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ABSTRACT 

Mushrooms are the second largest edible biomass available from Finnish forests. 
Their main components are non-digestible polysaccharides such as β-glucans, 
mannans, and galactans. These molecules have been shown to possess a large 
variety of biological activities. These activities are determined by their 
physicochemical properties, like sugar composition, glycosidic linkage and 
molecular weight, which are significantly influenced by the fungal species and 
extraction methods. Currently, the low collection of natural basidiomycete 
production leaves the edible mushroom biomass largely unused. Development 
of β-glucan-oriented isolation and purification schemes can increase the value of 
Finnish mushrooms, meeting the rapidly growing international market for 
functional foods and nutraceuticals. 

Usually, β-glucans are extracted from fungi with hot water. Higher yield and 
purity of these molecules can be achieved by pre-treatments and harsher 
extracting conditions. For a complete understanding of influence of processing 
parameters on composition and properties of polysaccharides, thorough 
characterization of molecular properties of the obtained polysaccharides is also 
required. Seasonal variation, slow growth and logistic problems might hamper 
the mushroom industry. Currently, two strategies are studied to overcome these 
issues: cultivation of fungal mycelium in liquid medium (submerged cultivation) 
or on solid substrate (solid-state cultivation). The produced biomasses can be 
readily used as source of fungal polysaccharides. Submerged cultivation is 
further favored by low cost and fast production. Moreover, the use of 
lignocellulosic, such as agricultural sidestreams, and liquid, such as oils, 
supplements to the medium has been shown to increase mycelial yield. 

The aim of the current work was to extract polysaccharides from Finnish 
fungal resource and determine their yield and properties utilizing colorimetric, 
chromatographic, and spectroscopic techniques. The cultivated Agaricus 
bisporus, wild Craterellus tubaeformis, and rare and slow-growing Inonotus 
obliquus were investigated as polysaccharide resource. The effects of a 
pretreatment with ethanol-hydrochloric acid mixture, prior to sequential hot 
water extractions, were investigated using A. bisporus. Cell wall polysaccharides 
were extracted from C. tubaeformis with a sequential protocol of increasing 
harshness using hot water and alkaline solutions of different concentrat. 
Cultivated mycelium of I. obliquus was considered as an alternative of the sterile 
conk, commonly known as Chaga, produced by this species as polysaccharide 
source. Sea buckthorn (Hippophaë rhamnoides) berry press cake, a fibrous side 
stream with high oil content, was supplemented to the submerged cultivation 
medium of I. obliquus. Exopolysaccharides (EPS) from culture media and 



ii Abstract  

 

intracellular polysaccharides (IPS) extracted from mycelia were investigated. 
Moreover, the potential of the birch heart rot, resulted from infection by this 
species, as polysaccharide source has been assessed in this work for the first time. 
Polysaccharides from wild sterile conk, cultivated mycelium, and heart rot were 
extracted, characterized, and compared. 

The pretreatment with acid and the use of alkali during the extraction resulted 
in disruption of the cell wall, which facilitated the solvent access to its deeper 
layers. The harsher methods increased extraction yields and the β-glucan 
contents in the extracts, while decreasing the molecular weight of the 
polysaccharides. In case of C. tubaeformis, hot water was an inefficient 
extraction medium for β-glucans. Structural investigation assigned to these 
polymers a backbone of →6)-β-Glc-(1→ units with short and frequent branches 
in O-3 position. The thermal stability of fungal polysaccharides was drastically 
reduced only after strong alkali extraction. Supplementation with press cake 
increased the cultivation yield of I. obliquus. The supplementation positively 
affected the yield and molecular weight of EPS. However, at higher dosages, the 
supplementation reduced content and the molecular weight of IPS. The pectins 
in the sea buckthorn press cake affected to small extent the monomer 
composition of both IPS and EPS. The polysaccharides extracted from cultivated 
mycelium showed high abundance of glycogen, absence of phenolic compounds, 
and polydispersed polymer populations, while the opposite was observed for 
sterile conk polysaccharides. Structurally similar β-glucan was identified in 
sterile conk and mycelium extracts. On the other hand, heart rot polysaccharides 
were mainly composed of hemicelluloses. However, fungal polysaccharides 
were identified as well, particularly in the hot water extract, showing potential 
also for the birch leftover after sterile conk harvesting. 

The results of the present doctoral thesis offer valuable information for the 
exploitation of Finnish fungal species as sources of bioactive polysaccharide (in 
particular β-glucan) aimed to the nutraceutical market. Moreover, this thesis 
could be a starting point for more in-depth studies on the effect of liquid culture 
supplementation on the macromolecular properties of mycelial polysaccharides. 
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SUOMENKIELINEN ABSTRAKTI 

Sienet ovat Suomen metsien toiseksi suurin syötävä biomassa. Niiden pää-
komponentit ovat sulamattomia polysakkarideja, kuten β-glukaaneja, mannaa-
neja ja galaktaaneja. Näillä molekyyleillä on osoitettu olevan laaja valikoima 
biologisia aktiivisuuksia. Nämä toiminnot määräytyvät niiden fysikaalis-
kemiallisten ominaisuuksien, kuten sokerikoostumuksen, glykosidisidosten ja 
molekyylipainon perusteella, joihin sienilajit ja uuttomenetelmät vaikuttavat 
merkittävästi. Suurin osa syötävien sienten biomassasta jää tällä hetkellä 
käyttämättä, koska kantasieniä ei kerätä riittävästi. Suomalaisten sienien arvoa 
voi lisätä β-glukaanipohjaisten eristämis- ja puhdistusjärjestelmien kehittäminen, 
jolloin voidaan tuottaa raaka-aineita nopeasti kasvaville kansainvälisille 
funktionaalisten elintarvikkeiden ja ravintoaineiden markkinoille. 

Yleensä β-glukaanit uutetaan sienistä kuumalla vedellä. Esikäsittelyillä ja 
ankarammilla uutto-olosuhteilla voidaan saavuttaa näiden molekyylien suurempi 
saanto ja puhtaus. Jotta ymmärrettäisiin täysin käsittelyparametrien vaikutus 
polysakkaridien koostumukseen ja ominaisuuksiin, vaaditaan myös saatujen 
polysakkaridien molekulaaristen ominaisuuksien perusteellista karakterisointia. 
Kausivaihtelut, hidas kasvu ja logistiikkaongelmat saattavat haitata sieni-
teollisuutta. Tällä hetkellä tutkitaan kahta strategiaa näiden ongelmien 
ratkaisemiseksi: sienirihman viljely nestemäisessä väliaineessa (upotusviljely) 
tai kiinteällä alustalla (solid state-viljely). Tuotettua biomassaa voidaan helposti 
käyttää sienipolysakkaridien lähteenä. Upotettua viljelyä suosivat lisäksi 
edulliset kustannukset ja nopea tuotanto. Lisäksi lignoselluloosaa sisältävien 
maatalouden sivuvirtojen, ja nesteiden, kuten öljyjen, käyttö kasvatusalustan 
ravintolisänä on osoittanut lisäävän sienirihmaston satoa.  

Tämän työn tavoitteena oli uuttaa polysakkarideja suomalaisista sieni-
resursseista ja määrittää niiden saanto ja ominaisuudet käyttämällä kolori-
metrisiä, kromatografisia ja spektroskooppisia tekniikoita. Polysakkaridien 
lähteenä tutkittiin viljeltyä Agaricus bisporusta (herkkusieni), villiä Craterellus 
tubaeformista (suppilovahvero) ja harvinaista ja hitaasti kasvavaa Inonotus 
obliquusta (pakurikääpä). Esikäsittelyn vaikutuksia etanoli-suolahapposeoksella 
ennen peräkkäisiä kuumavesiuuttoja tutkittiin käyttämällä A. bisporusta. 
Soluseinän polysakkarideja uutettiin C. tubaeformista menetelmällä, jonka 
voimakkuutta lisättiin käyttämällä peräkkäin kuumaa vettä ja eri konsentraation 
emäksisiä liuoksia. I. obliquusin viljeltyä rihmastoa pidettiin vaihtoehtoisena 
polysakkaridilähteenä steriilille kasvustolle, joka tunnetaan yleisesti nimellä 
pakuri. Tyrnin (Hippophaë rhamnoides) -marjapuristuskakulla, joka on 
kuitumainen sivuvirta ja jolla on korkea öljypitoisuus, täydennettiin I. obliquusin 
nestemäistä kasvatusainetta. Kasvatusaineen eksopolysakkarideja (EPS) ja 
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sienirihmastosta uutettuja solunsisäisiä polysakkarideja (IPS) tutkittiin. Lisäksi 
tämän lajin tartunnasta syntyvän koivun ydinlahon potentiaali polysakkaridien 
lähteenä on arvioitu tässä työssä ensimmäistä kertaa. Luonnonvaraisen steriilin 
kasvuston, viljellyn sienirihmaston ja ydinlahon polysakkarideja uutettiin, 
karakterisoitiin ja niiden koostumusta vertailtiin. 

Esikäsittely hapolla ja emäksen käyttö uuton aikana johti soluseinän 
hajoamiseen, mikä helpotti liuottimen pääsyä sen syvempiin kerroksiin. 
Rajummat menetelmät lisäsivät uuton saantoa ja uutteiden β-glukaanipitoisuutta 
samalla kun polysakkaridien molekyylipaino pieneni. Kuuma vesi oli tehotonta 
β-glukaanin uuttamiseksi C. tubaeformista. Rakenteellinen tutkimus osoitti 
näiden polymeerien koostuvan →6)-β-Glc-(1→ -yksiköistä, joilla on lyhyet ja 
usein esiintyvät haarat O-3-asemassa. Sienipolysakkaridien lämpövakaus 
heikkeni jyrkästi vasta voimakkaan alkaliuuton jälkeen. Tyrnin puristekakku 
lisäsi I. obliquusin kasvua viljelyssä. Täydennys vaikutti positiivisesti EPS:n 
saantoon ja molekyylipainoon. Kuitenkin suuremmilla annoksilla lisäravinteet 
pienensivät IPS:n pitoisuutta ja molekyylipainoa. Puristekakun pektiinit 
vaikuttivat hieman sekä IPS:n että EPS:n monomeerikoostumukseen. Viljellystä 
sienirihmastosta uutetuissa polysakkarideissa esiintyi runsaasti glykogeenia, 
mutta ei fenolisia yhdisteitä ja polymeeripopulaatiot olivat polydispergoituneita, 
kun taas steriilin kasvuston polysakkarideilla havaittiin päinvastainen. 
Rakenteellisesti samankaltaista β-glukaania tunnistettiin steriilistä kasvustosta ja 
sienirihmastouutteista. Toisaalta sydänlahon polysakkaridit koostuivat pääasi-
assa hemiselluloosista. Kuitenkin myös sienipolysakkarideja tunnistettiin, eten-
kin kuumavesiuutteessa, mikä osoittaa potentiaalia myös koivujätteille steriilin 
kasvuston keräämisen jälkeen. 

Tämän väitöskirjan tulokset tarjoavat arvokasta tietoa suomalaisten sieni-
lajien hyödyntämisestä bioaktiivisen polysakkaridin (erityisesti β-glukaanin) 
lähteinä funktionaalisten elintarvikkeiden ja lisäravinteiden markkinoille. Lisäk-
si tämä opinnäytetyö voisi olla lähtökohta perusteellisemmille tutkimuksille 
nestemäisen viljelmän täydentämisen vaikutuksesta sienipolysakkaridien 
makromolekulaarisiin ominaisuuksiin. 
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1 INTRODUCTION 

Mushrooms are the fruiting bodies produced by fungi belonging to 
basidiomycete and ascomycete phyla. They have been consumed as a food and 
medicinal source for millennia throughout the world. Mushrooms are 
appreciated for their texture and flavor. They are rich in dietary fiber and their 
proteins contain all the essential ammino acids, while they have low fat and 
caloric content1. The inclusion of mushrooms in the diet has a continuous 
tradition in Asian countries, where the first written source on their utilization is 
also attested. China leads the world mushroom production, with 8 × 106 tonnes 
reported in 2019, followed by European Union, Japan, and United States2. 

The traditional utilization of mushrooms and mushroom extracts as medicine 
is strongly attested in Asia and Eastern Europe, with particular use of the species 
Ganoderma lucidum (Lingzhi in Chinese and Reishi in Japanese) and Lentinula 
edodes (Shiitake in Japanese) in the earlier and Inonotus obliquus (Inonotus 
obliquus (Ach. ex Pers.) Pilát) (commonly called Chaga) and Fomitopsis spp. 
(different species of bracket fungi). The research on the chemistry of mushroom 
extracts started from their traditional uses, particularly against cancer. The 
evidence of the biological properties of compounds extracted from mushrooms 
has lead the attention of scientific research to the species of interest for the 
western countries, such as the cultivated Agaricus bisporus (Agaricus bisporus 
(J.E. Lange) Imbach) (white button) or the mushrooms that can be collected from 
the forests. 

Polysaccharides, the main components of mushrooms, are the molecular class 
that have received the most attention from the research. The main fungal 
polysaccharides are the β-glucans, which are polymers of  mainly →3)-β-Glc-
(1→ and →6)-β-Glc-(1→ units. Other important fungal polysaccharides are the 
heterosaccharides and the mannans, with great variety in structure and 
constituting monomers. Most of mushroom polysaccharides have structural roles 
in the fungal cell wall, while others constitute energy reserve. Polysaccharides 
are also secreted outside the fungal cell as defensive or colonization mechanism. 
These molecules are not digested by the human gastrointestinal tract. Numerous 
biological activities have been assigned to these molecules, such as 
immunomodulatory, hypocholesterolemic, hypoglycemic, and prebiotic 
properties. The biological activities of mushroom polysaccharides are correlated 
to their chemical properties, such as monomer composition, glycosidic linkage, 
conformation, molecular weight, and presence of covalently-linked moyeties. 
These properties are influenced by the mushroom species and the extraction 
method used3. 

Nowadays, mushrooms are considered functional food and an attractive 
source of fractions with bioactive properties for the dietary supplement market. 
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The reported market value of dietary supplements obtained from mushrooms is 
18 billion dollars4. Finland, whose surface is 70% covered by forests, has a large 
production of forest mushrooms. Between 2015 and 2019, the market volume of 
wild mushrooms has oscillated in the approximate range 2−6 × 102  tonnes5. In 
contrast, the forest production has been estimated between 8−25 × 105 tonnes6. 
The fungal biomass of the Finnish forests is therefore left largely unused. The 
utilization of this forest biomass for the extraction of polysaccharides would 
increase their value and stimulate the harvesting. 

The forest mushroom yield is subject to seasonal variations. Some species of 
interest, such as the birch obligate parasite I. obliquus, grow slowly and/or are 
less frequent. The research on the cultivation of this species on dedicated birch 
stands is still in its infancy. A more common strategy is the cultivation of the 
fungal mycelium in liquid medium (submerged cultivation). The biomass swiftly 
produced with this procedure could be readily utilized as a source of 
polysaccharides. Moreover, the liquid medium allows the use of supplements to 
increase the cultivation yield. The utilization of agro-forestry sidestreams as 
supplements for fungal cultivation is a strategy to increase their value and 
support circular economy. 

The most common method to extract bioactive polysaccharides from fungi is 
hot water, with generally low yields. However, the utilization of different 
solvents and the use of pre-treatments can improve yield and purity of the 
polysaccharides. On the other hand, different extraction methods would have an 
influence on the molecular properties influencing the biological activities. 

The present doctoral dissertation focused on investigation on alternative 
sustainable methods for producing and extracting bioactive polysaccharides 
from Finnish mushrooms. The starting materials were three selected fungal 
species, as representative of three arbitrary categories: 1. Agaricus bisporus, for 
mushrooms cultivated in large scale; 2. Craterellus tubaeformis (Craterellus 
tubaeformis (Fr.) Quél.) (Funnel chanterelle) for mushrooms largely available 
from the forests but underutilized; 3. Inonotus obliquus for rare and slow-
growing fungi. These three species represent also three distinct ecological groups: 
saprotrophic, mycorrhizal, and wood-rotting, respectively. The aim of the 
research project is to develop strategies for the production of polysaccharide-rich 
fractions. For categories 1 and 2, the research investigated extraction methods 
from the mushroom biomass. For category 3, the utilization of a Finnish 
agricultural sidestream was tested for the production of mycelium aimed to 
polysaccharide production. In addition, the birch stem colonized by I. obliquus, 
sidestream from harvesting and cultivation, has also been investigated as 
potential source of polysaccharides. 
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2 REVIEW OF THE LITERATURE 

2.1 Mushrooms 

Fungi are eukaryotic (the cell has a membrane-enveloped nucleus) and 
heterotrophic organisms possessing a chitinaceus cell wall and lacking 
chloroplasts. They reproduce both sexually and asexually through spores and 
form filamentous structures called hyphae. Multiple hyphae produce a network 
called mycelium. They have different ecological roles, such as symbiotic, 
saprotrophic, or parasitic. The ability of fungi to degrade dead organic material 
(saprotrophic nutrition) is important for the carbon cycle. Fungal symbiosis with 
plants (mycorrhiza) facilitates nutrition uptake by the plant from the soil, while 
the fungus receives nutrients from plant. 

Fungi represent one of the taxonomic kingdoms of organisms. The kingdom, 
according to Hibbett and coauthors, is divided in seven phyla: Chytridiomycota, 
Neocallimastigomycota, Blastocladiomycota, Microsporidia, Glomeromycota, 
Ascomycota, and Basidiomycota. The latter two are grouped in a subkingdom 
called Dikarya7 and are the ones of interest for the present work. The structures 
producing the spores responsible of Dikarya sexual reproduction are carried on 
specialized structures called sporocarps or fruiting bodies. The sporocarp of 
Ascomycota is called ascocarp and the spore-producing structure is called ascus, 
which has typically a bag-like shape. Here, usually eight spores are produced 
after karyogamy (two nuclei of the ascus cell fuse), meiosis, and mitosis. The 
parallel of the ascus for basidiomycetes is the basidium, which produces 
typically four spores, after karyogamy and meiosis, kept on an external structure8. 
Both ascocarp and basidiocarp exist in a plethora of different shapes. 

 
Table 1. Taxonomic classification of the fungal species studied in this 
dissertation. 

English name Button mushroom Funnel chanterelle Chaga 
Finnish name Herkkusieni Suppilovahvero Pakuri 
Kingdom Fungi Fungi Fungi 
Phylum Basidiomycota Basidiomycota Basidiomycota 
Class Agaricomycetes Agaricomycetes Agaricomycetes 
Order Agaricales Cantharellales Hymenochaetales 
Family Agaricaceae Cantharellaceae Hymenochaetaceae 
Genus Agaricus Craterellus Inonotus 
Species A. bisporus C. tubaeformis I. obliquus 

 
Mushrooms have been defined as “macrofungus with distinctive fruiting body 

which can be hypogeous or epigeous, large enough to be seen with the naked eye 
and picked by hand”9. A corollary followed: “mushrooms need not to be 
basidiomycetes, nor fleshy, nor edible”9. Mushrooms have commonly an 
umbrella-shape structure, with cap and stem. Caps can assume different shapes 
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and stems can have a ring and/or a cup. However, mushroom can have structures 
totally different from umbrella. Some fungal species belonging to Ascomycota 
phylum produce fruiting bodies commonly considered mushrooms, for example 
those of the genus Morchella. On the other hand, some basidiomycetes do not 
produce fruiting bodies and are single-cell forms, like the Cryptococci. 

In 2008, the number of fungal species has been estimated around 90000. Of 
these, about 30000 were basidiomycetes and most of the remaining were 
ascomycetes8. More recently, the number of fungal species has been estimated 
in the range 2.2-3.8 million10. The Catalogue of Life reports about 146000 
species, of which 63% are ascomycetes and 35% basidiomycete. Most of the 
fruiting body-producing species belong to the class Agaricomycetes of the 
phylum Basidiomycota, representing about 38000 species11. All Agaricomycetes 
are fruiting body producers, with great variety in shape and structure12. The 
taxonomic classifications of the species under the focus of the present doctoral 
dissertation are reported in Table 1. The phylogenetic relationships between 
different orders of Agaricomycetes with relevance to this dissertation are 
reported schematically in Figure 1. On the ecological point of view, this class 
contains saprotrophic species, such as the cultivated A. bisporus and L. edodes 
or wild and rare Ganoderma spp., and ectomycorrhizal Boletus spp. and 
Cantherellus spp. Typical wood-decaying mushrooms such as Fomes and 
Fomitopsis spp. belong to this class as well. Others, such as Phellinus spp., can 
be considered plant pathogens13. 

 

 
Figure 1. Phylogenetic relationship of different orders of Agaricomycetes with 
relevance to this doctoral dissertation. Adapted from14. 
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2.1.1 The uses of mushrooms 

Mushrooms have been traditionally used as food and medicine for millennia. 
Reportedly, the first archeological record of mushroom consumption was found 
in Chile15. The ancient utilization of mushroom is however most attested in the 
Eurasian landmass. Fragments of Fomitopsis betulina (birch polypore) and 
Fomes fomentarius (tinder fungus) were carried by the Ötzi mummy (3500 BC), 
found at the Italian-Austrian border in the Alps, although their purpose is not 
clear 16. First written record of wild mushroom consumption is found in China15. 
In western culture, the consumption of mushrooms goes back to the Classical era, 
when they were considered “food of the Gods” 1. Mushrooms were highly valued 
by the Roman ruling class, as indicated by the name of Amanita cesarea 
(Caesar’s mushroom) or by Epigrams of the poet Martial, in which mushrooms 
are referred as valuable food (Book 13) and offerings (Book 3)17. While in Asia 
mushroom consumption has a continuous tradition, Western Europe became 
mycophobic between the fall of the Roman Empire and the onset of Middle Ages 
and its mushroom consumption increased more recently16. On the other hand, 
Easter Europe, Italy, and France remained more mycophilic15,16. On the 
worldwide scale, mushroom consumption is increasing. Only as example, both 
value and volume of mushroom sales have increased in the United States since 
201318. Nevertheless, as Boa stated, “(Globally) the use of wild edible fungi is 
both extensive and intensive, though patterns of use do vary”. Nowadays, 
mushroom harvesting constitutes a source of income for developing countries 
and local farming practices all over the world15. 

Mushrooms are commonly consumed as food and food flavoring agent. They 
are appreciated by consumers for their aroma and texture. Moreover, their 
nutritional properties make them suitable for vegetarian and vegan diets. The 
main component of fresh mushrooms is water, between 82-92 w/w%19, making 
their dry matter content low. In this way, the overall caloric intake of mushrooms 
is also low1. The main components of mushrooms are carbohydrates and proteins, 
generally followed by ashes and lipids. The proximate chemical composition of 
selected mushroom species is reported in Table 2. There are noticeable 
differences in contents between different species. The composition is also 
influenced by growth medium, growth stage and analyzed mushroom part (whole, 
cap, or stipe). Moreover, comparison of different reports shows noticeable 
variation within the same species19–21. 
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Table 2. Proximate composition of selected mushroom species. 
Species Dry 

matter 
 

Crude 
protei
n 

Lipids Ash Carbohydrate
s 

Energy Ref
. 

 g/kg f.w. g/kg d.w. kcal/kg f.w.  
Agaricus 
bisporus 

77.0 271.0 43.0 43.0 584.0 270 22 

Agaricus 
campestris 

118.3 185.7 1.1 231.6 581.6 364 19 

Armillaria 
mellea 

117.3 163.8 55.6 67.8 712.8 470 19 

Boletus edulis 108.5 210.7 24.5 55.3 709.5 423 19 
Cantharellus 
cibarius 

n.r.a 357.9 14.7 64.2 563.2 n.r. a 19 

Craterellus 
tubaeformis 

n.r. 296.0 53.8 127.9 432.3 n.r. a 23 

Flammulina 
velutipes 

93.2 178.9 18.4 94.2 708.5 346 19 

Lentinula 
edodes 

84.0 214.0 37.0 58.0 690.0 300 22 

Lactarius 
deliciosus 

n.r. a 202.0 80.2 71.5 646.3 n.r. a 19 

Pleurotus 
ostreatus 

n.r. a 132.3 35.8 80.8 751.1 n.r. a 19 

Russula delica 133.1 505.9 9.1 229.3 255.7 416 19 
Suilus 
variegatus 

92.3 175.7 33.1 153.6 637.6 328 19 

anot reported 
 
Ulziijargal and Mau reviewed the proximate composition of different 

mushrooms, differentiating the fractions constituting the total carbohydrate 
compositions of fungi, i.e. reducing sugars, soluble polysaccharides, and 
insoluble fiber. For selected mushrooms, Table 3 reports the relative amounts of 
these carbohydrate components as percentage of total carbohydrate. Table 3 
includes also the total carbohydrate content, as reported by Ulziijargal and Mau24. 
Noticeably, some species have higher content of insoluble fiber (like G. lucidum), 
while others have more soluble polysaccharides. Only a small fraction of 
mushroom polysaccharides is glycogen, in the range 50-100 g/kg d.w. Most of 
the polysaccharides include cell wall structural components, such as β-glucans, 
mannans, and chitin1,19. These polymers are not digested by the human gastro-
intestinal tract and therefore posses the ability to act as dietary fiber22. 

Reducing sugars were quantified spectrophotometrically. Therefore, the 
amounts reported do not necessarily coincide with the major free sugars present 
in mushrooms, which include mannitol and trehalose (α-Glc-(1→1)-α-Glc), 
besides glucose and mannose19. Trehalose and mannitol are the most abundant 
free carbohydrates in mushrooms, although their amounts vary considerably both 
among different species and within the same species. For example, reported 
amounts of mannitol and trehalose in B. edulis were 24.5 and 58.8 g/kg d.w. and 
124.0 and 32.7 g/kg d.w., respectively. On the other hand, reported amounts in 
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cultivated A. bisporus were 641 and 18.3 g/kg d.w. for mannitol and trehalose, 
respectively19. Nevertheless, it has been reported that, generally, mycorrhizal 
mushrooms have higher total sugar content than saprotrophic ones25. 
 
Table 3. Carbohydrate composition of selected mushroom species. 

Species Reducing 
sugars 

Soluble 
polysaccharides 

Insoluble 
fiber 

Total 
carbohydrate 

 relative carbohydrate content w/w% g/100 g d.w. 
A. bisporus 22.4% 44.8% 32.9% 62.2 
B. edulis 11.9% 68.5% 19.6% 69.9 
F. velutipes 21.6% 53.5% 24.9% 64.2 
G. lucidum 17.8% 12.8% 69.5% 85.2 
Grifola frondosa 15.6% 69.8% 14.6% 68.8 
L. edodes 38.0% 53.7% 8.3% 67.9 
P. ostreatus 29.6% 62.4% 8.0% 66.4 

Table data elaborated from24. 
 

