropoulos et al., 2013). The proportion
of flavonoids within total phenolics seems to be low, as do their
antioxidant and anti-inflammatory contributions.

3.5 STEROLS

Besides ergosterol and provitamin D, described in Section 2.6.1,
several other sterols were observed in edible mushroom fruiting
bodies. Kalogeropoulos et al. (2013) reported ergosta-5,7-dienol,
ergosta-7,22-dienol, ergosta-7-enol, lanosterol, lanosta-8,24-dienol,
and 4o-methylzymosterol in five species from Greece. The contents
were lower by one to up to three orders of magnitude than those
of ergosterol (see Table 2.13). No fewer than 28 new sterols have
been identified by Yaoita et al. (2014) in various Japanese medici-
nal mushroom species. Similarly, 23 sterols were identified at levels
of 190-320mg 100g™! DM in fruit bodies of five truffle species
of the genus Tiber. In addition to ergosterol, four phytosterols
(ie, brassicasterol, campesterol, stigmasterol, and P-sitosterol) with
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beneficial health effects (Tang et al., 2012) were prevalent. Sterols
commonly occur as esters bound with fatty acids.

Irradiation of mushrooms with UV-B light for vitamin D,
formation initiates further products of ergosterol photodegrada-
tion, particularly lumisterol, and tachysterol,. These compounds
were detected in irradiated white A. bisporus (Kalaras et al., 2012)
and P, ostreatus (Krings and Berger, 2014) at a level of several mg
100g™! DM.

Because both dietary phytosterols and mycosterols are able to
reduce cholesterol levels in blood serum, two extraction tech-
niques were tested for sterol isolation from both the complete
fruit bodies of A. bisporus and the lower part of the stipe, which
is usually discarded after the harvest (Gil-Ramirez et al., 2013).
Supercritical fluid extraction with carbon dioxide produced con-
centrates with 60% sterols, whereas pressurized liquid extraction
with ethanol yielded extracts with 2.9-5% sterols.

Ergosterol peroxide, a derivative with cytotoxic and other aus-
picious biological activities, is found in mushrooms. It is believed
to be either an intermediate in the hydrogen peroxide-dependent
enzymatic oxidation in the biosynthetic pathway of steroidal dienes
or a product of reactive oxygen species (free radicals) detoxifica-
tion. The contents are not negligible; Krzyczkowski et al. (2009)
reported 29.3, 17.3, and 12.6mg 100g™! DM in B. edulis, Suillus
bovinus, and X. badius, respectively. Nevertheless, elevated contents
are probably caused by ergosterol oxidation by atmospheric oxygen
catalyzed with sunshine.

3.6 INDOLE COMPOUNDS

Nonbhallucinogenic indole derivatives fulfill numerous activities
in human physiology, such as neurotransmitters or their precur-
sors, regulators of diurnal cycle, or anti-inflammatory compounds.
Amino acid L-tryptophan is, biochemically, the key compound of
the group. It is the precursor of the hormones serotonin and mel-
atonin. Via biogenic amine tryptamine, a decarboxylation prod-
uct of L-tryptophan, indoleacetic acid and its nitrile, which are
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Compound Position 3 Position 5
Tryptophan —CH,—CH(NH,)—COOH —H
5-Hydroxytryptophan —CH,—CH(NH,)—COOH —OH
5-Methyltryptophan —CH,—CH(NH,)—COOH —CH;,
Tryptamine —CH,—CH,—NH, —H
Serotonin —CH,—CH,—NH, —OH
Melatonine —CHZ—CHZ—NH—CO—CHg —OCHg
Indoleacetic acid —CH,—COOH —H
Indoleacetonitrile —CH,—C=N H
4
5 3
6 | 1 | 2
i
H

Figure 3.5 Indole-containing compounds detected in mushrooms.

known as plant growth regulators, are produced. Chemical struc-
ture is given in Fig. 3.5. Tryptophan is very sensitive to oxygen,
particularly under acidic conditions. Among its oxidation prod-
ucts are kynurenine, which has a mutagenic effect.

Available data for fresh mushrooms are presented in Table 3.5.
Moreover, low contents of indoleacetamide and 5-methyl-
tryptophan were determined in several species. The contents of
the amino acid L-tryptophan are significantly lower than those
reported in Table 2.4. Nevertheless, the data of Table 3.5 repre-
sent unbound tryptophan, with the highest level in S. bovinus. The
content of 5-hydroxytryptophan is more than 15mg 100g~! DM
only in three analyzed species. A high level of serotonin in several
wild-growing species is notable, and a high level of kynurenine-
sulfate was observed in Lactarius deliciosus. The other compounds
seem to be of minor importance.

Indole compounds are not stable under higher temperatures
and easily break down. Tryptophan is the most stable within the
group, and is resistant up to 90°C.The eftects of boiling the dried
powder of several species in water for 60 min on indole compound



Table 3.5 Content of indole compounds (mg 100g~" dry matter) in selected fresh mushroom species

Species L-Trypto- 5-Hydro- Trypt- Mela-  Serotonin Kynurenic Kynure- Indole- Indole- Reference
phan xytrypto- amine tonin acid nine acetic  acetonit-
phan sulphate acid rile
Wild-growing species
Armillariella 4.47 ND 2.74 |ND 2.21 ND ND ND ND Muszyriska et al.
mellea (2011b)
Boletus edulis | 0.39 0.18 1.17 | 0.68 10.1 ND ND 0.04 ND Muszytiska and
Sutkowska-
Ziaja (2012)
Cantharellus 0.01 0.02 0.01 ]0.14 29.6 ND 4.81 ND 0.01 Muszytiska et al.
cibarius (2011a)
0.02 0.01 0.02 [0.11 17.6 ND 3.62 ND 0.02 Muszyriska et al.
(2013b)
Lactarius ND 0.25 ND 1.29 18.4 ND 39.2 2.04 0.62 Muszytiska et al.
deliciosus (2011a)
Leccinum ND 0.02 1.05 ]0.08 31.7 ND ND 0.89 0.45 Muszytiska et al.
aurantiacum (2011a)
Leccinum 9.56 ND ND ND 14.0 - - - - Muszytiska et al.
scabrum (2013a)
Macrolepiota 3.47 229 0.92 |0.07 ND - - - - Muszytiska et al.
procera (2013a)
Sarcodon 13.0 - 221 213 52.0 - - - - Sutkowska-
imbricatus Ziaja et al.
(2014)

(Continued)



Table 3.5 Content of indole compounds (mg 100 g‘1 dry matter) in selected fresh mushroom species (Continued)

Species L-Trypto- 5-Hydro- Trypt- Mela-  Serotonin Kynurenic Kynure- Indole- Indole- Reference
phan Xytrypto- amine tonin acid nine acetic  acetonit-
phan sulphate acid rile
Suillus bovinus | 25.9 15.8 3.15 |ND ND - - - - Muszyniska et al.
(2013a)
Tricholoma 2.85 0.59 2.01 ND 0.18 ND ND ND ND Muszyniska et al.
flavovirens (2009)
Xerocomuis 0.68 ND 0.47 |ND 0.52 1.57 1.96 ND ND Muszyniska et al.
badius (2009)
Cultivated species
Agaricus 0.39 ND 0.06 ]0.11 5.21 6.21 ND 0.19 ND Muszyniska et al.
bisporus (2011a)
Auricularia 0.16 7.32 2.77 |ND ND - - - - Muszyniska et al.
polytricha (2013a)
Lentinula 0.58 24.8 0.04 ]0.13 1.03 - - - - Muszyniska et al.
edodes (2013a)
Pleurotus ND 2.08 091 |ND 6.52 ND ND 0.01 0.21 Muszyniska and
ostreatus Sutkowska-
Ziaja (2012)

ND, content below detection limit.
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content changes and composition are reported by Muszyniska and
Sutkowska-Ziaja (2012) and Muszytiska et al. (2013a). The com-
pound profiles changed considerably. The tryptophan level sig-
nificantly increased, whereas no 5-hydroxytryptophan, serotonin,
indoleacetic acid, and kynurenine derivatives were detected; the
changes in melatonin content were equivocal. Moreover, products
of thermal changes, indole and 5-methyltryptophan, were newly
present.

From a nutritional point of view, knowledge of indole com-
pounds released from mushroom fruit bodies in the gastrointesti-
nal tract is needed. Muszynska et al. (2015) tested the release rate
in artificial stomach juice. The total released indole compounds
were 262, 123,and 1.4mg 100g™" DM from cultivated A. bisporus,
wild X, badius, and C. cibarius, respectively. 5-Hydroxy-L-
tryptophan was the dominant compound.

Overall, mushrooms seem to be rich in indole compounds,
particularly serotonin. Due to their observed instability dur-
ing boiling, great changes in their profile can also be expected
under other thermal treatments. Mushrooms seem to be a prom-
ising source of precursors of indole derivatives and possess various
physiological activities in humans.

3.7 PURINE COMPOUNDS

Gout is a serious disease characterized by abnormally high levels
of uric acid in the body, resulting in the formation and deposition
of urate crystals in the joints and kidneys. Daily dietary intake of
purines by patients with gout and hyperuremia should be less than
400mg. From this point of view, total purine determined in seven
cultivated mushroom species seems to be acceptable. Total con-
tents were 142, 98.5,49.4,20.8,20.8, 13.4, and 9.5mg 100g_1 FM
in P ostreatus, Grifola frondosa, E velutipes, H. marmoreus, L. edodes,
P eryngii, and P nameko, respectively. Adenine and guanine were
prevalent, whereas proportions of hypoxanthine and xanthine
(chemical structure shown in Fig. 3.6) were limited (Kaneko et al.,
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Compound Position 2 Position 4
Adenine —H —NH,
Guanine —NH, —OH
Hypoxanthine —H —OH
Xanthine —OH —OH

4

2 k\N | ;1 J 6
1 I
H

Figure 3.6 Purine compounds contributing to mushroom taste.

2008).Yuan et al. (2008) reported slightly lower adenine in several
Chinese mushrooms used in folk medicine. They reported that the
highest levels of total nucleosides and nucleobases were observed
in the spore-forming part of fruit bodies.

In fresh mushrooms, purines are present in high-molecular
nucleic acids. During the storage period the content of nucleic
acids considerably decreased in favor of low-molecular nucleotides,
nucleosides, and free bases. During cooking, the low-molecular
compounds were leached into the water. However, cooking pre-
served a higher proportion of purine compounds than drying (Lou
and Montag, 1994).

In addition, an inhibitor of xanthine oxidase isolated from
P, ostreatus showed antigout activity in experimental rats. Xanthine
oxidase 1s a rate-limiting enzyme in the biosynthesis of uric acid
and catalyzes the oxidation of hypoxanthine and xanthine to uric
acid. The inhibitor was identified as a tripeptide with the follow-
ing sequence of amino acids: phenylalanine—cysteine—histidine
(Jang et al., 2014).

3.8 BIOGENIC AMINES AND POLYAMINES

Biogenic amines (Fig. 3.7) are mainly produced in food materi-
als by bacterial decarboxylation of free amino acids. Histamine,
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Figure 3.7 Chemical structure of biogenic amines and polyamines

detected in mushrooms.
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phenylethylamine, tyramine, putrescine, cadaverine, tryptamine,
and agmatine are formed from histidine, phenylalanine, tyrosine,
ornithine, lysine, tryptophan, and arginine, respectively. Relevant
decarboxylases occur mainly in putrefactive and some lactic acid
bacteria. Production of biogenic amines increases under condi-
tions enabling intensive proteolysis releasing free amino acids.
Health hazards decrease in the following order: histamine > tyra-
mine > phenylethylamine; no serious risk is supposed for the
other amines. Sensitivity to the three mentioned amines is greatly
individual. A legislated limit of 200mg kg™! FM is therefore in
place in the EU for histamine in sea fish.

The origin of biologically active polyamines spermidine and
spermine is different. They are biosynthesized from diamine
putrescine in all of eucaryotic organisms and have an array of bio-
logical roles. In particular, they participate in tumor cell growth
and proliferation. Nevertheless, they do not initiate carcinogen-
esis. However, they are needed for intestinal growth and health
and for wound healing (Kala¢, 2014).

In a survey of 17 European wild species (Dadakova et al.,
2009) directly after the harvest, putrescine was prevalent among
biogenic amines, with content more than 100mg 100g™" DM
in several species, particularly within the family Boletaceae.
Phenylethylamine followed, and tyramine and tryptamine
occurred at very low levels. No histamine or cadaverine were
detected. Spermidine contents were considerably higher than
those of spermine, usually at levels of tens of mg 100g~! DM.
Raw mushrooms therefore belong to food items with high sper-
midine levels. The highest spermidine levels occurred in spore-
forming parts of fruiting bodies. Statistically significant effects of
the year of harvest, age, and parts of fruit bodies and of the mutual
interactions between the contents of phenylalanine, putrescine, and
spermine were found in X. badius.

However, production of some biogenic amines can extensively
increase during storage of mushrooms, which are known to be
extremely perishable. This was proven in four species even during
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storage at 6°C (KalaC and Kfizek, 1997) for putrescine and cadav-
erine. Information on changes in biogenic amine and polyamine
content and composition during various preservative and cook-
ing conditions is not yet available.

3.9 TRACE ELEMENTS

Since the 1970s, the topic of trace elements in mushroom chem-
istry has been the most extensively studied. This has been enabled
by quickly developing and available analytical equipment, atomic
absorption spectroscopy (AAS), and inductively coupled plasma
(ICP). Such methods allowed the determination of even very low
contents of numerous trace elements, including those with (until
now) nonelucidated biological roles (eg, rare earth metals).

The pioneering work of the laboratory of Professor Ruth
Seeger from the University of Wiirzburg, Germany, should be
remembered. Approximately 400 original papers on various
aspects of trace elements in mushrooms have been published so
far. Therefore, it is impossible to cite most of them. Numerous
references are cited in several reviews (Falandysz and Borovicka,
2013; Kala¢, 2010; Kala¢ and Svoboda, 2000); therefore, only
some of the weightiest articles are cited. Most of the papers deal
with topics determined from a nutritional point of view, such
as health risks for humans, and others deal with environmental
aspects, such as bioaccumulation of trace elements by fruit bodies
from the underlying substrate. The period of testing mushrooms
for indicators of environmental contamination with deleterious
elements finished in the early 1990s, with the conclusion that no
mushroom species can be considered as a credible bioindicator of
pollution (Wondratschek and Roder, 1993).

3.9.1 Statutory Limits

Some countries have established statutory limits for detrimen-
tal elements in edible mushrooms. Due to high consumption of
wild-growing species, limits of 3.0, 5.0, 2.0, and 10.0mg kg™
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DM for arsenic, total mercury, cadmium, and lead, respec-
tively, were set in the Czech Republic, until it joined the EU
in 2004. The values for the cultivated mushrooms were con-
siderably lower: 1.0mg kg™! DM for total mercury and cad-
mium. Moreover, the limits of 4.0, 80, 80, and 80mg kg_1 DM
were formerly appointed for chromium, copper, iron, and zinc,
respectively. Only the limits of 0.2 and 0.3mg kg™' FM for cad-
mium and lead, respectively, are currently valid in the EU (EEC
Directive 2001/22/EC).

According to the data of the World Health Organization
(WHO Food Additives Series 63 and 64, Geneva 2011), pro-
visional tolerable weekly intakes (PTWI) of 0.015, 0.0044, and
0.0016mg kg™! body weight for arsenic, inorganic mercury, and
methylmercury, respectively, were established. A previous PTWI
of 0.007mg kg~' body weight for cadmium was withdrawn
and provisional tolerable monthly intake (PTMI) of 0.025mg
kg™! body weight was appointed. For lead, the former PTWI of
0.025mg kg~! body weight was withdrawn and daily intake of
0.0012mg kg~! body weight for adults was proposed due to the
effect of lead on blood pressure.

3.9.2 The Effects of Environmental Factors on Trace
Elements in Fruit Bodies

Commonly, trace elements in fruit bodies are species-dependent.
However, the contents of individual trace elements vary widely
even within a species. Ranges of one or even two orders of mag-
nitude have been reported since the beginning of their deter-
mination in mushrooms. Age and size of fruit bodies are of less
importance. Likewise, the proportion of atmospheric depositions
seems to be limited due to the short lifetime of fruit bodies of
most species. Nevertheless, the depositions may be important in
ligniperdous mushrooms. In the author’s opinion, element levels
in fruit bodies of wild-growing mushrooms considerably elevate
with the increasing age of mycelium and protracted lag between
fructifications. Such a hypothesis goes along with the highest
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content of various heavy metals observed in Agaricus campestris
harvested from the experimentally contaminated substrates in the
first flush, whereas fruit bodies from the following flushes showed
lower and descending contents.

There emerges geomycology, an interface discipline investigat-
ing metal—fungal interactions (for a review see Gadd, 2007). For
instance, mushrooms growing in serpentine sites had higher con-
tents of cadmium, chromium, and nickel than those from volca-
nic sites (Aloupi et al., 2012). Data on the ability of fruit bodies to
accumulate various trace elements from underlying substrates have
been reported in several articles. Such an ability is expressed by the
bioconcentration factor (BCF), the ratio of the element content in
the fruit body to its content in substrate (both in DM). Commonly,
the uppermost layer, 10cm deep, has been sampled and analyzed.
Such a layer of forest substrate contains mainly organic debris.
Nevertheless, mycelium of some species (eg, S. luteus) is associated
with deeper mineral horizons. The published data on the BCF val-
ues thus should be perceived as approximate information.

The term hyperaccumulator has been used for mushrooms
with metal contents at least 100-times higher than values in
nonaccumulating species growing from the same substrate. For
instance, Borovicka et al. (2007) observed 800- to 2500-times
higher silver content in Amanita strobiliformis than in its under-
lying substrate. Unfortunately, a very high BCE up to several
hundreds, has been known for cadmium and mercury in several
edible mushroom species.

Elevated and even extremely high contents of numerous ele-
ments are typical in fruit bodies from polluted areas as compared
with background levels in uncontaminated rural sites. Such situ-
ations have been well documented in mushrooms along motor-
ways and roads with high traffic (particularly for lead during the
period of leaded petrol usage), in the vicinity of various metal
smelters that are operating or abandoned (Petkovsek and Pokorny,
2013), thermal power plants, in areas of both recent and histori-
cal metal mining (Arvay et al., 2014; Kojta et al., 2012), within
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towns with extensive redeployment of soil, or after the depositing
of sewage sludge in meadows and forests.