The importance of mushrooms in traditional medicine is strongly attested in 
China, with the use of G. lucidum going back to thousands of years13. Wasser 
estimated that there are about 700 mushroom species known to possess 
pharmacological properties26, while Boa estimated the number of mushroom 
species currently utilized for both food and medicinal purposes to be close to 250, 
and 133 species used solely for medicinal purpose15. The commercial interest for 
Chinese traditional remedies originating from mushrooms have sparked interest 
also in traditional uses outside China. The traditional use of mushrooms is 
nowadays attested all over the world. Noticeably, many of these traditional 
medicines of different cultures incorporate members of the Polyporales order, 
possibly due to a connection between perennial nature and human wisdom27. The 
cultivation of a wide array of Agaricomycetes for nutritional and medicinal 
purposes is mentioned in the Korean “History of the Three Kingdoms” of 114518. 
Mushrooms are part of the traditional medicine of the Khanty, an indigenous 
population of West Siberia speaking an Ugric language (Uralic language family). 
Saar has reported different mushrooms as members of their traditional medicine 
including I. obliquus, Fomes fomentarius, Amanita muscaria, and Phellinus 
nigricans. They are consumed as tea, smoked, or applied as powder. Mushrooms 
were used to cure and prevent diseases, cleaning, teeth problems, and bleeding28. 
Recently, an excursus on the mushrooms of European traditional medicine has 
been published. Among the different mushrooms and the many reported uses, 
Auricularia auricula was used for treating sore throat, F. fomentarius for wound 
dressing and gastric disorders, F. betulina for cancer and as an immune system 
enhancer, and Fomitopsis officinalis (the name itself attests medicinal use) for 
fever, nausea, and weakness16. 

The research on the biological activities of mushrooms started from the 
aforementioned evidences. Multiple extracts have been produced from 
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mushrooms and tested in their biological activities. Extensive research has been 
performed on the ability of the extracts to exert anti-cancer and cytotoxic 
activities, in relation to the traditional use of mushrooms such as G. lucidum and 
F. betulina against various forms of cancer. Different molecules of small and 
large molecular weight exerting anti-oxidant, cytotoxic, and immunomodulative 
activities have been isolated utilizing polar and apolar solvents. Extracts and 
molecules possessing antimicrobial properties have also been obtained with 
different solvents. The antibacterial compound class of pleuromutilins has been 
discovered from Agaricomycetes, and some compounds derived from these are 
nowadays on the pharmaceutical market for human and animal use. Other 
compound classes are still in the research phase29. Moreover, anti-
hypercholesterolemia and anti-diabetic effects have been associated with 
mushroom extracts30. 

Due to the presence of multiple components exercising beneficial effects on 
the human body, mushrooms are nowadays considered as nutraceuticals or 
starting material for production of nutraceuticals. Nutraceuticals are foods, part 
of foods, or food extracts, which are consumed “to promote well-being, through 
the prevention and/or treatment of diseases/disorders”30. In this sense, they have 
attracted the attention of the market and, as mentioned before, an increasing 
interest for the consumers, as can be seen by the sale volume of mushrooms and 
mushroom products. Medicinal mushrooms, i.e. mushroom consumed for their 
nutraceutical properties, represented 38% of the mushroom marked in 2013, 
meaning 24 billion USD31. The market value of mushroom extracts was reported 
as 18 billion USD per year4. 

As indicated in Table 2 and discussed above, the main components of 
mushrooms are carbohydrates and, more specifically, polysaccharides. Most of 
them constitute the mushroom cell wall. After the discovery of the 
immunomodulating properties of polysaccharides extracted with water from 
mushrooms, great research efforts have been spent on these molecules. 
Polysaccharides are the most studied mushroom molecules, overshadowing all 
the other compound classes (Wasser, 2017, oral communication). 
Polysaccharides are polymers of carbohydrate units, with great variability in type, 
position and configuration linkage, and degree of polymerization. These 
properties are crucial, as it will be discussed in the following sections, for their 
biological activities and for their applications. 

2.1.2 Cultivated and wild mushrooms in Finland 

Finland is an interesting meeting point of mycophilic and mycophobic cultures. 
In western Finland, mushroom picking has been generally neglected until French 
cuisine became popular in Sweden, from where it spread with the aid of the 
Swedish-speaking upper class. In Eastern Finland, due to the centuries-old 
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interactions with Russian culture, mycophilic traditions have always prevailed. 
This divided attitude towards mushrooms was still present in the previous 
century, due also to the immigration of Karelians from the territories ceded to 
Soviet Union after WWII32. This divide has gradually reduced, but it still exists33. 
A line starting from the city of Helsinki and passing the towns of Jämsä (Central 
Finland), Muhos (Northern Ostrobothnia), and Kuusamo (Northern Ostrobothnia) 
would, with approximation, divide the western and eastern attitudes towards 
mushrooms (Marnila, 2017, personal communication). 

Finland is a Nordic country, whose surface consists for about 70% of forests. 
The south of the country has a humid continental climate, while most of the 
country has a subarctic climate. The forest dominant type is boreal, with Picea 
abies (Norway spruce) and Pinus sylvestris (Scots pine) as dominant trees. 
Although the tree species favor the yields in mycorrhizal mushrooms, 
temperature and moisture are the most determining factors influencing the 
mushroom yield every year34. Forest thinning has also an impact on mushroom 
production, especially regarding mycorrhizal species35. On the other hand, 
impact of forest characteristics on the growth of saprotrophic mushrooms is less 
evident34. 

In 1947, the production of Finnish forest mushrooms has been estimated to 
range between 15-50 × 105 tonnes, depending on the season. Less than a quarter 
of this amount would be edible and easily collected32. More recently, a range 
between 8-25 × 105 tonnes has been proposed, taking into account seasonal 
variation and, on a lesser degree, geographical differences. Yield oscillations of 
one magnitude have been considered normal6. Ohenoja and Koistinen estimated 
that, at least in Northern Finland and during their study (1976-1978), less than 
the 3% of forest mushrooms have been harvested each year36. 

The annual amounts of forest edible mushrooms collected and sold in the 
Finnish market are recorded by the Finnish Food Authority and published in the 
Marsi report5. Figure 2a reports the forest mushroom amounts sold in the years 
2015-2019 and the total revenue for the most relevant species. As can be seen, 
the market is dominated by B. edulis, Lactarius trivialis, Lactarius rufus, and 
Cantharellus cibarius. Species such as Craterellus tubaeformis are considered 
of lower value, commonly picked and used in Finnish households although less 
frequently than other species37. The Finnish forest mushroom revenue (1.5 × 106 

€ in 2016 and 4.9 × 105 € in 2019, Figure 2a) is dominated by B. edulis, L. 
trivialis, and C. cibarius. The first species represented 40-70% of total revenue 
in the year range 2015-2019, while C. tubaeformis the 2-10%5. The best season 
yield observed in the studied interval was in 2016, with about 6.0 × 105 kg (6.0 
× 102 tonnes) of mushroom (fresh weight) collected and sold (Figure 2a), which 
contrasts with the estimated mushroom yield (even the one for poor seasons). It 
is noticeable that the mushroom output of Lapland (the largest and northernmost 
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region of Finland) was almost none and that Eastern Finland had by far the 
largest output5. Nevertheless, a multipurpose forest management, taking into 
account yields of marketed edible mushrooms (mycosilviculture), would grant 
up to 25% of the rotation period income, due to the synergy between mushroom 
and timber harvest35,38. 

Finland has also a mushroom cultivation industry. Its output in terms of 
kilograms of products (fresh weight) is showed in Figure 2b. The production 
(1.33 × 106 kg – 1.33 × 103 tonnes in 2019) is completely dominated by A. 
bisporus. Other species, Lentinula edodes and Pleurotus ostratus, constitute 1% 
or less of the recorded Finnish output39. 
 

 
Figure 2. Annual harvests of wild forest (a) and cultivated (b) mushrooms, 
reported in kg. In (a), the annual revenues from mushroom market are reported 
in euro. Data for (a) is from Finnish Food Authority5 and data for (b) is from 
Natural Resource Institute Finland39. 

 
For the purpose of this doctoral research, Finnish mushrooms have been 

divided into three broad and arbitrary categories: cultivated, wild, and rare. 
While the first two are intuitive and have been already discussed, the third one 
has been defined utilizing the Finnish Biodiversity Information Facility40. The 
number of observations of Cantharellus spp. has been selected as the threshold 
of frequency below which a genus could be considered rare. The number of 
observations for relevant species found in the Finnish forests are reported in 
Table 4. The presence of Craterellus spp. in the rare category should be 
attributed solely to under-reporting, as can be seen from its market volume. 

 



 

Table 4. Number of observations reported for relevant mushroom genera and species of the Finnish forests. 
Genus Observations 

(2020) 
Most observed species 
of the genusa 

Observations 
(2020) 

Relevant species Relevance of the species Relevance 
reference 

Lactarius spp. 1712 L. rufus 172 L. trivialis, L. rufus, L. turminosus  culinary 32 
Russula spp. 1557 R. aurigena 99 R. vinosa, R. paludosa culinary 32 
Phellinus spp. 1265 P. ferrugineofuscus 139 P. nigricans, P. linteus medicinal 28,41 
Fomes spp. 927 F. fomentarius 917 F. fomentarius medicinal 28 
Leccinum spp. 872 L. scabrum 259 L. versipelle, L. auranticum culinary 32 
Tricholoma spp. 815 T. equestre 66 T. matsutake medicinal 41 
Trametes spp. 683 T. ochracea 245 T. versicolor medicinal 41 
Suillus spp. 624 S. luteus 220 S. luteus culinary 32 
Boletus spp. 442 B. edulis 320 B. edulis culinary 32 
Cantharellus spp. 377 C. cibarius 371 C. cibarius culinary 32 
Inonotus spp. 364 I. obliquus 218 I. obliquus medicinal 28,41 
Craterellus spp. 357 C. tubaeformis 268 C. tubaeformis, C. cornucopioides culinary 32 
Ganoderma spp. 308 G. applanatum 261 G. lucidum medicinal 41 
Armillaria spp. 242 A. borealis 78 A. mellea culinary 32 
Flammulina spp. 124 F. velutipes 87 F. velutipes medicinal 41 
Albatrellus spp. 115 A. ovinus 79 A. ovinus culinary 32 
Schizophyllum spp. 70 S. commune 70 S. commune medicinal 41 
Grifola spp. 7 G. frondosa 7 G. frondosa medicinal 41 

aThe source doesn’t confirm that the most observed species of the genus was the most observed species in 2020; source of the data:40 
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2.2 The peculiar case of Chaga 

Inonotus obliquus, commonly called Chaga (Pakuri in Finnish) is a peculiar case 
of the Nordic forests. It is one of the most famous fungal traditional remedies. It 
appears as a charcoal-black, cracked, and brittle mass, protruding from tree stems. 
It is usually found on birch trees, although it is also able to colonize alder and 
beech, of which it is an obligate parasite. The wood decay it causes has been 
classified as white-rot type. The utilization of this black protrusion as a 
traditional remedy is first attested in the 16th century and it is found in the 
traditions of Russia, Poland, Finland, Baltic countries, and Siberia. It is 
traditionally used as cancer remedy and for illness42. In Finland, it was used as a 
substitute for coffee during WWII. The Khanty people traditionally use tea from 
powdered Chaga for treating all kinds of diseases, in particular for stomach, heart, 
and liver problems, tuberculosis, and cancer. An extract made from burnt Chaga 
is used for body hygiene and after-birth cleaning28. 

Chaga grows in the Northern Hemisphere, above the 40th parallel. Besides the 
aforementioned locations, it grows also in North America, Canada, and Northern 
China. It is not the fruiting body of I. obliquus, but a sterile conk, consisting of 
fungal and wood tissues. Fruiting bodies are produced only once in the life cycle, 
at the death of the host tree. Fruiting bodies are resupinate, yellow-brown and 
appear below the cracked bark43. I. obliquus penetrates the tree through open 
wounds and the sterile conk is formed at the site of the infection. The formation 
mechanism is not fully understood. However, it is the result of the pressure 
exercised by a wedge of fungal tissue, once it has established itself in the tree 
periderm, on the outer bark. The pressure cracks open the bark, forming a 
protrusion of necrotic tissue44. Chaga grows slowly, about 1-2 cm/year. Its 
growth is the result of the compartmentalization attempt of the host. Lignified 
wood tissue is formed around the infection site but is penetrated or circumvented 
annually by the hyphae. Therefore, the sterile conk is made of different necrotic 
wood tissues. Fungal hyphae are more aggregated in the wood outer cortex and 
inner periderm (i.e., where the fungus has started the infection), while less 
connected in the surrounding necrotic area. This is reflected in the two different 
structures characterizing Chaga, visible to naked-eyes. The outer, brown-black, 
has pseudosclerotial plates, i.e. layers of branched, thick-walled hyphae 
incorporating wood tissue. The inner, brown-yellow, has more compact and 
granular hyphal tissue43–46. 

Mycelium, while exercises pressure towards the outer bark, continues to 
invade the wood in the opposite direction, towards the sapwood and heartwood. 
The most decayed wood is found in proximity to the sterile conk formation point 
(Figure 3). The hyphae use the wood vessels to colonize new tissue, slowly 
degrading the occlusions formed as a response. Presence of other bacteria/fungi 
is usually required for basidiomycetes to counteract the reaction of wood to 
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fungal infection (such as secretion of phenolics, suberization, and lignification). 
While this seems not to be the case for I. obliquus, the exact reason is not clear46.  

Chaga extracts and molecules of different classes have been the subject of 
extensive research. The main triterpenoid of Chaga, inotodiol, has showed 
potential as anti-cancer compound, inducing apoptosis of human cervical47 and 
lung 48 cancers and by positively affecting mice papilloma49. Different phenolic 
compounds belonging to the class of the hispidins and possessing different 
degrees of radical-scavenging capacity have been isolated from Chaga50. In 
addition to these, anti-tumoral, immunomodulatory, and antioxidant activities of 
aqueous Chaga extracts have been reported50. In particular, polysaccharides have 
been isolated from these extracts and proven to possess immunomodulatory and 
anti-oxidant properties51–54. 

 
Figure 3. Birch stem decay and discoloration (stem area%) caused by I. obliquus 
measured at different distances from the sterile conk. *number of trees <4. Data 
from46. 

 
The commercial interest of Chaga has increased in recent years. Nevertheless, 

the slow growth and the logistical problems connected to its harvesting make it 
not industrially sustainable. In addition, concerns of overexploitations have been 
raised for more accessible areas55. A strategy to overcome these issues would be 
the cultivation of the sterile conk in birch stands, by inoculating the cultivated 
strain in the stem. An inoculation experiment has been published recently by Ka 
and coauthors. After 9 years of inoculation, sterile conks have been formed, with 
strain-specific volumes. The longest size obtained was 10 cm in lenght56. The 
first large-scale inoculation experiment has been performed in Finland and 
reported very recently. Data was collected 4-5 years after inoculation. Out of 679 
inoculated trees, only 30 developed one or more sterile conks. The volume of 
these conks had a very wide range (1-294 cm3). The relative amount of birches 
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per stand bearing sterile conks had a wide range among the different stands (0-
72%). Stand density and inoculation timing positively influenced the 
development of conks. Nevertheless, 79% of trees developed sign of infection. 
Noticeably, Betula pubescens (white birch), which is less commercially valuable, 
was found to be more vulnerable to I. obliquus 57. 

The data reported in Figure 3, elaborated from the findings of Blanchette46, 
indicated with approximation that, at the moment of the tree felling, about 10% 
of the wood stem volume would be decayed. This bulk material, after harvesting 
the sterile conks, can be defined as spent mushroom substrate, in the same 
manner as the exhausted substrate for the cultivation of P. eryngii. However, 
while 1 kg of P. eryngii would generate 5-6 kg of exhausted substrate58, the ratio 
would be, in the case of I. obliquus, probably much lower. This sidestream, 
probably destined to incineration or fertilization59, could be further valorized 
with the extraction of fungal compounds of interests, such as polysaccharides60,61 
or enzymes62. 

2.3 Fungal cell wall 

The fungal cell wall is a dynamic organelle involved in a number of important 
processes of the fungal cell. It provides mechanical strength, plasticity for the 
cell life cycle and it is responsible of the interactions with the cell environment. 
It regulates cell permeability, mediates the adhesion between cells and to the 
substratum and has a role in the activation cell signal transduction. Therefore, 
for the fungal cell, the role of the wall is not only defensive and structural but 
also aggressive, in its support of fungal colonization63,64. The disruption of the 
cell wall structure has a profound effect on the growth and morphology of the 
fungal cell, often making it susceptible to lysis and death. Despite the importance 
of the fungal cell wall for the pharmaceutical (target for drugs to be used against 
human pathogenic species, mainly ascomycetes), agricultural (fungal plant 
pathogens cause crop losses and are a threat to both human and animal health), 
and food (fungal cell walls are main components also of edible fungi) sectors, 
the structure of the fungal cell wall is not the focus of research attention as much 
as the plant cell wall. In particular, the investigation of the cell wall of non-
pathogenic species, such as edible mushrooms, has received little attention. 

Fungal cell wall differs greatly from cellulose-based plant cell wall. The 
architecture of the cell wall differs among different phyla, genera, and, in some 
cases, even among different species. Some researchers believe the composition 
and the structure of the cell wall can be used for taxonomic classification. At the 
same time, the composition of the cell wall is influenced by growth environment 
and nutrients63. Nevertheless, fungal cell walls are all comprised of proteins, 
glucans, and chitin. Cellulose is scarcely present in the fungal kingdom and 
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hemicellulose-like polymers are absent. Polysaccharides constitute 80-90% of 
the cell wall, while proteins constitute up to 20% (dry weight basis)65. Melanins 
are also present in the cell walls of some fungal species. The proteins present in 
the cell wall are extensively modified with both N- and O-linked carbohydrates 
and, in many instances, contain a glycosylphosphatidylinositol (GPI) anchor as 
well66. Multiple carbohydrates have been identified from cell wall lysates (Table 
5). However, the most abundant monomer units of carbohydrate polymers in 
most fungi are glucose, mannose, and N-acetylglucosamine. Examples of the 
most common polysaccharide structures are shown in Figure 4. 

 
Table 5. Carbohydrate composition of the fungal cell wall of Ascomycota and 
Basidiomycota. 
Old taxonomic 
group 

Glc Gal GlcN Man GalN GlcA Rha Fuc Xyl Rha 

 relative % of total cell wall sugar 
Hemiascomycotaa >21 1-5 1-5 >21 0 0 0 0 0 0 
Euascomycotab >21 6-20 6-20 1-5 1-5 1-5 <1 0 tr.e tr.e 
Heterobasidiomycotac >21 tr.e 1-5 6-20 0 1-5 0 tr.e tr.e tr.e 
Homobasidiomycotad >21 1-5 6-20 1-5 tr.e 0 1-5 1-5 1-5 1-5 

aAscomycetes lacking an ascocarp; bAscomycetes having the asci borne in or on an 
ascocarp; cBasidiomycetes with septate basidia; dBasidiomycetes with aseptate basidia. 
A. bisporus, C. tubaeformis, and I. obliquus are Homobasidiomycota. 
Homobasidiomycota is considered an old analogue of the taxonomic class 
Agaricomycetes13; etraces. Source of the table:63. 
 

 
Figure 4. Structures of polysaccharides commonly found in the fungal cell wall. 
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2.3.1 Glucans 

The most abundant polysaccharides of the fungal cell walls are the glucans. 
These are classified basing on their linkage (α- or β-glycosidic), the position of 
the linkage on the carbohydrate moiety (O-3, O-4, or O-6) and the presence of 
branching on the backbone. The degree of branching and the molecular weight 
further distinguishes the polymers. 

The α-glucans found in the fungal cell wall are mainly constituted of →3)-α-
Glc-(1→ units. Linear, water-insoluble, and crystalline (1→3)-α-glucans chains 
are the main α-glucan of the fungal cell wall63. They are covalently bound to each 
other by →4)-α-Glc-(1→ residues situated in the backbone67. Nigeran, a linear 
polymer of →3)-α-Glc-(1→4)-α-Glc-(1→ units, has been found in the cell wall 
of two ascomycetes, Aspergillus spp. and Penicillum spp.68. There is some 
evidence indicating that some portions of the nigeran backbone are constituted 
of →3)-α-Glc-(1→ sequences separated by 4)-α-Glc-(1→ units, making nigeran 
rather a peculiar type of →3)-α-Glc-(1→ polymer than a different polymer69. 
The position, as well as the amount, of the →3)-α-Glc-(1→ polymers in the cell 
wall structure is believed to depend on species and growth stage70. There is 
multiple evidence connecting (1→3)-α-glucans to the virulence of fungal 
pathogens68. Nevertheless, these polymers has been isolated also from 
basidiomycetes such as F. betulina and Armillaria mellea68, Ganoderma 
lucidum71, and Wolfiporia cocos72. Noticeably, the stiff fruiting bodies of the 
Polyporales Laetiporus sulphureus and F. betulina contain high amounts of 
→3)-α-Glc-(1→ polymers70. Other types of α-glucans have been isolated from 
fungi. Linear (1→6)-α-glucans have been isolated from basidiomycetes such as 
Termitomyces eurhizus73, although their role in the fungal cell wall is not 
reported. Polymers containing →4)-α-Glc-(1→, both linear and branched, have 
been isolated as well from multiple fungi. Glycogen, (1→4)-α-glucan with 
(1→6)-α branches, is situated in the cytoplasm of the fungal cell, where it exerts 
energy storage function. 

With the exception of Zygomycota, the most abundant polysaccharides in the 
cell wall of all fungal species are the β-glucans63. Glucans can constitute up to 
60% of the dry weight of the cell wall66. These polymers of glucose are composed 
of →3)-β-Glc-(1→ and →6)-β-Glc-(1→ units, although linear polymers 
composed solely of →3)-β-Glc-(1→ or →6)-β-Glc-(1→ have been isolated from 
both ascomycetes and basidiomycetes63. The core of the fungal cell wall, in 
which →3)-β-Glc-(1→ would constitute the most abundant unit, is generally 
thought to be a network of →3)-β-Glc-(1→ linear chains with →6)-β-Glc-(1→ 
branches. This core is water-insoluble, generally believed to be organized in 
microfibrils, and covalently bound to chitin. It is the main polymer responsible 
of the tensile strength and elasticity of the cell wall and the inhibition of the β-
glucan synthesis leads to cell death74. The length of the →6)-β-Glc-(1→ side-
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chain is highly variable. However, it is commonly believed that, except for some 
ascomycetes, the →6)-β-Glc-(1→ polymers are responsible of the cross-linking 
of the other cell wall components. In their work on the cell wall of Candida 
glabrata, Lowman and coworkers proposed several roles of this sidechain in the 
cell wall matrix: cross-link of two →3)-β-Glc-(1→ chains; non-covalent bond of 
two →3)-β-Glc-(1→ chains via hydrogen bonds of two sidechains; non-covalent 
bond of two →3)-β-Glc-(1→ chains via hydrogen bonds of backbone and 
sidechain; “hooking” of crosslink with sidechain; anchoring of glycoproteins to 
a β-Glc-(1→3) triple helix via GPI bound to the sidechain75. 

2.3.2 Chitin 

Chitin, a long linear homopolymer of β-(1,4)-linked N-acetylglucosamine, 
accounts for only maximum 20% of the dry weight of basidiomycetes76, and 
maximum 15% for ascomycetes74. Despite its low amount, it is structurally 
fundamental for the fungal cell wall: if chitin biosynthesis is artificially 
hampered, the resulting fungal cell walls are not rigid and cells are osmotically 
unstable. Chitin chains are organized in microfibrils, giving rise to three different 
arrangements: β-chitin, where all chains are parallel (i.e., same reducing-
nonreducing end orientation); α-chitin, where chains are antiparallel (opposite 
end orientation); γ−chitin, where two parallel chains alternate with one 
antiparallel chain. While these three forms of chitin are present in nature, α-chitin 
is the most abundant in the fungal kingdom, and γ-chitin the rarest. The α-chitin 
arrangement is the stiffest, making this form extremely insoluble and with high 
tensile strength63. There is general agreement on placing the chitin microfibrils 
close to the plasma membrane and on the covalent nature of the bond between 
this polymer and β-glucan. However, the exact nature of the linkage is still 
unclear77. 

2.3.3 Glycoproteins and heterosaccharides 

The proteinaceus components of the cell wall are tightly interconnected with the 
structural matrix created by chitin and glucan. Nevertheless, most of the proteins 
are located in the outer layers of the cell wall78,79. Compared to ascomycetes, 
basidiomycete cell wall proteins were only generally located in the outer layers, 
since some exceptions, like the human pathogen Cryptococcus neoformans, have 
been observed80. The roles of the cell wall proteins are ensuring cell shape, 
mediation of adhesion and absorption of molecules, recognition of foreign 
substances, cellular signaling, and synthesis and remodeling of cell wall 
components66. The protein composition of the cell wall is influenced by growth 
stage, cell cycle, environmental conditions, presence of stress factors, and 
development stage80. The fungal cell wall contains non-covalent and covalent 
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bound proteins63,81. Most of the research attention, with the notable exception of 
hydrophobins82, has focused on the latter. Some of these are covalently bound to 
cell wall components, while others are bound to the plasma membrane74. Most, 
if not all, fungal cell wall proteins are glycoproteins (also some hydrophobins 
are glycosylated83), extensively modified with N-linked (through Asp residue) or 
O-linked oligo- or polysaccharides (through Ser or Thr residues). Hampering the 
glycosylation of the cell wall proteins results in cell death63. Compared to N-
linked chains, O-linked carbohydrates are shorter and often consisting of 
galactomannan63,80. 

While glucans and proteins are enzymatically cross-linked once secreted in 
cell wall space, proteins are glycosylated in the endoplasmic reticulum and in the 
Golgi apparatus. The structures of the carbohydrate chains attached to these 
glycoproteins differ amongst fungi. However, the glycosylation with α-mannan 
chains with linkages in positions O-2, O-3, and/or O-6 is widespread in the 
fungal kingdom.As examples, the mannans isolated from Saccharomyces sp. and 
Candida albicans are reported in Figure 5. Proteins are also glycosylated with 
mannogalactans, rhamnose, glucose, and fucose. Most of the molecular weight 
of these glycoproteins arises from their carbohydrate chains63. 