The ability of some mushroom species to bioaccumulate
some of the trace elements from the growing substrate can be
used for the production of nutraceuticals and pharmacologi-
cal materials. For instance, successful biofortification with sele-
nium and lithium was developed. Both A. bisporus (Maseko et al.,
2013) and L. edodes (Nunes et al., 2012) cultivated on substrates
irrigated with sodium selenite (Na,SeO;) solution contained
considerably higher levels of selenium, particularly in seleno-
amino acids, which are thought to be bioavailable for humans.
In another procedure, Pleurotus florida was cultivated on wheat
straw from the seleniferous soils. Selenium content in fruit bod-
ies was no less than 800-times higher than in the counterparts
grown on wheat straw in areas that are not selenium-rich (Bhatia
et al., 2013). Fruit bodies of P ostreatus cultivated on coftee husks
enriched with lithium chloride contained elevated levels of lith-
ium, which showed greater bioaccessability as compared with
lithium carbonate, which is often used as a psychiatric drug (de
Assuncao et al., 2012). Seeking the conditions of contaminated
soil bioremediation with selected mushrooms has been another
area of research.

Heavy metal bioaccumulation in both fruit bodies and myce-
lium of ectomycorrhizal species has been of great importance
for the understanding of mycorrhizal processes. A great propor-
tion of several metals, particularly zinc, copper, and cadmium, was
found immobilized in mycorrhizas. A biological barrier is formed
that reduces movement of the metals to tree tissues. Information
on regulatory processes in the uptake and transfer of minerals to
fruit bodies including spores has been very scarce (eg, Gramss and
Voigt, 2013).

Most of the elements are distributed unevenly within a fruit-
ing body. Commonly, the highest levels are observed in the spore-
forming part of the cap, but not in spores; levels are lower in the
rest of the cap and lowest in stipe.
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Orczan et al. (2012) reported an interesting comparison
of 22 elements, including major minerals, in 93 samples of 17
underground-growing mushroom species (particularly of genera
Elaphomyces and Tuber) with 625 samples of aboveground mush-
rooms. While the contents of Al, B, Cu, Sr, and Ti were nearly
identical in both groups, the levels of Ba, Ca, Mo, Na, and Zn
were higher in the underground species. The levels of As, Cd, Co,
Cr, Fe, K, Mg, Mn, Ni, P, Se, and V were higher in the aboveg-
round fruit bodies.

Information on the individual chemical species (ie, various
chemical compounds within an element) has been very limited
until now. Such data are needed for the understanding of the bio-
chemical and physiological processes within mushrooms and also
for the evaluation of dietary bioaccessibility and bioavailability of
both detrimental and nutritionally essential elements. Overall, vast
data on trace element content in edible mushrooms have been
available, although their credibility regarding human nutrition has
been restricted. Nevertheless, similar data have dealt with many
food items, even staples. More detailed data on bioconcentration
ability, distribution within the fruit body, and chemical species are
given for the main individual elements in the following section.

3.9.3 Main Trace Elements

The overall information on the usual content of main trace ele-
ments in fruit bodies of mushrooms collected from unpolluted
areas and accumulating genera and species is presented in Table 3.6.
Information and comprehensive available data for 13 elements are
presented. All contents are expressed in milligram per kilogram
of DM.

Contamination of analyzed fruit bodies with soil particles can
be an important source of error in the determination of alumi-
num, iron, lanthanides, and various other metals, but usually not
for determination of cadmium, mercury, and selenium. Such con-
tamination is virtually unavoidable in the analysis of cup species
and gilled fruit bodies growing underground.
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Table 3.6 Usual content (mg kg‘1dry matter) of main trace elements in
mushroom fruit bodies from unpolluted areas and accumulating genera
and species known currently

Element Content Accumulators

Aluminum 50—-200 Amanita rubescens, Boletus edulis, Coprinus
comatus, Leccinum scabrum, Macrolepiota
procera, Xerocomus chrysenteron

Arsenic <1 Laccaria amethystea, Laccaria laccata, Laccaria
vinaceoavellanea, Agaricus spp., Lepista nuda,
Lycoperdon perlatum

Cadmium 0.5-5 Agaricus spp. (group flavescentes)

Chromium 0.5-5 Avrmillariella mellea, Agaricus spp., Macrolepiota

proceta, Lactarius deliciosus, Lepista nuda,
Marasmius oreades

Cobalt <0.5 Ramaria largentii, Agaricus arvensis

Copper 20-70 Agaricus spp., Calvatia utriformis, Macrolepiota
procera, M. thacodes, Lycoperdon perlatum

lodine 0.05-0.2 Clitocybe nebularis, Lepista nuda,
Macrolepiota procera

Iron 30-150 Suillus variegatus, Suillus luteus,
Hygrophoropsis aurantiaca

Lead 1-5 Macrolepiota rhacodes, Macrolepiota procera,

Lycoperdon perlatum Agaricus spp.,
Lepista nuda, Leucoagaricus leucothites

Mercury <0.5-5 Agaricus spp., Macrolepiota procera, Macrolepiota
thacodes, Lepista nuda, Calocybe gambosa
Nickel 0.5-5 Laccaria amethystea, Leccinum spp., Coprinus
comatus, Armillariella mellea, Verpa conica
Selenium 1-5 Albatrellus pes-caprae, Boletus edulis, Boletus
pinophilus, Boletus aestivalis, Xerocomus badius
Zinc 30-150 Suillus variegatus, Suillus luteus,
Lycoperdon perlatum

3.9.3.1 Aluminum

Aluminum does not rank among elements often determined in
mushrooms. A wide range, from several tens to several hundreds
mg kg™! DM, was reported in several wild-growing species. The
values are comparable or higher than those in numerous foods
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of plant origin. The data for cultivated species have been scarce.
Nevertheless, aluminum intake from mushrooms seems to be lim-
ited due to usually low mushroom consumption.

3.9.3.2 Arsenic

Most reported contents of the metalloid arsenic have been less
than 1 mg kg™' DM. The ability of bioaccumulation was observed
in species of eight saprobic genera, namely Agaricus, Calvatia,
Collybia, Laccaria, Langermannia, Lepista, Lycoperdon, and Macrolepiota
(Vetter, 2004). Nevertheless, considerably higher contents were
determined in accumulating species growing in sites polluted
with arsenic, eg, about 150mg kg™' DM in the most probably
non-accumulating X. badius (Niedzielski et al., 2013). An extreme
arsenic content of 1420mg kg™! DM was found in highly accu-
mulating Laccaria amethystea from a heavily polluted site.

Further information on arsenic speciation is needed because
inorganic arsenic compounds, arsenites and arsenates, are toxic,
whereas the organic counterparts have been less dangerous or non-
toxic. A scale of considerably prevalent organic compounds such
as arsenobetaine, dimethylarsinic acid, methylarsonic acid, and tri-
methylarsine oxide was reported. However, an inverse relation was
recently observed in fresh and preserved L. edodes, with a mean
proportion of 84% of inorganic arsenic in the total arsenic content
(Llorente-Mirandes et al., 2014).

Mushrooms have been found to contain a higher proportion of
nontoxic arsenobetaine than other terrestrial organisms. However,
its role in mushrooms is still unknown. It has been hypothesized
that arsenobetaine may play an osmolytic role in spore dispersal.
Following experiments with mycelia of A. bisporus, Sparassis crispa,
and S. luteus cultivated in axenic (sterile) substrates supplemented
with various arsenic compounds, it is unlikely that the fungal
mycelium is responsible for biosynthesis of arsenobetaine (Nearing
et al., 2015). Thus, it is possible that arsenobetaine or its precursors
are produced by the surrounding microbial community in the soil.
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3.9.3.3 Cadmium
Cadmium is probably the most detrimental trace element in
mushrooms. Its level in nonaccumulating species from unpol-
luted sites is commonly less than 2mg kg™' DM; however, con-
tents between 2 and 5mg kg™! DM are not rare. Several species
from the genus Agaricus, particularly those turning yellow after
mechanical damage of their tissues, can contain several tens of mg
kg™! DM, even when from unpolluted sites. Widely consumed
B. edulis and Leccinum scabrum are proven moderate accumulators.
Worrisome levels, up to hundreds of mg kg™' DM, have been
repeatedly reported in mushrooms from heavily contaminated
sites. Cadmium content is generally higher in caps than in stipes.
The information on chemical forms of cadmium in mush-
rooms has remained fragmentary. A phosphoglycoprotein and
four low-molecular glycoproteins binding cadmium were iso-
lated from Agaricus macrosporus. A high occurrence of cadmium-
binding metallothionein-like proteins was reported in several
tested species. Moreover, cystein-rich oligopeptides of the phy-
tochelatin family were found in B. edulis growing in a polluted
site (Collin-Hansen et al., 2007). Although the initial informa-
tion from the early 1980s reported only low cadmium bioavail-
ability from mushrooms, further works observed comparable or
higher absorption from mushrooms than from inorganic cad-
mium salts. Cadmium levels in blood serum increased follow-
ing mushroom consumption. Sun et al. (2012) recently reported
a considerable decrease of cadmium bioaccessibility in cooked
A. subrufescens. The fresh mushrooms showed the highest bioac-
cessibility at approximately 78% during in vitro biomimetic
digestion in the stomach, followed by 69% during gastrointesti-
nal digestion. However, microwaving the mushroom with water
lowered the bioaccessibility to 58% and 50% during gastric and
gastrointestinal procedures, respectively, and boiling showed even
lower respective values of 51% and 46%. Thus, the available data
on the health risk of cadmium from mushrooms have been frag-
mentary and further medical research is needed.
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3.9.3.4 Chromium

The most frequently reported contents are less than 5mg kg™
DM, but the range of 5-10mg kg™' DM is not extraordinary. The
accumulating species can contain more than 20mg kg™' DM. The
prevalent nonaccumulating species were found to be bioexclu-
sors with a bioaccumulation factor value less than 1 (Garcia et al.,
2013). The distribution of chromium between caps and stipes
seems to be uneven, with higher levels in caps. The only avail-
able report (Figueiredo et al., 2007) 1s on the proportion of toxic
hexavalent [Cr(VI)] chromium, with approximately 10% from
total chromium. The BCFs were always less than 1 in 15 wild spe-
cies. However, the BCF values for Cr(VI) were 10-times higher
than those for total chromium. Therefore, it seems that mush-
rooms preferentially bioaccumulate Cr(VI) to nontoxic Cr(III),
which could be a risk in substrates contaminated with Cr(VI).

3.9.3.5 Cobalt

Numerous reports concur that usual cobalt contents are up to
0.5mg kg™! DM, whereas levels more than 1.0mg kg™' DM are
limited. No appreciable difference was found between ectomy-
corrhizal and saprobic species. Contents in caps seem to be some-
what higher than in stipes.

3.9.3.6 Copper
Copper contents up to 70mg kg™' DM are frequent in mush-
rooms from unpolluted sites. However, levels of approximately
hundreds of mg kg™! DM do occur, particularly in accumulat-
ing species growing in sites contaminated with copper, such as
in the vicinity of copper or polymetallic smelters. Copper is dis-
tributed unevenly within fruit bodies; two- to three-times the
contents were reported in caps than in stipes of species belonging
to Boletaceae family. The highest levels were found in the spore-
forming parts.

Copper-binding metallothionein-like proteins were detected
in 72% of 44 tested mushroom samples. The proportion is lower
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than those for proteins binding cadmium or zinc. Information on
bioaccessibility and bioavailability of nutritionally essential copper
from mushrooms has been lacking.

3.9.3.7 lodine

Inorganic iodine contents in the groups of 27 wild-growing and
three cultivated species (A. bisporus, Pleurotus spp., and L. edodes)
were 0.28+0.21 and 0.154+0.09 mg kg™' DM, respectively. Due to
the wide ranges, both the groups did not differ significantly. The
content is low; therefore, mushrooms provide a very limited con-

tribution to the iodine requirement in human nutrition (Vetter,
2010).

3.9.3.8 Iron

Usual iron contents are 30-150mg kg™' DM, but levels surpass-
ing 1000mg kg™' DM were reported in Suillus variegatus. Wide
variations occur not only between species but also within some
species among results of different laboratories. Somewhat higher
contents were reported in ectomycorrhizal compared with sap-
robic species. Caps are richer in iron than stipes. Reported BCFs
for several species are very low, only approximately 0.01-0.02.
Knowledge of the nutritional bioavailability of iron from mush-
rooms has been lacking.

3.9.3.9 Lead

Lead has been considered the third risky mushroom trace element
after cadmium and mercury. Lead contents in mushrooms from
unpolluted areas are usually less than 5mg kg™' DM. Nevertheless,
contents of tens and sometimes hundreds of mg kg™! DM were
determined even in nonaccumulating species growing in sites
heavily polluted with lead, particularly in the areas polluted from
both historical and operating mines and smelters. Bioaccumulation
tactors for lead are very low, less than 0.05 and uvsually only 0.01-
0.02. Several accumulating species exist (Table 3.6). Lead seems to
be distributed evenly within fruit bodies.
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The initial data regarding the isotopic ratio of **°Pb/>’Pb as
an indicator of lead origin in fruit bodies are available (Borovicka
et al., 2014; Komarek et al., 2007). It seems that lead from recent
air pollution is transferred to fruit bodies via the top organic
horizon of underlying substrates. Unfortunately, information on
lead bioavailability from mushrooms is lacking.

3.9.3.10 Mercury

Mercury has been assessed as the second most detrimental trace
element after cadmium in mushrooms. Data on total mercury
content have been vast and originate from many countries and
laboratories. The extraordinary contribution to the topic from
various sources originated from the laboratory of Professor Jerzy
Falandysz, University of Gdansk, Poland. Their data have been
published in many original articles.

Mercury contents in prevalent nonaccumulating species from
unpolluted areas have been less than 1mg kg™' DM; however,
levels up to 5mg kg~! DM have not been scarce. Even higher con-
tents have been observed in valued B. edulis, Boletus pinophilus, and
Boletus appendiculatus. Considerably elevated levels, even in hun-
dreds of mg kg™! DM, were determined in accumulating species
(Table 3.6) harvested from heavily polluted areas, particularly near
mercury smelters. Most works report a higher level of mercury in
caps than in stipes. BCFs vary widely in various species, with most
values being approximately tens but with some being hundreds. As
reported by Nasr et al. (2012) for 27 wild-growing species, total
mercury content correlated positively with total sulfur and total
nitrogen contents in fruit bodies. Sulfur-containing and nitrogen-
containing compounds thus imply mercury transfer from mycelia
to fruit bodies. This is in accord with an older report on proteins
binding mercury in several mushroom species.

Several works up until the 1990s reported only low propor-
tions (several percent) of highly toxic methylmercury (CH;Hg").
The results were recently proven by Rieder et al. (2011), who
determined less than 5% of methylmercury from total mercury.
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Litter-decomposing species showed the highest contents of
both total mercury and methylmercury. Mushrooms accumulate
methylmercury from substrates with a BCF of approximately 20
and/or methylate mercuric [Hg(II)] salts (Fischer et al., 1995).
Unfortunately, even for such an important toxicant, data on bio-
availability from mushrooms are lacking.

3.9.3.11 Nickel

Nickel contents have been reported often. However, these con-
tents are low, mostly up to 5mg kg~! DM, and seem to be of
no toxicological risk. There exist several accumulating species
(Table 3.6) with levels of approximately tens of mg kg~! DM.
Information on chemical species in mushrooms and on bioavail-
ability in humans is lacking.

3.9.3.12 Selenium

A comprehensive review of different aspects of selenium in
mushrooms is available (Falandysz, 2008). Selenium in mush-
rooms has been quantified by several analytical methods.
Particularly improper determination using flame AAS or induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
could provide excessive values and selenium contents thus could
be overestimated (Falandysz, 2013). From this point of view, the
following data should be taken cautiously.

The usual contents in ectomycorrhizal species are less than
2mg kg™! DM; nevertheless, “true boletes” B. edulis, B. pinophilus,
and Boletus aestivalis commonly contain 5-20mg kg™' DM or
more (eg, Costa-Silva et al., 2011). Frequent values in saprobic
species are 3-5mg kg™! DM. An extremely high accumulation of
approximately 200mg kg~! DM was observed in the rarely con-
sumed Albatrellus pes-caprae. As mentioned, some cultivated species
were proven to accumulate organic compounds of selenium from
the substrate enriched with sodium selenite. A desirable level of
selentum was found in Pleurotus fossulatus cultivated on wheat
straw originated from seleniferous soil (Bhatia et al., 2014). Such
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substrates could be used in regions with soils rich in selenium;
however, European soils are very poor and selenium is deficient
in the food chain.

Selenium in mushrooms is present as prevalent amino acids
selenocysteine, selenocystine, selenomethionine bound in pro-
teins, Se-methylselenocysteine, inorganic selenites, and several
unidentified selenocompounds, including selenium-containing
polysaccharides. The proportions of individual compounds vary
widely in various species. Such data seem to be promising, par-
ticularly in regions deficient in dietary selenium, because this
essential element is recognized as an antioxidant and antagonist
of toxic eftects of methylmercury. Unfortunately, the bioavailabil-
ity of selenium from B. edulis was observed to be low (Mutanen,
1986). It would be useful to again investigate the bioaccessibility
and bioavailability of selenium from the main accumulating and
widely consumed species.

3.9.3.13 Zinc

Usual zinc contents vary between 25 and 200mg kg™! DM, with
elevated levels observed even in accumulating species (Table 3.6).
Considerably higher contents were observed in mushrooms from
the vicinity of a zinc smelter. It seems that insignificant differ-
ences occur between the groups of ectomycorrhizal and saprobic
species. The reported BCFs are mostly less than 10. The spore-
forming part of the fruit bodies is richest in zinc. Data on the
bioavailability of this essential element from mushrooms are
lacking.

3.9.4 Trace Elements with Limited Data

Opverall information on usual contents and (until now) known
genera and species accumulating some trace elements with lim-
ited data is condensed in Table 3.7. These elements, which are
nutritionally nonessential or low-risk, have been commonly
determined only with additional data regarding the main trace
elements described in the previous section.
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Table 3.7 Usual content (mg kg‘1dry matter) of trace elements with
limited data in mushroom fruit bodies from unpolluted areas and
accumulating genera and species known currently

Element Content Accumulators

Antimony 0.05-0.15 Suillus spp., Laccaria amethystea,
Amanita rubescens

Barium 1-5 Coprinus comatus

Boron 5-15 Marasmius wynnei, Suillus collinitus,
Tricholoma terreum

Bromine 1-20 Lepista gilva, Lepista inversa,
Amanita rubescens

Beryllium <0.5-0.5

Cesium 3-12 Suillus luteus

Gold <0.02 Lycoperdon perlatum, Boletus edulis,
Cantharellus lutescens, Morchella
esculenta

Lanthanides ~1 for main metals

(15 metals) Ce>La>Nd

Lithium 0.1-0.2 Craterellus cornucopioides,
Amanita strobiliformis

Manganese 10-60 Agaricus spp.