 

 
Figure 5. Schematic representation of cell wall mannans. (a) cell wall mannan 
of Saccharomyces sp. (adapted from63); (b) cell wall mannan of C. albicans 
(adapted from84). 
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Ruiz-Herrera63 classifies the covalently-bound glycoproteins in: proteins 
bound with GPI anchor; proteins with internal repeats (Pir-proteins); proteins 
attached to other proteins via S-S bridges. The characteristics of the protein 
classes are summarized in Table 6. They are not distinguished by their catalytic 
activity. In their review on fungal cell wall proteins, De Groot and coauthors80 
do not consider disulfide-bound proteins as a separate class. Moreover, they 
suggest Pir-proteins should be renamed and their class include all proteins whose 
bond is alkali-cleaved. On the other hand, Bowman and Free rather classify the 
fungal cell wall proteins based on the absence or presence of catalytic activity. 
Such classification would be supported by in silico studies, which highlight the 
eventual presence of catalytic sites66. Due to the disagreements present in the 
research, Table 6 should be considered only a general description. 

Reportedly, more than half of the cell wall proteins have a GPI-anchor74. The 
presence of part of the GPI anchor carbohydrate moiety (α-Man-(1→3)-α-Man-
(1→2)-α-Man-(1→2,6)-α-Man-(1→6)-α-Man-(1→, with phosphate group in 
position 6) in a →6)-β-Glc-(1→ lysate obtained from Saccharomyces cerevisiae 
highlighted the use of a “trimmed” GPI (Glycosylphosphatidylinositol) anchor 
(defined as GPI-remnant,80) for the covalent bond between protein and β-
glucan85. However, the use of GPI-remnant for the anchorage of proteins to β-
glucans is disputed for basidiomycetes63. For ascomycetes, it has been suggested 
that GPI-proteins are anchored to the cell membrane only prior to maturation80. 
Some authors assign to proteins covalently bound to glucans mainly structural 
functions74, while others suggest they are involved in cell-cell interactions64. 
Moreover, mutations in the genes responsible of the GPI anchoring have resulted 
in cell death in experiments with S. cerevisiae and C. albicans74. 

Pir-proteins, differently from GPI-proteins, are found also in deeper layers of 
the cell wall. They can contain one or multiple repeated amino acid sequences 
and these sequences are likely involved in the covalent bond of the protein. It is 
not clear whether proteins classifiable as Pir-proteins are present in 
basidiomycetes63. 

 
Table 6. Overview of fungal cell wall proteins. 

Protein 
Type 

Common aa Glycosylation Covalent bond Amount in 
fungal 
species 

Protein-
polysaccharide 
linkage 

GPI-protein Ser, Thr, 
Val, Ile, Leu 

N,O-
glycosylation 

→6)-β-Glc-(1→ Variable GPI-remnanta 

Pir-proteina Gln-[Ile-
Val]-X-Asp-
Gly-Gln-
[Ile-Val-
Pro]-Glnb 

O-glycosylation →3)-β-Glc-(1→ Variable 
but lower 
than GPI 

Glu-Glc ester 

Disulfide-
bound 

n.r. c O-glycosylation -S-S- with another 
protein 

low86 absent 

adisputed in basidiomycetes; binternal repeat consensus sequence; cnot reported 
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2.3.4 Melanins 

Melanins are the most common pigments present in the fungal cell wall and, for 
some species, they can constitute up to 20% of its dry weight63. It is believed that 
all fungal species are able to produce melanins, even though not all species have 
constitutively a melanized cell wall87. Chemically, they could be defined as 
“network of aliphatic and aromatic structures”88. All melanins are amorphous 
polyphenolic compounds assembled in structures which are paramagnetic and 
with some degree of chemical stability87,89. Even though their structures are 
poorly understood, their two main biosynthetical pathways are known. One type 
of fungal melanin is defined as eumelanin, or DOPA-melanin, and is generated 
by the polymerization of L-dihydroxyphenylalanine by tyrosinase and/or laccase. 
The second pathway 1,8-dihydroxynaphtalene (DHN), to generate allomelanin, 
or DHN-melanin, using laccase. While DOPA is synthetized from tyrosine, DHN 
is synthetized by the polyketide pathway88. The polymerization of melanin 
precursors occurs via radical mechanism and formation of different covalent 
bonds, making the structure difficult to elucidate. Melanin protects the fungus 
from UV radiation74, oxidation, and hydrolytic enzymes88, such as β-glucanase80 . 
It has been widely acknowledged that the presence of melanin is crucial for the 
pathogenicity of some fungal species, for example A. fumigatus (DHN-melanin) 
or C. neoformans (DOPA-melanin), although the exact role in the pathogenicity 
itself is not always clear79,87. Melanins are also present in the cell walls of 
basidiomycetes such as A. bisporus (DOPA-melanin90), A. auricula (DOPA-
melanin91), and Inonotus hispidus (DOPA-melanin92). Moreover, melanins of 
unidentified nature were also detected in the cultured hyphal tissues of several 
basidiomycetes, including Lentinula edodes, Armillaria mellea, and Lactarius 
rufus93. 

A noticeable accumulation of melanin is observed in the cell wall of fungal 
sclerotium. As defined by Money, a fungal sclerotium is a “hardened mass of 
hyphae that serves as survival structure for ascomycetes and basidiomycetes”94. 
Melanin is considered one of the major components of the sterile conk produced 
by the basidiomycete Inonotus obliquus43,95. Melanins could be located in the 
pseudosclerotial plates of the sterile conk. In contrast, the mycelium of I. 
obliquus has been considered an unefficient melanin producer in submerged 
cultivation96. 

2.3.5 The mushroom cell wall model 

The research on the fungal cell wall has mainly focused on ascomycetes fungi 
and human pathogens. Therefore, the elaborated model of the fungal cell wall 
has been considered generally valid also for basidiomycetes. As mentioned 
previously, glucans are the major structural polysaccharide of the fungal cell wall. 



 Review of the Literature 21 

 

Their amounts have been measured in different basidiomycetes. The cell wall 
preparation of A. bisporus was consituted of glucans by 41% d.w.97. On the other 
hand, these polymers constituted up to 80% of dry weight of cell wall fractions 
produced from different strains of Pleurotus ostreatus76. More variable amounts 
of glucans (31-99% d.w.) were found in different cell wall fractions produced 
from Pleurotus tuber-regium98. 

Michalenko and coworkers proposed a mushroom three-layers cell wall model 
based on their results: an outer layer of water-soluble amorphous “mucilage” 
composed of glucans and proteins; a “loose” middle layer of alkali-soluble 
glucans; a compact inner layer of randomly oriented chitin fibrils and 
interfibrillar β-glucan. The authors found proteins present in all the three layers 
and rejected the presence of single-component layers in the mushroom cell wall97. 
Later studies have confirmed the position of the chitin in the mushroom cell wall 
of A. bisporus and showed the trasverse arraignment of their microfibrils99. More 
recently, Chen and Cheung proposed another model, based on their results on P. 
tuber-regium. In their model, based on results summarized in Figure 6, the 
mushroom cell wall would be composed of four layers from outer layers to inner 
layers: proteins and glycoproteins linked to other cell wall components with non-
covalent bonds; heteropolysaccharides and proteins non-covalently bound to 
each other; main layer of β-glucans; chitin and β-glucan covalently bound. They 
reported absence of proteins in the deeper layers of the cell wall of P. tuber-
regium98. 

 
Figure 6. Schematic representation of the cell wall of P. tuber-regium, based on 
which Chen and Cheung proposed the mushroom cell wall model. Percentage on 
the left represents the relative amount of the layer on the total cell wall. Data 
from98. 
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Recently, a new model of the basidiomycete cell wall has been proposed using 
a combination of chemical and NMR spectroscopic methods, with 
Schizophyllum commune as model species100. The authors propose the core of 
the cell wall to be constituted of a rigid network of chitin, →3,6)-β-Glc-(1→ 
polymers, →3)-α-Glc-(1→ chains, and heterosaccharides such as →3)-α-Fuc-
(1→  chains. The chitin chains would be covalently linked to the glucan polymers, 
in particular to the β-glucan chains, via linkages mainly with →4,6)-β-GlcNAc-
(1→ units. The network of →3,6)-β-Glc-(1→ polymers becomes less compact 
and flexible towards the outer end of the cell wall, in which α-glucans and 
→2,3,6)-α-Man-(1→ chains would be situated. All protein NMR signals 
disappeared after the removal of the outer layer of the cell wall. However, the 
authors indicated this absence could also be connected to experimental 
limitations. Therefore, their suggestion of the presence of proteins solely in the 
outer layer of the cell wall was cautious 100. The near absence of covalently linked 
proteins in the cell wall of P. tuber-regium at different maturation stages would 
anyway support their observation101. 

The research on fungal, and in particular mushroom, cell wall polysaccharides 
has been mainly performed by extracting and analyzing the different cell wall 
layers from homogenized material, utilizing solvents of increasing harshness. 
However, the fungal cell wall is a dynamic element of the organism63 and 
undergoes changes depending on multiple factors, such as cell development 
stage and environment. Elongation is one of the peculiar aspects of mushroom 
development and maturation and such process is strongly connected to the cell 
wall, due to its role in balancing cell turgor and plasticity. Mushroom elongation 
is connected to elongation of preexisting cells, rather than production of new 
cells. Therefore, as cells elongate, cell wall has to lose rigidity to allow the 
insertion of de novo-synthesized structural components, which are required to 
adapt the cell wall to the new turgor pressure and to cover the expanded 
surface102. Mushroom elongation is mainly located in the apical region of the 
stipe, with intensity and duration highly species-specific. The process is based 
on the action of chitinases, which partially dismantle chitin microfibrils and 
allow their network to expand, creating space for the insertion of newly 
synthesized polymers. Crucially, chitinases are adjuvated by glucanases, which 
disrupt the cell wall network by hydrolyzing β-(1→3) or β-(1→6) glucose 
linkages103. Therefore, the amounts of the different β-glucan units would be 
dependent of the elongation stage of the mushroom. Moreover, experiments with 
the mushrooms Coprinopsis cinerea have indicated that the specific hydrolysis 
of →6)-β-Glc-(1→ chains could be involved in the cessation of the elongation 
in the basal side of the stipe103. 
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2.4 Structural features of mushroom polysaccharides 

As described in the previous section, mushrooms contain polysaccharides 
differing in monomers, glycosidic linkage types, and position of the linkage on 
the unit. The number of monomers composing the polysaccharides determines 
the molecular weight of the polymer. Moreover, some polysaccharides, such as 
mannans, are covalently bound to proteins. The differences in structural 
properties could be connected to differences in starting material (strain, 
cultivation conditions, growth stage, etc.) but also to differences in extraction 
and purification methods3. It is therefore not surprising that polysaccharides with 
variations in structural properties have been isolated from mushrooms, even from 
the mushrooms produced by the same species. A throughout review of structural 
features of mushroom polysaccharides would be beyond the scope of this 
doctoral dissertation. The focus of the presented research work is to study the 
polysaccharides extractable from Finnish fungi. Therefore, this section will focus 
on the structural features of polysaccharides isolated from cultivated, wild, and 
rare species, which could be found in Finland. Tables 7 and 8 summarize the 
structural features of β-glucans and heterosaccharides extracted from 
mushrooms belonging to these three categories, respectively. 

2.4.1 β-glucans 

Polymers of →3)-β-Glc-(1→ and →6)-β-Glc-(1→ units are the most abundant 
components of the mushroom cell wall. Branched glucans are the most common 
polysaccharides extracted from mushrooms. Nevertheless, linear →6)-β-Glc-
(1→ polymers have been isolated as well, for example from Agaricus bisporus 
or Lentinula edodes. The most common branched β-glucan consists of a 
backbone of →3)-β-Glc-(1→ units and branches in position O-6. Polymers with 
branches in O-2 or O-4 positions are less frequent. The branching units could be 
single β-glucose units or short chains of →3)-β-Glc-(1→ or →6)-β-Glc-(1→ 
units. The degree of branching (DB) of the β-glucan depends, like the other 
chemical properties, on the starting material and on the extraction method. 
Therefore, it is not surprising that different branching degrees have been 
observed for polysaccharides extracted from the same fungi. An example of 
variation in the BD of →3,6)-β-Glc-(1→, taken from the review of Novak and 
Vetvicka104, is showed in Figure 7. Indicatively, DB values of 0.2, 0.25, and 0.33 
indicate the presence of a branching every 5, 4, and 3 backbone units, 
respectively. 
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Figure 7. Intervals in the degree of branching (DB) of β-glucans isolated from 
different fungal species. Data taken from the review of Novak and Vetvicka104. 
 

Both linear and branched β-glucans were isolated from A. bisporus (Table 7). 
The linear →6)-β-Glc-(1→ polymer was isolated using hot water and by treating 
with DMSO the insoluble polysaccharides105, while the branched polymer was 
isolated with alkali, together with heterosaccharides by Pires and coworkers106. 
In the later work, the presence of O-2 linkages, together with the presence of 
units branching in both O-2 and O-4 was reported. The branched β-(1→3)-glucan 
isolated from L. edodes, called “lentinan”, is one of the most well-known 
mushroom polysaccharides. It is a →3)-β-Glc-(1→ polymer with branches 
consisting of a single β-Glc-(1→6) unit. More recently, linear and branched 
→6)-β-Glc-(1→ polymers have been isolated from the same mushroom, with the 
utilization of alkali, as reported by different research groups. Jeff and coauthors 
isolated linear β-(1→6) glucan and heterosaccharides from this mushroom107 
from the hot water extract after column chromatography. The first polymer was 
obtained also by alkali extraction, together with lentinan 108. With the utilization 
of alkali, Li and coworkers extracted a β-(1→6) branched in position O-3 with 
short β-(1→3) chains or single β-(1→3) glucose units109. 
A linear β-(1→6) glucan with the unusual methylation in position O-4 was 
isolated from wild Boletus edulis utilizing hot water, together with 
heterosaccharides (see next section), by Zhang and coworkers110. The →6)-4-O-
Me-β-Glc-(1→ unit was present in very low amounts in the polymer and the 
authors refrain from speculating on the biological role of methylation of the 
polysaccharide. Besides from this peculiar case, in Table 7 are reported 
examples of branched β-glucans isolated from mushrooms frequently found in 
the Finnish forests. Two →3)-β-Glc-(1→ polymers have been isolated from 
Lactarius rufus by Ruthes and coworkers utilizing hot water. These two 
polymers differed in their degree of branching of O-6 position and in their 
solubility (DB approximately 0.48 for the soluble against 0.25 for the insoluble). 
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Both polysaccharides were decorated with single β-glucose units or, in the case 
of the soluble glucan, short β-(1→3) chains (maximum 3 units)111. Noticeably, 
branched β-glucans with backbones constituted by →6)-β-Glc-(1→ or →3)-β-
Glc-(1→ were both extracted from Cantharellus cibarius. Nyman utilized alkali 
to extract a →6)-β-Glc-(1→ with branches in position O-3 constituted by single 
glucose units or short β-(1→3) chains. The previous hot water extraction step led 
to the isolation of mannans112. On the other hand, Villares and coworkers utilized 
as well alkali, subsequently to hot water, but the polysaccharide they isolated had 
a →3)-β-Glc-(1→ backbone and branching in O-6 with two β-glucose units, 
connected to each other by β-(1→6) linkage113. 

The polysaccharides extractable from the sterile conk of the rare fungus I. 
obliquus have been throughly investigated only very recently. Moreover, a 
peculiar β-glucan, together with galactan (see next section), has been isolated 
during the process. While this polymer was mainly linear, with O-6 branches of 
single glucose units, the presence of both →6)-β-Glc-(1→ and →3)-β-Glc-(1→ 
units in the backbone created what the authors have defined as “kinks” in the 
structure54. To the best of our knowledge, there are no other examples of mixed-
linkage β-glucans isolated from fungi besides lichenan, β-(1→3),(1→4) found 
in lichenized fungi114. A β-glucan similar to the ones previously discussed has 
been isolated from the rare mushroom Grifola frondosa. It consisted of a →6)-
β-Glc-(1→ polymer with frequent branching in O-3 position, and the branches 
constituted of single glucose units, or di-trisaccharides connected with β-(1→3) 
linkages115. However, the polysaccharide, commonly called “grifolan”, differs 
from the polymer reported by Nanba, since it consisted of a →3)-β-Glc-(1→ 
backbone, decorated in position O-6 with a single glucose unit116. Grifolan is the 
polysaccharide extractable from G. frondosa with the DB in the interval 0.31-
0.36 (Figure 7). Another polysaccharide, schizophyllan, has been extracted from 
a rare mushroom, Schizophyllum commune. Like grifolan, it has a backbone of 
→3)-β-Glc-(1→ units with branching in position of O-6 constituted by a single 
β-glucose unit117. 
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Table 7. Selected examples of β-glucans isolated from basidiomycetes. 
Species Polysaccharide Branching 

position 
Molecular 
weight 

Extraction 
solvent 

Ref. 

Cultivated 
mushrooms 

     

A. bisporus →6)-β-Glc-(1→ none 2.9 × 104 Hot water 105 
 →6)-β-Glc-(1→ 

→2)-β-Glc-(1→ 
→2,4,6)-β-Glc-(1→ 

 

O-2, O-4 1.8 × 104 KOH 2% 106 

L. edodes →6)-β-Glc-(1→ none 75.8 × 104 Hot water 107 
 →3,6)-β-Glc-(1→ O-3 9.6 × 104 NaOH 0.1 M 109 
 →3,6)-β-Glc-(1→ O-6 not reported not reported 118 
Forest 
mushrooms 

     

B. edulis 
 

→6)-β-Glc-(1→ 
→6)-4-O-Me-β-Glc-(1→ 

 

none 1.8 × 104 Hot water 110 

L. rufus →3,6)-β-Glc-(1→ O-6 11.3 × 104 Hot water 111 
 →3,6)-β-Glc-(1→ O-6 not reported Hot water 111 
C. cibarius →3,6)-β-Glc-(1→ O-6 12.0 × 104 NaOH 1 M 113 
 →3,6)-β-Glc-(1→ O-3 not reported NaOH 1 M 112 
Rare mushrooms      
I. obliquus 
 

→6)-β-Glc-(1→ 
→3)-β-Glc-(1→ 

 

O-6 6.0 × 104 Hot water 54 

G. frondosa →3,6)-β-Glc-(1→ O-3 18.0 × 104 Hot water 115 
 →3,6)-β-Glc-(1→ O-6 not reported not reported 116 
S. commune →3,6)-β-Glc-(1→ O-6 430 × 104 

(estimated) 
not reported 117 

2.4.2 Heterosaccharides and mannans 

Even though the most studied mushroom polysaccharides are the β-glucans, 
heterosaccharides isolated from fruiting bodies have been extensively studies as 
well. Their presence in mushroom extracts is not surprising, since they are 
components of the mushroom cell wall. This section includes mannans that are 
not heteropolysaccharides sensu stricto, i.e. they are composed of only one 
monomer, in this case mannose. Since mannans and heteromannans are, as 
discussed above, important components of the mushroom cell wall, and they 
have been isolated from multiple mushrooms, they are included together with 
other polymers. 

Fucogalactans are polymers of →6)-α-Gal-(1→ decorated with single α-Fuc-
(1→ units in position O-2. They have been identified in extracts produced from 
multiple mushrooms, both cultivated and wild. In some instances, they have been 
extracted together with β-glucans or mannans. Fucogalactans have been 
identified in extracts obtained from species such as A. bisporus119, L. rufus120, 
and I. obliquus54. In the case of B. edulis, the galactan has been discovered to be 
decorated with α-Ara-(1→ units 121. A galactan decorated with either α-Fuc-
(1→2) or β-Man-(1→2) was extracted with hot water from L. edodes 122. The 
mannogalactan isolated from A. bisporus has been proposed to be decorated with 
→2)-β-Man-(1→ chains in addition to single β-mannose106. Moreover, the 
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mannogalactan isolated from B. edulis showed further branching in position O-
6 of the β-mannose sidechain110. The presence of O-3 methylated galactose units 
in the →6)-α-Gal-(1→ chain has been observed for galactans extracted from A. 
bisporus, L. rufus, and I. obliquus (Table 8). Noticeably, the galactan isolated 
by Ruthes from A. bisporus was methylated119, while the one isolated by Pires 
lacked methylated galactose106. The earlier was extracted with cold water, the 
latter with alkali. The methylation of galactan has been observed also in 
Pleurotus pulmonarius, Pleurotus eryngii, and Agaricus bisporus var. 
hortensis123–125. Nevertheless, the biological role of polysaccharide methylation 
in fungi is still unknown126. 

Mannoglucans have been isolated from L. edodes, B. edulis, and G. frondosa 
(Table 8). In these polymers, the mannan chains constitute the branching of the 
β-glucan backbone 127. In the case of the mannoglucan extracted from L. edodes, 
the branching of the →3,6)-β-Glc-(1→ would be replaced by either →3,6)-α-
Man-(1→ or →2,4)-α-Man-(1→ branched sidechains 107. In the case of B. edulis 
however, no NMR signals were found to prove linkages between mannose and 
glucose chains 128. On the other hand, such linkage was proposed by Yu and 
coworkers, which have suggested their isolated mannoglucan to be composed of 
→3)-β-Glc-(1→ backbone with branching in O-6 composed of single glucose 
units or →3)-α-Man-(1→ chains, branched in position O-6 with β-Glc-(1→3)-
α-Man-(1→ disaccharides 129. 

Mannans have been isolated from the forest mushrooms Lactarius deliciosus, 
Lactarius volemus, and C. cibarius (Table 8). The mannan isolated from the first 
had the backbone of →6)-α-Man-(1→ decorated with a single xylose unit 
through a α-Man-(2→3)-α-Xyl linkage130. The other mannans reported here were 
constituted solely of α-Man units. The mannan isolated from L. volemus had a 
backbone of →4)-α-Man-(1→ substituted in position O-6 with single α-Man 
residues131. Conversely, the mannan isolated from C. cibarius had a backbone of 
→6)-α-Man-(1→ and O-2 branching with either single α-Man or α-(1→2)-Man 
disaccharides 112. The mannan from L. volemus had a DB of 0.30, against the DB 
of 0.38 proposed for the C. cibarius mannan. 
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Table 8. Selected examples of heterosaccharides and mannans isolated from 
basidiomycetes. 
Species  Polysaccharide Branching 

position 
Molecular 
weight 

Extraction solvent Ref. 

Cultivated 
mushrooms 

     

A. bisporus 
 

→6)-α-Gal-(1→ 
→6)-3-O-Me-α-Gal-(1→ 
→2,6)-α-Gal-(1→ 
α-Fuc-(1→ 

O-2 37.1 × 104 Cold water (4 ºC) 119 

 →6)-α-Gal-(1→ 
→2,6)-α-Gal-(1→ 
→2)-β-Man-(1→ 
β-Man-(1→ 

O-2 1.8 × 104 KOH 2% 106 

L. edodes 
 

→6)-α-Gal-(1→ 
→2,6)-α-Gal-(1→ 
β-Man-(1→ 
α-Fuc-(1→ 

O-2 1.6 × 104 Cold water (4 ºC) 122 

 →3,6)-β-Glc-(1→ 
→3,6)-α-Man-(1→ 
→2,4)-α-Man-(1→ 
α-Glc-(1→ 

not reported 2.1 × 104 Hot water 107 

Forest 
mushrooms 

     

B. edulis 
 

→6)-α-Gal-(1→ 
→2,6)-α-Gal-(1→ 
α-Ara-(1→ 

O-2 11.3 × 104 Hot water 121 

 →6)-α-Gal-(1→ 
→2,6)-α-Gal-(1→ 
α-Fuc-(1→ 
→2,6)-α-Man-(1→ 

O-2 1.8 × 104 Hot water 110 

 →3)-α-Glc-(1→ 
→3)-α-Man-(1→ 

not reported 85.0 × 104 
(estimated) 

NaOH 1 M 128 

L. rufus 
 

→6)-α-Gal-(1→ 
→6)-3-O-Me-α-Gal-(1→ 
→2,6)-α-Gal-(1→ 
α-Fuc-(1→ 

O-2 1.4 × 104 Cold water (4 ºC) 120 

L. deliciosus 
 

→6)-α-Man-(1→ 
→2,6)-α-Man-(1→ 
(2→3)-α-Xyl 

O-2 1.1 × 104 Hot water 130 

L. volemus 
 

→4)-α-Man-(1→ 
→4,6)-α-Man-(1→ 
α-Man-(1→ 

O-6 1.7 × 104 Hot water 131 

C. cibarius 
 

→6)-α-Man-(1→ 
→2,6)-α-Man-(1→ 
α-Man-(1→ 

O-2 67.1 × 104 Hot water 112 

Rare 
mushrooms 

     

I. obliquus →6)-α-Gal-(1→ 
→6)-3-O-Me-α-Gal-(1→ 

none 6.0 × 104 Hot water 54 

G. frondosa →3,6)-β-Glc-(1→ 
→3)-α-Man-(1→ 
→3,6)-α-Man-(1→ 
β-Glc-(1→3)-α-Man-
(1→6) 

O-6 64.5 × 104 Cold water (30 ºC) 129 
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2.5 Bioactivities of mushroom polysaccharides 

2.5.1 Immunomodulating activity 

Ruiz-Herrera indicated that β-glucans were first recognized as 
immunomodulators due to their recognition by immune system receptors after 
studies on the ascomycete cell wall isolates. The β-glucans were found to be 
capable of trigger and amplify inflammatory response, in some cases 
anaphylactic shock63. Nevertheless, it is reported that the first experiment on the 
bioactivity of polysaccharides from basidiomycete was performed in 1957, when 
it was found that a polysaccharide fraction extracted from B. edulis was able to 
inhibit the growth of Sarcoma S-180 cells41,132. Due to the traditional use of 
mushrooms in Asian medicine, the research on mushroom components and their 
bioactivities has a longer history. The first report on the immunomodulation 
properties of their polysaccharides was published in 1969104. The research on the 
topic of the immunomodulating activity of mushroom polysaccharides has 
grown ever since. 

The variables that have been found to influence the immunostimulant activity 
of mushroom polysaccharides are: monomer composition; water solubility; 
molecular weight; branching degree; conformation. The correlation between 
these variables and biological activity are not fully understood. While at first it 
was believed that only β-glucans were able to interact with the immune system, 
there is concrete evidence nowadays that other cell wall components have such 
property127. In general, it is believed that high molecular weight polymers have 
the strongest interaction with the immune system26. However, for certain β-
glucans, the activity was retained after depolymerization by mild hydrolysis or 
oxidation, while, in other experiments, it was shown that polymers with different 
molecular weight have similar activity132. The more recent review of Zhang and 
coauthors suggested an optimum range of 10-200 kDa but their scope covers all 
immunomodulating polysaccharides and only one receptor of the immune 
system133. The polysaccharide conformations in water, which have shown 
immunomodulation activities, are single helix, triple helix, and random coil. 
Some authors believe that single elix and random coil are the same conformation, 
called single chain134. Of the three conformations, the triple helix is believed the 
most important for the activity26. In acqueous medium, without denaturating 
conditions, polysaccharides assume single chain conformation below 25-40 kDa, 
a fact that might influence their biological activity134. Regarding the branching 
degree, the comparison of →3,6)-β-Glc-(1→ polymers extracted from 
Tricholoma matsutake, L. edodes, and Sparassis crispa has shown, regarding the 
immunostimulation activity, an optimal degree of branching of 29-32%135, while 
lower or higher branching degree resulted in a loss of activity. Moreover, →3,6)-
β-Glc-(1→ with lower branching degree are also less soluble in water. 
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Polysaccharides possessing immunomodulating activities are commonly 
defined as biological response modifiers (BRMs) because they do not cause 
damage nor stress to the organism but they support its response to stresses, in 
untargeted and noninvasive manner. Immunomodulators are able to increase or 
reduce the activity of the immune system 104, depending on the host conditions. 
The loss of activity of these molecules in animals with artificially knocked-down 
immune system or thymectomyzed indicated that T-cells and thymus are 
required for their effect, which consists in the modulation of the response of T-
cells and macrophages to cytokines26. 

Mushroom polysaccharides have been administrated intraperitoneally to mice 
bearing tumor cells lines such as Sarcoma 180, Erlich solid cancer, Sarcoma 37, 
Yoshida Sarcoma, and Lewis lung carcinoma. An increase in blood 
concentration of cytokines such as TNF-α, IL-1, IL-6, and interferons has been 
observed, resulting in maturation, differentiation, and proliferation of 
immunocompetent cells 41. While most of these studies have been performed 
with intraperitoneal, intravenous, or subcutaneous injection, the oral absorption 
of these molecules has been proved by administration to mice of labeled lentinan 
and quantification of serum fluorescence. The absorption of β-glucans is 
believed to be mediated by the gut-associated lymphoid tissue (GALT) and by 
the epithelial cells136. The β-glucans interact with macrophages, and, after 
receptor binding, phagocitized, hydrolyzed, and transported to spleen, lymph 
nodes, and bone marrow, where the fragments are recognized by other immune 
system cells 137. 

The immunomodulation properties of mushroom polysaccharides have been 
attributed to their binding to innate and adaptive immunity cell receptors, such 
as Toll-like receptors (TLR), Complement Receptor 3 (CR3), Dectin-1 receptor, 
scavenger receptor, and lactosilceramide receptor132. Dectin-1 receptor is 
expressed by macrophages, dendritic cells, neutrophils, and eosinophils138. It 
promotes the innate immune response by the activation of phagocytosis, ROS 
production, and cytokine production. Its signal cascade has a pathway in synergy 
with TLR which leads to the production of IL-2, IL-12, and TNF-α, and another 
pathway mediated by syk kinase, leading to the production of MIP2 
(Macrophage Inflammatory Protein 2) and IL-2132. The TLR is a family 
glycoprotein expressed by dendritic cells, phagocytes, and endothelial cells, 
which, after binding with the molecule, homo- or heterodimerizes. The TRL 
which recognizes β-glucans is the heterodimer TLR2/TLR6, responsible for the 
activation of transcription factor NF-κB, which leads to the expression of genes 
codifying cytokines. The homodimer TLR4 is likely involved in the recognition 
of β-glucans as well and it is also activated by fungal mannans137,139. It is 
nowadays believed that TLR4 is the most important receptor responsible of the 
immunomodulatory properties of mushroom polysaccharides140. According to 
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Zhang and coauthors, and differently from →3,6)-β-Glc-(1→ and mannans, it is 
unknown whether linear →6)-β-Glc-(1→ is able to bind TLR4 receptor133. 
However, this polymer is proven to bind Dectin-1 receptor141. The CR3 receptor 
is expressed by neutrophils and NK cells, while it is absent in macrophages. It 
has two binding sites, one recognizing β-glucans and the other recognizing the 
complement protein fragment iC3b. The binding of both sites is required for the 
activation of this receptor 132. The scavenger receptor is located on mieloid and 
endothelial cells and on macrophages, while the lactosylceramide receptor is 
located on neutrophils and endothelial cells. Both receptors activate a signal 
pathway leading to the activation of MAPK (mitogen-activated protein kinase), 
among other kinases, and, for the scanvenger receptor, a nitric oxide synthase132. 
According to Chan and coauthors, polysaccharides are presented to naive T-
helper cells (Th0), possibily via class II major histocompatibility complex 
(MHC-II), and this will determine the development of a naive T-helper (Th0), 
i.e. whether it becomes a type 1 T-helper (Th1), type 2 (Th2), or others137. For 
example, Th1 produces INFγ and IL-2. The first is important for the activation 
of macrophages, the second has a role in T-cell memory. Th2 and Th17, on the 
other hand, have a role in the activation and class switching of B cells142. 
Therefore, the interaction between mushroom polysaccharides and the immune 
cell receptors leads to the modification of both innate and adaptive immunity. 

As summarized by Thompson and coauthors143, there is wide range of in vitro 
evidence of the ability of mushroom polysaccharides, and in particular β-glucans, 
to modulate the immune system and to stimulate the leukocyte phagocytosis, 
ROS production, and secretion of cytokynes. There are also evidence obtained 
in vivo showing the stimulation of antibodies production, T-cells and NK-cells 
activity, phagocytosis, and cytokine production in mice fed with mushroom β-
glucans143. 

 
 



 

Table 9. Overview of immunomodulatory effect of basidiomycete polysaccharides. 
Species Activity Polysaccharide Reference 
Cultivated mushrooms    
A. bisporus (in vivo) decrease of formalin-induced nociception fucogalactan 125 
 (in vivo) decrease of iNOS and COX-2 expression in induced sepsis fucogalactan 119 
L. edodes (in vivo) increased IL-2, TNF-α, IL-6 not elucidated 144 
 (in vivo) decreased TNF-α, IL-6, IL-1 after LPS stimulation not elucidated 145 
 decreased TNF-α, IL-6, IL-1 after LPS stimulation →3,6)-β-Glc-(1→ 108 
 increased NO production, TNF-α and IL-6 →3,6)-β-Glc-(1→ 146 
 (in vivo) increased NK and macrophage activity not elucidated 147 
 increased proliferation of rat thymocytes not elucidated 148 
 (in vivo) increase proliferation of lymphocites and mononuclear cells →3,6)-β-Glc-(1→ 149 
Forest mushrooms    
B. edulis (in vivo) increased IL-2, TNF-α, and proliferation of NK →6)-β-Glc-(1→ and arabinogalactan 121 
C. cibarius increased IL-6, NO production →3,6)-β-Glc-(1→ (speculated) 150 
L. rufus (in vivo) decrease of formalin-induced nociception →3,6)-β-Glc-(1→ 111 
L. volemus increased white blood cell count mannan 131 
R. albonigra increased NO production mixture of glucan, galactan, and mannan 151 
Rare mushrooms    
I. obliquus Enhanced lymphocyte proliferation; increased TNF-α not elucidated 51 
 (in vivo) increase NO production not elucidated 152 
 increased NO production →3,6)-β-Glc-(1→ and galactan 54 
 increased IL-1, IL-2, TNF-α, and IFN-γ not elucidated 153 
G. frondosa (in vivo) decreased NO production not elucidated 154 
 increased VEGF and TNF-α not elucidated 155 
 (in vivo) increased NK and macrophage activity not elucidated 147 
 increased IL-1, IL-6, TNF-α →3,6)-β-Glc-(1→ 156 
S. commune decreased NO production, iNOS, 5-LOX →3,6)-β-Glc-(1→ protein-bound 157 
 (in vivo) enhanced NK proliferation, ROS production not elucidated 158 
 (in vivo) increased antibody production after viral infection →3,6)-β-Glc-(1→ 159 
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While the main application of this research has been cancer therapy, there is 
in vivo evidence that the stimulation of the immune system is able to provide 
host resistance against microbial infections caused by species such as 
Staphylococcus aureus and C. albicans143. The immunomodulation comprises 
also inhibition of the immune system cells, in addition to stimulation. Wide 
evidence is available in literature indicating that mushroom polysaccharides are 
able to decrease the activity of an already stimulated immune system (by LPS, 
for example). Reduction of the production of TNF-α, IL-1, IL-6, IL-8, and NO 
synthase activity has been reported after in vitro and in vivo experiments140. 
Noticeably, when macrophages were treated with linear →6)-β-Glc-(1→, 
significant increase of cytokine genes expression was observed (in the case of 
IL-1, even higher than positive control LPS), while the cotreatment with →6)-β-
Glc-(1→ and LPS resulted in cytokine expression levels significantly lower than 
treatment with LPS alone105. A brief overview of the immunomodulatory effect 
of cultivated, wild, and rare mushrooms is reported in Table 9. 

2.5.2 Prebiotic activity 

Mushroom polysaccharides are not digested by the human gastro-intestinal tract. 
Therefore, they can act as dietary fiber and enhance the growth of bacteria 
species beneficial for the human gut, such as Bifidobacterium or Lactobacillus, 
due to their fermentability. The fermentation of dietary fibers leads to the 
generation of short chain fatty acids (SCFA) which could act as energy source 
for the epithelium and for beneficial microflora species. SCFA have been also 
correlated to decrease in ammonia production in the gut and interference with 
cholesterol and glucose metabolism160. This area of research has received 
attention more recently, compared to the immunomodulatory activity. The 
results published so far would support that mushroom polysaccharides have, as 
required by the definition of prebiotic reported by Gibson and coauthors, 
“beneficial effect through their selective metabolism” by “selective stimulation 
of the growth and/or activity of intestinal bacteria associated with health and 
wellbeing”161. The review of Gibson has no referencing to mushroom 
polysaccharides (nor β-glucans in general) and the research on the field is still 
ongoing. In the research community, mushrooms or mushroom polysaccharides 
are not considered yet prebiotics, although there is wide acknowledgment of their 
potential. 

A polysaccharide fraction from Trametes versicolor stimulated fecal bacterial 
growth and SCFA production in the same manner as fructo-oligosaccharides162. 
A →3,6)-β-Glc-(1→ polymer isolated from P. tuber-regium stimulated in vitro 
the growth of Bifidobacterium spp. strains similarly to inulin and barley and 
seaweed β-glucans. Similar findings were roperted on the production of SCFA163. 
In another set of in vitro experiments, linear →3)-β-Glc-(1→ from different 
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sources stimulated the growth of Bifidobacterium similarly to inulin, barley and 
xylo-oligosaccharides164. The oral subministration to rats of a polysaccharide 
extracted from L. edodes has shown improvement in the gut microflora, with the 
increase of beneficial populations such as Lactobacillus and Bifidobacterium144. 
A recent clinical trial has showed changes in the subjects microflora after 
consumption of meals enriched with L. edodes β-glucan, which correlated to with 
cholesterol metabolism markers165. 

Purified polysaccharides from Pleurotus eryngii showed better growth 
stimulant properties for Lactobacillus strain Lac A than the ones extracted from 
Pleurotus ostreatus. Moreover, polysaccharides extracted with hot water showed 
worse performance than the polymers extracted with alkali. On the other hand, 
the polymers from P. ostreatus favored the growth of Bifidobacterium strain Bifi 
A and hot water extracts performed better than the alkali. The fractions differed 
in monomer composition, ratio of glucose (1→3) and (1→6) linkages, and 
molecular weight 76. The influence of the branching degree on the fermentability 
of mushroom polysaccharides was noticed by Cantu-Jungles and coworkers, 
who reported a different growth stimulation profile of linear water-insoluble β-
(1→3)-glucan, compared to the branched, water-soluble →3,6)-β-Glc-(1→ 
polymer 166. 

A screening of raw polysaccharide fractions produced from different Polish 
forest mushrooms has showed different degrees of Lactobacillus acidophilus and 
Lactobacillus rhamnosus growth stimulation. Among the 53 species tested, 
Rhodocollybia maculata, Paxillus involutus, and Panellus stypticus favored the 
earlier, while Psilocybe capnoides, Laccaria laccata, and Pholiota mutabilis 
favored the latter. The differences in the growth stimulation between the 
screened fractions could be due to differences in monomer composition, 
glycosidic linkage, and molecular weight167. The authors abstained from 
discussing the little market value of the aforementioned species: they are inedible 
or not recommended, except P. involutus, which is toxic168. However, while toxic 
species should be avoided, the results indicate that low-value forest mushrooms 
could be used as a source of polysaccharides with prebiotic activity. Raw 
polysaccharides extracted from the discarded parts of L. edodes, P. eryngii, and 
Flammulina velutipes resulted in prolonged viability of Lactobacillus 
acidophilus cultures during cold storage and in simulated bile and gastric 
juices169. 

2.5.3 Anti-oxidative activity 

Anti-oxidant activity of molecules has been defined as “limitation of the 
oxidation of proteins, lipids, DNA or other molecules that occurs by blocking the 
propagation stage in oxidative chain reactions” 170. The anti-oxidant activity of 
mushroom polysaccharides has been widely researched. On one hand, the 
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definition of anti-oxidant activity in vivo has been connected to reduction in ROS 
and NO production, which is, as discussed above, correlated to the capacity of 
mushroom polysaccharides to interact with macrophages and other immune 
system cells. In addition, anti-oxidant activity has been correlated with the 
increase in expression of enzymes such as superoxide dismutase (SOD), catalase 
(CAT), peroxidase (POD), and glutathione peroxidase (GSH). These enzymes 
protect the cell from oxidative stress. A raw polysaccharide fraction produced 
from A. auricula significantly increased mice serum SOD and GSH levels, in 
addition to, noticeably, thymus index 171.  Mice blood serum SOD was also 
increased after feeding with a polysaccharide extracted from Tricholoma 
lobayense. At the same time, the production of IL-6 was modulated 172. Similar 
increase in anti-oxidant enzymes were obtained with raw polysaccharides 
extracted from Agrocybe aegerita 173 and G. frondosa 154. 
The capability of mushroom polysaccharides to exert radical-scavenging activity 
in vitro has been widely reported. Among the multiple polysaccharide fractions 
tested, scavenging capacity was demonstrated for extracts produced from the 
cultivated L. edodes 108,174, A. bisporus 175, Calocybe indica 176, and P. eryngii 58; 
from the wild A. aegerita 173, T. lobayense 172, Russula vinosa 177, and Russula 
virescens 178; for the rare I. obliquus 179 and Hericium erinaceus 174. It is 
nowadays believed that the moieties responsible for such activity are the 
remaining or covalent-bound proteins (in particular, the aromatic amino acid 
residues) or phenolic compounds. As examples, the FT-IR spectra of the 
polysaccharide fractions showed the vibration ascribable to aromatic compounds 
or proteins in the case of A.bisporus 175 and proteins in the case of C. indica 176, 
R. virescens 178, and T. lobayense 172. The fractions produced from I. obliquus 
mentioned above showed, in another work, the presence of proteins and aromatic 
compounds, for mycelium and sterile conk extracts, respectively 153. The authors 
report that deproteinization affected the radical scavenging capacity of the 
fractions, although some fractions observed an increase rather than a decrease 153. 
The decrease of radical scavenging capacity of mushroom polysaccharide 
fractions after different deproteinization steps was already noticed 180. Despite 
this, it has been suggested that also the carbohydrate chain can scavenge radicals, 
through the generation of carbon radical in position C1, which would be 
stabilized by reaction with another monomer unit 181. It has been suggested that 
the geometry of the glycosidic linkage would then influence the scavenging 
capacity of the polysaccharides 182. The capability of mushroom polysaccharides 
to perform in metal ion reduction essays, which has been observed for example 
in A. aegerita 173, C. indica 176, I.obliquus 179, Trametes orientalis 183, and R. 
vinosa  177, has been attributed to the polysaccharide chelating properties 177 and 
to the presence of proteins in the extract 179. The chelating properties of 
mushroom polysaccharides could be mainly ascribed to the presence of uronic 
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acid or other charged moieties in the chain 181, although Lo suggests polymer 
side-chains might have a positive effect in the chelation properties of 
polysaccharides 182. 

2.6 Food applications 

Compared to the market volume of mushrooms and mushroom extracts, the 
applications of mushroom polysaccharides as food ingredients are scarce and 
mainly in the research and development phase. Also, compared to the research 
on the biological activities, the research on the use of mushroom polysaccharides 
as ingredients is very limited. Moreover, the studies on “realistic food matrices” 
for the creation of mushroom polysaccharides-based functional foods with 
scientifically demonstrated positive effects on the consumer health are scarce 3. 
Most of the studies concern the incorporation of mushroom powder or mushroom 
polysaccharide in food matrices. These ingredients have been incorporated in 
liquid or semisolid formulations, such as creams 165,184 or yoghurts 169,185, and 
they have been studied as well as meat replacer 186. However, the main focus of 
the research has been their incorporation in flour-based foods 3,187. 

As recently reviewed, powdered forms of mushrooms such as L. edodes and 
Pleurotus pulmonarius have been incorporated in muffins, extruded snacks, and 
cookies. In addition, these powders have been incorporated in flours such as 
wheat, brown rice, potato, rice, and yam 187. In his review regarding wheat flour-
based products, Salehi suggested a maximum dosage of 15% mushroom powder 
as flour replacement 188, due to its effect on the technological properites and 
quality of the fortified food. The addition of L. edodes powder to muffin 
formulation caused an increase in hardness and decrease in expansion 189. 
Addition of powder originating from the same mushroom to pasta increased 
tensile strength without affecting significantly other properties 190. Bread 
preparation was added with different dosages of powdered L. edodes, A. bisporus, 
or B. edulis. Negative effects on technological properties of bread were observed, 
although differed between mushroom species191. The addition of the same 
mushroom powders to semolina extruded snacks altered the structure of product 
and starch digestibility 192. Positive, although preliminary, results on the overall 
approval of brown rice extruded snacks containing P. pulmonarius powder were 
recently obtained 193. Powdered mycelia of Antrodia camphorata, Agaricus 
brasiliensis, H. erinaceus and Phellinus linteus were used as replacement for 
bread wheat flour. The dosage of 5% was deemed acceptable after technological 
analysis and sensory evaluation, except for A. camphorata, which was the most 
disliked by the panel 194. 

The incorporation of mushroom polysaccharides has been mainly tested in 
dough systems. After their experiments with the addition of F. velutipes 
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polysaccharides, Nie and cowriters recommend the addition of low levels of 
polysaccharides due to their ability to disrupt the gluten network and the 
increased hardness of the final product 195. On the other hand, Sulieman and 
coauthors found that the addition of A. bisporus polysaccharides had a general 
improvement of dough technological properties, reporting also a decrease in 
dough hardness. Moreover, the product was acceptable for consumers 196. A 
decrease in hardness was also observed after the addition to yam starch of A. 
auricula polysaccharides. The authors indicated the potential of these 
polysaccharides for the incorporation in jelly foods 197. The conflicting results 
could be explained by differences in molecular weight of the polysaccharides: 
longer chains would create a network between starch granules able to prevent 
their aggregation 187,197. Recent evidence showed that polysaccharides of higher 
molecular weight tend to coat less efficiently starch granules than polymers with 
lower molecular weight 198, making this explanation plausible. 

2.7 Extraction technologies 

The most common extraction medium used to obtain mushroom polysaccharides 
is hot water, usually at 100 ºC. From the extract, polysaccharides are purified 
utilizing ethanol precipitation, deproteinization (performed with Sevag solvent, 
protease hydrolysis, or TCA precipitation), and dialysis. Eventually, column 
chromatography fractionation is performed to purify polysaccharides basing on 
charge (anion exchange chromatography) or molecular weight (size exclusion 
chromatography) 199. The properties of the polysaccharides are highly dependent 
on the medium with which they are obtained. On the other hand, the same 
medium can be modified to improve the extraction procedure and increase the 
yield. The balance between desired polymer properties and extraction yield is 
one of the key aspects of the research on mushroom polysaccharides. Different 
physical and chemical methodologies can be applied to modify the aqueous 
extraction medium to improve the extraction yield. Outlining the influence of the 
utilized method on properties such as monomer composition, molecular weight, 
glycosidic linkage, and presence of protein, is crucial, since these properties 
influence the potential of the obtained polysaccharides for their application. 
Moreover, the polymers with most interest from the food and nutraceutical 
industry are the β-glucans. As reviewed in Section 2.3, these polymers are 
located in the middle and lower layers of the fungal cell wall. Their position 
reduces their accessibility to hot water during extraction. Therefore, different 
extraction technologies are applied to increase the yield of these polymers. 
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2.7.1 Pressurized hot water extraction 

Pressurized hot water extraction has been also called pressurized water, 
pressurized liquid, hydrothermal extraction, or subcritical water extraction. As 
pretreatment in biorefinery, it is mainly called hydrothermal processing or 
autohydrolysis. The aqueous extraction medium, with the aid of pressure, is kept 
at temperatures above the boiling point, in a range 100-374 ºC, and below the 
critical point (374 ºC, 22.1 MPa) 200,201. The difference of the dielectric constant 
of subcritical water compared to water at atmospheric pressure is believed to 
have an impact on the solubility of polysaccharides. For example, at 20 MPa and 
about 150 ºC, water has the dielectric constant of dimethyl sulphoxide (DMSO) 
at 25 ºC and 0.1 MPa 202 and DMSO is a common solvent for water-insoluble 
polysaccharides (for example in 203). However, pressurized hot water exercises a 
positive effect on polysaccharide extraction mainly due to the increase in the 
ionization constant of water, i.e. in the acidification of the medium and the 
consequent hydrolysis of the cell wall structure 201. Biomass is reported to 
collapse at about 250 ºC and extracted polysaccharides are hydrolyzed in the 
medium at temperature above 170-190 ºC. Pressure, on the other hand, is 
considered to have a negligible effect on the hydrolysis 204. 

The forest mushroom C. tubaeformis was submitted to autohydrolysis process 
at different temperatures (80-240 ºC). Yield of unpurified extracts ranged 
between 40-66%, with protein contents in the range 9-11%. Raw yield increased 
from about 50% to about 63% when the temperature was raised to 170 ºC, and 
afterwards oscillated between that and the maximum value. Noticeably, free 
glucose had maximum concentration at 100 ºC, while the concentration of 
polymeric glucose remained almost stable until 170 ºC, after which it 
dramatically increased. The β-glucan content increased from about 2% of the 
extract to about 4.5% at 170 ºC, and stabilized around 14% at 210 and onwards 
ºC 205. In another report, after the extraction of polysaccharides from P. ostreatus 
and G. lucidum with pressurized hot water, the influence of water temperature 
on the yield was stronger than the extraction time. The tested extraction 
temperatures were 50, 115, and 180 ºC and the tested extraction times were 5, 
17.5, and 30 minutes. The extractions, even at suboptimal parameters, granted 
polysaccharide yields, after EtOH precipitation, higher than that obtained with 
standard hot water. The polysaccharides extracted with optimized parameters 
showed the presence of α- and β-glucans and heterosaccharides206. Powdered L. 
edodes has been extracted with hot water in subcritical conditions with different 
temperatures in the range 100-150 ºC for 15 minutes. The polysaccharide yield, 
measured after deproteinization and dialysis, increased until 120 ºC, after which 
it decreased. The polysaccharides were composed mainly of glucose, and its 
relative content increased proportionally to the extraction temperature. The 
molecular weight of the main population of polysaccharides increased until 130 
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ºC and then decreased. On the other hand, the effect of the extraction conditions 
on the structure of the polysaccharides was not fully elucidated 207. Morales and 
coworkers compared different methodologies to extract L. edodes 
polysaccharides. The comparison of different hot water extractions (100 ºC) and 
subcritical water extractions (200 ºC, after 208) carried in parallel with increasing 
time (in the range 15-60 min) showed, on one hand, lack of significant increase 
in yield with classical hot water and a continuous decrease in yield with 
subcritical water. Nevertheless, the subcritical water granted, compared to 
classical extraction, yields higher by two folds or more. However, the β-glucan 
content of the extracts was clearly inversely proportional to the extraction time 
and, after 60 minutes of extraction, was about 1/3 of the content obtained with 
traditional hot water209. 

2.7.2 Ultrasonic-assisted extraction 

Compared to pressurized hot water extraction, the utilization of ultrasounds to 
increase polysaccharide yields is much more common in literature. The 
disruptive effect of ultrasound on the cell wall structure is attributed to the 
formation of bubbles, whose collapse generates shear force. In this way, higher 
mass transfer is enabled. In a typical ultrasound extraction apparatus, an 
ultrasonic probe is immersed in the extraction medium. In this way, multiple 
extraction parameters can be tuned: ultrasonic frequency; ultrasonic power; 
liquid temperature; extraction time; duration of ultrasound treatment. Besides the 
paramenter optimization is required to avoid sonic depolymerization, most of the 
apparatuses available have an open extraction chamber or are not connected to a 
refrigerator, therefore solvent losses are possible, especially at higher 
temperature 200. 

With the application of ultrasounds at room temperature, the extraction yield 
from G. lucidum almost doubled, compared to standard hot water extraction of 
the same duration. Noticeably, there were no significant differences in the β-
glucan content of the extracts. Nevertheless, scanning electron microscopy of the 
extraction residue showed a disruption of the hyphal structure much more intense 
compared to hot water extraction 210. The optimization study of ultrasonic-
assisted extraction of polysaccharides from T. orientalis showed that, increasing 
ultrasonic power, extraction yield reaches a maximum and then decreases (the 
same was found for extraction temperature), while with the increase of extraction 
time the yield reaches a plateau. Parameters were optimized with Box-Behnken 
design and they were tested together with hot water extraction, performed with 
the same solid-liquid ratio at 80 ºC (compared to the optimized 40.2 ºC) and for 
120 min (compared to the optimized 42 min). Compared to traditional extraction, 
the ultrasound extraction granted an yield increase of about 19% 183. On the other 
hand, the optimized ultrasonic-assisted extraction granted, for Panellus serotinus 
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polysaccharides and compared to hot water extraction, a yield increase of 63%, 
with little influence on their monomer composition. The authors in their report 
mentioned differences in molecular weight profile, without further details 211. 
Morales and coauthors, in their comparison of different extraction methods 
applied to L. edodes, reported no significant influence of the extraction time on 
the polysaccharide yield of ultrasound-assisted extraction (50 ºC). However, all 
the yields were higher than the ones obtained with traditional extraction. 
Noticeably, 15 min of ultrasound-assisted extraction granted a yield 141% higher 
than 60 min of hot water extraction without ultrasonication. The β-glucan content 
of the extract was proportional to the extraction time in both methodologies. In 
addition, the content of ultrasound extracts was at least 50% higher than the 
content of hot water extracts209.  

The depolymerization effect of ultrasounds has been documented with a 
polysaccharide extracted from the mycelium of P. linteus, whose degradation 
profile fitted a second-order rate law 1/Mt = 1/M0 + k×t (0.988 < R2 < 0.997), 
with the rate constant k proportional to the ultrasound power212. 