Molybdenum | <0.5

Rubidium Tens to hundreds Boletaceae family

Silver 0.2-3 Amanita strobiliformis, Agaricus spp.,
Boletus edulis, Lycoperdon perlatum

Strontium <2 Amanita rubescens

Thallium <0.25

Thorium <0.15

Tin <1

Titanium <10

Uranium <0.03

Vanadium <0.5 Coprinus comatus, toxic

Amanita muscaria

3.9.5 Concluding Remarks

Health consequences of detrimental trace elements cadmium,

mercury, lead, and arsenic consumed in wild-growing mushrooms

cannot be assessed thoroughly. Our knowledge of chemical spe-

cies, bioaccessibility, and bioavailability of all trace elements from
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mushrooms, including those essential for human nutrition, has
been only fragmentary. Contents of the “total element” are there-
fore used for calculation of the intake.

The consideration of mushroom trace elements in human
nutrition has been furthermore limited due to the very scarce
data on changes in their contents during various preserving and
cooking methods. For instance, the detrimental elements were
leached during boiling to a higher extent from destroyed tissues
of frozen mushroom slices than from fresh, air-dried, or freeze-
dried slices, with the released proportion in the following order:
Cd > Pb > Hg.

Opverall, even in accumulating species (because these are rarely
consumed alone) from unpolluted areas, the intake of the detri-
mental elements can scarcely surpass limits given in Section 3.9.1.
However, the health risk considerably increases in mushrooms
grown in polluted and chiefly in heavily polluted areas, such as
in the vicinity of metal mines and smelters. Such mushrooms
should not be consumed at all. However, mushrooms cultivated
on unpolluted substrates are safe because levels of detrimental
elements are low.
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Even though this book deals primarily with nutritional views on
culinary mushroom composition, some aspects of the expanding
knowledge on health-stimulating compounds should be men-
tioned. In addition to the extensively studied medicinal mush-
rooms that have been used in East Asia for many centuries, the
interest of researchers has recently focused on common culinary
mushrooms, including wild-growing species. It is supposed that
mushrooms comprise vast and mostly undiscovered pharma-
ceutically effective compounds. For detailed information, recent
comprehensive overviews dealing with various aspects are avail-
able. Overall data on the roles of edible mushrooms in health
have been presented by Roupas et al. (2012), data on antitu-
mor potential have been presented by Ferreira et al. (2010) and
Popovi€ et al. (2013), data on cardiovascular diseases have been
presented by Guillamén et al. (2010) and Choi et al. (2012), data
on hypertension have been presented by Yahaya et al. (2014), data
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on immunity have been presented by El Enshasy and Hatti-Kaul
(2013) and Guo et al. (2012), data on antiinflammatory eftects
have been presented by Elsayed et al. (2014), data on metabolic
syndrome have been presented by Kundakovi¢ and Kolundzi¢
(2013), and data on antibacterial applications have been presented
by Schwan (2012).

Only the basic information on some health-stimulating com-
pounds and effects are briefly provided in this chapter.

4.1 ANTIOXIDANTS

Free radicals, mainly in the form of reactive oxygen species and to
a limited extent in the form of reactive nitrogen species, are pro-
duced in the normal metabolism of aerobic cells. Most of the free
radicals are neutralized by cellular antioxidant defense mechanisms.
The maintenance of the equilibrium between the free radicals and
the antioxidant defenses is essential for the normal function of
an aerobic organism. An infringed balance is known as oxidative
stress. The excess of free radicals may oxidize and damage cellular
DNA, proteins, and lipids. The overproduction of free radicals has
been related to many disorders, including the most grave diseases,
and aging. Many such diseases can be prevented. Therefore, diets
with high level of natural antioxidants and free radical scavengers
are recommended. Fruits and vegetables, including mushrooms are
commonly known sources of such components.

A thorough review of the extensive literature on antioxi-
dants in wild-growing mushroom species has been performed by
Ferreira et al. (2009). The evaluation of the topic is not easy. The
antioxidant activity of various food items, including mushrooms,
has been quantified by various parameters, particularly free radi-
cals scavenging activity, power reduction, metal chelating effects,
inhibition of lipid peroxidation, and the identification of antioxi-
dant compounds. Difterent results are obtained depending on the
chemical nature of the determined segment(s) of antioxidants.
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Moreover, the activity is not often expressed per fresh or dry
matter (DM) of a mushroom, but rather in mushroom extracts
with solvents of various polarity.

The antioxidants in mushrooms are mainly phenolic acids and
flavonoids (see Section 3.4), followed by tocopherols (Section
2.6.1), ascorbic acid (Section 2.6.2), carotenoids (Section 2.6.1),
and ergothioneine (Section 4.8). Phenolic compounds have spe-
cific health eftects. They might provide benefits associated with a
reduced risk of degenerative malfunctions, such as cardiovascular
disease or some types of cancer. The effects are due to their abil-
ity to reduce oxidative agents by donating hydrogen from phe-
nolic groups and quenching singlet oxygen, a widely occurring
free radical. Tocopherols (vitamin E) disrupt the cascade of oxi-
dative processes by their reaction with peroxyl radicals produced
from polyunsaturated fatty acids in membrane phospholipids or
lipoproteins. Ascorbic acid (vitamin C) is effective against several
free radicals and protects biomembranes from lipid peroxidation
damage. Cooperative interactions do exist among water-soluble
ascorbic acid and fat-soluble tocopherols. Because of their lim-
ited occurrence, carotenoids in mushrooms provide low antioxi-
dative contributions but have a very important role in plants. The
information on the antioxidant activity of mushroom ergothione-
ine has been fragmentary. Comparable with numerous fruits and
vegetables, the prevailing antioxidant activity of many mushroom
species is ascribed to phenolics.

Information regarding the eftect of the fruit body develop-
mental stage on the level of antioxidants has been very incom-
plete. There have been reported minor difterences between young
and mature fruit bodies of Agaricus subrufescens (Soares et al., 2009),
and decreased levels in mature Lactarius deliciosus and Lactarius
piperatus have also been reported (Barros et al., 2007b). Sun-drying
of Agaricus bisporus caused the highest loss of antioxidant activity
to the greatest extent, followed by hot air drying and freeze dry-
ing, whereas microwave-vacuum drying was the most preserving
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method (Ji et al., 2012). The antioxidants considerably decreased
during mushroom cooking, probably because of a destruction of
polyphenols (Barros et al., 2007a). Boiling caused a higher loss
of water-soluble antioxidants than frying, grilling, or microwave
heating in three mushroom species (Soler-Rivas et al., 2009). On
the contrary, autoclaving increased both content of polypheno-
lics and antioxidant activity as compared with raw fruit bodies of
Lentinula edodes (Choi et al., 2006). Thus, the available results have
been ambiguous and further research is necessary.

In a study using an in vitro simulator (Vamanu et al., 2013),
several antioxidants, particularly gentisic acid and homogentisic
acid from the group of phenolic acids, were released during diges-
tion from four widely consumed mushroom species (A. bisporus,
Pleurotus ostreatus, Boletus edulis, and Cantharellus cibarius). The anti-
oxidants in synergy with mushroom fiber increased the number of
propitious lactobacilli and bifidobacteria strains in the colon and
the fermentative capacity of colon microflora. The wild-growing
species were more effective than the cultivated ones.

4.2 BETA-GLUCANS

Hot water-soluble fractions from many medicinal and culinary—
medicinal mushrooms, such as Ganoderma lucidum, L. edodes,
or Inonotus obliguus, have been historically used as medicine in
China, Japan, Korea, and eastern Russia. The active substances of
such decoctions are mostly polysaccharides of various chemical
compositions. Most of them belong to the group of B-glucans
exhibiting antitumor and immunostimulating properties, which
have units of f-D-glucopyranose connected with p-(1—3) link-
ages in the main chain of the glucan and additional B-(1—6)
branch points. The branching structure of P-glucans plays a
crucial role in their physiological activities (Bae et al., 2013).
Moreover, antitumor activities were also observed in other mush-
room polysaccharides and polysaccharide—protein complexes.
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Such noticeably propitious health eftects have naturally initi-
ated great interest from researchers. Hundreds of original works
have been published, and numerous articles have been evaluated
in reviews by Mizuno and Nishitani (2013), Ren et al. (2012),
Rob et al. (2009), Ruthes et al. (2015), Wasser (2002), and Zhang
et al. (2011).

High-molecular-weight f-glucans are more eftective than
low-molecular-weight ones. Mushroom polysaccharides prevent
oncogenesis and tumor metastasis. They do not attack cancer cells
directly, but rather activate immune responses in the host. Their
activity is particularly beneficial in clinics if used in conjunc-
tion with chemotherapy. Various f-glucans have common names
(Table 4.1). Some of them are available as commercial medicines,
both in their natural form and chemically modified to improve
their efficacy. They are isolated from three sources — fruit bodies,
cultured mycelium, or culture broth.

Beta-glucans occur in fruit bodies at level from hundreds to
thousands of mg 100g™! DM. Zied et al. (2014) determined in
cultivated A. subrufescens a mean P-glucan content of approxi-
mately 5000mg 100g™" DM, with a range of 2500-9700 mg
100g™" DM; several agronomic factors affected these results. Two
of these factors, mushroom strain and casing layer, were the most
important.

Table 4.1 Common name (or symbol) of f-glucans isolated from various
mushroom species

Name Species

AAG Auricularia auricula-judae
Flammulin Flammulina velutipes
Gl-1 Ganoderma lucidum
Grifolan; grifron-D Grifola frondosa

Krestin (PSK polysaccharide—protein complex) | Trametes versicolor
Lentinan Lentinula edodes
Pleuran Pleurotus spp.
Schizophyllan Schizophyllum commune
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4.3 CARBOHYDRATES AS A POTENTIAL SOURCE OF
PREBIOTICS

Prebiotics are functional food ingredients that are able to manip-
ulate the composition of colonic microbiota in the human gut
by the inhibition of exogenous pathogens and by favoring ben-
eficial bifidobacteria and lactobacilli, thus improving the health
of the host. In a simplified way, prebiotics are dietary ingredi-
ents indigestible in the upper part of the gut and are selectively
fermentable by potentially favorable bacteria in the colon. Such
processes produce health-promoting compounds and condi-
tions, resulting in enhanced immune function, improved colon
integrity, decreased incidence and duration of intestinal infec-
tions, reduced allergic responses, and improved feces elimination.
Natural polysaccharide inulin and its derivatives and nondigest-
ible oligosaccharides, particularly galactose oligosaccharides, have
been recently added to various food items.

A candidate for use as a prebiotic has to fulfill several criteria:

« stability during food processing and storage

+ resistance to the conditions in the upper gut tract (gastric
acidity, hydrolysis by human digestive enzymes, and gastroin-
testinal absorption)

+ selective fermentation in the colon to beneficial products

 selective stimulation of probiotics, such as living bifidobacteria
and lactobacilli.

Potential prebiotics are mostly carbohydrates in nature.
However, not every dietary carbohydrate is a prebiotic. Bioactivity
of water-insoluble chitin, which accounts up to 80-90% of mush-
room cell wall dry matter, is limited as compared to water-soluble
polysaccharides. However, chitin is a substantial part of mushroom
dietary fiber.

Among various mushroom carbohydrates, f-glucans seem to
be the most promising candidates for prebiotics. They are resistant
to acid hydrolysis in the stomach. Digestive enzymes secreted by
the human pancreas or brush border are not able to hydrolyze
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B-glucosidic bonds. This makes them indigestible. Nevertheless,
isolated branched p-1,3-1,6-glucan and linear a-1,3-glucan
from stipes of P ostreatus and Pleurotus eryngii tested as prebiotics
showed synergic effects in a synbiotic construction with selected
strains of probiotics (Synytsya et al., 2009). More details on this
topic are available in an overview by Aida et al. (2009).

4.4 PROTEINS WITH SPECIFIC BIOLOGICAL ROLES

In addition to nutritionally considered proteins (Section 2.2), mush-
rooms contain minor proteins with specific biological effects. Among
them, and of greatest interest, are lectins and hemolysins because of
their pharmacological and biotechnological potential, even though
some of them have known harmful eftects. These related proteins
differ in their effects on red blood cells in vitro. Lectins (formerly
hemagglutinins) agglutinate them and hemolysins lyse them.

Moreover, mushrooms produce other proteins and peptides
with interesting biological activities, such as fungal immuno-
modulatory proteins, ribosome inactivating proteins, antimi-
crobial proteins, and enzymes such as laccases or ribonucleases.
Comprehensive reviews on this topic are available (Erjavec et al.,
2012; Xu et al., 2011).

Information on mushroom proteins with specific effects, both
positive and negative, has been very limited regarding their ther-
mal stability during various cooking treatments, stability in gastric
juice, and particularly their absorption in the digestive tract.

441 Lectins

Lectins are ubiquitous and versatile proteins of nonimmune origin
that bind reversibly and specifically to carbohydrates. Their multiva-
lent structure enables their well-known ability to agglutinate cells.
Moreover, such a specific structure presents great therapeutic and
biotechnological potential. Several comprehensive reviews on mush-
room lectins with numerous references are available (Guillot and
Konska, 1997; Singh et al., 2010, 2015; Varrot et al., 2013; Hassan
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et al., 2015). Lectins participate in several physiological processes of
mushrooms such as defense compounds against various pests.

Most mushroom lectins display no dietary toxicity and are not
involved in mushroom poisoning. Bolesatin from toxic Boletus
satanas and a lectin from edible Agrocybe aegerita (syn. Agrocybe
cylindracea) (Jin et al., 2014) are representatives of a limited
number of toxic lectins. Lectins widely occur in genera Lactarius,
Russula, and Boletus. Some species contain several related lectins.
Somewhat higher lectin content has been found in fully devel-
oped rather than in young fruit bodies.

Some mushroom lectins have been tested and used as labo-
ratory diagnostic agents. They have also been investigated as
promising antiproliferative, antitumor, antiviral, and immunity-
stimulating compounds. Nevertheless, knowledge of lectins from
edible mushroom species, particularly of the structural and func-
tional characteristics, has been limited until now.

4.4.2 Hemolysins

Overall information is available from a recent review by Nayak
et al. (2013). Hemolysins have been classically defined as exotoxins
that are capable of lysing red blood cells. Current knowledge sug-
gests that hemolysins are pore-forming toxins that interact with
specific ligands on the surface of various target cells. They were
first reported in mushrooms as early as in 1907. Until now, they
were isolated and characterized in several edible and toxic species,
such as P ostreatus (ostreolysin and pleurotolysin), P eryngii (erylysin
and eryngeolysin), Amanita rubescens (rubescenlysin), Flammulina
velutipes (flammutoxin), and Schizophyllum commune (schizolysin).
Hemolysins probably participate in mushroom biology, such as in
the initiation of fruit bodies or as natural insecticides.

Mushroom hemolysins have rarely been responsible for acci-
dental poisoning because they are heat-sensitive; the poison is
deactivated during thermal processing.

Recently, several mushroom hemolysins have been investigated
as antitumor or antiretroviral agents, or as compounds cytotoxic to
tumor cells. However, the research is in its initial stage.
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4.5 LOVASTATIN

Fungal polyketide lovastatin (mevinolin) is one of the seven
statins and biochemical inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A reductase. Lovastatin inhibits the enzyme in the pro-
duction of cholesterol and reduces the risk of coronary heart dis-
ease. Statins have been shown to have eftective antiinflammatory;,
antioxidant, profibrinolytic, and other properties and have been
widely used as drugs.

Data on lovastatin content are given in Table 4.2. There are wide
variations among and within species despite the data originating

Table 4.2 Content of lovastatin (mg 100g~" dry matter) in selected
mushroom species

Species Lovastatin Reference
Agaricus bisporus 56.5 Chen et al. (2012)
Agaricus subrufescens 18.4 Lo et al. (2012)
0.96 Cohen et al. (2014)
Agrocybe cylindracea 58.3 Lo et al. (2012)
Auricularia polytricha 1.61 Lo et al. (2012)
Boletus edulis 32.7 Chen et al. (2012)
Coprinus comatus 0.96 Cohen et al. (2014)
Flammulina velutipes 9.08 Chen et al. (2012)
ND Cohen et al. (2014)
Grifola frondosa ND Chen et al. (2012)
ND Cohen et al. (2014)
Hericium erinaceus 1.44 Cohen et al. (2014)
Hypsizigus marmoreus 62.8 Lo et al. (2012)
25.8 Chen et al. (2012)
Lentinula edodes 31.7 Lo et al. (2012)
ND Chen et al. (2012)
ND Cohen et al. (2014)
Pholiota nameko 18.6 Chen et al. (2012)
Pleurotus eryngii 15.2 Chen et al. (2012)
Pleurotus ostreatus (Japan) 60.7 Chen et al. (2012)
(South Korea) 16.5 Chen et al. (2012)
(Taiwan) 21.6 Chen et al. (2012)
(Israel) ND Cohen et al. (2014)
Tremella _fuciformis 3.01 Lo et al. (2012)
Volvariella volvacea 5.94 Lo et al. (2012)

ND, content below detection limit.
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from the same laboratory. Several analyzed species showed lovastatin
content more than 50mg 100g™" DM; nevertheless, this promising
information should be supported with further data. Moreover, the
information on lovastatin bioavailability from mushrooms has been
lacking.

4.6 ERITADENINE

As shown in both animal and human studies, L. edodes possesses
the ability to reduce blood cholesterol and regulate lipid metab-
olism (Yang et al., 2013). The active agent is a purine alkaloid
eritadenine, formerly lentinacin, called 2-R,3-R-dihydroxy-
4-(9-adenyl)-butyric acid (Fig. 4.1). Unlike the statins (see
Section 4.5), eritadenine does not inhibit cholesterol biosynthesis
in the liver, but it does enhance the removal of blood cholesterol.
A diet containing 0.005% eritadenine lowered total cholesterol by
25% in serum of experimental rats.

Earlier works reported eritadenine contents in the caps of
L. edodes to be 50-70mg 100g~! DM, and somewhat lower levels
were found in the stipes. However, Enman et al. (2007) deter-
mined 317-633mg 100g™! DM in methanolic extracts (ie, up
to 10-times higher contents). Zhang et al. (2013) observed even
higher contents in ethanolic extracts of freeze-dried L. edodes,
1660 and 1425mg 100g™" DM in caps and stipes, respectively.
Shade drying and hot air drying lowered eritadenine contents by

NP

\{H
Ho COOH

Eritadenine

Figure 4.1 Chemical structure of eritadenine.
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Ergothioneine y—Aminobutyric acid

Figure 4.2 Chemical structure of ergothioneine and gamma-aminobutyric
acid (GABA).

approximately half. The losses decreased with the increasing dry-
ing temperature. It is not yet clear how changes in eritadenine
during drying may affect its bioactivities. There was no clear
correlation between the content of eritadenine and antioxidant
activities of dried L. edodes.

4.7 GAMMA-AMINOBUTYRICACID

Dietary free amino acid y-aminobutyric acid (GABA; Fig. 4.2)
is considered a hypotensive compound. It also has an immune-
amplifying role in neuroinflaimmatory diseases such as mul-
tiple sclerosis. Data on GABA contents are given in Table 4.3.
There are apparent differences up to two orders of magnitude
among species. However, in species with more available data (eg,
L. edodes), great differences do exist even though these data origi-
nate from the same laboratory. Therefore, more data are necessary.

Although GABA contents in fruit bodies are at a level of
mg per 100g in both dry and fresh matter, Chiang et al. (2006)
observed lower levels in canned A. bisporus, Volvariella volvacea, and
E velutipes and the corresponding broth. It seems that the blanch-
ing and thermal processing decrease GABA contents.

4.8 ERGOTHIONEINE

Water-soluble amino acid L-ergothioneine (2-mercapto-L-
histidine betaine; Fig. 4.2) occurs primarily in mushrooms. No
ergothioneine synthesis has been detected so far in higher plants
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Table 4.3 Content of y-aminobutyric acid (GABA) and ergothioneine
(mg 100g~" dry matter) in selected mushroom species

Species GABA  Ergothioneine Reference
Agaricus bisporus - 21.0 Dubost et al. (2007)
white
brown - 45.0 Dubost et al. (2007)
unspecified 12.5 93.3 Chen et al. (2012)
Agaricus campestris | — 99.0 Woldegiorgis et al. (2014)
Agaricus subrufescens | 36.0 | — Tsai et al. (2008)
184.5 3.90 Lo et al. (2012)
39.4 3.74 Cohen et al. (2014)
Agrocybe cylindracea 21.0 |- Tsai et al. (2008)
73.0 25.0 Lo et al. (2012)
Auricularia polytricha | 28.2 0.14 Lo et al. (2012)
Boletus edulis - 52.8 (FM) Ey et al. (2007)
11.0 |- Tsai et al. (2008)
20.2 49.4 Chen et al. (2012)
Coprinus comatus 109.2 76.4 Cohen et al. (2014)
Flammulina velutipes | 23.0 45.5 Chen et al. (2012)
26.0 9.9 Cohen et al. (2014)
Grifola frondosa - 113 Dubost et al. (2007)
1.78 | 55.3 Chen et al. (2012)
3.75 | 20.7 Cohen et al. (2014)
Hericium erinaceus 429 | 63.0 Cohen et al. (2014)
Hypsizigus 3.37 4.61 Lo et al. (2012)
marmoreus 11.4 41.0 Chen et al. (2012)
Laetiporus sulphureus | — 8.0 Woldegiorgis et al. (2014)
Lentinula edodes - 198 Dubost et al. (2007)
62.2 1.22 Lo et al. (2012)
1.54 | 41.2 Chen et al. (2012)
- 132 Woldegiorgis et al. (2014)
18.6 33.4 Cohen et al. (2014)
Pholiota nameko 0.82 | 229 Chen et al. (2012)
Pleurotus eryngii ND 62.5 Chen et al. (2012)
Pleurotus ostreatus - 259 Dubost et al. (2007)
(USA)
(Germany) - 11.9 (FM) Ey et al. (2007)
(Japan) 0.61 94.4 Chen et al. (2012)
(South Korea) 2.36 | 1829 Chen et al. (2012)
(Taiwan) ND 145.8 Chen et al. (2012)
(Ethiopia) - 378 Woldegiorgis et al. (2014)
(Israel) 130.5 |244.4 Cohen et al. (2014)

(Continued)
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Table 4.3 Content of y-aminobutyric acid (GABA) and ergothioneine
(mg 100g~" dry matter) in selected mushroom species (Continued)

Species GABA  Ergothioneine Reference

Termitomyces - 122 Woldegiorgis et al. (2014)
clypeatus

Tremella fuciformis 68.7 0.73 Lo et al. (2012)

Volvariella volvacea 99.9 53.7 Lo et al. (2012)

ND, content below detection limit. FM, mg 100g™! fresh matter.

and animals, including humans. It is chiefly known as an effec-
tive antioxidant through multiple mechanisms. Moreover, it has
recently attracted awareness as a biogenic key substrate of the
organic cation transporter OCTN1, which is connected with
autoimmune disorders. Dietary ergothioneine is taken up and
concentrated mainly in mammalian mitochondria.

Data on ergothioneine content in mushrooms are presented
in Table 4.3. Contents of tens of mg 100g™" DM are frequent;
however, wide variations occur both among and within spe-
cies. Widely consumed P ostreatus and L. edodes seem to be
rich sources of ergothioneine. In powdered samples of UV-B—
irradiated mushrooms,Sapozhnikova et al. (2014) reported ergothi-
oneine contents of 370-480, 810-920, 720-790, and 970-1040 mg
100g™! DM in brown A. bisporus, white A. bisporus, L. edodes, and
P, ostreatus, respectively. The UV treatment had only little effect on
ergothioneine content, except for L. edodes, in which a significant
decrease has been observed as compared with the nonirradiated
variant.

In E velutipes, both refrigerated storage and boiling in water
caused significant losses of ergothioneine. However, a great pro-
portion was present in the broth (Nguyen et al., 2012). A study
by Weigand-Heller et al. (2012) demonstrated that ergothioneine
from dried A. bisporus was taken up by red blood cells postprandi-
ally and therefore was bioavailable. Mushrooms seem to serve as a
worthwhile source of ergothioneine.
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As mentioned, this book does not deal with toxic or ined-
ible mushroom species. Nevertheless, even some culinary species
contain compounds that can be potentially injurious to human

health.

5.1 POTENTIALLY PROCARCINOGENIC COMPOUNDS

In 1960 a natural compound, the chemical structure of which
was suspected to be carcinogenic, was isolated from several
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Agaricus species. This was subsequently proven. The compound
was named agaritine. Isolation of several chemically related com-
pounds followed. The second watched procarcinogen was isolated
from Gyromitra esculenta and was designated gyromitrin. It also has
several chemically related compounds.

The procarcinogenicity is caused by nitrogen—nitrogen bonds,
and particularly by the derivatives of hydrazine NH,—NH, or
diazonium cation —N™=N. An overview was published by Toth
(1995). It 1s not yet clear why some mushroom species produce
such compounds that are innocuous for them but potentially
harmful for the consumers.

5.1.1 Agaritine

Agaritine  [B-N-(y-L-(+)-glutamyl)-4-(hydroxymethyl)-phenyl-
hydrazine| is not a factual carcinogen, it is only a weakly muta-
genic compound. Within organisms of mammals, however, it
undergoes changes leading to the production of detrimental car-
cinogens. A simplified scheme of the changes is given in Fig. 5.1.
Repeated feeding of experimental animals with either high doses
of Agaricus bisporus or the isolated carcinogens caused tumor
growth in several parts of the digestive tract and bladder.

Overall information has been published by Andersson and
Gry (2004) and Roupas et al. (2010). Widely ranging agari-
tine contents in cultivated A. bisporus were reported, with usual
levels being 200-500mg kg™' fresh matter (FM). The contents

NH,

N MM Ny
-~ ~ N
HN COOH

i

Is) +Hy0
—_— - —_—
—Glutamic acid

CH,0H CH,OH
CH,0H

Agaritine 4-(Hydroxymethyl)phenyl- 4-(Hydroxymethyl)benzene-
hydrazine diazonium cation

Figure 5.1 A simplified scheme of carcinogen formation from agaritine.



Detrimental Compounds and Effects 157

up to 6500mg kg~! were observed in dried A. bisporus. Agaritine
is distributed unevenly within fruit bodies. The highest level was
observed in the skin of caps and in the gills, with the lowest being
in stipes (Schulzova et al., 2002).

In a survey of wild Agaricus species (Schulzova et al., 2009),
24 of 53 species contained more than 1000mg kg™' FM, and
only 9 species contained less than 100mg kg™' FM. The high-
est content was up to 10,000mg kg~! FM and was determined
in Agaricus elvensis. No correlation was observed between agari-
tine content and mushroom size, year, season, or site of collection.
Moreover, agaritine was detected in some species of the genera
Leucoagaricus and Macrolepiota.

A considerable decrease of agaritine content was observed
during storage under refrigerator and freezer conditions, as well
as during drying of white and brown A. bisporus, whereas freeze
drying caused no loss. Boiling for 5min degraded approximately
one-fourth of agaritine, and approximately one-half has been
extracted into the cooking broth. A further decrease was observed
during prolonged boiling. Dry baking, similar to pizza produc-
tion, reduced agaritine content by approximately one-quarter,
whereas frying in oil or butter or deep frying resulted in a reduc-
tion of 35-70% of the initial level. Approximately two-thirds of
agaritine were lost during microwave processing (Schulzova et al.,
2002). In canned A. bisporus, usual agaritine levels were only
approximately 15-20mg kg™! (ie, approximately 10-times lower
than in fresh mushrooms) (Andersson et al., 1999).

Agaritine level in fresh A. bisporus was not affected by gamma
irradiation up to 3kGy, whereas at 5kGy a significant reduction
from 1540 to 1350 mg kg™! dry matter (DM) occurred (Sommer
et al., 2009).

It is not yet known for which products there are agaritine and
other phenylhydrazine derivatives degraded during storage, pres-
ervation, and cooking. It is possible that such compounds can be
biologically detrimental. However, Roupas et al. (2010) summed
up that, based on the available evidence, agaritine consumption
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from cultivated A. bisporus poses no known toxicological risk to
healthy humans.

Surprisingly, favorable health effects of agaritine were recently
reported. It has been shown to be a potential anti-HIV agent and
to exert antitumor activity against leukemia cells.

5.1.2 Gyromitrin

Species of genus Gyromitra are abundant and popular due to their
delicious taste, particularly in the Nordic countries (Karlson-
Stiber and Persson, 2003). Some of them are nontoxic, whereas
others, including the widely distributed G. esculenta (false morel),
contain toxic levels of gyromitrin (40~700mg kg~! FM) and sev-
eral minor chemically related compounds.

Once ingested, gyromitrin (acetaldehyde- N-methyl-N-formyl-
hydrazone or 2-ethylidene-1-methylhydrazide) is rapidly hydro-
lyzed under acidic conditions of the stomach, forming easily
absorbed carcinogenic and toxic hydrazines (see Fig. 5.2). The
individual response to gyromitrin is variable. Intoxications have
occurred not only by eating G. esculenta but also by inhaling the
vapors from cooking the mushroom. Typical toxic effects were
observed in individuals who often handle gyromitrin-containing
mushrooms.

After an acute, toxic exposure, vomiting and diarrhea occur
after several hours of latency. The most typical features are dis-
turbances of the central nervous system and blood glucose level.
In severe intoxication, a second hepatorenal phase occurs after a
period free of symptoms. These cases can be fatal.

(0]
He#° H(IJ" H
| _— —_— AN
g N H,oN CH
/\N/ \CHS HZN/ \CHS 2 3
Gyromitrin N-Formyl-N-methylhydrazine Methylhydrazine

Figure 5.2 A scheme of toxic hydrazine formation from gyromitrin.
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Gyromitrin content is reduced by prolonged air drying or by
cooking of fresh as well as dried mushrooms. However, only free
molecules of gyromitrin are removed during drying; for those
that are organically bound, approximately half of the toxin con-
tent remains. Boiling must be repeated several times in large vol-
umes of water in an open vessel to enable evaporation of volatile
hydrazines. I cooked in a closed pot, the toxic substances would
be retained.

5.2 FORMALDEHYDE

The initial information on the occurrence of formaldehyde in
Chinese cultivated shiitake mushrooms (Lentinula edodes) in 2002
was proven in retail samples in the United Kingdom (Mason
et al., 2004) and China (Liu et al., 2005). Mason et al. (2004)
reported 11-24mg, and Liu et al. (2005) reported 11.9-49.4mg
100g™! FM. The inceptive hypothesis supposed that the residues
of formaldehyde were a result of disinfectant use during mush-
room cultivation. However, samples of UK and Chinese origin,
which were verified as being produced without any formaldehyde
treatments, contained 10-32mg 100g™! FM (Mason et al., 2004).

Storage of shiitake mushrooms for 10 days had no eftect on
formaldehyde content, whereas frying for 6min significantly
reduced its level (Mason et al., 2004).

It seems plausible that formaldehyde in shiitake is of endog-
enous origin. It is probably released as one of numerous products
of multistep hydrolysis of sulfur-containing lentinic acid, a pre-
cursor of compounds participating in characteristic aroma of shii-
take (see Section 3.1.2).

The toxicological risk of formaldehyde intake from the con-
sumed shiitake was assessed by Claeys et al. (2009). Formaldehyde
is carcinogenic only via inhalation, not by ingestion. Moreover,
the estimated daily exposure from shiitake consumption of
0.19pg kg™! body weight in consumers appears to be very low
as compared with total daily dietary intake of approximately
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100 pg kg™! body weight in the total population. Overall, formal-
dehyde in shiitake is not a cause for concern.

5.3 NICOTINE

Nicotine is the main alkaloid of tobacco leaves, with contents
usually ranging between 0.3% and 3% of dry weight. Low levels
also occur in other plants of the family Solanaceae, such as toma-
toes, potatoes, peppers, and aubergines. Nicotine can cause dizzi-
ness, increased heart rate, and elevated blood pressure.

Surprisingly, an official German report on significant levels of
nicotine in dried cepes (“true boletes”; Boletus spp.) from China
in 2009 followed by reports on its occurrence in chanterelles
(Cantharellus cibarius) raised questions regarding nicotine ori-
gin and possible human health concern. In 2009, the European
Food Safety Authority proposed temporary nicotine residue levels
of 0.04mg kg™! for fresh cultivated and wild mushrooms and
1.2mg kg™! for dry wild mushrooms, with the exception of dried
cepes, which had a level of 2.3mg kg~!. These levels were pro-
longed (EU Commission Regulation No 897/2012).

Available literature deals primarily with the development of
proper analytical methods for nicotine determination, whereas
the data on nicotine content in mushrooms have been supplemen-
tary. Cavalieri et al. (2010) in Italy reported 0.01-0.04mg kg™
in 10 fresh or frozen samples and 0.1-4.5mg kg™! after drying.
In Germany, approximately 30% of 79 analyzed samples of many
wild species contained between 0.006 and 0.02mg kg™! DM,
and only approximately 7% contained more than 0.09mg kg™!
DM (Miiller et al., 2011). However, nicotine contents in com-
mercial dried cepes were in the range of 0.03-3.30mg kg™' DM.
Similarly in Spain (Lozano et al., 2012), all 20 analyzed commer-
cial samples contained nicotine at low levels between 0.006 and
0.013mg kg™! DM. Chinese data for several species vary within
the range of 0.02-0.08 mg kg™! DM (Lin et al., 2013; Wang et al.,
2011).
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Until now, no clear reason has been established for this unex-
pected nicotine occurrence. Several factors have been consid-
ered, namely: the use of pesticides containing nicotine, which
have been banned within the EU since 2010 but are still used in
some countries; mushroom cultivation on contaminated substrate;
cross-contamination under bad practices of processing and pack-
aging (eg, drying of mushrooms in stoves used for tobacco dry-
ing); endogenous origin; and increased biosynthesis of nicotine
via putrescine produced under the improper conditions during
mushroom storage, handling, and drying (Schindler et al., 2015).

5.4 COPRINE

Fruit bodies of several species of the genus Coprinus, includ-
ing plentiful Coprinus comatus and Coprinus atramentarius, con-
tain nonprotein amino acid coprine, which is converted in the
human body to toxic cyclopropanone hydrate (Fig. 5.3). Content
of approximately 150 mg coprine kg™' FM is usual in European
C. atramentarius. Low levels of coprine were also observed in
Clitocybe clavipes, Pholiota squarrosa, and Boletus erythropus.

If alcohol is consumed up to approximately 72h after the inges-
tion of species containing coprine, then alcohol intolerance occurs,
similar to antabus effects, with an intense indisposition for several
hours, including decreased blood pressure, elevated heart activ-
ity, flushing, nausea, vomiting, and headache. The cause of these
symptoms is the blocking of alcohol detoxification (ethanol —
acetaldehyde — acetic acid) by cyclopropanone hydrate in the
second step and accumulation of detrimental acetaldehyde. This
has been discussed in detail by Matthies and Laatsch (1992).

5.5 XENOBIOTICS

Prochloraz has been the most commonly used pesticide in mush-
room production. Its residual levels in A. bisporus from seven
Turkish facilities ranged widely from undetectable to 105.4+
16.9pg kg™! (Cengiz et al., 2014).
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Figure 5.3 A simplified scheme of toxic cyclopropanone hydrate formation
from coprine.

Residues of formerly used pesticides, such as chlorinated
hydrocarbon DDT, its metabolites DDE and DDD, and y-HCH
(lindane, gammexane), were detected in all samples of Boletus edu-
lis and Xerocomus badius from northeastern Poland. Mean sums of
DDT were 3.78 and 1.71ug kg™ ! in fresh caps of X. badius and
B. edulis, respectively, and respective contents of y-HCH were
0.125 and 0.11pg kg™! (Gatgowska et al., 2012). Such levels do
not exceed the acceptable levels and do not pose a health risk.