2.7.3 Microwave-assisted extraction 

In a similar way to ultrasounds, the yield improvement of microwave-assisted 
extraction, compared to use of hot aqueous medium, has been attributed to the 
generation of internal pressure in the fungal material and the disruption of the 
cell wall. The pressure would be caused by the cell water, whose temperature 
(i.e. molecular vibration) is increased by the microwaves. The main advantage 
of microwave-assisted extraction is the short extraction time (usually in the range 
5-30 minutes) and the flexibility of the apparatus, while its main drawback is the 
inhomogeneous heating 200. Since microwave might cause depolymerization of 
the fungal polysaccharides, optimization of the extraction parameters is usually 
carried out. Microwave power, extraction temperature and time are the 
parameters usually optimized. With specific equipment, extraction temperatures 
above water boiling point can also be used. 

Gil-Ramirez and cowriters reported a polysaccharide yield, after microwave-
assisted extraction of L. edodes, substantially higher than conventional hot water 
extraction, with the clear advantage of extraction time (19% obtained after 30 
min at 180 ºC against 5% after 3 h at 100 ºC) 213. Similar results were obtained 
with P. ostreatus and G. lucidum 206. The microwave-assisted extraction of 
polysaccharides from F. velutipes granted, compared to conventional hot water, 
a yield increase by 31%, with a decrease in polysaccharide content by 10%. The 
extraction times were 90 min and 10 min for conventional and microwave-
assisted extractions, respectively, and the extraction temperatures were almost 
the same (95 and 110 ºC, respectively) 214. Similar results were observed in 
another study on F. velutipes polysaccharides, again comparing conventional hot 
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water and microwave-assisted extraction 215. Since the utilization of microwaves 
improved both yield and sugar content also of Clitocybe maxima extract 216 and 
other screened species 213, it could be inferred that trends are species-specific. 
While no significant differences in yields were found between microwave-
assisted and hydrothermal extractions of G. lucidum, the latter granted higher 
yield, compared to the earlier, when applied to P. ostreatus 206. In the screening 
performed by Gil-Ramirez and coworkers, extraction yields ranged between 13-
18%, with the notable exception of A. auricula, whose extraction yield was 44% 
213. 

It is possible to combine microwave- and ultrasound-assisted extraction in a 
single apparatus. In the works examined, the ultrasound frequency and power 
have been kept constant. Huang and Ning extracted polysaccharides from G. 
lucidum by screening different microwave powers, extraction time, and 
liquid/solid ratios. The optimized extraction conditions provided a yield (3.3%) 
higher of 28%, compared to ultrasonic-assisted extraction, and of 116%, 
compared to traditional extraction 217. Zheng and coworkers reported a limited 
yield increase when the different techniques were applied to T. orientalis: 
ultrasound/microwave-assisted , ultrasound-assisted, microwave-assisted, and 
traditional extractions had yields of 7.52%, 7.49%, 6.25%, and 6.48%, 
respectively 218. At the conditions tested by Huang and Ning, a clear decrease in 
yield was observed with prolonged extraction times, rather than with the increase 
in microwave power 217. On the other hand, the optimization of the 
ultrasound/microwave-assisted extraction of Tricholoma mongolicum granted a 
yield of 35.4% and showed that increase in microwave energy at constant 
temperature causes decrease in polysaccharide yield 219. 

2.7.4 Acidic and alkaline extraction 

The fungal cell wall layer removal with alkali has been well documented and 
widely used for the study of the cell wall itself 97. The disruption of the fungal 
cell wall has been classically achieved with the use of alkali or acidic solutions. 
These extractions are typically performed after the classical hot water extraction 
and are widely reported in literature. The yield increase is attributed to the 
hydrolysis of covalent bonds and disruption of the non-covalent bond network 
between cell wall components. In this way, aqueous medium has easier access to 
the lower layers of the cell wall. Therefore, these methodologies have been 
widely used to obtain fungal β-glucan and heterosaccharides enriched fractions. 
Despite this, increase in yield has not been observed universally. 

The well-known limitation of the use of acid or alkali for the extraction of 
polysaccharide is its hydrolytic effect. Alkali solutions “peel” polysaccharides 
starting from the reducing end monomer, through isomerization (depending on 
the glycosidic linkage) and β-alkoxy elimination. Glycans linked (1→2) and 
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(1→6) are reportedly more stable than (1→3) and (1→4). Branches situated in 
position O-2 of (1→4) and branches situated in position O-3 stop the peeling 
process220. In addition to this, polysaccharides can also be hydrolyzed in alkali 
due to the deprotonation of C2 hydroxyl 220, which would react with the 
glycosydic C1 of the same monomer and cleave the linkage via a C1 carbanion 
intermediate 221. This second reaction could occur in any position of the 
polysaccharide chain. However, reaction kinetics are dependent on the position 
of the glycosidic linkage and the monomers involved, since the position of the 
hydroxyl groups has a stabilization effect on the linkage 221. In acidic 
environment, acid catalyzes the hydrolysis of glycosidic linkages. While this 
could theoretically happen in any position on the chain, with a mechanism equal 
for all polysaccharides, depolymerization rates are dependent, besides 
temperature, on conformation flexibility of the linkage and steric effect of 
substitutes on the monomeric unit of the polysaccharides. The research on the 
elaboration of models to explain the polysaccharide depolymerization is still 
ongoing 222. 

Typical alkali solutions used to extract fungal polysaccharides are KOH and 
NaOH. A list of polysaccharides extracted with these solutions would be 
excessively long, therefore only some examples are given. Hot 1 M NaOH were 
used to extract a β-glucan from P. ostreatus 223; cold 1 M NaOH was used to 
extract β-glucans from P. eryngii 76; cold and hot 10% NaOH extracted β-glucans 
from A. brasiliensis 141; hot 2% KOH and 25% KOH extracted from F. velutipes 
a β-glucan and a xylomannan, respectively 203; hot 0.1 M NaOH extracted a β-
glucan from L. edodes 109; hot 1 M NaOH extracted a β-glucan from C. cibarius 
112; room temperature 1 M NaOH extracted a glucomannan from B. edulis 128; 
hot 2% KOH extracted an heterosaccharide from A. bisporus 106; hot 1 M NaOH 
extracted a mixture of polysaccharides from the internal tissues of Chaga 54. 
Yield results are reported in Table 10. As can be observed, there is no systematic 
addressing in literature on the influence of the use of alkali on yield 
improvements and molecular weight of the polysaccharides. 

Recently, the stepwise fractionation of polysaccharides via their precipitation 
with increasing concentrations of EtOH, a known procedure in hemicellulose 
chemistry, has been applied to a mushroom alkali extract, obtained without prior 
hot water extraction. Agrocybe cylindracea was extracted with 0.5 M NaOH. The 
extract was deproteinized and dialyzed, and then added with anhydrous EtOH to 
reach ethanol concentrations of 10%, 30%, 50%, and 80% v/v. Although some 
fractions required further column chromatography purification, the authors have 
noticed that the fraction precipitated with 10% EtOH was richer in 
heterosaccharides, while 50% and 80% fractions were richer in β-glucan 224. 
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Table 10. Selected examples of yields obtained with sequential hot water and 
alkali extraction of basidiomycete polysaccharides. 

Species Hot water Alkali 1c Alkali 2c Reference 
 yield (w/w%)  
Cultivated 
mushrooms 

  

A. bisporus 3.9 6.0 
(KOH 2%) 

n.p.a 106 

L. edodes 1.1 6.2 
(NaOH 0.1 M) 

n.p.a 109 

A. brasiliensis 10.8 2.2 
(cold NaOH 10%) 

1.8 
(hot NaOH 10%) 

141 

P. ostreatus 1.5 4.5 
(NaOH 1 M) 

n.p.a 223 

Forest 
mushrooms 

    

B. edulis n.r.b n.r.b 

(Na2CO3 5%) 
2.0 
(NaOH 1 M) 

128 

C. cibarius 1.9 6.0 
(NaOH 1 M) 

n.p.a 112 

F. velutipes n.r.b 3.6 
(KOH 2%) 

0.7 
(KOH 25%) 

203 

Rare mushrooms     
G. frondosa 14.9 6.3 

(cold NaOH 10%) 
4.5 
(hot NaOH 10%) 

225 

I. obliquus 1.4 1.0 
(NaOH 1 M) 

n.p.a 54 

anot performed; bnot reported; calkali medium reported in brackets. 
 

Hydrochloric acid is the typical acid used for the extraction of polysaccharides. 
In addition, the use of ammonium oxalate and formic acid has been also 
reported200. Polysaccharides have been sequentially extracted from P. linteus 
mycelium utilizing hot water, 1% ammonium oxalate, and 1.25 M NaOH. The 
respective yields were 19.5%, 17.0%, and 9.1%. Nevertheless, the sugar content 
of the extracts increased from 65% to 78% and 85%, respectively. Alkali 
extracted an heterosaccharide, while the other extracts were rich in glucans226. 
The mycelium of P. cocos has been sequentially extracted as well, utilizing hot 
water, 0.5 M NaOH, and 88% formic acid. Hot water extract was rich in mannose, 
galactose, and proteins, while the others were mainly glucose and had >90% 
sugar content, although the formic acid extract had high content of galactose. 
Polymers extracted with formic acid had Mw of one magnitude higher than the 
ones extracted with alkali and also higher than the Mw of the hot water 
polymers227. In the case of P. linteus, ammonium oxalate extracted 
polysaccharides with Mw slightly higher than hot water and alkali, although 
populations of lower Mw were more abundant226. Szwengiel and Stachowiak 
compared a classical hot water extraction of P. ostreatus to optimized 
hydrochloric acid extraction aiming to maximize polysaccharide content 
(measured as area of polysaccharide population in HPSEC) and minimize the 
protein content (since the protein-polysaccharide covalent bond is hydrolysable). 
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They concluded that 3.8% HCl extraction carried at 30 ºC for 5 h was able to 
preserve the most the three polymer populations observed and remove all bound 
proteins228. 

2.7.5 Enzymatic-assisted extraction 

Another way to disrupt the fungal cell wall to increase its permeability to the 
solvent is through enzymatic hydrolysis. Compared to the aforementioned 
methodologies, it has lower energy requirements and it is more environmental-
friendly. Moreover, if proper enzymes and extraction conditions are used, there 
is no depolymerization of the target compound, nor the denaturation of its tertiary 
structure. The disadvantages of this technique are the high cost and the 
difficulties in scaling-up the process. Besides the enzyme type, pH, temperature, 
and reaction time are the parameters investigated in optimization studies. Typical 
enzymes employed in the process are cellulase, papain, pectinase, and trypsin, 
used alone (generally cellulase) or in combination200. 

Cellulase alone has been used for the extraction of polysaccharides from 
Hohenbuelia serotina 211, F. velutipes 214, and T. mongolicum 229. In the latter 
work, extraction conditions were also optimized by Box-Behnken design. 
However, significant extraction yield increase, compared to classical extraction, 
was reported only for the first mushroom. Polysaccharides from both mycelium 
and fruiting body of H. erinaceus were extracted utilizing enzyme mixtures. For 
the earlier, the mixture was cellulase:pectinase:papain 2:1:1, while for the latter 
it was cellulase:pectinase:trypsin 2:1:1. Experimental conditions were also 
optimized. Extraction yields were 13.9% and 13.5%, respectively 230,231. 
Compared to hot water extraction, the use of enzyme mixture increased the yield 
from H. erinaceus fruiting body of 68% 230. A mixture of 
cellulase:pectinase:papain 1:1.3:1, with optimized extraction conditions, has 
been used to obtain polysaccharides from L. edodes. In comparison with hot 
water extraction, the yield increase was 47%232. Viscozyme L, a mixture of 
different carbohydrases, has been applied for the extraction of different 
components of I. obliquus. The content of total glucan in the extract was higher 
than traditional extraction and similar to autoclave extraction, while the β-glucan 
content after enzymatic extraction was the highest 233. Snailase, a complex 
mixture of hydrolytic enzymes extracted from snail gastro-intestinal tract, has 
been used, with extraction parameter optimization, to obtain polysaccharides 
from A. bisporus. The extraction yield from the first species was 5.3% 234, which 
was comparable or lower than optimized hot water extraction 235. 
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2.8 Submerged cultivation of mycelium 

The seasonal growth and yield fluctuations typical of wild mushroom harvesting 
have been solved, for some species, with cultivation. Traditionally, mushrooms 
have been cultivated on solid substrates (solid-state cultivation or solid-state 
fermentation). The oldest example reported is the cultivation of A. auricula-
judae in Asia, which goes back to about 600 A.D. Different substrates have been 
used to cultivate fruiting bodies after inoculation, such as wood logs and boxes 
or bags containing substrate236. A typical mushroom cultivated on wood logs is 
L. edodes. Wood sawdust-based substrates pressed in bags (sometimes called 
“artificial log”) are used for the cultivation of, for example, L. edodes, F. 
velutipes, and A. auricula-judae237. Examples of other substrates are chicken or 
horse manure mixed with straw for the cultivation of A. bisporus or straw or 
sawdust for P. ostreatus236. The cultivation of this latter species is favored by its 
ability to grow on multiple agricultural and forest residues, therefore enhancing 
their value238. Despite the agro-forestry waste valorization and its relevance for 
circular economy, the major drawback of solid-state cultivation is the cultivation 
time. The first appearance of immature fruiting bodies (primordia) requires: up 
to 1 year in natural log cultivation237; up to 4-6 weeks in oak sawdust bags237 or 
different lignocellulosic residues238. 

There is an alternative to the solid-state cultivation of mushroom. The large-
scale cultivation in liquid medium (submerged cultivation) of ascomycetes for 
the production of antibiotics sparked the interest for the cultivation of 
basidiomycetes as well. Compared to solid-state cultivation, submerged 
cultivation is faster (although basidiomycetes are noticeably slower than 
ascomycetes) and easier to carry out, monitor, and scale-up in larger bioreactors. 
The advantages and disvantages of solid-state and liquid-state cultivation are 
reported in Table 11. 

 
Table 11. Comparison of advantages and disvantages of solid-state and liquid-
state cultivation of basidiomycetes. 

Cultivation 
method 

Advantages Disadvantages 

Solid-state easy conversion of agro-forestry 
sidestreams; 
low energy consumption 

Slow; 
compound isolation from cultivation 
medium not straightforward 

Liquid-state fast; 
easy to control; 
compound isolation from cultivation 
medium straightforward 

high energy consumption; difficult 
commercial scale-up 

 
While not necessarily a disadvantage, the mycelium obtained with submerged 

cultivation is not identical with the mushroom obtained from solid-state 
cultivation. The review on the proximate composition of different mycelia and 
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fruiting bodies published by Ulziijargal and Mau24 is able to provide some (at 
least approximative) information. In this work, the proximate composition of 
both mushroom and mycelium was reported for 11 species. The heatmap 
reported in Figure 8 shows the variation from fruiting body to mycelium in terms 
of contents of ash, reducing sugars, soluble polysaccharides, insoluble fiber, total 
fiber, total carbohydrate, fat, and proteins. General decrease in ash and general 
increase in fat and protein contents can be observed. Regarding carbohydrates, 
besides reducing sugars and fiber contents, general decreasing trends can be 
observed. The decrease in soluble polysaccharides was quite generally close to 
50%, while there were no general decreasing trends for the others. In the case of 
I. obliquus, the differences can be explained by the nature of the compared 
materials: Chaga is a sterile conk, containing wood tissue, and therefore wood 
fibers, such as hemicelluloses and cellulose. In Figure 8, the most striking 
increases were the protein content of I. obliquus (+1595%) and the fat content of 
G. frondosa (+695%). In the whole dataset, it can be noticed that, in general, 
mycelia had significant higher amounts of fat and protein and significant lower 
amounts of soluble polysaccharides, total fiber, and total carbohydrates. On the 
other hand, the contents of reducing sugars and insoluble fiber between fruiting 
bodies and mycelia do not differ significantly24. 

 
Figure 8. Heatmap representing the change in proximate composition of 
cultivated mycelia components (weight%) respective to the fruiting body of the 
same species. Line pattern represents an increase above 200%. Data elaborated 
from24. 
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Submerged cultivation has been defined by Fazenda and cowriters as 
“intrinsically less problematic” than solid-state cultivation, due to the achievable 
higher heat and mass (oxygen and nutrients) transfers and culture homogeneity239, 
making studies on the cultivation conditions easier to perform. On the other hand, 
the authors complained about the lack of research on the biochemical aspects of 
mycelium growth in liquid medium and how they are effect by the different 
cultivation conditions. This complaint has been reiterated more recently240. Most 
of the studies in literature concern optimization of cultivation conditions and 
liquid medium components, with the aim to increase cultivation yield and content 
of molecules of interest. The investigated factors have been classified as physical, 
such as temperature, agitation, and aeriation; chemical, such as pH, carbon 
source, nitrogen source, and C/N ratio in the cultivation medium; biological, such 
as inoculum and mycelium morphology. 

2.8.1 Physical factors 

The cultivation temperature affects mycelium yield, growth rate, and formation 
of the compound of interest. It also affects the amount of oxygen dissolved in the 
liquid medium. An increase in temperature generally results in metabolism 
stimulation until an optimum value, while the concentration of oxygen is 
negatively affected. Optimal temperatures are usually in the range 25-36 ºC. 
However, the optimal temperature for mycelium growth does not necessarily 
correspond to the temperature of higher internal (IPS) or exocellular (EPS) 
polysaccharide production241. 

The agitation rate influences the mixing of medium components and mass and 
heat transfer. Without proper agitation rate, the mass transfer gradient could 
negatively affect mycelium growth and metabolism by ineffective nutrition, 
oxygenation, and removal of catabolites from cell environment. On the other 
hand, agitation creates shear forces in the medium, which could as well hamper 
mycelium growth and cause cell damage. It has been noticed that the agitation 
rate resulting in highest mycelium growth could be different than the agitation 
rate for highest exopolysaccharide yield 239. Both higher and lower agitation rate, 
compared to optimal mycelium yield, have been reported239,241. 

Fungal metabolism is aerobic. Therefore, the supply of oxygen affects all the 
results of the cultivation process. In most of the published studies, aeriation of 
submerged culture is controlled by modification of agitation rates. Studies 
measuring the oxygen transfer from gaseous phase to liquid phase are available 
and indicated that cell growth and IPS, and EPS production have different 
oxygen requirements. Moreover, the pellet critical size is directly proportional to 
oxygen concentration in the medium and inversely proportional to oxygen 
consumption rate 239. 
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The cultivation time determines the amount of mycelium and polysaccharides 
collectable from the liquid medium. At prolonged cultivation times, nutrients are 
depleted, and mycelium secretes enzymes for nutrient production, such as β-
glucanases. The cultivation time granting highest EPS yield does not necessarily 
correspond to the cultivation time granting highest mycelium nor IPS yields. 
However, mycelium and EPS are usually obtained simultaneously, at the 
stationary phase. 

2.8.2 Chemical factors 

The pH of the medium can affect fungal membrane functionality, solubility of 
medium components, uptake and metabolism of nutrients, and formation of 
bicarbonate from dissolved CO2 239. Optimal pH values for mycelium growth and 
compound production are species- and strain-specific, making generalizations 
difficult. Most of the studies on medium pH have monitored only initial pH, even 
though secretion of catabolites would cause shifts in its value throughout the 
cultivation241. Moreover, optimal pH is also dependent on medium 
composition239. 

Carbon and nitrogen sources are the major cultivation medium components. 
There is no universal medium for optimal submerged cultivations. However, 
some general statements have been formulated by Fazenda and cowriters: higher 
concentration of carbohydrates generate higher mycelium yield; C/N ratio 
influences compound production, mycelial yield and protein and lipid contents; 
complex media like lignocellulose or waste generally requires nitrogen and 
mineral addition; carbon source affects mycelial polysaccharide properties; 
protein content is affected also by the nature of the nitrogen source; 
supplementation of lipids generally stimulates mycelium growth239. 

Carbon sources could be simple carbohydrates such as glucose, xylose, 
sucrose, or maltose, or complex, such as starch, syrup, or agro-forestry wastes. 
Different fungal species utilize carbon sources differently. Moreover, different 
carbon source concentrations could lead to different effects, especially if the 
carbon source is complex. The optimal carbon source concentration for 
mycelium growth does not necessarily coincide with the optimal concentration 
for EPS or IPS production. For example, increasing glucose concentration in 
liquid medium increased mycelium yield and EPS production of Ganoderma 
applanatum, but not IPS production242. Moreover, Elisashvili reported that 
Trametes maxima and Phellinus igniarius had mannitol as optimal C source, 
while highest EPS production was achieved with maltose241. 

Submerged cultivation can utilize both inorganic and organic nitrogen sources. 
Examples of earlier are nitrate and ammonium salts, while the latter are 
represented by single amino acids, casein, peptone, or yeast extract. As with the 
carbon source, the nitrogen source for optimal cultivation is species-dependent, 
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although some preference for organic nitrogen can be noticed243–245. Moreover, 
nitrogen source or concentration are not necessarily the same for optimal 
mycelium yield and polysaccharide production241. There is no general agreement 
on the effect of the C/N ratio to the mycelium growth: increase of C/N 
determined increase in yield for G. applanatum 242 and A. cinnamomea 246, while 
the opposite was observed for C. versicolor 247. Increase of IPS, followed by 
decrease, were observed while decreasing C/N ratio were observed for both G. 
applanatum 242 and Cordyceps gunnii 248. 

2.8.3 Biological factors 

Differently to the submerged cultivation of ascomycetes, basidiomycetes require 
the utilization of mycelium as inoculum. Most commonly, the inoculum consists 
of pieces of agar on which the mycelium was grown. In bigger scale procedures, 
such as bioreactors, a seed culture is used. The agar inoculum causes a longer lag 
phase, compared to seed culture, assuming that bioreactor medium is the same 
of the seed culture. The optimal inoculum concentration (v/v) is dependent on 
the experimental set-up. A concentration higher than the optimal causes drastic 
decreases in mycelium growth239. 

The morphology of the mycelium (i.e., the appearance and shape of the hyphal 
mass) is affected by inoculum concentration, physical, and chemical factors. 
Basidiomycetes generally grow as filaments, pellets (up to 2 cm diameter), or as 
shapes in between249. While it seems that inoculum concentration affects only 
mycelial pellet size, the other factors produce results that are more complex. 
Moreover, the rheology of the cultivation medium is influenced not only by the 
mycelium concentration, but also by its shape. As mentioned before, pellets have 
a critical size, related to oxygen concentration and consumption, above which 
the mycelium has a “non-homogeneus physiological state”239. Nevertheless, the 
pellet form should be the one favored while cultivating the mycelium, since it 
generates lower medium viscosity, and therefore better mass transfer. Literature 
is contradictory on the effect of oxygen concentration on morphology, with some 
reports indicating even no influence at all. There is no clear relationship also 
between morphology and pH239. Moreover, to date there is no general 
relationship between morphology and polysaccharides (or, in general, fungal 
compounds) production250. For example, it was found that pellet form grants 
higher EPS production for G. lucidum249, while, for G. frondosa, the filamentous 
mycelia had highest production of EPS251. 

2.8.4 Lignocellulosic medium 

Basidiomycetes are capable to produce enzymes to degrade lignocellulose and 
utilize it as a carbon source in liquid medium. In fact, submerged cultivation has 



50 Review of the Literature  

 

been considered a strategy to produce lytic enzymes such as cellulase, xylanase, 
laccase, and peroxidase. Lignin degrading enzymes are used by fungi to gain 
access to carbohydrates in the substrate, rather than for energy production per se. 
Multiple reports are available indicating a stimulated production of these 
enzymes from the mycelium when cultured in liquid medium supplemented with, 
for example, wheat or barley bran 252, tree leaves, and fruit peels 253. These 
enzymes have application potential in biopulping, energy production, and 
bioremediation 254. Mycelia are capable of utilizing these materials as nutrients 
due to their degradation enzyme array. Another aspect of supplementation of 
agro-forestry waste materials and sidestreams to liquid medium is therefore the 
increase in cultivation yield. The mycelium so obtained can be utilized as a 
source of polysaccharides. Different agro-forestry residues and sidestreams have 
been utilizated to enhance mycelium cultivation yield. Some examples are 
reported in Table 12. 

 
Table 12. Lignocellulosic agricultural side-streams utilized for the submerged 
cultivation of mycelium. The effect on the mycelium yield is relative to control 
unless otherwise stated. 

Species Supplement Dosage Mycelium yieldf Reference 
Cordyceps 
sinensisa 

rice bran 2% w/v ~30%b 258 

G. applanatum oat seed cake 60 g/L 85.7% 257 
G. applanatum soybean cake 60 g/L 80.7% 257 
G. frondosa linseed cake 60 g/L 70.5% 257 
G. lucidum oat seed cake 60 g/L 75.4% 257 
H. erinaceus wheat branc 30 g/L not reported 259 
I. obliquus corn straw 3% w/v 6.7% 255 
I. obliquus rosehip fruit cake 60 g/L 55.0% 257 
I. obliquus wheat straw 30 g/L ~15% 256 
L. edodes wheat straw 0.5% w/v 161.9% 260 
Lasiodiplodia 
theobromaea 

sugarcane strawc 40 g/Ld not reported 261 

P. ostreatus grape pomace 40 g/L 25.0%e 262 
Pleurotus dryinus xylan 60 g/L 283.3% 263 
T. versicolor camelina seed cake 60 g/L 74.7% 257 
T. versicolor oat seed cake 60 g/L 89.9% 257 
T. versicolor rapeseed cake 60 g/L 51.9% 257 
T. versicolor soybean cake 60 g/L 146.8% 257 
T. versicolor sunflower seed cake 60 g/L 68.4% 257 

aAscomycete; bbiomass reported as glucosamine content; csupplement was pretreated; 
dsupplement dosage is reported as glucose equivalent; esubmerged cultivation yield was 
compared to solid-state cultivation; fthe symbol ~ indicates a yield not reported by the 
authors but estimated from reported graphics. 
 

The most common lignocellulose supplements are straws. These have been 
supplied at different concentrations to different fungal species. Corn and wheat 
straw have been supplemented to I. obliquus submerged cultivation medium, 
with respective yield increases of 6.7% and about 15%. In addition to the 
enhanced mycelium growth, the authors have reported an increase in the EPS 
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yield from the cultivation medium of 26.6% and 91.4%, respectively. Sugar 
content and monomer composition of the EPS were significantly affected by the 
presence of lignocellulose supplement. In particular, a drastic increase in the 
relative content of mannose was observed after both supplementations255,256. 
Wheat straw was the only lignocellulosic supplement positively affecting the IPS 
content of I. obliquus. At the same time, the IPS relative glucose amount 
increased, compared to IPS obtained without supplementation256. Higher 
mycelium yield increase, compared to the results mentioned above for I. obliquus, 
was obtained by Krupodorova and Barshteyn after supplementation of rosehip 
fruit cake257. These authors have showed that different seed cakes have positive 
effects on the cultivation yield of species such as G. applanatum, G. frondosa, 
G. lucidum, and T. versicolor. With the same dosages, the most effective 
supplements for these species were respectively oat seed, linseed, oat seed, and 
soybean cakes. 