Thiabendazole counts among the most commonly used
postharvest systemic fungicides for the control of fungal dis-
eases during storage and distribution of fruits and vegetables,
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including mushrooms. Zhang et al. (2014) tested thiabendazole
uptake and degradation by cultivated Pleurotus eryngii, Pleurotus
ostreatus, and Hypsizygus marmoreus. The fungicide was either
sprayed directly on substrates or premixed with the substrates.
In the variants and in all three species, the highest residues were
determined in the usually nonconsumed volva, which has been
partially buried in substrate, and the lowest level was found in
the stipe. The spraying resulted in higher thiabendazole residues
than the premixing treatment. However, the residues were less
than 5mg kg™!, and the maximum residue limit in the EU has
been 10mg kg™'. The highest level was observed in P eryngii.
Half-lives of thiabendazole were 13.7, 13.6, and 10.0 days for
P ostreatus, H. marmoreus, and P eryngii, respectively, in the variant
with the premixed fungicide.

An insecticide fipronil is applied for the protection of sug-
arcane crops. Sugarcane bagasse is commonly used as a com-
ponent of composts for the cultivation of Agaricus subrufescens.
Bioaccumulation of fipronil from experimental composts (up to
32mg kg™!) was not detected, whereas the fruit bodies accumu-
lated the insecticide from the casing layer (Carvalho et al., 2014).

No detectable risky coplanar polychlorinated biphenyls
(PCBs) were observed in cultivated L. edodes, Flammulina velutipes,
and Grifola frondosa (Amakura et al., 2003). However, up to
13.1pug kg™ ! of lipids was reported by Kotlarska et al. (2010) in
fresh wild mushrooms from northeastern Poland. Fruit bodies
of cultivated mushrooms can be contaminated with PCBs from
the growing substrate. However, only less than 0.1% of PCBs
originally present in straw were transported into fruit bodies of
P ostreatus (Moeder et al., 2005). Similarly, no detectable con-
tents of polychlorinated dibenzo-p-dioxins and negligible levels
of polychlorinated dibenzofurans were reported by Amakura et al.
(2003) in cultivated L. edodes, E velutipes, and G. frondosa. Such
levels were lower than in green leafy vegetables.

The trends in mycoremediation should be briefly mentioned
here (for recent overviews see Kulshreshtha et al., 2014 and
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Rhodes, 2014). Within “clean technologies,” mycoremediation is
based on the use of fungi and mushrooms for the removal of var-
ious pollutants from wastes, eftluents, and soils. A variant combin-
ing remediation effects with the production of consumable fruit
bodies is the most interesting from the point of view of this book.

Mycoremediation with mushrooms uses the processes of bio-
degradation, biosorption, and bioconversion. Biodegradation
degrades and recycles complex molecules and some nonpoly-
meric recalcitrant pollutants to elementary mineral constituents
such as water, carbon dioxide, nitrates, and others. Various mush-
room species, including those widely cultivated (eg, L. edodes,
P, ostreatus), produce numerous eftective hydrolyzing and degrad-
ing enzymes for such processes. Biosorption is based on the sorp-
tion of metallic ions and organic pollutants from effluents by
live or dried biosorbents such as mushroom mycelium and used
mushroom compost. However, biosorption generates noncon-
sumable biomass.

On the contrary, bioconversion enables production of con-
sumable fruit bodies of mushrooms cultivated on various agro-
industrial and industrial wastes. Nevertheless, toxicity and
genotoxicity of such fruit bodies have to be tested from case to
case. Future research should be focused on the ability of a mush-
room species to degrade pollutants in such a way that their dis-
posal will not create another problem and fruit bodies can be
consumed safely (Kulshreshtha et al., 2014).

5.6 NITRATES

The possible consequences of nitrates intake in humans, followed
by their enzymatic reduction to nitrites, can be methemoglobin-
emia and the formation of carcinogenic nitrosamines. Plant foods
and drinking water are the main sources of nitrates. Some vegetables
such as spinach, lettuce, or radish can contain 2000-5000 mg kg™
FM. The acceptable daily intake for nitrate anion (NO3™) was
established as 3.65 mg kg™! of body weight.
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Only pilot information on nitrates in edible mushrooms has
been available. Bobics et al. (2015) analyzed 134 samples of 54
mushroom species (19, 13, 13, and 9 wild saprobic, ectomycor-
rhizal, wood-decaying, and cultivated, respectively). The highest
mean nitrate contents were determined within saprobic species
with a wide range of 151-12,720mg kg~' DM. The most accu-
mulating species were Clitocybe nebularis, Lepista nuda, Macrolepiota
thacodes, and Clitocybe odora, with mean contents of 6980, 5840,
1880, and 1770mg kg™! DM, respectively. Considerably lower
and relatively invariable mean contents of 217 and 229 mg kg™
DM were observed in ectomycorrhizal and wood-decaying
species, respectively. Within the cultivated species, A. bisporus,
P ostreatus, and L. edodes contained, on average, 563, 221, and
154mg kg™' DM, respectively.

Because the contents of nitrates expressed per FM are approx-
imately 10-times lower than data per DM, nitrate contents in
most of the analyzed mushroom species are comparable or lower
than in nonaccumulating vegetables. Nevertheless, the body bur-
den from a meal of 100g of fresh C. nebularis or L. nuda would
reach approximately one-quarter of the acceptable daily intake
for a person with body weight of 70kg.

5.7 RADIOACTIVITY

Both the economic and recreational collection of wild-growing
mushrooms can be deprived or limited due to fears of mushroom
contamination. Such a situation can arise both in sites heavily
polluted with deleterious heavy metals (see Section 3.9) and in
areas contaminated with radioactive fallout from a disaster at a
nuclear facility.

Radionuclide contamination of the environment and food
chains has originated from the fallout after nuclear weapons test-
ing in the 1960s and the operation of nuclear energy—generating
industries, including their accidents, and various applications of
radioisotopes. Extreme situations occurred after the Chernobyl
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disaster in April 1986 (Ukraine) and the Fukushima disaster in
March 2011 (Japan). Mushrooms are filamentous fungi and are
very efficient at absorbing radionuclides from their substrate;
they are an important component of long-term accumulation of
radionuclides in upper horizons of forest soil due to the long-
living and huge hyphal network and biomass.

Radioactive contamination of a great part of Europe after the
Chernobyl accident triggered extensive research and monitoring
of the environment, including mushrooms. Therefore, a lot of data
on mushroom radioactivity have been available. The overall infor-
mation is presented in several review articles focusing either on
the environmental aspects and transfer, particularly of radiocesium
to mushrooms (Duft and Ramsey, 2008; Gillett and Crout, 2000),
or on the health aspects of radionuclide intake via the consump-
tion of various mushroom species (Guillén and Baeza, 2014;
Kalac, 2001, 2012). Only the weightiest original articles are cited,
numerous references are cited in the mentioned reviews.

This section summarizes recent information on radioactiv-
ity of particular wild species from areas contaminated from the
Chernobyl disaster. Data dealing with the repercussions of the
Fukushima accident on mushroom contamination have been
scarce. Cultivated mushrooms, usually growing indoors and on
uncontaminated substrates, generally have considerably lower lev-
els of anthropogenic radionuclides than wild species. A specific
situation occurred recently in L. edodes grown outdoors on logs
in open fields affected by the Fukushima fallout. Such fruit bodies
were refrained from being sold.

5.7.1 Radioactivity Units and Legislation

One becquerel (Bq) is a unit for the activity of a radioactive
source in which, on average, one atom decays per second. Activity
concentration, for example, activity per weight unit (usually Bq
kg™!), has been commonly used. For the gravest radionuclides
from the Chernobyl fallout (radiocesium '%’Cs+'*Cs), food stat-
utory limits in the EU are 600 and 370Bq kg™' FM for adults and
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children, respectively. Thus, at usual mushroom DM of 10%, the
limit for adults is equivalent to 6000Bq kg™! DM. The radioac-
tivity of wild mushrooms in the period following the Chernobyl
disaster incited legislative provisions and recommendations. The
maximum permitted limit of the EU for *’Cs has been 1250Bq
kg™! FM (ie, 12,500 Bq kg™' DM). Recently, as a consequence of
the Fukushima disaster, a limit of 500 Bq kg™! FM was established
for vegetables, including mushrooms, in Japan.

5.7.2 Natural Radionuclides

As mentioned in Section 2.5, mushrooms contain consider-
ably higher levels of potassium than do foods of plant origin.
Potassium is distributed unevenly in fruit bodies. The content
usually decreases in the following order: cap > stipe > gills or
tubes > spores. The accumulation factor (ie, ratio of potassium
content in fruit body DM and in DM of underlying substrate) is
usually between 20 and 40. The radioisotope *’K is present in the
mixture of potassium isotopes at a constant level of 0.012%. Its
halt-life is extremely long.

The usual reported activity concentrations of “’K in numer-
ous wild-growing species have been in the range 800-1500Bq
kg™! DM. It seems that the incorporation of stable potassium iso-
topes K and 'K, and hence also *’K, from underlying soil to
fruit bodies is self-regulated by the physiological requirements of
a mushroom. Unlike '*’Cs from radioactive fallout, natural *’K
is distributed evenly in the vertical profile of forest soils. Cesium
is chemically related to potassium; however, no significant corre-
lation between ’Cs and *K has been reported. Thus, different
uptake mechanisms of these elements are suggested. The iso-
tope “’K is usually the main source of radioactivity in cultivated
mushrooms.

Isotopes of lead ?''Pb (half-life 22.3 y) and polonium 2!“Po
(halt-life 138 d) are decay products of naturally occurring par-
ent uranium ***U with intermediate isotopes radium **°Ra and
radon 2?Rn. These isotopes therefore occur at elevated levels in



168  Edible Mushrooms

mushrooms in the vicinity of uranium mines. Ectomycorrhizal
and saprobic species seem to have similar activity levels. The
reported activity concentrations vary widely from <1 to hun-
dreds of Bq kg™! DM for each of the isotopes. Mushrooms take
up 2!"Pb directly from soils, and deposition from the atmosphere
onto fruit bodies is limited. Dose coefficients (see Section 5.7.5)
of 2!%Po and ?!Pb are for approximately three or two orders of
magnitude higher than that of *’K, and the effective dose from
their intake from mushrooms should not be overlooked. This par-
ticularly occurs in mushrooms from sites not contaminated with
anthropogenic radionuclides.

Other natural radionuclides, uranium 2**U and thorium >**Th,
are taken up at lower levels than *’K because they are not essen-
tial for mushroom development and have only a limited role in
the effective dose of radioactivity. Similarly, low activity concen-
trations of radium *?°Ra, originating from decay of U, were
reported from France and in mushrooms from a Romanian ura-
nium mining area. Beryllium isotope 'Be (half-life 53.4 d) gen-
erated by the interaction of high-energy cosmic rays with the
atmosphere can be deposited onto fruit bodies by precipitation.
The health risk associated with this is very low.

5.7.3 Anthropogenic Radionuclides

The global environment was contaminated with several radionu-
clides from nuclear weapons testing until 1963. The total release
of ¥Cs, the most important contaminant, was estimated as
9.6 X 10'7Bq. Limited data from up to 1985 have been available
for mushroom radioactivity. In Central Europe, activity concentra-
tions of %’Cs were usually less than 1000Bq kg™' DM. X. badius
and Xerocomus chrysenteron were, at that time, identified as accumulat-
ing species. Radionuclides of strontium *’Sr and of plutonium were
observed in wild mushrooms at toxicologically unimportant levels.
Mushroom contamination changed dramatically after the disas-
ter at the Chernobyl nuclear power station on April 26, 1986. This
disaster released into the environment approximately 3.8 X 10'°Bq
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from 137Cs decay. Cesium '¥’Cs and strontium *’Sr were the main
radionuclides produced during the explosive fission reaction. Both
these radionuclides have long physical half-lives of 30.2 and 28.8
years, respectively. Radiocesium **Cs, with a half-life of 2.06 years,
is produced in reactors during long-term fission. The ratio of *’Cs
to **Cs early after the disaster was approximately 2:1. Moreover,
numerous further radionuclides of limited toxicological risk,
namely #Ce, 1311, %Nb, 2Py, 2Py, 1Ry, 1Ry, 20Th, 232Th,
and PZr, were detected in mushrooms soon after the accident.

Levels of local radioactivity contamination varied very widely
within 10'-10°Bq m™2. The variability was affected by the direc-
tion and speed of radioactive clouds, distance from the Chernobyl
power station, and particularly by dry or wet conditions in areas
with rainfall. The levels of fallout were very different even in rela-
tively adjacent sites. In the most heavily contaminated areas close
to the power station, '*’Cs radioactivity may be a health concern
for up to next three centuries. During the initial period after the
disaster, both radiocesium isotopes participated in the radioactiv-
ity of the environment. Since approximately the mid-1990s, ’Cs
has remained the crucial radionuclide.

Wild edible mushrooms have been collected mostly from for-
ests. Temperate forest soils are multilayer, comprising organic for-
est floor (debris), semi-organic, and mineral layers. The long-term
retention of radionuclides in organic layers is considerably aftected
by fungal and microbial activities. Organic matter of forest soils has
a lower affinity for cesium than mineral components. Thus, cesium
is easily available for mushroom mycelium located in organic lay-
ers. Long-lasting availability of some radionuclides was therefore
shown to be the source of their considerably higher transfer in for-
est ecosystems than in agricultural lands (Calmon et al., 2009).

5.7.4 Mushroom Radioactivity After the
Chernobyl Disaster

The high variability of '¥’Cs contamination, both spatial and
temporal, was observed even within the same mushroom species
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in the years after the Chernobyl accident. Several factors have
been implicated, such as mycelium habitat and depth, forest type,
nutritional strategy of a species, soil clay content, soil moisture,
and/or microclimate. In species with superficial mycelium, such
as in genera Clitocybe and Collybia, the radioactivity of fruit bod-
ies increased within a few months after the fallout deposition and
gradually decreased. In deeper-penetrating species (eg, B. edulis),
the contamination achieved peaks several years after the deposi-
tion (mostly in 1988, the second year after the Chernobyl disas-
ter) and remained stable for a relatively long period. Thus, it has
been difficult to estimate ecological half-lives. There exists a con-
sensus that species of different nutritional strategy accumulate
137Cs in the following order: ectomycorrhizal > saprobic > or ~
parasitic (Gillett and Crout, 2000, and references therein). The
highest accumulation in mycorrhizal species is attributed to the
fact that the host plant can distinguish cesium from potassium,
and thus the mushroom acts as a filter for the host plant. The
transfer of '¥’Cs to fruit bodies of mushrooms growing in conif-
erous forests usually exceeds the level in deciduous forests. The
radioisotopes of cesium are distributed unevenly in the fruit bod-
ies, with the following order: spore-bearing part (gills or tubes) >
rest of the caps > stipes.

High accumulation of radiocesium in caps of X. badius and in
related B. erythropus have been ascribed to natural polyphenolic
pigments badion and norbadion A, causing a chocolate brown
or golden yellow coloring. These pigments have numerous func-
tional groups able to bind monovalent cations, including Cs™.

Data on mushroom radioactivity until the late 1990s are
reviewed by Gillet and Crout (2000), Kala¢ (2001), and Duft
and Ramsey (2008). Numerous references are available therein.
Generally, activity concentrations varied very widely, between
a few hundred to more than 100,000Bq kg™' DM in ectomy-
corrhizal species, and from a few hundred to a few thousand Bq
kg™! DM in saprobic and parasitic species. Thus, the EU statu-
tory limit of 12,500 Bq kg™' DM was often extensively surpassed.
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Table 5.1 Selected edible mushroom species with different rates of
radiocesium "3’Cs accumulation

High Medium

Cantharellus lutescens (M) Agaricus silvaticus (S)
Cantharellus tubaeformis (M) Boletus edulis (M)
Hydnum repandum (M) Cantharellus cibarius (M)
Laccaria amethystea (M) Leccinum aurantiacum (M)
Rozites caperata (M) Leccinum scabrum (M)
Russula cyanoxantha (M) Russula xerampelina (M)

Suillus luteus (M)

Suillus variegatus (M)
Xerocomus badius (M)
Xerocomus chrysenteron (M)

Nutritional strategy: M, ectomycorrhizal; S, saprobic.

Commonly consumed European species with high and medium
levels of *’Cs accumulation are provided in Table 5.1.

Very wide ranges exist even within a species. For instance, a
unique study in Poland systematically covered the whole country
in 1991. In total, 278 samples of highly accumulating and widely
consumed X. badius were analyzed for '¥’Cs, 13*Cs, and *’K. The
most frequent activity concentrations were 2000-10,000 and
200-600Bq kg™' DM for *’Cs and '3*Cs, respectively. The high-
est levels, 157,000 and 16,300Bq kg~! DM for '¥’Cs and '**Cs,
respectively, were observed in a “hot spot” site that was extremely
contaminated by the Chernobyl fallout (Mietelski et al., 1994).
Mushrooms from that site still showed high radioactivity in 2007.

Data on mushroom radioactivity after 2000 considerably
decreased as compared to the previous period. Overall, mush-
room contamination with '*’Cs remained relatively stable dur-
ing 2001-2010. Considering the overall course of *’Cs activity
concentration in widely consumed wild mushrooms in the Czech
Republic during the period 1987-2011, Skrkal et al. (2013)
reported a limited decrease, but with great fluctuations. Two main
factors, level of site contamination by the Chernobyl fallout and
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mushroom species, have to be taken into consideration (for the
relevant literature see Kalac, 2012).

5.7.5 Radioactivity Burden from Mushroom
Consumption

A possible risk of radioactivity to human health is expressed
as the eftective dose (E), given in millisieverts (mSv) per year.
The acceptable yearly burden for an adult has been 1mSv.
Contribution to the yearly effective ingestion dose in an adult
from mushroom consumption can be calculated as follows:

E=YxZxd,

where

Y = annual intake of mushrooms (kg DM per person)

Z = activity concentration (Bq kg™! DM)

d. = dose coefticient (conversion factor) defined as the dose

received by an adult per unit intake of radioactivity.

The dose coefficients are 1.2 X 107%,2.8 X 1077, 6.9 x 1077,
1.3 x 107%, 1.9 x 107%, 2.8 x 107% and 6.2 x 107°Sv Bq™'
for 2!%Po, 2*°Ra, 2'9Pb, 1¥7Cs, 13*Cs, ?°Sr, and *’K, respectively.
Polonium *!’Po is thus the most radiotoxic and potassium *'K
is the least radiotoxic within the seven main radionuclides. For
instance, the effective dose of 1mSv would be accomplished
by the consumption of approximately 77,000Bq of !¥/Cs.
Nevertheless, such an estimate of the effective dose represents
the worst case scenario. It 1s calculated using raw mushrooms and
complete availability of radionuclides by humans. Annual intake
of mushrooms has been variable both between countries and
individuals and ranges from tens of grams to more than 10kg of
fresh mushrooms.Very high consumption of wild-growing species
has been traditional in Slavonic countries.

Thus, naturally occurring radionuclides 226Ra, 219pp, 21%Po and
anthropogenic radionuclides **Cs and '*’Cs need to be moni-
tored to ensure the adequate protection of mushroom consumers
(Guillén and Baeza, 2014).
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The estimated internal dose due to wild mushroom consump-
tion during the two decades following the Chernobyl disaster
varied widely among Europe and within the individual coun-
tries. The highest values (in mSv per year) were reported from
the zones heavily contaminated with the Chernobyl fallout, with
up to 0.5 in some areas of Russia and Norway and between 0.01
and 0.1 in Ukraine, Poland, Czech Republic, and other Nordic
countries. However, considerably lower levels were calculated in
countries with low radioactive fallout and with low consumption
of wild-growing mushrooms.

The activity concentrations of radioactive cesium can be
effectively lowered during the culinary treatment of mushrooms.
Decreases caused by washing can amount to 20%, and various
cooking treatments can cause decreases of approximately 50-70%
of the initial level. The eftectiveness increases with treatments that
break cell walls (eg, by freezing followed by soaking).

5.7.6 Radiocesium in Game-Feeding Mushrooms

Mushrooms have been a significant source of radionuclide con-
tamination in animal tissue. In the years following the Chernobyl
disaster, contamination was observed in wild animals, such as
roe deer (Capreolus capreolus), red deer (Cervus elaphus), rein-
deer (Rangifer tarandus), and wild boar (Sus scrofa), and in graz-
ing domestic goats and sheep. Generally, meat of red deer was less
contaminated than that of roe deer or wild boar. Levels of radio-
activity have often highly surpassed the EU limit of 600Bq kg™
FM for adults.

Subsequent trends of game meat radioactivity differed for
ruminants and wild boar. In roe deer and red deer, '¥/Cs activ-
ity concentrations are rather low and have steadily decreased
with time since the Chernobyl fallout, with a temporary increase
during mushroom season in autumn. On the contrary, meat of
wild boar has retained high levels of radioactivity and has even
increased during in some periods. This has been due to differ-
ent habitat and dietary habits. Roe deer usually live in a relatively
small territory, feeding mostly on less contaminated plants apart
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from during the mushroom season. Wild boar are omnivores that
accept a variety of feed and travel long distances. The data from
several Central European countries indicate an underground
mushroom Elaphomyces granulatus (common name: deer truffles)
as an important source of radioactivity in wild boar. The reported
mean '%’Cs activity concentration of the mushroom from the
period after 2000 was very high, approximately 6000 Bq kg™! FM
(ie, approximately 10-times more in DM). The level of *’Cs in
wild boar meat can be reduced considerably by repeated leaching
with table salt solutions.

5.8 DETRIMENTAL EFFECTS OF TRICHOLOMA
EQUESTRE

The yellow tricholoma (Tricholoma equestre or Tricholoma flavovirens),
a wild species growing particularly in sandy pinewoods, was con-
sidered edible and tasty. However, several outbreaks of delayed
severe rhabdomyolysis, which is fatal in some cases due to kid-
ney failure, following the repeated consumption of the species
occurred in France and Poland in approximately 2000. In Poland,
the afflicted individuals consumed 100-400g of the fresh mush-
room during three to nine consecutive meals.

The results of experiments with laboratory mice proved myo-
toxic effects and also indicated cardiotoxic and hepatotoxic effects
of T equestre (Nieminen et al., 2008). The myotoxicity, indicated
by elevated activity of plasma creatine kinase, was elicited in lab-
oratory mice experimentally fed seven edible species, Albatrellus
ovinus, B. edulis, C. cibarius, Leccinum versipelle, and three Russula
species. Nevertheless, a high daily dose of 9g of dried mushroom
per kg body weight during 5-day exposure was tested. The results
support the hypothesis that the reported toxic effects are not spe-
cific to T equestre, but rather probably represent an unspecific
response requiring individual sensitivity and a significant amount
of ingested mushrooms to manifest itself (Nieminen et al., 2000).
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Moreover, Yin et al. (2014) isolated 15 new triterpenoids
from related edible Tricholoma terreum. Two saponaceolides of
these, which are abundant in the species, displayed acute toxic-
ity with medium lethal dose (LD50) values of 88.3 and 63.7 mg
kg™! body weight when administered orally to mice. Both com-
pounds elevated activity of serum creatine kinase in mice, indicat-
Ing Myotoxicity.

5.9 ALLERGY AND ADVERSE DERMAL AND
RESPIRATORY REACTIONS TO MUSHROOMS

Molds are well known as sources of allergens, and mushroom
spores are abundant in many parts of the world. Seasonal peaks
of the spores are observed in temperate zones during spring and
autumn, which coincide with the major periods of fruit body
formation.

An overview of various forms of mushroom allergies was
published by Helbling et al. (2002). It is concluded that mush-
rooms are important sources of aeroallergens, and sensitization to
various species is by far more frequent than previously expected.
Basidiospores have been demonstrated to cause respiratory allergy
and have also been suggested to trigger inflammatory skin erup-
tions in a subgroup of patients with atopic eczema. Many mush-
room allergens are supposed to be cross-reactive, suggesting that
mushrooms may harbor an unknown array of new allergens.

Flagellate erythema may arise in some individuals following raw
or undercooked shiitake (L. edodes) consumption. The majority of
shiitake dermatitis cases were described in Asian countries; how-
ever, there are recent reports from Europe and Brazil. The mecha-
nism of dermatitis is thought to be toxic and due to lentinan, a
thermolabile polysaccharide from the group of beta-glucans (see
Section 4.2). Moreover, handling shiitake can cause occupational
asthma 1in sensitive individuals (Pravettoni et al., 2014).

Case reports on respiratory allergic diseases in persons with
extensive contact with mushrooms were published during the
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past several decades. A systematic 3-year study was performed
by Tanaka et al. (2001) in a modern Japanese plant producing
H. marmoreus. More than 90% of workers were sensitized to the
spores, 40% quit because of the symptoms, and 5% developed
hypersensitivity pneumonitis. Similar results were discovered in
an Irish plant producing A. bisporus. In 67% of workers one or
more respiratory symptoms occurred (Hayes and Rooney, 2014).

5.10 MICROBIAL LOAD AND SAFETY OF
FRESH MUSHROOMS

Fresh mushrooms are an ideal medium for microbial growth due
to high moisture content, high water activity, and neutral pH val-
ues. Together with their high initial microbial load, these char-
acteristics are responsible for their very limited postharvest shelf
life of only a few days. The genus Pseudomonas predominates and
considerably participates in the deterioration. Moreover, fresh
mushrooms rank among the potential carriers of pathogenic
food-borne bacteria. The probability is relatively greater in wild
mushrooms than in cultivated species. Under natural environment
conditions, fruit bodies of the wild mushrooms are exposed to
numerous animals and insects, some of which are fungivorous.
For instance, the ability of Listeria monocytogenes and Staphylococcus
aureus to survive on fresh mushrooms has been described.

A survey from Spain (Venturini et al.,, 2011) of a microbial
load of seven bacterial groups, yeasts, and molds in 402 com-
mercial samples of 8 cultivated and 14 wild mushroom spe-
cies has provided interesting results. The total microbial counts
ranged between 4.4 and 9.4log cfu g™! (the counts are expressed
as decimal logarithm, eg, 4 means 10* organisms, 9 means 107,
etc.; cfu = colony-forming units, ie, viable organisms). The
genus Pseudomonas prevailed, with counts of 3.7-9.3log cfu g~
No significant differences were detected between mean counts
of wild and cultivated species in all the microbial groups stud-
ied. No pathogens were isolated from cultivated mushrooms.



Detrimental Compounds and Effects 177

However, 6.5% of wild mushrooms were positive for L. monocy-
togenes, with high occurrences in Tiuber indicum, Calocybe gambosa,
and Hygrophorus limacinus. Yersinia enterocolitica was detected in only
four samples, and Salmonella spp., Eschericia coli O157:H7, and
S. aureus were not detected at all.

Among 295 samples of F velutipes from Chinese plants, the
prevalence of L. monocytogenes was 18.6%. The contamination
originated from the mycelium-scraping machinery in three of
four surveyed plants (Chen et al., 2014).

From the decontamination and disinfestation points of view,
electron beam irradiation is a prospective method that does not
cause more pronounced effects on the nutritional profile of
mushrooms. The assayed dose of 10kGy is the highest that has
been recommended (Fernandes et al., 2015).
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Both cultivated and wild-growing edible mushrooms are con-
sumed as a delicacy, because of their characteristic smell, taste, and
texture, or as a healthy food, because of their low calories and
high fiber content. Recent global production of approximately
20 cultivated species has exceeded 10 million tons and is rapidly
increasing, with China being the leading producer. More than
2000 wild species are safe for consumption. The number of wild
species collected and consumed in various regions of the world is
unknown; however, it is probably hundreds of species.

Recent information on composition, proteins, carbohydrates,
lipids, vitamins, minerals, numerous minor components, and
health-stimulating and adverse compounds of culinary mushrooms
is presented in the previous chapters. However, the composition of
toxic, inedible, and medicinal species is not included.

Available nutritional data deal mostly with raw mushrooms,
whereas information on the changes in nutrients during various
preservation, culinary, and processing treatments and storage has
been limited. Even more scarce are data on bioavailability. High
levels of indigestible polysaccharides, valued as dietary fiber, most
probably decrease the digestibility of the nutrients.

Edible Mushrooms. © 2016 Elsevier Inc.
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6.1 PROXIMAL COMPOSITION AND NUTRIENTS

Dry matter (DM) of mushrooms is low, usually 8-14g 100g™!
fresh matter (FM). DM 10g per 100g FM (10%) has been com-
monly used for the conversion between DM and FM if the actual
DM is unknown. Usual proximal compositions are 20-25, 2—3, and
5-12g 100g™! DM for crude protein, crude fat, and ash (minerals),
respectively. Various carbohydrates form the rest. Due to very low
DM and fat content, mushrooms are a low-energy food item. The
calculated energy value mostly ranges between 300 and 400kcal
(1250-1670k]) kg~! FM. Nevertheless, such data are overestimated
because a considerable part of polysaccharides is indigestible.

Previous data on protein content were overestimated by nearly
one-third. Nevertheless, the nutritional value of mushroom pro-
tein seems to be higher as compared with most plant proteins.
Amino acid composition varies among mushroom species. The
proportion of essential (indispensable) amino acids varies, with
approximately 40% of total amino acid content in wild species
and between 30% and 35% in cultivated mushrooms. Methionine
appears to be the very limiting essential amino acid.

The fat (lipids) content is very low. Great difterences occur
among species. Generally, unsaturated fatty acids, particularly lin-
oleic acid (w-6) and oleic acid, are prevalent. Palmitic acid is the
most present saturated fatty acid. The proportion of valued ®-3
polyunsaturated fatty acids is very low. Therefore, mushrooms
rank among food items with marginal nutritional lipid roles.

Mushrooms contain various carbohydrates as the main com-
ponent of DM. Disaccharide a,a-trehalose and alcoholic sugar
mannitol prevail among soluble sugars, usually at level of several
grams per 100g DM. Within polysaccharides, glycogen forms
energy reserves, and nitrogen-containing chitin is the predomi-
nant component of cell walls and the main part of dietary fiber.
Limited literature data on dietary fiber content vary. The level
of approximately 25-30g 100g™! DM with approximately half
being insoluble fiber seems to be probable.
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Ash content is formed by potassium and phosphorus, with
usual levels of 2—4 and 0.5-1g 100g™" DM, respectively. However,
the sodium and calcium contents are very low. Generally, ash con-
tent is higher than or comparable to that of most vegetables.

Widely disseminated information about high vitamin levels
of mushrooms, particularly B vitamins, has to be corrected.
Mushrooms appear to be a good source of ergosterol, the precur-
sor of vitamin D, (ergocalciferol), and vitamin By,. However, the
contents of other vitamins are comparable or lower than that of
many vegetables.

6.2 MINOR CONSTITUENTS

The taste of mushrooms results from a combination of numerous
nonvolatile constituents, particularly soluble sugars and polyols,
free amino acids, 5'-nucleotides, and carboxylic acids. Great inter-
est is focused on the constituents contributing to umami taste.
The valued flavor, which is strengthened in dried mushrooms, is
affected by many volatile compounds of various chemical natures
(alcohols, aldehydes, ketones, terpenes, acids and their esters, aro-
matic, heterocyclic, and sulfur compounds). Among them, eight-
carbon aliphatic constituents formed by a specific oxidation of
linoleic acid are of extraordinary interest.

Mushroom pigment composition differs from that of plants.
Chlorophylls and anthocyanins are lacking. Betalains, carotenoids,
and other terpenoids occur only in some mushroom species.
Quinones or similar conjugated structures form the great pro-
portion of mushroom pigments. They are produced by enzymatic
oxidation of polyphenols following mechanical damage of mush-
room tissues. Such changes cause great economic losses, particu-
larly due to browning of the white button mushroom, Agaricus
bisporus.

The total content of aliphatic acids is up to several grams
per 100g DM. Malic, citric, and oxalic acids are prevalent. Some
recent data reported a high content of oxalic acid in some species.
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Individuals with kidney disorders, gout, osteoporosis, or rheuma-
toid arthritis should limit the intake of such species.

Numerous phenolics of various chemical structures are the
main sources of antioxidant activity. The usual total phenolic con-
tents range between 0.1 and 0.6g of gallic acid equivalents per
100g DM. Phenolics are prone to oxidation. Among mushroom
phenolics, the main interest has been on phenolic acids.

Several tens of sterols besides ergosterol, a provitamin form of
D,, were observed in some mushroom species. Existing research
has focused primarily on medicinal species. The contents are
lower by one to three orders of magnitude than those of ergos-
terol. Until now, biological effects of the sterols have not been
elucidated.

Overall, mushrooms seem to be rich in indole compounds,
particularly in serotonin. Due to their observed instability dur-
ing boiling, great changes in their profile can be expected during
other thermal treatments. Mushrooms thus seem to be a promis-
ing source of precursors of indole derivatives possessing various
physiological activities in humans.

According to limited data, total purine contents in cultivated
mushrooms seem to be acceptable for patients with gout or
hyperuremia.

Among biogenic amines, which may indicate protein decom-
position and matrix deterioration, putrescine is prevalent in
wild species after harvest. Nevertheless, histamine and tyramine,
the amines with the most undesirable health effects, occurred at
minor levels. However, during mushroom storage, even under
refrigeration, considerable formation of putrescine and cadaverine
was observed. Raw mushrooms belong among food items with a
high level of polyamine spermidine.

Data on trace element contents have been the most reported
information regarding mushroom composition since the 1970s.
Usual contents for most wild species grown in unpolluted sites are

50-200 (Al), <1 (As), 0.5-5 (Cd), 0.5-5 (Cr), 2070 (Cu), 30—150
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(Fe), <0.5-5 (Hg), 0.5-5 (N1i), 1-5 (Pb), 1-5 (Se), and 30-150 (Zn)
mg kg™! DM. Less numerous data are available for many other
trace elements. These values can be increased, even by an order
of magnitude, in mushrooms picked in polluted areas. Moreover,
some species have accumulating and even hyper-accumulating
abilities with various elements. Under such circumstances, wild
mushrooms can be a health risk. The contents of trace elements
in cultivated mushrooms are generally considerably lower than in
wild-growing species.

Regarding other nutrients, most available data deal with fresh
mushrooms, whereas information on the individual minor con-
stituents during storage, processing, or cooking conditions has
been limited, as have the data regarding bioavailability.

6.3 HEALTH-STIMULATING COMPOUNDS
AND EFFECTS

Culinary mushrooms, in addition to medicinal species, have
become a field of interest when searching for health-stimulating
constituents. A group of so-called culinary—medicinal mushrooms
has originated.

The antioxidant activity of many mushroom species is compara-
ble with various fruits and vegetables. Phenolics are the most effec-
tive constituents. Drying decreases the antioxidant activity. Some
mushroom polysaccharides, particularly p-glucans, exhibit antitu-
mor, immunostimulating, and prebiotic properties. High-molecular-
weight P-glucans are more effective than low-molecular-weight
ones. Beta-glucans occur in fruit bodies at a level of hundreds to
thousands of mg per 100g DM. Researchers concentrate particu-
larly on medicinal species. Various curative powers have been dem-
onstrated for mushroom lectins, hemolysins, lovastatin, eritadenine,
gamma-aminobutyric acid, and ergothioneine.

Opverall, culinary mushrooms are regarded as the so far undis-
covered pool of various compounds with beneficial health eftects.
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6.4 DETRIMENTAL COMPOUNDS AND EFFECTS

Even some edible mushroom species contain injurious compounds.

Potentially procarcinogenic agaritine occurs in the genus
Agaricus and gyromitrin occurs in the genus Gyromitra, particu-
larly in delicious Gyromitra esculenta. Both compounds chemically
belong to hydrazine derivatives. Based on the available evidence,
agaritine consumption from cultivated A. bisporus poses no tox-
icological risk to healthy humans. Drying or extensive cooking
decreases the risk of gyromitrin toxicity.

Formaldehyde detected in Lentinula edodes (shiitake) most prob-
ably originates from lentinic acid, a dipeptide, and is not a cause
for concern. No clear reason has been established for the surpris-
ing occurrence of nicotine at levels up to several mg per kg DM
in some commercial mushrooms. Coprine is a nonprotein amino
acid occurring in the genus Comatus. A decomposition product
of coprine induces alcohol intolerance similar to antabus. Some
saprobic species can accumulate considerable levels of nitrates.
Mushrooms can contain residues of various xenobiotics, particu-
larly pesticides. However, the data have been limited and dispersed.

Mushroom radioactivity has been extensively investigated,
particularly during the decade following the Chernobyl nuclear
power station disaster in 1986. Some ectomycorrhizal species,
including those highly collected and consumed, have a high abil-
ity to accumulate radiocesium **Cs and '*’Cs. Such mushrooms
are food items with the maximum observed radioactivity. The
natural radioactivity of mushrooms is higher than that of other
vegetables due to high potassium content, including radioactive
isotope “K.