2.8.5 Oil and fatty acid supplementation 

The addition of specific compound to stimulate ascomycete mycelium growth 
and compound production in liquid medium has been extensively studied. 
Moreover, the discovery of the positive effect of the supplementation of plant oil 
to the liquid medium for the submerged cultivation of mycelium goes back to the 
1970s264. The supplementation of oil and fatty acids has been studied with 
different basidiomycetes, especially with rare species (as in the case of Finland, 
Table 4) such as G. frondosa or G. lucidum. It has been suggested that these 
additives, due to their surfactant properties, would alter cell permeability and 
allow higher intake of nutrients 241. Moreover, the investigation of P. sajor-caju 
lipid metabolism showed increased extracellular lipase activity after 
supplementation of oils. In addition, as demonstrated by radiolabeling, mycelium 
degraded free fatty acids to acetate, which was utilized for the synthesis of polar 
and apolar lipids265. In the case of more complex additives, such as oils, other 
components could exert a direct or indirect influence on the gene expression of 
the fungus. The genome analysis of basidiomycetes cultivated in liquid medium 
with the supplementation of olive mill wastewater, an oil-containing sidestream, 
revealed modifications in the expression of β-glucan synthase. These 
modifications were likely related to the oxidative stress caused by the phenolic 
compounds of the supplement or by radicals generated during their degradation. 
The lipidic compounds had a less clear effect on gene expression, although 
contributed to the mycelium growth266. 

Examples of effects of lipid supplementation on mycelium, EPS, and IPS 
yields in submerged culture are reported in Table 13. The influence of the 
supplement seems to be more related to the fungal species than to the nature of 
the supplement itself (i.e. the length of the fatty acid carbon chain). The 
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supplementation of oleic acid to I. obliquus had noticeably lower positive effect 
on mycelium and EPS yield compared to G. lucidum. Oleic acid slightly 
negatively affected the IPS content of I. obliquus. Palmitic acid was 
supplemented to G. lucidum and I. obliquus. For the latter fungus, the dosage 
had no substantial effect on mycelium and EPS yields, although it decreased the 
IPS content (about -20%), quite similarly to oleic acid but at lower dosage. 
Palmitic acid was supplemented to G. lucidum in two different experiment sets. 
The same dosage (1 g/L) resulted in similar mycelium yield increases (91% and 
83%) but in different EPS enhancements (23% and about 45%). At higher dosage, 
yield enhancement decreased from 91% to 48%, while EPS enhancement 
increased from 23% to 62%. The effect of stearic acid supplementation to I. 
obliquus was similar to palmitic acid, with higher positive effects. 

 
Table 13. Relative effect of oil and fatty acid supplemented to mycelium liquid 
cultivation medium to mycelium, EPS, and IPS yields, compared to control. 

Species Supplement Dosagea Mycelium 
yieldb 

EPS yieldb IPS yieldb References 

G. frondosa olive oil 0.1% 31.5% -2.0% -66.6% 267 
G. frondosa olive oil 0.5% 139.3% 12.2% -70.9% 267 
G. frondosa olive oil 1% 238.4% 26.9% -50.9% 267 
G. frondosa sunflower oil 0.1% 35.8% -20.0% -63.5% 267 
G. frondosa sunflower oil 0.5% 145.1% -49.0% -55.8% 267 
G. frondosa sunflower oil 1% 236.4% -30.7% -29.8% 267 
G. lucidum corn oil 1% 51.5% 23.0% n.r.c 268 
G. lucidum oleic acid  1.5 g/L 100.0% 23.1% n.r.c 269 
G. lucidum oleic acid  1.5 g/L 130.0% ~50% n.r.c 268 
G. lucidum olive oil 1% 42.6% 23.1% n.r.c 269 
G. lucidum olive oil 1% 62.4% 26.2% n.r.c 268 
G. lucidum palmitic acid 1 g/L 91.3% 23.1% n.r.c 269 
G. lucidum palmitic acid 2.5 g/L 47.8% 61.5% n.r.c 269 
G. lucidum palmitic acid 1 g/L 82.6% ~45% n.r.c 268 
G. lucidum safflower oil 1% 20.9% 38.5% n.r.c 269 
G. lucidum safflower oil 1% 37.4% 44.4% n.r.c 268 
G. lucidum sunflower oil 1% 45.3% 24.6% n.r.c 268 
I. obliquus oleic acid 0.05% ~0% 16.3% -5.1% 270 
I. obliquus oleic acid 0.1% ~16% 16.0% 1.6% 270 
I. obliquus oleic acid 0.5% 23.7% 26.4% -12.4% 270 
I. obliquus palmitic acid 0.1% ~16% ~0% ~-20% 270 
I. obliquus stearic acid 0.1% 27.1% ~10% ~-20% 270 

apercentage represents v/v%; bthe symbol ~ indicates a yield not reported by the authors 
but estimated from reported graphics; cnot reported. 

 
When olive oil was supplemented to G. frondosa and G. lucidum, the same 

dosage had remarkably different effects on the mycelium yield: for the earlier, 
the yield increase was 238%, for the latter it was 43% and 62% (two different 
experiment sets). However, the effect of olive oil on EPS yield was similar 
(increases of 27%, 23%, and 26%, respectively). Olive had a clear negative effect 
on the IPS content of G. frondosa. Safflower oil was supplemented to G. lucidum 
in two different experiments, using the same dosage, obtaining similar results on 
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mycelium yield (increases of 21% and 37%) and EPS yield (increases of 39% 
and 44%). Sunflower oil was supplemented to G. frondosa and G. lucidum. The 
same dosage, like with olive oil, favored the growth of G. frondosa (236%) rather 
than G. lucidum (45%). Sunflower oil had as well remarked negative effect on 
G. frondosa IPS content, and, differently from olive oil, on EPS yield. The EPS 
yield from G. lucidum cultivation medium was positively affected by sunflower 
oil in a similar manner to olive oil. The utilization of corn oil, on the other hand, 
had positive effect on G. lucidum mycelium yield, in between olive oil and 
sunflower oil. Regarding the cultivation yield of this fungus, safflower oil had 
the lowest enhancing effect. 

2.9 Summary of the literature review 

Mushroom is the common name of the specialized spore-bearing structure 
produced by fungi belonging to the phyla Basidiomycota and, to a lesser extent, 
Ascomycota. Most of the species of interest belong to the class Agaricomycetes 
of the phylum Basidiomycota. The position (respective to soil), structure, and 
shape of mushrooms vary greatly. These organisms can be saprotrophic, 
ectomycorrhizal, or plant pathogens. 

Mushrooms have been consumed as a food and medicine for millennia, with 
traditional uses attested all over the world. They have a low dry matter content, 
which on the other hand is rich in dietary fibers and proteins and poor in lipids. 
One of the most consumed mushrooms is the cultivated Agaricus bisporus. In 
addition to their culinary properties, mushrooms and mushroom extracts have 
been used as medicine, especially in Asia and Eastern Europe. Examples of 
species used for medicinal purposes are G. lucidum, L. edodes, Fomitopsis 
officinalis, and Inonotus obliquus. Inonotus obliquus is a species used as 
traditional remedy and is found as wild resource in the forests of Fennoscandia, 
Baltic countries, Russia, United States, Canada, and northern China. The part 
used for decoction is the sterile conk produced by the fungi, rather than the 
fruiting body. Great research efforts have been spent to investigate the biological 
properties of mushroom extracts and compounds. Molecules of varying 
molecular weights have been proven to possess multiple biological properties, 
such as anti-oxidant, cytotoxic, immunomodulative, antimicrobial, anti-
hypercholestolemic, and anti-diabetic. 

Polysaccharides are polymers of carbohydrate units, with great variability in 
type, position and configuration linkage, and degree of polymerization. They are 
the main components (dry weight) of mushrooms. The main polysaccharides 
present in mushroom are the β-glucans, i.e. polymers of →3)-β-Glc-(1→ and 
→6)-β-Glc-(1→ units. Other polysaccharides, such as mannans, galactans, and 
heterosaccharides, are also present. The investigation of the extracts produced 
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from mushrooms has assigned to these polymers many of the biological activities 
as mentioned previously. In this sense, and due to their low toxicity, they have 
been considered biological response modifiers (BRM). In particular, there is a 
large body of evidence assigning immunomodulating properties to these 
polymers. Examples of immunomodulating properties are the modification of 
immune cell proliferation, citokyne release from immune system cells, and 
production of ROS from macrophages. Their ability to exert prebiotic properties 
is a more recent but promising field of investigation. Their anti-oxidant activity, 
demonstrated in vitro, has been connected to covalently linked moieties, such as 
proteins.  

The biological activities of mushroom polysaccharides has sparked the 
interest of the dietary supplement market. Mushroom extracts are mainly 
commercialized as such. However, there is increasing research on the 
incorporation of mushroom powder and mushroom extracts in food, in particular 
flour-based formulations, such as bread, cookies, and extruded snacks. 
Noticeably, the experimental evidence shows that the technological properties of 
mushroom polysaccharides are influenced by their chemical and physic-
chemical properties, which are influenced by starting material and extraction 
method. 

The traditional method for mushroom polysaccharide extraction is hot water, 
followed by polymer precipitation with ethanol. In general, the extraction yield 
is low. Throughout the years, different methodologies have been applied to 
increase the yield. Examples are physical methods, such as the increase of 
temperature and pressure and utilization of ultrasounds, microwaves, or both, 
and chemical, such as addition of enzymes or modification of the medium pH. 
Modification of extraction method has a clear effect of monomer composition, 
type of glycosidic linkage, and molecular weight of the obtained polysaccharides. 
The balance between desired polymer properties and extraction yield is one of 
the key aspects to be considered when the extraction methods of mushroom 
polysaccharides are optimized.  

Finland is a Nordic country, whose land is on its large part covered with forest, 
with large amounts of unpicked mushrooms available every year. These have 
great potential as starting material for polysaccharide extraction. However, their 
industrial utilization is hampered by the fluctuation in seasonal growth of wild 
mushrooms and by the logistic problems connected to forest harvesting. These 
issues can be overcome with cultivation. Basidiomycetes have a vast array of 
lignocellulose-degrading enzymes, meaning that multiple species of interest can 
be cultivated utilizing agricultural waste and side-streams. The cultivation of 
mushrooms on solid substrate is a worldwide practice. A faster alternative is the 
cultivation of fungal mycelium in liquid medium (submerged cultivation). 
Mycelium can be utilized as a polysaccharide source, taking into account that it 
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is not interchangeable with the mushroom obtained from solid-state cultivation, 
due to its different composition in protein, lipids, and fibers. Noticeably, with 
submerged cultivation, polysaccharides can be obtained directly from the 
medium with relatively simple purification. The utilization of solid-state 
cultivation medium as polysaccharide source has been considered much less in 
research. Liquid state cultivation allows the supplementation of lignocellulosic 
medium, although in lower amounts compared to solid-state cultivation, since as 
such the medium has to be acqueous. On the other hand, the supplementation of 
chemical compounds in liquid form, such as fatty acids, oils, growth stimulants, 
and surfactants, has shown positive effects on cultivation yields. 
Supplementation also has an impact on polysaccharides obtained from the 
cultivation medium and from the mycelium. Currently, most of the studies focus 
solely on cultivation and extraction yields, while research on effects on 
polysaccharide properties is lacking.
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3 AIMS OF THE STUDY 

The aim of the research was to characterize polysaccharides in mushroom 
species relevant for Finland and to investigate the effect of different extraction 
and production methodologies on the yield and molecular properties. For this 
purpose, fungal species were divided in three categories: mushrooms cultivated 
in large scale; underutilized forest mushrooms; rare and slow-growing species. 
One fungal species was utilized as representative of these categories. The 
objectives of the studies included in this dissertation were: 

 
To investigate the effect of ethanol-hydrochloric acid pretreatment of 

cultivated Agaricus bisporus on the yield and the macromolecular properties of 
polysaccharides extracted with sequential hot water extractions. (Publication I) 

 
To characterize the polysaccharides extractable from the cell wall of wild 

Craterellus tubaeformis utilizing sequential hot water and alkali extractions. 
(Publication II) 

 
To study the effect of sea buckthorn press cake supplementation on yield and 

properties of polysaccharides obtained from cultivation medium and mycelium 
of Inonotus obliquus in submerged cultivation. (Publication III) 

 
To compare polysaccharides obtained from sterile conk and cultivated 

mycelium of Inonotus obliquus and to investigate the polysaccharides 
extractable from the heart rot of birch infected by Inonotus obliquus. 
(Publication IV) 
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4 MATERIALS AND METHODS 

4.1 Starting material for polysaccharide extraction 

4.1.1 Agaricus bisporus (Publication I) 

Fresh fruiting bodies of Agaricus bisporus were supplied by Mykora Oy 
(Kiukainen, Finland). The batch was cut to <1 cm slices, freeze-dried, and the  
slices were ground with a with a Grindomix GM 300 knife mill (Retsch GmbH, 
Germany) for 1 min at 1000 rpm. Dry content of the mushroom powder 
was >97%. 

4.1.2 Craterellus tubaeformis (Publication II)  

Fresh fruiting bodies of C. tubaeformis were purchased from Sienestä Oy 
(Kontiomäki, Finland). Fresh mushrooms were dried in an oven for 8 h at 60 °C, 
to obtain 100 g of dried sample of C. tubaeformis. 

4.1.3 Submerged cultivaton of Inonotus obliquus mycelium 
(Publications III & IV) 

Dried sea buckthorn (Hippophae rhamnoides) press cake was obtained from 
Polarforma Oy (Tornio, Finland). The press cake was ground and passed through 
a 30-mesh sieve. Particles with size below 30 mesh were collected and used as 
supplement in submerged cultivation. The press cake had a total lipid content of 
39.5 g/100 g and a total phenolic content of 42.5 mg/100 g271. The content of 
hemicellulose was 13.2 g/100 g and the content of acid-insoluble matters was 
47.3 g/100 g. The acid-insoluble matters were estimated as difference between 
the defatted press cake and hemicellulose. 

The mycelium of I. obliquus was isolated from wild sclerotia collected from 
the birch forest in Yichun (Heilongjiang province, China) and maintained on 
potato dextrose agar slants. The strain was deposited at the Institute of 
Microbiology of the Heilongjiang Academy of Sciences. Slants were inoculated, 
incubated at 30 ºC for 7 days and thereafter stored at 4 ºC until further use. The 
mycelium was subcultured every three months. About 1 cm length of agar slant, 
free from aerial hyphae, was cut, smashed and transferred to a 500 mL 
Erlenmeyer flask containing 200 mL of aqueous cultivation medium, previously 
autoclaved at 120 ºC for 30 minutes. The cultivation medium contained (g/L): 
glucose 15; maltose 15; peptone 2; beef extract 1.3; MgSO4∙7 H2O 1.5; KH2PO4 

3; vitamin B1 0.01. The inoculated flasks were incubated in a rotary shaker at 27 
ºC, with a rotation speed of 140 rpm. Parallel to the control flask, the medium of 
the treatment flasks was supplemented with the different dosages of sea 
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buckthorn press cake (g/L): 2.5; 5; 10; 30. For each dosage, two cultivation times 
were investigated: 200 h and 250 h. Each cultivation was performed in triplicate. 

4.1.4 Sterile conk of Inonotus obliquus and birch heart rot 
(Publications IV) 

Milled powder of wild Chaga harvested from the Finnish forests was obtained 
from Eevia Oy (Kauhajoki, Finland). Birch stem infected with I. obliquus was 
obtained from a private forest in the municipality of Lieto, South-West Finland. 
The heart rot of the birch stem was carved and ground. A milled sample of wild 
Chaga from the forest of northern China was obtained from Yichun 
(Heilongjiang province, China). 

4.2 Extraction of polysaccharides from A. bisporus 
(Publication I) 

4.2.1 Ethanol-acid pretreatment 

Ground A. bisporus powder was refluxed in round-bottom flask with preheated 
mixture of 92.5% w/w ethanol and 37% hydrochloric acid. The ratio of ethanol 
and hydrochloric acid 20:1272. Consistency was about 10%, temperature was 
75 °C and the treatment was 1 h long. After the treatment, the mixture was cooled 
down in an ice-water bath and neutralized with sodium bicarbonate. Solid 
fraction was separated by centrifuging at 14334×g for 15 min. Solids were 
separated and stored at 4 °C for further extraction of polysaccharides. 

4.2.2 Polysaccharide extraction 

Approximately 75–80 g (dry mass) of acid-treated (solid residue of the ethanol-
acid pretreatment) and untreated mushroom were extracted three times with 900 
mL of technical ethanol for 6 h to remove alcohol soluble substances. Ethanol 
was removed by centrifugation. After the ethanol extractions, polysaccharides 
were extracted from the remaining solids by refluxing with 750 mL of boiling 
water for 6 h. The treated and untreated mushrooms were extracted three times 
and the supernatants were separated from the solid residues by centrifugation. 
Polysaccharides were precipitated by dropping technical ethanol to the extracts 
while stirring and by overnight storage at 4 °C. Polysaccharides were filtered, 
rinsed with acetone and dried. Yield was measured gravimetrically. The 
precipitates were labelled as AB1-3 (untreated A. bisporus) and tAB1-3 (treated 
A. bisporus), respectively. 
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4.3 Extraction of polysaccharides from C. tubaeformis 
(Publication II) and I. obliquus (Publications III & IV) 

4.3.1 Polysaccharide extraction (Publications II, III, & IV) 

Dried starting material was ground in a mortar (particle size <3 mm). Fats and 
phenolic compounds were removed from the mushroom powder by extraction 
with 500 mL of ethanol (95% v/v purity) performed three times, each extraction 
time lasting for 6 h. The solid residue was subsequently extracted three times 
with 500 mL of deionized water by solvent reflux (100 °C) for 6 h during each 
extraction. Extraction mixtures were then filtered, and the combined. After 
filtration, the residue of the hot water extraction was extracted with 500 mL of 
2% KOH solution. The extraction was carried out three times at 80 °C, for 3 h 
each time273. After filtration, the residue was subsequently extracted three times 
with 500 mL of 25% KOH by refluxing for 3 h during each extraction203. The 
supernatants were combined after filtration. After extraction, the supernatants of 
the alkali extractions were neutralized with acetic acid. After evaporation, 
proteins were removed from the concentrated extracts using the Sevag method 
and collecting the supernatant after centrifugation at 1225×g for 10 min. All the 
extracts were dialyzed against running tap water for 24 h using a cellulose 
membrane (cut-off 12–14 kDa). After dialysis, the polysaccharides were 
precipitated by addition of cold ethanol (3:1 v/v) and overnight storage at 4 °C. 
The polysaccharides were collected by centrifugation (13000×g for 20 min at 
4 °C). Water soluble and insoluble polymers were separated using the freeze-
thawing process274 three times. Soluble and insoluble polymers were finally 
separated by centrifugation (13000×g for 20 min at 4 °C), with insoluble 
polysaccharides being precipitated after centrifugation. The collected 
supernatants, which contained the soluble polysaccharides were freeze-dried. 
Yields were measured gravimetrically. 

4.3.2 Anion-exchange chromatography (Publication II) 

The soluble polysaccharides from the hot water and alkali extractions of C. 
tubaeformis were purified using anion-exchange chromatography. An aliquot of 
the fractions was dissolved in a minimum amount of deionized water and then 
loaded on a column (30 cm, 2.2 cm i.d.) packed with DEAE-cellulose, previously 
equilibrated with deionized water. The column was eluted with potassium 
chloride (0.05 M) solution and fractions, 5 mL each, were collected. To follow 
the elution of polysaccharides, the sugar content of each fraction was monitored 
with the phenol–sulfuric acid method (Section 4.5.1). The fractions were 
collected based on the sugar content and profile, dialyzed (12–14 kDa as cut-off 
molecular weight) against deionized water for 24 h, changing the water every 4 
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h, and freeze-dried after dialysis. The fractions were coded as Crat HW1, Crat 
2%1, and Crat 25%1, respectively, and were used in further investigation and 
characterization of polysaccharides. 

4.4 Separation of I. obliquus mycelium and isolation of 
EPS from cultivation liquid (Publication III) 

At the end of the cultivation time, the medium was filtered with a 30-mesh sieve. 
Remaining particles of press cake were not retained. After extensive washing 
with distilled water, the collected mycelium was oven dried at 80 ˚C for 1 h and 
the yield was measured gravimetrically. The obtained cultivation liquid was 
further filtrated and concentrated to 50 mL. Technical ethanol (3 volumes) was 
added to precipitate the EPS. After overnight storage at 4 ˚C, the precipitates 
were collected with ultracentrifugation (9000×g for 20 min at 4 ˚C). Precipitates 
were recovered with fresh technical ethanol and ultracentrifuged again to remove 
free sugars. Thereafter, the precipitates were redissolved in deionized water. 
Insoluble material was removed from EPS with freeze-thawing cycle and soluble 
EPS were freeze-dried. Finally, the yield of EPS was measured gravimetrically. 

4.5 Composition analyses 

4.5.1 Sugar, protein, phenolic, and glucan contents 

Sugar content of the polysaccharide fractions was measured with the phenol–
sulfuric acid method adapted for microplate275. Protein content of polysaccharide 
fractions was measured with a modified Lowry method276 (Publications II, III, & 
IV) and with Bradford method277 (Publication I). The total amount of phenolic 
compounds was measured according to Folin-Ciocalteu method278. The phenolic 
content was calculated as gallic acid equivalents. 

Total, α- and β-glucan contents were determined with commercial Mushroom 
and Yeast β-glucan Assay Procedure (Megazyme Int.). Briefly, total glucan 
content was measured by hydrolysing the polysaccharides with sulphuric acid 
and enzymatically breaking the remaining oligomers to glucose units with 
glucosidase. Glucose was then quantified with a colourimetric assay based on 
glucose oxidase-peroxidase. α-Glucans were measured using the same 
colourimetric analysis after stirring in alkaline solution and enzyme hydrolysis. 
The amount of β-glucans were computed by reducing the α-glucans from the 
total glucans. The method was validated using yeast β-glucan standard provided 
in the analysis kit. 
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4.5.2 Monomer composition of polysaccharides 

For determination of the monosaccharide composition, the obtained 
polysaccharides were hydrolyzed with 2M TFA at 100 °C for 6 h, in test tubes 
with a Teflon screw cap. Hydrolysates were filtered through a 0.45 μm 
regenerated cellulose membrane and pipetted into autosampler vials. Myo-
inositol solution was added as standard in each vial and the solutions were 
evaporated to dryness with nitrogen flow and heating. The vial content was 
silylated by adding 500 μL of TriSil (Thermo Scientific, Bellefonte, PA, USA), 
shaking for 7 min, and heating at 70 °C for 1 h. After silylation, 1 μL was injected 
in a Shimadzu GC-2010 Plus gas chromatograph equipped with a flame 
ionization detector and a SPB-1 column. After injection (split mode 1:15), the 
initial column temperature was held at 150 °C for 2 min, then increased to 210 °C 
with a rate of 4 °C/min and to 275 °C with a rate of 40 °C/min and kept at 275 °C 
for 5 min. The injector and FID temperatures were 210 °C and 290 °C, 
respectively. Helium was used as carrier gas. Sugar standards (glucose, mannose, 
galactose, xylose, rhamnose, arabinose, glucuronic acid, galacturonic acid, 
glucosamine and fucose) were silylated and analyzed in the same way for 
identification and quantification purposes (calculation of correction factors). 

4.5.3 Monomer composition of I. obliquus mycelium (Publication III) 

The monomer composition of dried mycelium, ground press cake, autoclaved 
press cake extract and autoclaved press cake residue were analyzed with 
methanolysis279. Briefly, about 10 mg of dried mycelium sample was mixed with 
2 mL HCl 2 M in MeOH and hydrolyzed at 105 ˚C for 5 h. After cooling down, 
neutralization with pyridine, addition of internal standard (resorcinol in MeOH), 
and sedimentation, an aliquot of 1.5 mL of clear phase was transferred into a test 
tube and dried with nitrogen flow. After the recovery of the hydrolysate with 
pyridine, the samples were silylated overnight with 150 μL of HMDS and 70 μL 
of TMSC. The clear phases containing sylilated sugars and uronic acids were 
transferred into autosampler vials and analyzed with GC-FID. Arabinose, fucose, 
galactose, galacturonic acid, glucose, glucuronic acid, mannose, rhamnose, and 
xylose were used as standards for identification and quantification (calculation 
of correction factors). 

4.6 Structural analyses 

4.6.1 Molecular weight 

Molecular weight and molecular weight distribution of polysaccharides were 
determined by high performance size exclusion chromatography (HPSEC), using 
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a Waters 2690 system equipped with a TSK-GMPW column (30 cm×7.5 mm 
i.d.) and coupled with a Waters 2487 UV detector and a Shimadzu 20A refractive 
index detector. An aqueous solution of sodium nitrate (0.1 M) was used as 
mobile phase. A calibration curve was obtained with a series of standard 
pullulans with molecular weight ranging from 708 kDa to 0.3 kDa (Pullulan Kit, 
Polymer Standards Service, Germany). Polysaccharide samples and pullulan 
standards were dissolved in the mobile phase at a concentration of 1 mg/mL and 
50 μL of sample or pullulan standard were injected. The system temperature was 
kept at 40 °C and the flow rate at 0.5 mL/min. 

4.6.2 Methylation analysis (Publication II) 

Methylation of Crat 2%1 and Crat 25%1 was performed according to literature280. 
The permethylated polysaccharides were hydrolyzed with HCl 2M in MeOH at 
100 °C for 3 h, silylated and analyzed with GC–MS281. 

4.6.3 ATR-FT-IR (Publications I, II, & IV) 

Fourier transform infrared spectroscopy was performed with a Bruker Vertex 70 
spectrometer equipped with a single bounce (angle of incidence 45˚) attenuated 
total reflection accessory (VideoMVP, Harrick), employing a diamond 
hemisphere and a sampling surface of 0.5 mm2. Spectra were recorded directly 
on the freeze-dried polysaccharides, sampling the region 5000–450 cm-1 with a 
resolution of 2 cm-1. Samples were subjected to 128 scans. For Publication I, 
spectra baseline was corrected and the absorbance values were normalized to the 
highest value, i.e. the wavenumber around 1020 cm-1. In Publications II, III, and 
IV, the spectra absorbances were ATR-corrected with the instrument software 
Opus (Bruker). 