Tasty Tricholoma equestre and probably some other species can
sporadically cause myotoxic, cardiotoxic, and hepatotoxic effects
in sensitive consumers. Allergies and adverse dermal and respira-
tory reactions are reported in sensitive individuals after prolonged
handling of several cultivated species. Wild mushrooms can be
contaminated with pathogenic bacteria.
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List of Abbreviations

Abbreviation  Expansion See page

AAS Atomic absorption spectroscopy 111

BCF Bioconcentration factor 113

cfu Colony forming unit 176

CLA Conjugated linoleic acid 32

DDD Dichlorodiphenyldichloroethane 162

DDE Dichlorodiphenyltrichloroethene 162
DDT Dichlorodiphenyltrichloroethane 162

DM Dry matter (or dry weight) 17

DNA Deoxyribonucleic acid 138
DOPA 3,4-Dihydroxyphenylalanine 88

EU European Union 110

EUC Equivalent umami concentration 80

FA Fatty acid 22

FAO Food and Agriculture Organization 21

FM Fresh matter (or fresh weight) 17
GABA Gamma-aminobutyric acid 147

GAE Gallic acid equivalent 90

HCH Hexachlorocyclohexane 162
ICP-AES Inductively coupled plasma—atomic 122

emission spectroscopy

U International unit (in vitamins) 56

MSG Monosodium glutamate 76
MUEFA Monounsaturated fatty acid 24,31,191
PCB Polychlorinated biphenyl 163
PCDD Polychlorinated dibenzo-p-dioxin 177
PCDF Polychlorinated dibenzofuran 177
PTMI Provisional tolerable monthly intake 112
PTWI Provisional tolerable weekly intake 112
PUFA Polyunsaturated fatty acid 24,31,191
RNS Reactive nitrogen substances 138

ROS Reactive oxygen substances 138

SFA Saturated fatty acid 24,31,191
TDF Total dietary fiber 42

TPC Total phenolic content 90

UK United Kingdom 33
WHO World Health Organization 112

uv Ultraviolet light 55
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APPENDIX I

Commonly Used Japanese
Names of Mushrooms

Japanese common name

Scientific name

(in English)
Agitake Pleurotus eryngii var. ferulae
Aragekikurage Auricularia polytricha
Bunashimeji Hypsizygus marmoreus
Enokitake Flammulina velutipes
Eringi Pleurotus eryngii
Hanabiratake Sparassis crispa
Hatakeshimeji Lyophyllum decastes
Himarayahiratake Pleurotus sajor-caju
Himematsutake Agaricus subrufescens (syn. Agaricus
brasiliensis or Agaricus blazei)
Hiratake Pleurotus ostreatus
Houbitake Pleurotus sajor-caju
Honshimeji Lyophyllum shimeji
Kawaratake Trametes versicolor
Kikurage Auricularia auricula-judae
Maitake Grifola frondosa
Mannentake Ganoderma lucidum
Nameko Pholiota nameko
Reishi Ganoderma lucidum
Shiitake Lentinula edodes
Shimeji Hypsizygus tessulatus
Shirokikurage Tremella fuciformis
Tokiirohiratake Pleurotus salmoneostramineus
Tsukuritake Agaricus bisporus
Yamabushitake Hericium erinaceus
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APPENDIX I

Characteristics of the Main
Fatty Acids Occurring in
Mushroom Lipids

Acid name Symbol? Position of double bond(s)®

Saturated fatty acids (SFA)

Lauric Ciag -
Myristic Ciso -
Palmitic Cieo -
Stearic Cigo

Monounsaturated cis-fatty acids (MUFA)

Palmitoleic Ci6:1n-7 9

Oleic C18:1n79 9
Polyunsaturated cis-fatty acids (PUFA)

Linoleic C18:2n—() 9,12
o-Linolenic Cig3n3 9,12,15
Conjugated linoleic acid (CLA)

Rumenic acid 9-cis, 11-trans

*X:Yn-Z X, number of carbon atoms;Y, number of double bonds; n-Z, position of
double bond close to methyl carbon of an acid (also expressed as ®-Z).
bPositions of double bonds numbered from carboxylic carbon.
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A
Agaricus spp., 42—43, 116¢, 117-118,
155-156
A. albertii, 8t13t,24t-31t, 34t-39t,
50t=54t, 77t=79t, 92100t
A. arvensis, 8t—13t, 21t, 24t-31t, 34+-39¢,
50t=54t,92=100¢, 116¢
A. bisporus, 1-2, 14t=16t, 19, 21¢, 22-32,
241-31t, 34t-39t, 41-42, 43¢,
48-49, 50541, 55-59, 58¢, 72—
73t, 74t=75t,77t=79t, 81-84, 88,
91, 92t-100¢, 103—-107, 105-106¢,
114,117,120, 139-140, 145¢, 147,
148t-149t, 149, 156—157, 161,
175-176, 183, 186
A. bitorquis, 8t—13t, 24+-31t, 34+-391,
50t=54t, 77t=79t, 92100t
. blazei. See A. subrufescens
. brasiliensis. See A. subrufescens
. campestris, 8t=13t, 2223, 24+-31t,
341-39¢, 50t-54t, 72=73t, 74t-75t,
77t=79t,92t-100¢, 112113,
1481149t
A. elvensis, 157
A. macrosporus, 8t=13t, 24t=31t, 34391,
50t=54t, 77t=79t, 92t=100t, 118
. romagnesii, 50t=54t
. silvaticus, 21t, 24t=31t, 34t-39¢, 171¢
. silvicola, 24t=31t, 34t=39t, 50154,
921100t
A. subrufescens, 14t=16t, 24t=31t,
341-39¢, 48, 50541, 72t-73t,
74t=75t,76-80, 77t=79t, 85, 91,
92t-100¢, 118, 139-140, 145¢,
1481149, 163
A. urinascens var. excellens, 8t—13t,
241-31t, 34+-39¢, 50¢=54t, 77t=79¢t,
92t-100¢
Agrocybe spp.
A. aegerita. See A. cylindracea

RN NN

RN

A. cylindracea, 72t=73t, 74t=75t, 145t,
148t-149¢
Albatrellus spp.
A. ovinus, 1161, 122—123
A. pes-caprae, 116t, 122-123
Amanita spp.
A. caesarea, 8t—13t, 24t-31t, 34+-39¢,
50t=54t, 7779t
. ceciliae, 24t=31t
. crocea, 8t—13¢
. curtipes, 8t=13t, 24t=31t, 34t-39¢,
50t=54t, 7779t
. mairei, 8t—13t
. muscaria, 124t
. ovoidea, 24t-31t
. rubescens, 8t—13t,22-23, 24+-31t,
48, 72t=73t,77t=79t, 85—86, 116t,
124¢, 144
A. strobiliformis, 113, 124t
Armillariella mellea, 8t—13t, 19-20, 20t,
24t-31t, 3439t 46t, 47t, 50t-54t,
77t=79t,92t=100t, 105106¢, 116¢
Armillaria mellea. See Armillariella mellea

SNIANIEN

RS

Auricularia spp.
A. auricula-judae, 14t=16t, 24t=31t, 34—
39t, 77t=79t, 92t=100¢, 141t
A. polytricha, 43t, 105106t 145t,
148149t

B

Boletopsis leucomelaena, 8t—13t
Boletus spp.
B. aereus. See B. appendiculatus
B. aestivalis, 8t=13t, 24+-31t, 34t-39t,
50t-54t, 92+-100¢, 116¢, 122-123
B. appendiculatus, 8t=13t, 24t=31t, 34—
39t, 50t=54t, 77t=79t, 92=100t,
121
B. armeniacus, 8t—13t, 24t-31t, 34+-39t
B. badius. See Xerocomus badius
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Boletus (Continued)

B. edulis, 8t—13t,20¢t, 22, 24t-31t, 33,
341-39t, 43, 43¢, 46t, 471, 48,
50t-54t, 72t=73t, 74t=75t, 76-80,
77t=79t, 83-86, 88—89, 91-103,
9211001, 1051061, 116¢,

118, 121-123, 124+, 140, 145¢,
1481491, 162, 169-170, 171t

B. erythropus, 8t=13t, 24t-31t, 34t-39¢t,
50t-54t, 161, 170

B. fragrans, 8t—13t

B. pinophilus, 116t, 121-123

B. regius, 8t—13t, 24t-31t, 34391,
50t=54t, 77t=79t, 92t=100¢

B. reticulatus. See B. aestivalis

B. satanas, 144

C
Calocybe gambosa, 8t—13t, 24t-31t, 34+—391,
50t=54t, 72t=73t, 74t=75t, 77t=79t,
92t-100¢, 116¢,176-177
Calvatia utriformis, 8t=13t, 24t=31t, 34+-39t,
50t-54t, 116¢
Cantharellus spp.
C. cibarius, 8t=13t, 19, 20t, 21t, 24311,
341-39¢, 43¢, 46t, 47t, 5054, 58t,
59, 72t=73t, 74t=75t,76, 77t=79t,
85—86, 92t—100t, 104-107,
105¢-106t, 140, 160, 171¢
C. clavatus, 43t
C. lutescens, 1241, 171t
C. tubaeformis, 50t=54¢, 171t
Clitocybe spp.
C. clavipes, 161
C. maxima, 72t=73t, 74t=75t
C. nebularis, 20t, 46t, 47t,116t, 165
C. odora, 8t—13¢,24t-31t, 3439,
50t-54t, 85, 921001, 165
Collybia spp., 117,169-170
Coprinus spp.
C. atramentarius, 19-20, 161
C. comatus, 8t—13t, 14t—16t, 24t-31t, 33,
341-39¢, 50t-54t, 72t=73t, 74t+-75t,
77t=79t, 88-89, 92¢—100¢, 116t,
124¢, 1451, 148t=149¢, 161

Craterellus cornucopioides, 8t—13t, 20t,
241-31t, 34t-39t, 46t, 47t, 5054,
581,59, 72t—73t, 74t=75t, 77t-79¢t,
921001, 124t

Elaphomyces spp., 115
E. granulatus, 173-174

F

Fistulina hepatica, 8t=13t, 50t=54t, 85-86,
92t-100¢

Flammulina velutipes, 1-2, 8t13t, 14t-16t,
23,24t-31t, 34t-39¢, 41, 50t-54t,
72t=73t, 74t=75t, 81, 107-108,
1411, 144, 145¢, 147, 148t—149¢,
149,163,177

G

Ganoderma lucidum, 92t—100¢, 140, 141¢

Grifola frondosa, 14t=16t, 107-108, 141t,
145¢,148149¢, 163

Gyromitra esculenta, 8t=13t, 50t-54t,
77t=79t,92t=100¢, 155-156, 158,
186

H
Helvella spp.
H. crispa, 24t=31t, 43¢
H. lacunosa, 8t—13t
Hericium spp.
H. coralloides, 24t-31t, 34t=39t, 42—43
H. erinaceus, 14t—16t, 24t=31t, 34+-39t,
42-43, 43¢, 83-84, 921001, 145t,
1481149t
Hydnum repandum, 8t=13t,21t, 24+-31t,
341-39¢, 43¢, 48, 50t-54t, 77t-79t,
92t-100¢, 171t
Hygrophoropsis aurantiaca, 116t
Hygrophorus spp.
H. agathosmus, 85—-86
H. limacinus, 176177
H. marzuolus, 5054t



Hypsizygus spp.
H. marmoreus, 14t=16t, 34t=39¢, 727 3t,
74t=75t,76,77t=79t, 81-82, 107—
108, 1451, 148t—=149¢, 162—163,
175-176
H. tessulatus, 41

Inonotus obliquus, 140

L
Laccaria spp.

L. amethystea, 8t—13t, 24t=31t, 50t-54t,
921001, 116¢, 117,124,171t

L. laccata, 8t—13t, 24t-31t, 34t-39¢,
50t-54t,92t=100¢, 116¢

Lactarius spp.

L. deliciosus, 8t=13t, 24t-31t¢, 34t-39¢,
40t, 50t=54¢, 77t=79t, 92=100¢,
104, 105+106¢, 116t, 139—140

L. perlatum, 8t=13t, 24t=31t, 34t-39¢t,
9211001, 116¢, 124¢

L. piperatus, 139-140

L. salmonicolor, 8t—13t

L. sanguifluus, 8t=13t, 24t-31t, 43¢,
50t=54t, 92t—100¢

L. semisanguifluus, 8t=13t, 92t=100¢

Laetiporus sulphureus, 8t=13t, 19-20,
241-31t, 34t-39t, 42—43, 50t-54t,
77t=79t, 92t-100¢, 148+-149¢

Langermannia spp., 117

Leccinum spp.

L. aurantiacum, 24t=31t,91-102,
105106¢, 171¢

L. scabrum, 20t, 2431t 46t, 47t, 92t-100¢,
105106¢, 116¢,118,171¢

L. versipelle, 174

Lentinula spp.

L. edodes, 1-2, 14t—16¢, 21, 24t-31t,
341-39¢, 41, 44t, 50¢-54t, 58t, 59,
72t=73t, 74t-=75t,76-81, 77t-79¢,
83—85, 92t—100¢, 105-106¢, 107—
108, 114,117,120, 139-140, 1411,
145¢,146—147, 148t-149¢, 149,
159, 163, 166, 175, 186
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L. squarrosulus, 14t=16t, 24t=31t, 34—
39t, 77t=79t, 92t—100¢
Lentinus edodes. See Lentinula edodes
Lepista spp.
L. gilva, 124t
L. inversa, 124t
L. nuda, 8t=13t,19, 24+-31t, 34t-39¢,
77t=79t,116t,165
Leucoagaricus spp., 157
L. leucothites, 116t
Leucopaxillus giganteus, 24t=31t, 3439t
Lycoperdon spp.
L. echinatum, 8t—13t, 5054t
L. perlatum, 8t+=13t, 24t=31t, 34t-39¢t,
92t-100¢, 116¢, 124¢

M
Macrolepiota spp.
M. mastoidea, 8t—13t, 40t
M. procera, 8t=13t, 24t=31t, 34t-39t,
40-41, 40t, 43, 501541, 72t=73t,
74t=75t, 77t=79t, 83—84, 92t—100t,
1051061, 116t
M. rhacodes, 116¢, 165
Marasmius spp.
M. oreades, 20t, 24t-31t, 34t-39¢, 46t,
47t,50t=54t, 92t=100¢, 116t
M. wynnei, 124t
Morchella spp.
M. conica, 24t-31t, 43t
M. esculenta, 8t—13t, 24t-31t, 34+-39¢,
50t=54t, 77t=79t, 92t=100t, 124t

(0]
Oudemansiella submucida, 14t—16t, 34t-39¢

P
Pholiota spp.
P nameko, 83—84, 92+-100¢, 107-108,
145¢, 148t-149¢
P squarrosa, 161
Pleurotus spp.
P cornucopiae, 92t—100¢
P cystidiosus, 14t=16t, 72t=73t, 74t=75¢
P djamor, 24t=31t
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P eryngii, 8t-13t, 14t-16¢, 17, 21t,
241-31t, 34t-39t, 40-43, 50541,
72t=73t, 74t=75t, 77t=79t, 81-82,
91, 92¢-1001, 107-108, 142—144,
145¢, 148¢-149t, 162-163

P, flabellatus, 48

P florida, 114

P, fossulatus, 122—123

P, ostreatus, 8t—13t, 14t=16¢, 19, 211,
22,24t-31t,32, 34t=39t, 41-42,
50t-54t, 55, 57-59, 58t, 72t-73t,
74t=75t,76-80, 77t=79t, 83—84,
91, 92¢-100¢, 103, 105¢-106t,
107-108, 114, 140, 142144, 145¢,
1481-149t, 149, 162-163

P sajor-caju, 14t-16t, 24t-31t, 34t-39t,
43t, 44t, 77t=79t, 92t=100¢

P salmoneostramineus, 85—86

P, tuber-regium, 14t=16t, 24=31t, 34—
39t, 48, 77t=79t, 92100t

Polyporus sulphureus. See Laetiporus
sulphureus

R
Ramaria spp.
R. aurea, 8t—13t
R. botrytis, 8t=13t, 24t-31t, 34t-391,
921100t
R. flava, 24t=31t
R. largentii, 116¢
Rozites caperata, 92t=100¢t, 171t
Russula spp.
R. aurea, 8t—13t
R. cyanoxantha, 8t=13t, 21t, 24t-31t,
34+-39t, 50t-54t, 72t=73t, 77t=79¢,
8586, 171t
R. delica, 8t—13¢, 24t-31t, 34t-39¢, 50—
54t,77t=79t, 92t=100¢
R. olivacea, 8131, 24t-31t, 34+-39t,
50t-54t¢
R. vesca, 21t
R. virescens, 8t—13t, 24t=31t, 34+-39t,
50t=54t, 77t=79t, 92t=100¢t
R. xerampelina, 171t

S
Sarcodon imbricatus, 40t, 105106t
Schizophyllum commune, 141t, 144
Sparassis crispa, 43t, 72t=73t, 92t=100t,
117
Suillus spp.
S. bellinii, 8t-13t, 85-86, 92100t
S. bovinus, 92t=100t, 103—104,
105¢-106¢
S. collinitus, 124t
S. granulatus, 8t=13t, 23, 24t-31t,
34t-39t, 50t=54t, 72t=73t, 77t=79t,
85—86, 92100t
S. grevillei, 24t=31t
S. imbricatus, 8t—13t¢
S. luteus, 8t—13t, 24t-31t, 50t-54t, 58t,
59, 72t-73t, 85-86, 90, 1161, 117,
124¢,171¢
S. variegatus, 8t=13t, 24t-31t, 34t-39t,
50t=54t, 77t=79t, 116¢, 120, 171t

T
Terfezia spp.
T, boudieri, 8t=13t, 2431t
T claveryi, 72¢t=73t, 92t=100¢
T olbiensis, 72t=73t, 92t=100¢
Termitonryces spp.
T clypeatus, 92t=100t, 148149t
T robustus, 8t—13t, 24+-31t, 34t-39t,
77t=79t, 92t—100¢
Trametes versicolor, 141t
Tremella spp.
T aurantialba, 14t=16¢, 34t=39¢
T fuciformis, 92¢=100¢, 145¢, 148t-149¢
Tricholoma spp.
T equestre, 19-20, 72t=73t, 85-86,
174-175, 186
T flavovirens. See T. equestre
T imbricatum, 8t=13¢, 24t-31t, 34+-39¢
T portentosum, 8t=13t, 21t, 24+-31t,
341-39¢, 7779t
T terreum, 8t=13t, 21t, 24t=31t, 124t
Tricholomopsis rutilans, 85—86
Tisber spp., 102-103, 115
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T aestivum, 8t—13t, 19-20, 41—43, X
50t=54t, 92100t Xerocomus spp.