4.6.4 Thermogravimetric analysis (Publication II) 

Thermal analyses of the semi-purified mushroom polysaccharides were carried 
out with a thermogravimeter (STA 449C, Netzsch Instruments, Germany), 
coupled to a mass spectrometer (QMS 403C Aëolos, Pfeiffer Vacuum 
Technology, Germany) for the detection of the evolving gases. Approximately 9 
mg of freeze-dried samples were loaded in open aluminum oxide crucibles and 
heated from 25 °C to 600 °C, first with a heating rate of 10 °C/min until 190 °C, 
then at a lower rate of 2 °C/min until the end of the analysis. Starch and bovine 
serum albumin were used as reference compounds for pure polysaccharide and 
pure protein, respectively, and were analyzed in the same way. Inert atmosphere 
was granted by a nitrogen flow of 50 mL/min. A helium flow of 40 mL/min was 
used as protective gas. The gas transfer line (1.5 m long) was kept at 240 °C for 
preventing condensation of the evolved gases. 
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4.6.5 NMR (Publications II & IV) 

The samples were prepared by dissolving 10 mg of polysaccharide fraction in 
600 µL D2O (99.9% D). A small drop of acetone was added as internal reference 
(δ1H=2.23 ppm, δ13C=29.6 ppm). All 1H and 2D NMR spectra were recorded on 
a Bruker AVANCE III spectrometer operating at 600.20 MHz (1H) and 150.92 
MHz (13C) equipped with a Prodigy TCI inverted CryoProbe optimized for 
proton detection. 13C NMR spectra were recorded on a Bruker AVANCE III 
spectrometer operating at 500.20 MHz (1H) and 125.78 MHz (13C) equipped with 
a Prodigy BBO CryoProbe. The experiment set consisted in: 1H, 13C, double-
quantum filtered correlated spectroscopy (DQF-COSY), total correlation 
spectroscopy (TOCSY, 80 ms mixing time), nuclear overhauser effect 
spectroscopy (NOESY, 300 ms mixing time), heteronuclear single quantum 
coherence (HSQC, multiplicity edited, CH/CH3 positive and CH2 negative) and 
heteronuclear multiple bond correlation (HMBC, with one-bond correlation 
suppression). All NMR spectra were recorded at 308 K. 

4.7 Statistical analysis (Publications I & III) 

Statistical analysis was performed with softwares SPSS (SPSS Inc., Chicago, IL) 
(Publication I) and RStudio282 (Publication III). Shapiro-Wilk test was used to 
assess normality distribution of the data. Significance of difference in mean was 
tested with t-test. One-way ANOVA with Levene test was used to analyze the 
variance among samples. Tukey-HSD and Games-Howell were used as post hoc 
tests. Correlation among variables was assessed with Pearson or Spearman 
methods. Significance was assigned at p<0.05. 
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5 RESULTS AND DISCUSSION 

5.1 Submerged cultivation of I. obliquus mycelium 
(Publication III) 

5.1.1 Submerged cultivaton yield 

The supplementation of sea buckthorn press cake had a noticeable enhancing 
effect on the cultivation yield of I. obliquus. The cultivation yields, expressed as 
dry weight of mycelium per liter of medium (g/L), are reported in Figure 9. 
When sea buckthorn was added to the culture medium, both the dosage of sea 
buckthorn addition and the cultivation time showed a significant impact on the 
yield of mycelium. At cultivation time of 200 h only the addition of 5 g/L of 
supplement led to a significant (p < 1×10-4) increase in yield by 71% compared 
to the control. Press cake addition at higher or lower dosages did not produce 
any significant impact on the mycelium yield compared to the control. 
Conversely, the addition of press cake had more noticeable positive effect on 
yield obtained after 250 h (Figure 9). At this cultivation time, significant (p < 
1×10-4) and the highest yield increase was obtained with the addition of press 
cake at 5 g/L or 10 g/L (increase by 122% from the control). Also, addition of 
the press cake at 2.5 g/L resulted in significant increase (94%). 

 

 
Figure 9. Mycelium yield of the submerged cultivation of I. obliquus. Press cake 
dosages are grouped by cultivation time. Different letters mark significant 
difference (p<0.05). 
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The increase of cultivation time from 200 h to 250 h had no significant effect 
on the mycelium growth in absence of sea buckthorn press cake. The influence 
of the cultivation time was most evident at the addition of 10 g/L and 2.5 g/L of 
press cake, where the increase of cultivation time resulted in yield increase by 
72% and 69%, respectively. However, addition of the press cake at 30 g/L had 
no significant effect on the cultivation yield, at either of the cultivation times. 

Sea buckthorn press cake has been used for the first time as supplement for 
the submerged cultivation of the mycelium of I. obliquus. The increase of the 
cultivation time granted a significant increase in yield, while the increase in 
different supplement dosages granted yields statistically equal to each other, 
except that the highest dosage of sea buckthorn press cake (30 g/L) had no effect 
on the cultivation yield. At this dosage, the supplement might have formed 
physical barrier limiting the mycelium from access to oxygen. A difference in 
particle size of the supplemented material could explain the contrast with the 
results obtained by Xu256, where the addition of 30 g/L of wheat straw to the 
medium resulted in a significant increases in cultivation yield of I. obliquus 
mycelium at 216 h and 240 h (about 15% and 10%, respectively) of cultivation. 

The supplementation of sea buckthorn press cake provided, at the tested 
experimental conditions, greater yield enhancements than those obtained with 
the supplementation of fatty acids or oils. Xu270 reported a yield increase for I. 
obliquus mycelium of 27% and approximately 15% after the addition (0.1% v/v) 
of stearic and oleic acid, respectively. Yang268 reported, for G. lucidum, an 
increase in cultivation yield of 62% and 52% after the supplementation (1%) of 
olive and corn oil, respectively. Huang283 reported a yield increase of about 100% 
after a 2% supplementation of corn oil to G. lucidum cultivation medium, which 
is close to the increase observed in the current study with sea buckthorn press 
cake. The fatty acid composition of sea buckthorn press cake, dominated by 
palmitic and palmitoleic acids271, was different from all the aforementioned 
supplements. The absence of clear correlation between fatty acid chain length of 
the supplement material and cultivation yield of mycelia has already been 
reported240. 

Fibrous biomass and lipids used separately have been proven to act as efficient 
growth enhancers259,283. Therefore, their simultaneous presence in the sea 
buckthorn press cake could explain the obtained results. Previously, it was 
reported257 that supplementations of press cakes of oilseeds, such as camelina or 
rapeseed, failed to enhance the mycelium growth of I. obliquus. Similar finding 
was observed in the cultivation of other white-rot basidiomycetes, such as T. 
versicolor257. Moreover, the supplementation of olive mill wastewater 
(containing sugars, free fatty acids, phenolic compounds, and lipids) to 
mycelium liquid cultivation medium of G. lucidum granted a yield increase of 
72%, while failed to enhance the yield of multiple Pleurotus strains284,285. On the 



66 Results and Discussion  

 

other hand, the effects of the supplementation of pectin to the medium of 
mycelium submerged cultivation have received little attention. Also, the 
pectinolytic activity of I. obliquus has never been subject of investigation. 
However, strong pectinase activity has been measured from the culture of 
Inonotus rickii286. Moreover, Kruporodova and Barshteyn incremented the 
cultivation yield of I. obliquus by 55%257  with the supplementation of rose hip 
fruit, which contains about 1% w/w pectin287. Hence, the pectin present in sea 
buckthorn press cake could have been used as carbon source by I. obliquus and 
stimulated its mycelial growth. However, further studies are required to verify 
the pectinolytic activity and the effect of supplementation of pectins on the 
submerged cultivation yield of I. obliquus.  

5.1.2 Monomer composition of the mycelium 

Cultivated mycelium of I. obliquus was subjected to methanolysis, in order to 
investigate the possible impact of supplementation of sea buckthorn press cake 
and the cultivation time on the content and monomer composition of mycelium 
polysaccharides. The monomer concentrations (mg/g of mycelium) are reported 
in Figure 10. The monomer composition of sea buckthorn press cake was 
analyzed with methanolysis before and after autoclaving for comparison with the 
monomer composition of mycelium. While the press cake polysaccharides were 
mainly composed of galacturonic acid (35%) and xylose (20%) before 
autoclaving, the polymers extracted by the medium during autoclaving were 
mainly pectin (50.2% of total sugars were galacturonic acid). On the other hand, 
xylose represented 39.8% of total sugars in the polysaccharides retained by the 
press cake after autoclaving, indicating hemicelluloses were the major 
components of the autoclave residue. 
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Figure 10. Monomer composition of the cultivated mycelium reported as 
concentration of monomers (mg/g mycelium). Samples are identified by 
combination of press cake dosage (bottom x-axis) and cultivation time (upper x-
axis). 

 
As shown in Figure 10, glucose was the main monomer released by the 

mycelium during methanolysis, with a concentration between 263−475 mg/g 
mycelia (75-93% w/w of the total sugars), at least one magnitude higher than all 
the other monomers. The most abundant monomers after glucose were galactose 
and mannose, with ranges of relative abundance of 3-16% and 1-9% w/w, 
respectively, of the total sugars. Glucose, fucose, and xylose were not affected 
by cultivation conditions. On the other hand, there was a significant increase in 
arabinose, rhamnose, and galacturonic acid in mycelia cultivated with higher 
dosage of sea buckthorn press cake (dosage 10 and 30 g/L medium).  



 

Table 14. Spearmann correlation values between I. obliquus mycelium monomers, hydrolysis yield and cultivation condition.  
SB conc. cult. time Ara Fuc Gal GalA Glc GlcA Man Rha Xyl hydr. yielda 

SB conc. 1.00 0.00 0.96* 0.42 -0.46* 0.83* -0.28 -0.58* -0.71* 0.89* 0.20 -0.33 

cult. time 0.00 1.00 -0.07 0.02 0.10 0.02 -0.21 0.26 0.36 -0.06 0.10 -0.19 

Ara 0.96* -0.07 1.00 0.37 -0.37 0.82* -0.24 -0.54* -0.73* 0.92* 0.23 -0.29 

Fuc 0.42 0.02 0.37 1.00 -0.05 0.46* -0.19 -0.06 -0.15 0.24 0.29 -0.17 

Gal -0.46* 0.10 -0.37 -0.05 1.00 -0.52* -0.03 0.32 0.56* -0.37 0.06 0.05 

GalA 0.83* 0.02 0.82* 0.46* -0.52* 1.00 -0.22 -0.29 -0.63* 0.74* 0.25 -0.26 

Glc -0.28 -0.21 -0.24 -0.19 -0.03 -0.22 1.00 0.15 -0.14 -0.48* -0.34 0.99* 

GlcA -0.58* 0.26 -0.54* -0.06 0.32 -0.29 0.15 1.00 0.64* -0.58* 0.47* 0.22 

Man -0.71* 0.36 -0.73* -0.15 0.56* -0.63* -0.14 0.64* 1.00 -0.61* 0.23 -0.09 

Rha 0.89* -0.06 0.92* 0.24 -0.37 0.74* -0.48* -0.58* -0.61* 1.00 0.22 -0.52* 

Xyl 0.20 0.10 0.23 0.29 0.06 0.25 -0.34 0.47* 0.23 0.22 1.00 -0.31 

hydr. yielda -0.33 -0.19 -0.29 -0.17 0.05 -0.26 0.99* 0.22 -0.09 -0.52* -0.31 1.00 
amethanolysis yield (w/w%); *ρ<0.05 
 
 

68 
Results and D

iscussion 
 



 Results and Discussion 69 

 

The concentration of galacturonic acid was drastically lower in mycelium, 
compared to that in sea buckthorn press cake, and also in the mycelium cultivated 
at highest supplement dosage. Nevertheless, Spearman correlation test showed 
strong positive correlation between arabinose, rhamnose, and galacturonic acid 
and press cake dosage (0.8 < ρ < 0.9, p < 1×10-4) (Table 14). On the other hand, 
glucuronic acid and mannose had a negative correlation with press cake dosage 
(ρ = -0.58, p = 0.008 and ρ = -0.71, p < 1×10-4, respectively), while a weak 
negative correlations was found between press cake dosage and galactose. The 
increase in cultivation time showed no significant effect to the monomer 
composition. 

The results of the hydrolysis of the I. obliquus mycelium in the present study 
were in partial agreement with the monomer composition of cultivated mycelium 
of Pleurotus pulmonarius288. While the latter had mannose as second most 
abundant monomer, the I. obliquus hydrolysates in our current study showed a 
higher amount of galactose. In the study on P. pulmonarius, the carbon source 
had a significant effect on the relative amount of glucose in mycelium288. 
Conversely, and in agreement with our study, olive mill wastewater 
supplementation had no effect on the mycelial glucan of G. lucidum285. However, 
this study reported biomass content of glucose of 5%, while the w/w content of 
glucose of I. obliquus was in the range 21-49%. This difference could be 
attributed to the species examined or to the difference in the analytical method. 

The strong correlations of arabinose, rhamnose and galacturonic acid with the 
press cake dosage suggested a partial retention of pectin by the mycelium. 
Interestingly, the increment of arabinose was more pronounced than galacturonic 
acid, despite the higher amount of the latter in the medium. The contents of 
arabinose and rhamnose in I. obliquus polysaccharides increased with the 
supplementation of wheat straw256,289. The relationships between concentration 
of galacturonic acid and arabinose in the mycelium and amounts supplemented 
with sea buckthorn press cake (considered as a whole, irrespective of autoclave 
extraction) are outlined in Figure 11. The increase in mycelium monomer 
amount followed a linear trend, with adjusted R2 between 0.860 and 0.956, 
except for the trend of galacturonic acid after 250 h of cultivation (adj. R2 0.501, 
slope p>0.05). 
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Figure 11. Amounts of mycelial galacturonic acid (left) and arabinose (right), 
reported mg/g mycelium, in relation to the amounts of the same monomers in the 
cultivation medium. 

5.2 Yield and composition of polysaccharide fractions 

5.2.1 A. bisporus polysaccharides (Publication I) 

Dried and powdered A. bisporus was extracted thrice with hot water, with and 
without ethanol-acid pretreatment. Total sugar content of the extraction liquids 
and precipitates was measured by phenol-sulfuric acid method. AB2 had a 
similar value as AB1, while the amount of sugars and polysaccharides in AB3 
clearly decreased. The amount of sugars and polysaccharides in the extraction 
liquids of treated mushroom were higher than from untreated mushroom, 
especially for the first hot water extract (tAB1). The higher sugar amounts in 
solution compared to reported yields of AB3 and tAB1-3 indicates carbohydrates 
did not precipitate with ethanol, probably due to their low molecular weight. 

Total yield for AB (AB1+AB2+AB3) was 7.7 and for tAB 
(tAB1+tAB2+tAB3) 16.2 g per 100 g of dry mushroom. Noticeably, tAB1 was 
higher than AB extractions combined. While extraction yield decreased from 
AB1 to AB3, sugar content of the precipitates increased from 11% to 31%. The 
same was observed with tAB fractions. It could be inferred that the cell wall 
rupturing caused by pretreatment improved the solvent access and extractability 
of the polysaccharides. 

 



 

Table 15. Yield, sugar, and protein content of the polysaccharide fractions produced in this doctoral dissertation. 
Starting material Extraction 

medium 

Fraction label Yield (%) Sugar content in the 

extracts (w/w %) 

Protein content in the 

extracts (w/w %) 

A. bisporus (Publication I) Hot water AB1 4.1 10.6 ± 0.2 n.a.a 

 Hot water AB2 2.5 19.2 ± 2.7 39.4 ± 5.3 

 Hot water AB3 1.1 30.5 ± 1.0 42.2 ± 14.4 

A. bisporus EtOH-HCl pretreatment Hot water  tAB1 13.2 25.3 ± 0.6 23.0 ± 5.0 

 Hot water tAB2 2.2 38.2 ± 0.6 21.3 ± 2.4 

 Hot water tAB3 0.8 62.6 ± 2.3 21.6 ± 2.7 

C. tubaeformis (Publication II) Hot water Crat HW1 1.1b 73.4 ± 2.2 31.6 ± 1.6 

 2% KOH Crat 2%1 4.3 b 87.9 ± 5.5 < 2 

 25% KOH Crat 25%1 3.0 b > 95 < 2 

I. obliquus mycelium (Publication III) Hot water IPSsb0 HW 0.9 85.3 ± 5.3 15.6 ± 1.1 

I. obliquus mycelium – pooled batches 0 and 2.5 g/L supplement dosages Hot water IPSsb0-2.5 HW 2.2 80.0 ± 2.2 23.4 ± 1.7 

(Publication IV) 2% KOH IPSsb0-2.5 2% 4.1 76.0 ± 1.4 33.4 ± 4.6 

I. obliquus mycelium – pooled batches 5 and 10 g/L supplement dosages Hot water IPSsb5-10 HW 1.1 74.3 ± 2.6 22.8 ± 0.8 

(Publication III) 2% KOH IPSsb5-10 2% 1.0 58.9 ± 2.2 34.4 ± 0.9 

I. obliquus sterile conk (Publication IV) Hot water F-Chaga HW 1.1 27.6 ± 0.2 n.a. a 

 2% KOH F-Chaga 2% 3.7 31.9 ± 2.7 n.a. a 

 Hot water C-Chaga HW 0.9 26.1 ± 1.7 n.a. a 

Birch heart rot (Publication IV) Hot water Heart Rot HW 2.2 19.5 ± 1.1 n.a. a 

 2% KOH Heart Rot 2% 3.5 44.2 ± 5.0 n.a. a 
anot analyzed; bprior to DEAE-cellulose column.
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5.2.2 C. tubaeformis polysaccharides (Publication II) 

After removal of more apolar compounds with ethanol, the mushroom material 
was sequentially extracted with hot water, KOH 2% and KOH 25%. The three 
raw fractions produced underwent the same purification process, resulting in 
three semi-purified polysaccharide fractions. The yields (w/w %) of semi-
purified extracts from the hot water, KOH 2% and KOH 25% extractions were 
1.12%, 4.25% and 3.04%, respectively (Table 15). The hot water extraction 
yield was in agreement with reported yields from Pleurotus tuber-regium 
(1.6%)98 and from C. cibarius (1.9%)112. The sequential use of mild alkali 
granted a yield similarly reported in the reference work (4%)273, higher than in 
the report about F. velutipes (1%)203 but lower than the one obtained with C. 
cibarius (6%)112. Conversely, the yield of the polysaccharide extraction with  
25% KOH was higher than the yield of the reference work (0.9%)203. The sugar 
contents (w/w %) of the semipurified fractions, measured with the phenol–
sulfuric acid method, were 32.4%, 64.4% and 67.5%, respectively. Their protein 
contents (w/w %) were 39.7%, 13.4%, and 2.7%, respectively. After DEAE-
cellulose, the protein content was 38.6% for the hot water fraction and below 2% 
for both alkali fractions, while their sugar content was 73.4%, 87.9%, and above 
95%, respectively (Table 15). The higher amount of protein in the hot water 
extract is coherent with the reported amount of the same extract from P. tuber-
regium98, while, differently from our result, the hot water extract from C. 
cibarius had a protein content of 6%112. The presence of protein in the mild alkali 
fraction was in agreement with the presence of a layer of glycoproteins between 
the outer layer and the β-glucan layer, as indicated by the mushroom cell wall 
model of Chen and Cheung98. The use of KOH 2% solution as extraction media 
after the hot water extraction almost quadrupled the final yield of the semi-
purified polysaccharides and doubled the sugar content compared to the hot 
water extraction. 

5.2.3 I. obliquus mycelium polysaccharides (Publications III & IV) 

Polysaccharides were extracted with hot water from mycelium cultivated without 
supplement (IPSsb0), from mycelium pool obtained without supplement and 
with dosage 2.5 g/L (IPSsb0-2.5 HW), and from mycelium pool obtained with 
supplement dosages of 5 and 10 g/L (IPSsb5-10 HW). Alkali extraction was 
performed with the mycelium pools (IPSsb0-2.5 2% and IPSsb5-10 2%). The 
cultivated mycelium of I. obliquus granted similar or higher extraction yields, 
compared to the sterile conk (Table 15). The sugar contents of the produced 
fractions were 80% and 76% w/w% for hot water and alkali extracts, respectively, 
noticeably higher compared to corresponding extracts from the sterile conk. If 
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mycelium was cultivated with higher dosages of sea buckthorn press cake, sugar 
content were decreased but still higher than sterile conk. The decrease in the 
sugar content of the alkali extract, compared to hot water, has been observed also 
with mycelium cultivated with both mycelium pools. Moreover, the sugar 
content of the mycelial hot water extract (IPSsb0-2.5 HW) was in agreement with 
the hot water extract of mycelium cultivated without supplement (Table 15). The 
observed decrease in production of polysaccharides by the mycelium might be 
connected to the presence of press cake. This was in agreement with the 
methanolysis results, which showed negative Spearman correlations between 
press cake content and hydrolysis yield (ρ = -0.33, Table 14). Conversely, the 
use of alkali resulted in an increase in the protein content of the fractions. 

Xu and coworkers have reported a comparison of polysaccharides obtained 
with hot water extraction from cultivated mycelium and sterile conk of I. 
obliquus153. Compared to our results, they report higher sugar content in the 
sterile conk fraction (40.5%), and lower sugar content of the mycelial extract 
(64.0%). Our results have showed, for the pool obtained at lower supplement 
dosages, IPS contents (17.2 mg/g and 30.8 mg/g starting material, respectively) 
in agreement with IPS production previously reported for I. obliquus270 and other 
basidiomycetes290,291. However, it has to be taken into account that in the 
mentioned studies, dialysis was not performed. 

5.2.4 Sterile conk of I. obliquus (Publication IV) 

The hot water extraction of I. obliquus sterile conks obtained from the Finnish 
and Chinese forests granted similar yields (F-Chaga HW and C-Chaga HW, 
Table 15). The slight difference could be due to the shorter extraction time used 
for the Chinese sample. On the other hand, the sugar contents of the two extracts 
were almost identical (27.6% and 26.1% w/w). The alkali extraction of the 
Finnish sterile conk (F-Chaga 2%) granted higher yield (9.20% w/w) compared 
to the hot water extraction. However, despite the freeze-thawing step, the main 
substances in the fraction were insoluble in water. Therefore, a second freeze-
thawing cycle was performed and the actual yield decreased to 3.7%. This value 
was higher than most of mycelium extractions except IPSsb0-2.5 2%. Despite 
the use of alkali, the sugar content of the extract from the alkali extraction was 
only slightly higher (31.9% w/w) than the content in the water extract (27.6%). 

5.2.5 Birch heart rot caused by I. obliquus (Publication IV) 

The yield of hot water extraction of birch heart rot (Heart Rot HW) was in 
agreement with the yields obtained after hot water extraction of birch core292 and 
subcritical water extraction of birch sawdust293. The sugar contents of Heart Rot 
HW and subsequently produced alkali extract (Heart Rot 2%) were 19.5% and 
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44.2% (w/w), respectively. Overall, the final contents of water and alkali-
extractable polysaccharides in the heart rot were 4.4 mg/g and 15.4 mg/g, 
respectively. There is little data available on the polysaccharides extracted from 
lignocellulosic substrate colonized by the mycelium. The water extraction of 
corn biomass colonized by G. frondosa mycelium resulted in lower yield, 
compared to our study294. The polysaccharide contents resulting from birch heart 
rot were lower than those obtained with water extraction from the oak sawdust-
based substrate infected with different white-rot fungi295. Conversely, similar 
contents were obtained from beech sawdust colonized by G. lucidum 
mycelium296 and from birch sawdust after subcritical extraction293. The later 
finding is worth noticing because the hemicellulose content of lignocellulosic 
material should decrease after white-rot mycelium colonization238. This finding 
could be explained by the preferred secretion of ligninolytic enzymes by I. 
obliquus during wood degradation, at least in submerged cultivation conditions62. 
The yield and sugar content of colonized substrate might therefore be specific to 
substrate itself and fungal species, in addition to the extraction method. However, 
it should be noted again that the dialysis step performed in the present work, 
responsible for the removal of simple sugars and small oligomers, was not 
included in the polysaccharide extraction protocols of the aforementioned 
previous works. 

5.3 Monomer composition and molecular weight of 
polysaccharides 

5.3.1 A. bisporus polysaccharides (Publication I) 

As can be observed from Table 16, the relative amount of glucose increased in 
the hydrolysates from AB1 to AB3 and from tAB1 to tAB3 similarly as the total 
glucan amounts (Table 18). The purity of the glucans increased when the solvent 
gets access to the inner layers of the cell wall, which was in accordance to the 
cell wall model. The relative amounts of arabinose and rhamnose remained 
almost constant throughout the process, regardless of the ethanol-acid treatment 
or the number of the extraction. On the contrary, galactose, mannose, and fucose 
decreased in each batch along with the extractions, which indicated a decreasing 
gradient when moving inwards the cell wall layers or the difference may arise 
from the relative increment of glucose. The presence of higher amounts of 
galactose and mannose in the outer cell wall layers was in accordance with the 
cell wall model. Polymers of mannose and galactose are covalently bound to 
proteins. 
  