T indicum, 50t=54t, 92t=100¢t, 176177 X. badius, 24t-31t, 82-84, 92¢-100¢,

L magnatum, 926100t 103-107, 1056-106¢, 110, 116t,

T melanosporum, 50t=54t 117,162,168,170-171,171¢

X. chrysenteron, 48, 116¢, 168, 171t

\' X. subtomentosus, 201, 24t=31t, 461, 47t
Verpa conica, 116t
Volvariella volvacea, 44t, 81, 145¢t, 147, Y

148149t Yersinia enterocolitica, 176177
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A Arsenite, 117
Acetaldehyde, 161 Arsenobetaine, 117
Acetylglucosamine, 41 Ascorbic acid, 57,59, 139
Adenine, 107-108, 108¢ Ash (minerals) contents, 45-49, 46t, 471,
Agaritine, 156-158 183
simplified scheme of carcinogen calcium, 45, 461, 48
formation from, 156f chlorine, 461
Agmatine, 108-110, 109f cultivated edible mushroom, 18
Alanine, 76 magnesium, 46t, 48
Albumin, 19-20 phosphorus, 46—48, 46t
Aliphatic acids in mushroom species, potassium, 45-46, 48
77t-79t, 88-90, 183184 sodium, 45, 461, 48
chemical structure of, 89f sulfur, 461
Allergies from mushroom consumption, wild-growing mushroom, 18
174-175, 186 in wild-growing mushrooms, 46¢
Alpha-linoleic acid, 23 Asparagine, 76-80
4o-methylzymosterol, 102—-103 Aspartic acid, 20-22, 76-80
Aluminum, 115-117, 116¢
Amentoflavone, 102 B
Amino acid composition, 20-22, 21¢ Badion, 170
free, 22 Barium, 124t
MSG-like, 81-82 Benzoic acid, 101f
during mushroom preservation and Benzyl alcohol, 85
cooking, 22 Beryllium, 124¢, 168
semi-essential amino acids, 20-22 Beryllium isotope ('Be), 168
Aminobutyric acid, 147, 147f, 148t-149¢ Beta-carotene, 49
p-Anisaldehyde, 85 Beta-glucans, 140-141, 141¢, 185
Anthocyanin, 87, 183 branching structure of, 140
Anthropogenic radionuclides, 168-169 in DM, 141
Antimony, 124¢ high-molecular-weight, 141, 185
Antioxidant activity of mushroom species,  Betalain, 87, 183
138-140, 185 f-sitosterol, 102-103
in wild-growing mushroom species, Bifidobacteria, 140, 142
138-139 Bioaccessibility, 115, 118-120, 123-125
Arabinose, 33, 3439t Bioaccumulation, 45—46, 111, 114, 117,
Arabitol, 33 119-120, 163
Arginine, 108-110 Bioaccumulation factor, 119-120
Arginine level in mushroom, 2022 Bioavailability, 18, 48—49, 115, 120,
Arsenate, 117 123-125, 181
Arsenic, 111-112, 116¢, 117 Bioconversion, 164
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Biodegradation, 164

Biofortification, 114

Biogenic amines, 108-111
chemical structure of, 109f
in storage conditions, 110-111

Bioremediation, 114

Biosorption, 164

Bolesatin, 144

Boletes, 4, 83-84, 86, 122123

Boron, 124¢

Brassicasterol, 102—103

Bromine, 124t

Brown mushroom, 1-2

Button mushroom, 7, 88, 183

C

Cadaverine, 108-110, 109f

Cadmium, 111-114, 116¢, 118, 120-121,
124-125

Caffeic acid, 921001, 101f

Calcium, 45, 46t, 48, 183

Calcium oxalate, 90

Campesterol, 102-103

Cancer-preventing agents, 23-32

Cap, 19, 44t,48-49, 90, 119-120, 146~
147,170

Carbohydrate composition of mushrooms,
3245

Carbohydrates, 142-143
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Gyromitrin, 158-159
method for reducing, 159
scheme of toxic hydrazine formation

from, 158f

H

Heavy metals, 112-113, 165

Hemagglutinin, 143

Hemolysins, 144, 185

Heteroglycans, 41

Hiratake, 1-2

Histamine, 108-110, 109f, 184

Histidine, 108—110

Histidine level in mushroom, 20-22

Homogentisic acid, 140

Hydrazines, 156, 158-159, 158f, 186

Hydroperoxide lyase, 84

Hydroperoxides, 84-85

p-Hydroxybenzoic acid, 91-102,
92t-100¢1, 101f

Hydroxycinnamic acids, 92¢=100¢

5-Hydroxytryptophan, 104107, 105106t

Hyperaccumulator, 113
Hyphae, 4-5

Hypoxanthine, 107-108, 108¢
Hypoxanthine, 107-108, 108¢

|

Indole compounds, 103—107, 104f,
105+106t, 184

Indoleacetamide, 104

Indoleacetic acid, 104—-107, 105t=106¢

Indoleacetonitrile, 105t~106¢

Inosine, 76—80

Insoluble dietary fiber, 42—43

Inulin, 142

Todine, 116¢, 120

Isoleucine, 21¢, 76

J

Japanese names of mushrooms, 189¢

K

Kaempferol, 102

Kjeldahl method, 17

Krestin, 141t

Kynurenic acid, 105t-106¢

Kynurenine, 103-104
derivatives, 104—107
sulphate, 105t-106¢

L
Laccases, 143
Lactobacilli, 140, 142
Lactone, 86
Lanosta-8, 24-dienol, 102-103
Lanosterol, 102—-103
Lanthanides, 115, 124¢
Lauric acid, 24t-31¢t, 191¢
Lead, 167-168
Lectins, 143-144, 185
Lenthionine, 85, 85f
Lentinacin, 146
Lentinan, 1411, 175
Lentinic acid, 85
chemical structure of, 85f
Leucine, 21t,76
Lifespan, 4-5
Lignin, 42
Linoleic acid, 24+-31¢, 84, 191¢
oxidation, 84—85
Linolenic acid, 23-32, 24+-31¢, 191¢
Lipids, 22-32, 182
conjugated linoleic acid (CLA), 191¢
monounsaturated cis-fatty acids
(MUFA), 191¢
neutral, 22-23
polar, 22-23
polyunsaturated cis-fatty acids (PUFA),
191¢
saturated fatty acids (SFA) in, 191¢
Lipoxygenase, 84
Listeria monocytogenes, 176
Lithium, 114, 124¢



Lovastatin (mevinolin), 145—-146, 145¢,
185

Lumisterol, 103

Lysine, 108-110

M
Macrofungus, 4-5
Magnesium, 46t, 48
Maillard reaction, 86
Malic acid, 77¢79¢t, 88, 89f, 183184
Maltose, 33
Manganese, 124t
Mannitol, 32-33, 34+-39¢
in preserved and cooked mushrooms,
40, 40¢
Mannose, 33, 44t
Medicinal mushrooms, 1, 4
sterols in, 102—103
Melatonin, 105106t
Melezitose, 33, 34t-39¢
Melezitose, 33, 3439t
Mercury, 111-113, 115, 116¢, 120-122
Metal bioaccumulation in mushrooms,
114
Methional (3-methylthiopropanal), 85-86
Methionine, 20-22, 21¢, 76, 182
Methionine level in mushroom, 20-22
Methylarsonic acid, 117
3-Methylbutanal, 86
Methylmercury, 112, 121-123
5-Methyltryptophan, 104-107
Mevinolin, 145
Microbial load and safety of fresh
mushrooms, 176—177
Mine, 120, 125, 167-168
Mineral elements. See Ash (minerals)
contents
Molybdenum, 124t
Monosaccharides, 32, 44¢
Monosodium glutamate (MSG), 7680
free amino acids, 81
synergistic effects of, 80
Monounsaturated fatty acids, 2431t
Morin, 102
Mushroom alcohol, 83—84
Mushroom alcohol. See 1-Octen-3-ol

Subject Index 203

Mushroom collection
as an economic activity, 2-3
picking in forests and grasslands, 2
Mushroom industry, 1
Mushroom species, 1
classes, 5
FAOSTAT data, 1-2, 2t
fruit body, 4-5
mycelium, 4-5
sketch, 5f
toxicity of, 3—4
Mycelium, 4-5, 41, 112-114, 117, 164,
169-170
Mycocarp, 4-5
Mycoremediation, 163—-164
Mycosterols, 103
Myotoxicity, 174-175
Myricetin, 102
Myristic acid, 24t=31¢, 191¢

N
Naringenin, 102
Natural radionuclides, 167—168
Neutral lipids, 22-23
Niacin, 57-59, 58t
Nickel, 113, 1161, 122
Nicotine, 160-161
Nitrates, 164—165
daily intake of nitrate anion (), 164
Nonhallucinogenic indole derivatives,
103-104
Non-protein nitrogen, 17, 19
Norbadion A, 170
5'-Nucleotides, 74t-75¢, 76—82, 183

umami, 80-81

(0]

1-Octanol, 83-84
1-Octen-3-ol, 83—-86
1-Octen-3-one, 83—-84, 86
3-Octanol, 83—-84
3-Octanone, 83—84
OCTNI1, 147-149

Oliec acid, 24+-31¢, 182, 191¢
Oligosaccharides, 32-33
Ornithine, 108-110



204  Subject Index

Osteoporosis, 90, 183—184

Ostreolysin, 144

Oxalates, 90

Oxalic acid, 77+79¢, 88, 89, 90, 183—184
Oxidative stress, 138

Oxodecanoic acid, 84—85
10-Oxodecanoic acid, 84-85

Oxylipins, 84-85

Opyster mushroom, 1-2, 19

P
Palmitic acid, 24+-31¢t, 182, 191¢
Parasitic species, 5
Parkinson disease, 85
Phenolic acids, 139, 184
Phenolic compounds or phenolics, 90—
102, 92¢-100¢, 101f
total (TPC), 90-91
Phenolics, 88,90-91, 139, 184-185
Phenylacetaldehyde, 86
Phenylacetaldehyde, 86
Phenylalanine, 108-110
Phenylethylamine, 108-110, 109f
Phenylhydrazine, 157-158
Phospholipids, 22
Phosphorus, 46—48, 46t
Phytosterols, 102-103
Pigmentation in mushrooms, 71, 87-88
anthocyanins, 87
betalains, 87, 183
browning of white button mushrooms,
88
carotenoids, 87, 183
chlorophylls, 87, 183
melanin synthesis, 88
as protection factor, 87
quinones, 87—88, 183
terpenoids, 87
Pleuran, 141¢
Pleurotolysin, 144
Plutonium, 168
Polar lipids, 22-23
Polonium, 167-168
Polyamines, 108-111
chemical structure of, 109f
Polychlorinated biphenyls (PCBs), 163

Polyol, 32-33, 34+-39¢, 71-76, 183
Polyphenol oxidase, 88
Polysaccharides, 32-33, 4145, 182
Polyunsaturated fatty acids, 24t-31t, 32,
84-85, 139,182
Portobello mushroom, 1-2, 48, 56
Potassium, 45—46, 48, 167, 183
Prebiotics, 142
criteria for candidate as a, 142
Preservation of mushrooms, 3, 40—41, 43
freezing, 81-82
microwave drying, 81-82
vacuum drying, 81-82
Procarcinogenic compounds, 155159,
186
agaritine, 156—158
gyromitrin, 158-159
Prochloraz, 161
Prolamin, 19-20
Protein content, 19-22
cultivated edible mushroom, 18
in mushroom species, 20t
wild-growing mushroom, 18
Proteins, with specific biological effects,
143-145
hemolysins, 144
lectins, 143—144
Protocatechuic acid, 91-102, 92¢+100¢,
1011
Provitamin, 49-60, 5054, 102—103,
184
Proximate composition, 7
Pseudomonas spp., 176-177
Purine compounds, 107-108, 108f
daily dietary intake of, 107-108
in fresh mushrooms, 108
Putrescine, 108—110, 109f, 184
Pyrazine, 86
Pyridoxal, 57-59
Pyridoxamine, 57-59
Pyridoxine, 57-59

Q

Quercetin, 102

Quinic acid, 7779¢, 88, 89f
Quinone, 87-88, 183



R
Radioactivity of mushrooms, 165-174, 186
anthropogenic radionuclides, 168—169
maximum permitted limit, 166—167
natural radionuclides, 167—168
per weight unit, 166-167
radioactivity burden from mushroom
consumption, 172-173
of wild mushrooms, 166—167
Radiocesium ('*7Cs), 168-169, 171¢
in game-feeding mushrooms, 173-174
reducing activity concentration of, 173
Radionuclide, 165-166, 172-173
Radium (**°Ra), 168
Radon, 167-168
Respiratory allergic diseases from
mushrooms, 175176
Resveratrol, 102
Rhabdomyolysis, 174
Rhamnose, 33, 44t
Riboflavin, 57-59, 58¢
Ribonucleases, 143
Rubescenlysin, 144
Rubidium, 124¢
Rumenic acid, 23-32

S

Salmonella spp., 176177

Saponaceolide, 175

Saprobic (saprotrophic) species, 5

Saturated fatty acids, 23, 2431t

Schizolysin, 144

Schizophyllan, 141¢

Selenite, 123

Selenium, 114-115, 1161, 122—-123

Selenocysteine, 123

Selenocystine, 123

Selenomethionine, 123

Se-methylselenocysteine, 123

Semi-essential amino acids, 20-22

Serine, 76

Serotonin, 104-107, 105t~106¢

Shiitake, 1-2, 81, 85, 85f, 159-160, 175,
186

Silver, 113, 124t

Sinapic acid, 92¢-100¢, 101f

Subject Index 205

Smelter, 113—114, 120, 125

Sodium, 45, 46¢, 48, 183

Sodium oxalate, 90

Spermidine, 109f, 110

Spermine, 109f, 110

Stalk. See Stipe

Staphylococcus aureus, 176

Statins, 145146

Stearic acid, 24+31¢, 191¢

Steroidal dienes, 103

Sterols (mycosterols), 49, 102-103

Stigmasterol, 102—-103

Stipe, 19, 42, 48, 72+~73t, 8485, 90, 119,
142-143,146-147,162-163

Strontium, 168—169

Succinic acid, 77791, 88, 89f

Sucrose, 33

Sugar content in mushrooms, 33—41,
34+-39¢

Sulfur, 46¢

Syringic acid, 92¢-100¢, 101f

T
Tachysterol, 103
Taste component of mushrooms, 71-87
bitter, 76
equivalent umami concentration
(EUC), 80
free amino acids attecting, 7273t
palatable, 76-80
sour, 76
sweet, 76
umami, 80-81
Terpene, 82-83, 183
Terpenoid, 87, 183
Thallium, 124¢
Thiabendazole, 162—-163
Thiamin, 57-59, 58¢
Thorium (***Th), 168
Threonine, 76
Tin, 124t
Titanium, 124t
Tocopherols, 50+-54¢, 57, 139
Tocotrienol, 57
Total dietary fiber (TDF), 42—43, 43¢, 44t
recommended daily intake of, 45



206  Subject Index

Total phenolic content (TPC), 90-91 titanium, 124¢
Trace elements, 111-125, 116¢, 184—185 uranium, 124t
aluminium, 116117, 116¢ vanadium, 124t
antimony, 124¢ zinc, 116¢, 123
arsenic, 1161, 117 Trehalase, 33
barium, 124¢ Trehalose, 33, 34391, 76
beryllium, 124¢ drying methods and, 40
bioconcentration factor (BCF), 113, maldigestion of, 33
119-122 in preserved and cooked mushrooms,
boron, 124¢ 40, 40t
bromine, 124¢ Trimethylarsine oxide, 117
cadmium, 115, 116¢, 118 Tripeptide, 108
cesium, 124+ Truftle, 2t, 4,18, 102-103
chromium, 116¢, 119 Tryptamine, 105¢~106¢, 108—110, 109f
cobalt, 116¢,119 Tryptophan, 103-110, 105106¢
copper, 116¢, 119-120 Tyramine, 108-110, 109f, 184
effects of environmental factors, Tyrosinase, 88
112-115 Tyrosine, 108—110
gold, 124¢ Tyrosol, 102
iodine, 116¢, 120
iron, 116¢, 120 U
lanthanides, 124¢ Umami taste of edible mushrooms, 80-81
lead, 116¢, 120121 Unsaturated fatty acids, 23, 182
with limited data, 123, 124¢ Uranium (***U), 168
lithium, 124¢ Urate, 107
manganese, 124t Uric acid, 108
mercury, 115, 116¢, 121-122 Uronic acid, 43
molybdenum, 124¢ UV-B-irradiated mushrooms, 56
nickel, 116¢, 122 ergothioneine content, 149
provisional tolerable monthly intake
(PTMI), 112 V'
provisional tolerable weekly intakes Valin, 76
(PTWI), 112 Vanadium, 124t
research on, 111 Vanillic acid, 92¢-100¢, 101f
rubidium, 124t Vanillin, 102
selenium, 115, 116¢, 122—-123 Variegatic acid, 91-102
silver, 124t Vitamin A, 49
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Photo 1 Agaricus bisporus white Source: https://commons.wikimedia.org/
wiki/Category:Edible_mushrooms

Photo 2 Agaricus bisporus brown Source: https://commons.wikimedia.org/
wiki/Category:Edible_mushrooms
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Photo 3 Agaricus subrufescens Source: Dr. lvan Jablonsky

Photo 4 Boletus edulis Source: https.//commons.wikimedia.org/wiki/Category:
Edible_mushrooms
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Photo 5 Cantharellus cibarius Source: https://commons.wikimedia.org/wiki/
Category:Edible_mushrooms

Photo 6 Craterellus cornucupioides Source: Dr. Jan Borovicka
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Photo 7 Flammulina velutipes Source: Dr. Ivan Jablonsky

Photo 8 Gyromitra esculenta Source: Dr. Jan Borovi¢ka



Photo 10 Macrolepiota procera Source: Dr. Eva Daddkovd



Photo 12 Pleurotus eryngii Source: Dr. lvan Jablonsky



Photo 13 Pleurotus ostreatus Source: Dr. Jan Borovicka

Photo 14 Sparassis crispa Source: Eva Daddkovad



Photo 15 Tricholoma flavovirens Source: Dr. Jan Borovicka

Photo 16 Xerocomus badius Source: Dr. Jan Borovicka
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