 

Table 16. Monomer composition (rel mol %) of the polysaccharide fractions produced in the present doctoral dissertation. 
 Starting material Xyl Gal Rha Glc Man Ara Fuc GalA GlcA 3-O-

Me-
Gal 

4-O-
Me-
GlcA 

Gal/3-O-
Me-Gal 

  relative mol % mol/mol 

AB1 A. bisporus 2.59 ± 

1.10 

23.74 ± 

2.32 

n.d.* 57.95 ± 

0.68 

9.45 ± 

0.79 

3.14 ± 

0.20 

3.14 ± 

0.44 

n.a.a n.a.a n.a.a n.a.a n.a.a 

AB2  3.96 ± 

0.23 

18.52 ± 

1.06 

1.22 ± 

0.06 

63.54 ± 

0.36 

8.16 ± 

0.97 

3.01 ± 

0.60 

1.59 ± 

0.11 

n.a.a n.a.a n.a.a n.a.a n.a.a 

AB3  9.39 ± 

4.49 

19.14 ± 

1.07 

0.75 ± 

0.44 

55.1 ± 

7.58 

9.05 ± 

2.13 

5.09 ± 

2.38 

1.48 ± 

0.13 

n.a.a n.a.a n.a.a n.a.a n.a.a 

tAB1  6.89 ± 

0.20 

12.33 ± 

1.46 

0.21 ± 

0.07 

73.06 ± 

1.15 

3.55 ± 

0.50 

2.88 ± 

0.35 

1.07 ± 

0.11 

n.a.a n.a.a n.a.a n.a.a n.a.a 

tAB2  1.09 ± 

0.03 

12.27 ± 

0.24 

0.08 ± 

0.01 

76.53 ± 

0.62 

6.77 ± 

0.74 

2.72 ± 

0.06 

0.54 ± 

0.03 

n.a.a n.a.a n.a.a n.a.a n.a.a 

tAB3  2.37 ± 

0.04 

9.20 ± 

0.05 

0.19 ± 

0.01 

79.24 ± 

0.56 

5.25 ± 

0.56 

3.39 ± 

0.03 

0.35 ± 

0.02 

n.a.a n.a.a n.a.a n.a.a n.a.a 

Crat HW1 C. tubaeformis 21.95 ± 

0.26 

17.82 ± 

0.63 

0.80 ± 

0.03 

11.94 ± 

0.46 

32.61 ± 

0.56 

0.80 ± 

0.04 

14.04 ± 

0.33 

n.d.b n.d.b n.a.a n.a.a n.a.a 

Crat 2%1  5.67 ± 

0.04 

4.14 ± 

0.24 

0.11 ± 

0.00 

68.47 ± 

0.07 

17.83 ± 

0.8 

2.48 ± 

0.07 

1.30 ± 

0.09 

n.d.b n.d.b n.a.a n.a.a n.a.a 

Crat 25%1  7.62 ± 

0.13 

12.21 ± 

1.15 

0.21 ± 

0.06 

45.61 ± 

0.46 

24.22 ± 

0.29 

1.88 ± 

0.03 

8.25 ± 

0.57 

n.d.b n.d.b n.a.a n.a.a n.a.a 
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IPSsb0 HW I. obliquus 

(mycelium) 

3.42 ± 

0.14 

4.98 ± 

0.24 

0.74 ± 

0.09 

66.02 ± 

0.66 

20.13 ± 

0.24 

2.34 ± 

0.07 

1.26 ± 

0.11 

0.56 ± 

0.10 

n.d.b 0.56 ± 

0.10 

n.d.b 9 ± 1 

IPSsb0-2.5 HW  1.44 ± 

0.02 

12.78 ± 

0.4 

0.17 ± 

0.00 

62.9 ± 

0.46 

20.2 ± 

0.18 

0.45 ± 

0.05 

1.16 ± 

0.08 

0.44 ± 

0.02 

n.d.b 1.3 ± 

0.01 

n.d.b 10 ± 0 

IPSsb0-2.5 2%  1.68 ± 

0.03 

15.47 ± 

0.21 

0.22 ± 

0.01 

55.09 ± 

0.36 

23.42 ± 

0.16 

0.76 ± 

0.04 

1.27 ± 

0.03 

0.20 ± 

0.02 

n.d.b 1.85 ± 

0.04 

n.d.b 8 ± 0 

IPSsb5-10 HW  0.84 ± 

0.02 

11.49 ± 

0.14 

0.35 ± 

0.08 

64.07 ± 

0.13 

17.59 ± 

0.14 

1.21 ± 

0.01 

1.02 ± 

0.02 

1.96 ± 

0.07 

n.d.b 1.43 ± 

0.04 

n.d.b 8 ± 0 

IPSsb5-10 2%  6.66 ± 

0.06 

10.73 ± 

0.24 

0.52 ± 

0.02 

49.16 ± 

0.26 

26.57 ± 

0.37 

1.95 ± 

0.04 

1.54 ± 

0.02 

1.17 ± 

0.06 

n.d.b 1.61 ± 

0.01 

n.d.b 7 ± 0 

F-Chaga HW I. obliquus (sterile 

conk) 

14.58 ± 

0.18 

15.76 ± 

0.2 

3.60 ± 

0.11 

34.68 ± 

0.04 

11.84 ± 

0.19 

8.55 ± 

0.01 

2.64 ± 

0.25 

6.75 ± 

0.27 

0.50 ± 

0.01 

1.11 ± 

0.10 

n.d.b 14 ± 1 

F-Chaga 2%  5.11 ± 

0.15 

5.60 ± 

0.11 

1.20 ± 

0.18 

62.27 ± 

1.42 

11.72 ± 

0.17 

7.26 ± 

0.18 

1.50 ± 

0.16 

4.43 ± 

1.98 

0.52 ± 

0.13 

0.40 ± 

0.10 

n.d.b 15 ± 3 

C-Chaga HW  10.91 ± 

0.69 

16.88 ± 

0.24 

2.33 ± 

0.1 

38.33 ± 

0.85 

5.61 ± 

0.07 

12.51 ± 

0.2 

5.49 ± 

0.25 

3.44 ± 

0.25 

0.29 ± 

0.08 

4.2 ± 

0.23 

n.d.b 4 ± 0 

Heart Rot HW I. obliquus 

(birch heart rot) 

26.76 ± 

0.21 

12.15 ± 

0.26 

3.87 ± 

0.05 

18.18 ± 

0.13 

11.84 ± 

0.69 

7.78 ± 

0.13 

4.16 ± 

0.35 

5.39 ± 

0.56 

0.17 ± 

0.07 

3.42 ± 

0.04 

2.96 ± 

0.30 

4 ± 0 

Heart Rot 2%  77.45 ± 

1.57 

3.63 ± 

0.07 

n.d. * 7.01 ± 

0.06 

1.88 ± 

0.05 

4.50 ± 

0.10 

n.d. * 2.02 ± 

0.02 

n.d. * 0.47 ± 

0.03 

6.28 ± 

0.10 

8 ± 1 

anot analyzed; bnot detected. 
 
 
 

76 
Results and D

iscussion 
 



 Results and Discussion 77 

 

Table 17. Molecular weight (Da) and relative area of the polysaccharide 
populations composing the fractions analyzed in the present dissertation. 

Fraction Molecular weight (Da) Area % 
(Peak 1 : Peak 2) 

 Peak 1 Peak 2  

AB1 1.4 × 104 1.8 × 103 53 : 30 

AB2 6.5 × 105 1.4 × 104 40 : 60 

AB3 3.2 × 105 1.7 × 104 22 : 78 

tAB1 2.3 × 105 1.3 × 104 24 : 73 

tAB2 2.2 × 105 4.5 × 104 41 : 59 

tAB3 1.9 × 105 5.8 × 104 51 : 49 

Crat HW1 4.0 × 105 1.7 × 104 84 : 16 

Crat 2%1 5.1 × 105 1.7 × 104 60 : 40 

Crat 25%1 5.4 × 105 8.7 × 103 8 : 92 

IPSsb0 HW 3.8 × 105 4.8 × 103 58 : 14 

IPSsb0-2.5 HW 3.6 × 105 1.0 × 104 55 : 45 

IPSsb0-2.5 2% 2.2 × 105 1.7 × 104 26 : 74 

IPSsb5-10 HW 2.0 × 105 6.5 × 104 19 : 80 

IPSsb5-10 2% 2.0 × 105 1.5 × 104 30 : 70 

F-Chaga HW  8.3 × 103 100 

F-Chaga 2%  6.3 × 103 100 

C-Chaga HW  1.3 × 104 100 

Heart Rot HW 3.2 × 105 9.3 × 103 18 : 82 

Heart Rot 2% 3.6 × 105 9.3 × 103 4 : 96 
 

Higher amounts of mannose and galactose were found in fractions with higher 
content of proteins (Table 15) and were higher in untrated extracts than in treated 
extracts. The amount of xylose was noticeably higher in AB3, compared to 
earlier extractions of the untreated sample. On the contrary, tAB1 had the highest 
amount of xylose, with significant decrease in the following fractions. It could 
be speculated that xylans are present in deeper layers of the cell wall and were 
extracted all at once in tAB1. 



78 Results and Discussion  

 

 
Figure 12. HPSEC-RID chromatograms of polysaccharides extracted from 
untreated (top) and treated (bottom) A. bisporus. 
 

HPSEC chromatograms of AB and tAB fractions are reported in Figure 12. 
Polysaccharides with molecular weight logMp ≥ 5 were detected in AB2 and 
AB3, but not in AB1. The solubility of glucans decreases at the increase of the 
molecular weight, therefore absence of high-molecular weight polymers in AB1 
could be explained by their early precipitation during cold storage, before ethanol 
addition to the extract. Polysaccharides with logMp ≤ 3.5 were present only in 
AB1 (Figure 12). These polysaccharides were oligomers with ≤20 glucose units 
which are highly soluble and therefore were extracted at the first step. Similar 
results was noticed in tAB-samples (Figure 12, bottom). Ethanol-acid treatment 
had a significant effect on the molecular weight distribution. The largest 
polysaccharides, i.e. logMp about 5.8 and 5.5 in AB fractions, were degraded and 
they formed new populations with logMp about 5.2–5.5 and 4.6–4.8 in tAB 
fractions. It is also noteworthy that the lack of high molecular weight glucans 
correlated with the absence and the low amounts of α-glucans in the samples 
(Table 18). 
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Table 18. Glucan amount of A. bisporus fractions as measured with enzymatic 
kit. 

Fraction Total glucan  α-glucan  β-glucan  
 (w/w %) 

AB1 7.2 ± 0.0 0.3 ± 0.0 7.0 ± 0.0 

AB2 19.3 ± 0.5 14.4 ± 0.5 4.9 ± 1.0 

AB3 20.2 ± 1.2 4.4 ± 0.1 15.8 ± 4.4 

tAB1 30.9 ± 0.8 7.9 ± 0.1 23.0 ± 0.8 

tAB2 36.2 ± 0.3 9.0 ± 0.0 27.2 ± 0.3 

tAB3 n.a.* n.a. * n.a. * 
*not analyzed 

5.3.2 C. tubaeformis polysaccharides (Publication II) 

The monomer compositions of the Crat HW1, Crat 2%1 and Crat25%1 fractions, 
expressed as relative molar percentages, are reported in Table 16. Crat HW1 
consisted mainly of mannose (34.4%), while Crat 2%1 contained glucose as the 
major component (69.5%). The predominance of glucose in Crat 2%1 indicates 
that this hexose is the main monomer of both the polymer populations (Table 16) 
of this fraction. Glucose was the main component of Crat 25%1 as well (46.7% 
of the total sugars), followed by mannose (24.8%). The monomer composition 
of Crat HW1 indicates that hot water is an inefficient medium for extracting 
glucans from C. tubaeformis, and harsher conditions are needed for disrupting 
the cell wall in order to improve the extractability of these polymers. The high 
amounts of mannose, galactose and fucose in Crat HW1 indicate that hot water 
extracts mainly proteoglycans and heterosaccharides of the outer layer of the cell 
wall. Polysaccharides with high contents of mannose and galactose have been 
isolated from the hot water extract of multiple mushrooms127. These results are 
in agreement with the generally accepted mushroom cell wall model101 and with 
our results in the study on the disruption of the cell wall of A. bisporus as shown 
in Publication I. However, the increased presence of mannose and galactose in 
Crat 25%1 suggests the presence of heterosaccharides in the lowest layer of the 
cell wall of C. tubaeformis. Polymers with high content of galactose and 
mannose have been already isolated from fungi with alkali, for example from F. 
velutipes203 and Cordyceps militaris297. 
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Figure 13. HPSEC-RID chromatograms of Crat HW1, Crat 2%1, and Crat 25%1. 

 
The HPSEC-RID chromatograms of Crat HW1, Crat 2%1 and Crat25%1 

fractions are reported in Figure 13. All purified fractions consisted of two 
polysaccharide populations. Peak molecular weight values are reported in Table 
17. Relevant peaks below the penetration limit of the column were not observed. 
Different from Crat HW1 and Crat 25%1, the mild alkali fraction was composed 
of two polymer populations with close peak areas (Table 17). The use of alkali 
as extraction media resulted in polymer populations with molecular weights 
lower by one order of magnitude, compared to the population of high Mp. This 
may have been caused by alkali depolymerization of polysaccharides of higher 
molecular weights. 

5.3.3 I. obliquus mycelium polysaccharides (Publications III & IV) 

Glucose, mannose, and galactose were the main monomers of the 
polysaccharides extracted from the mycelium of I. obliquus, with the marked 
predominance of the first (Table 16), regardless of the presence of sea buckthorn 
press cake. Compared to our results, lower abundance of glucose and higher 
proportion of mannose and galactose were reported by Xu and coworkers from 
the different fractions fractionated from cultivated mycelium153. Dominance of 
glucose over other sugar monomers was also previously observed in 
polysaccharides extracted from the cultivated mycelia of I. obliquus152,256 and 
other basidiomycetes298. The prevalence of glucose over the other monomers of 
the extracted IPS was in agreement with previous results on I. obliquus, which 
also have shown scant influence of lignocellulose supplementation on the 
monomer composition 256. 
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The use of alkali decreased the relative molar percentage of glucose, and 
increased the relative content of other monomers, in particular mannose. 
Galactose, on the other hand, had a less clear trend but it was less abundant in 
IPSsb0 HW, compared to the other fractions. The monomer composition analysis 
showed the presence of galacturonic acid in the extracts, whose amounts 
increased noticeably at higher press cake dosages. The increase of this monomer 
could be attributed to the pectin in the cultivation medium, as shown by the 
monomer composition of the mycelium. 

Our analysis has shown a decrease in the sugar content of the fractions 
obtained after supplementation. The negative trend in mycelial polysaccharide 
production is in agreement with Xu270, who has reported a negative effect on the 
extraction yield of IPS from I. obliquus after the supplementation of fatty acids. 
However, the supplementation of different lignocellulose materials to I. obliquus 
had little or negative effects on the IPS production of the mycelium256. On the 
other hand, supplementation of plant oils had positive effect on the IPS 
production of Antrodia cinnamomea290. Differences in mycelial IPS content at 
the variation in concentration of nutrients and medium components have been 
attributed also to changes in mycelium metabolism and morphology251,299. 
However, the nature of this relationship is still a matter of debate. This aspect 
was not investigated further in the present doctoral thesis. 

 

 
Figure 14. HPSEC-RID chromatograms of IPS fractions produced from I. 
obliquus mycelium cultivated without (bottom) or with sea buckthorn press cake. 
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The molecular weight of IPS polysaccharides is reported in Table 17. The 
HPSEC chromatograms are reported in Figure 14. No relevant peaks were 
observed at the penetration limit of the column. The Mp of the polysaccharides 
extracted from I. obliquus mycelium was similar to molecular weights of IPS 
obtained from the same species, although with different population 
abundances153. In IPSsb5-10 HW, almost 80% of the polymers extracted with 
hot water had Mp of 65 kDa, while the 70% of the polymers extracted with alkali 
had Mp of 15 kDa. The decrease in molecular weight of the main population can 
be attributed to the hydrolyzing effect of the alkali solution. The chromatogram 
of IPSsb0-2.5 2% showed the decrease in Mp of the population of higher 
molecular weight, while the population of lower size increased in abundance 
(from 45% to 74% of total area), possibly due to the alkaline depolymerization 
of the high Mp population. 

The HPSEC chromatograms showed also that both IPSsb5-10 fractions 
contained polymers with a Mp of 2.0×102 kDa at lower percentages (18.5% and 
21.4% for hot water and alkali fractions, respectively). This population was 
present also in IPSsb0, however it was the most abundant (58% of total area). In 
the fraction IPSsb0-2.5 HW, the 55% of polymers had a molecular weight of 3.6 
× 102 kDa. Nevertheless, IPSsb5-10 2% contained (about 9% of the total area) a 
polysaccharide population of high molecular weight (1.4×103 kDa) that was not 
observed in the IPSsb5-10 HW chromatogram. Basing on the increase in the 
relative amount of mannose, the 1.4 × 103 kDa population of IPSsb5-10 2% could 
be attributed to the heterosaccharides that are present in the lower layers of the 
fungal cell wall64,300. The population of 65 kDa of IPSsb5-10 HW was absent 
from IPSsb0 HW and from IPSsb0-2.5 HW. The differences might be attributed 
to the presence of the press cake. Oil supplementation has been proven already 
to influence the expression of mycelial polysaccharide biosynthesis enzymes266. 
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5.3.4 Sterile conk of I. obliquus (Publication IV) 

 
Figure 15. HPSEC-RID chromatograms of Heart Rot fractions (top) and Chaga 
fractions (bottom). Continous line marks hot water extract, dash line marks the 
alkali extract. C-Chaga HW is distinguished by point and dash line. 

 
The Chaga HW fractions contained xylose at higher proportions (14.6% and 

10.9% from Finnish and Chinese Chaga, respectively), compared to mycelium 
polysaccharides (Table 16). Xylose was found in very low percentage of the total 
sugars in F-Chaga 2% (5%). Noticeably, no 4-O-Me-glucuronic acid was 
detected in the Chaga fractions. This monomer is mainly found as side-chain of 
xylan, therefore its reduction in the content or even total absence could be 
attributed to fungal debranching and degradation of hemicelluloses 301. The most 
abundant monomer of the Chaga polysaccharides was glucose, whose relative 
amount increased from about 36.5% in the hot water extracts to 62% in F-Chaga 
2%. This increase is in agreement with the monomer composition of alkali 
extract of Chaga previously reported by Wold54. The monomer composition of 
the hot water extracts from Finnish and Chinese Chaga (F-Chaga HW and C-
Chaga HW, respectively) was in agreement with that of polysaccharide fraction 
from a water extract of Chinese Chaga sterile conk reported by Xu and 
coworkers153, although no fractionation was performed in the present work. The 
C-Chaga HW monomer composition differed from the report mainly in the 
arabinose content (12.5% against 5.2%). The water extracts from the Finnish and 
the Chinese Chaga differed in the content of multiple monomers, most noticeably 
mannose. 

Compared to the fractions previously discussed, our results indicated that 
polysaccharides in hot water extracts of Chaga (F-Chaga HW and C-Chaga HW) 
consisted of a single population (Figure 15 and Table 17). Interestingly, the 
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polysaccharides extracted from Finnish and Chinese Chaga differed, although 
marginally, in molecular size (8.3 and 13.1 kDa, respectively). As could be 
expected, the use of alkali resulted in polymers of lower Mp (6.3 kDa). Our 
observed values were lower than the Mw values reported by Xu and coworkers 
(32 kDa153) and Wold and coworkers (60 kDa54). However, in both works 
HPSEC-MALLS-RID analysis was performed (absolute molecular weight 
measurement), while HPSEC-RID was utilized in this doctoral dissertation. 

5.3.5 Birch heart rot caused by I. obliquus (Publication IV) 

The monomer composition of the polysaccharides extracted from birch infected 
by I. obliquus is reported in Table 16. Compared to the Chaga extracts, the heart 
rot fractions were clearly distinguished by the predominance of xylose among 
the monomers (29.8% and 78.0% for hot water and alkali fractions, respectively). 
Glucose was the second most abundant monomer for both (Table 16). The 
relative molar concents of xylose and galactose were higher in Heart Rot HW in 
comparison with the corresponding contents in hemicelluloses extracted 
sequentially from birch sawdust with subcritical water. The monomer 
composition of the combined second and subsequent birch sawdust extracts was 
characterized by the dominance of xylan, which was in general similar with the 
composition of Heart Rot 2%. However, galactose (3.6%) and particularly 
glucose (7.0%) contents of Heart Rot 2% were higher than in the birch sawdust 
extracts. Heart Rot HW had higher content of 4-O-Me-glucuronic acid, 
compared to the first birch sawdust extract, while, for Heart Rot 2%, it was in 
agreement with the combined second and following extracts293. The increase in 
the content of glucose and galactose compared to the amounts in sawdust could 
be connected to the presence of fungal polysaccharides in Heart Rot HW. The 
monomer composition of water extracts of debarked birch biodegraded with G. 
lucidum showed increase in the relative contents of glucose and mannose. After 
the longest colonization time, the glucose and mannose contents of the extract 
were similar to the levels detected in Heart Rot HW, while the reported galactose 
content was higher301. The polysaccharides extracted by Liu and coworkers from 
the spent solid substrate from the cultivation of F. velutipes showed a prevalence 
of glucose and galactose in their monomer composition, and, compared to our 
monomer composition results, a higher content of uronic acids. Moreover, their 
water extract had higher sugar content (about 88%, against 20% w/w). However, 
the nature of the starting material was not reported60.  

The polysaccharides extracted with hot water from the heart rot of birch had 
two distinct populations (3.2 × 102 kDa and 9.3 kDa, respectively), the one of 
lower molecular weight being more abundant (82% of total peak area). This 
population was observed also in Heart Rot 2%, where the lower Mp population 
constituted the 96% of the polymer area (Table 17). In addition to the monomer 
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composition, also the molecular weight of Heart Rot 2% was in agreement with 
the values reported for birch xylan. Moreover, the larger polymers of Heart Rot 
HW had Mp in agreement with wood hemicelluloses302. Chaga and birch heart 
rot polysaccharides showed a noticeable similarity in molecular weight. The 
similarity could be partially attributed to the presence of wood tissue in Chaga, 
which was also highlighted by the xylose content of the water extracts. However, 
glucans were more abundant than xylans in the sterile conk fractions. While a 
coincidental result cannot be ruled out, it is also possible that production of high 
molecular weight polymers is specific to the mycelium, while pseudosclerotial 
tissue would produce low molecular weight glucans. It has to be taken into 
account that polymers with low Mp were found also in IPS fractions. 

5.4 Effect of cultivation conditions on EPS from I. 
obliquus growth medium (Publication III) 

The effects of supplementation of sea buckthorn press cake to liquid medium and 
of two different cultivation times have been investigated also regarding 
macromolecular properties of the EPS isolated from the growth medium. The 
concentrations of EPS in the culture medium (measured gravimetrically as g/L) 
and its sugar content (w/w %) are reported in Table 20. The production of exo-
polysaccharide, expressed as mg/g mycelium, was calculated from these values. 
The highest supplement dosage (30 g/L) granted highest EPS concentration in 
the culture medium and sugar content in EPS fraction. With the two tested 
cultivation times, the minimum concentration of EPS was obtained with 
supplementation at dosages of 5 g/L and 2.5 g/L, respectively. 

The sugar content of the EPS positively correlated with the dosage of sea 
buckthorn press cake (r = 0.48, p = 0.006). However, as can be observed in Table 
20, with the increase of the supplement dosage, EPS content in the medium 
showed, with both cultivation times, a negative trend with a turning point 
followed by an increase. At lower concentration of supplement, EPS content was 
higher at lower cultivation times. Interestingly, this was observed also by Shih 
after supplementation of peanut and soy oils to G. frondosa mycelium291. The 
trends observed in Table 20 fitted a second order polynomial regression function, 
as reported in Equations 1 and 2: 

(1) EPS200h = 0.61658 – 0.06393×[SB] + 0.00283×[SB]2 R2 = 0.774 
(2) EPS250h = 0.37278 – 0.00721×[SB] + 0.00243×[SB]2 R2 = 0.854 

where EPS200h and EPS250h represent the EPS concentration (g/L) after 200 h and 
250 h of cultivation, respectively, and [SB] represents the dosage of sea 
buckthorn press cake (g/L) in the cultivation medium. This trend was in contrast 
with the almost continuous increasing trend observed by Xu, when oleic acid 
concentration was increased in the medium270. The quadratic relationship of the 
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production of exo-polysaccharides (mg/g mycelium) with the supplementation 
of sea buckthorn press cake was more evident, as reported in Equations 3 and 4: 

(3) P200h = 9.91238 + 0.05939×[SB] + 0.02896×[SB]2  R2 = 0.983 
(4) P250h = 7.71521 – 0.72105×[SB] + 0.08179×[SB]2  R2 = 0.995 

where P200h and P250h represent the production of exo-polysaccharide (mg/g 
mycelium) and [SB] represents the dosage of sea buckthorn press cake (g/L) in 
the cultivation medium. These quadratic trends could be explained by the 
findings of Huang and colleagues283, who reported a quadratic relationship 
between EPS concentration in the medium and carbon source (glucose, corn oil, 
or both) consumption. The comparison of the relationship of EPS content with 
press cake dosage (Equations 1 and 2) and with glucose only and glucose&corn 
oil consumptions (obtained from283) is reported in Figure 16. 

 
Figure 16. Comparison of Equations 1 and 2 with the equations relating EPS 
content and nutrient consumption reported in283 (respectively marked as EPS(Glc) 
and EPS(Glc+Oil)). On the right, the computed first derivates of the respective 
equations. 
 

The monomer composition of the EPS is reported in Table 21. The most 
abundant monomers were glucose (23-46 mol%), mannose (14-28% mol%), and 
galacturonic acid (7-26% mol%). Noticeably, only arabinose, rhamnose, 3-O-
Me-galactose, and the galactose/3-O-Me-galactose ratio significantly (p< 0.05) 
differed in the cultivation conditions. Pearson correlation heatmap between 
monomer composition, cultivation conditions, molecular weight, and 
polydispersity index (PDI), is reported in Figure 17. The Pearson correlation 
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values, separated by cultivation times, of relevant variables can be found in 
Table 22. 

 

 
Figure 17. Pearson correlation heatmap between EPS monomers, Mw, PDI, and 
cultivation conditions. Symbol marks statistical significance (p<0.05). 
 

The relative contents of arabinose and rhamnose correlated with press cake 
dosage (r = 0.55, p = 0.002). The concentration of press cake had a negative 
effect on the amount of 3-O-Me-galactose (r = -0.40, p = 0.03), without effecting 
galactose, which explained the significance in the increase of the galactose/3-O-
Me-galactose ratio at higher dosages (r = 0.51, p = 0.004). The monomer 
composition analysis has shown absence of correlation between the galacturonic 
acid content and the amount of supplement. Despite the abundance of 
galacturonic acid in the extract of sea buckthorn press cake, the relative amount 
of this monomer had no significant correlation with supplement dosage. This was 
in contrast with the monomer composition of IPS, which showed increase in the 
relative content of galacturonic acid at the increase of dosage. The presence of 
galacturonic acid in EPS even in absence of press cake indicated that this 
monomer was present in the polysaccharides secreted into the medium by I. 
obliquus mycelium. Polysaccharides containing galacturonic acid have been 
already isolated from the submerged cultivation medium of basidiomycetes303. 
Nevertheless, a retention of pectin in the EPS could be hinted by the weak 
positive correlation between galacturonic acid and arabinose (r = 0.38, p = 0.036), 
although the ratio between the two monomers was unaffected by the 
concentration of press cake (p>0.05). 
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While the ability of I. obliquus to depolymerize hemicelluloses in liquid 
medium has been already proven62,255, the present results suggested that I. 
obliquus would be able to depolymerize also pectin and possibly use galacturonic 
acid as carbon source. Differences in the nature of the lignocellulose supplement 
had significant effects on the monomer composition of EPS isolated from I. 
obliquus, as it was shown in the work of Xu256 (Table 19). The use of different 
hexoses and pentoses as carbon sources influenced the monomer composition of 
EPS produced by P. pulmonarius. In particular, the use of pentoses resulted in a 
disappeareance of of 3-O-Me-galactose288. On the other hand, the use of different 
dosages of the same carbon source had no noticeable effect on the monomer 
composition of EPS produced by G. lucidum304. 

 
Table 19. Monosaccharide composition of EPS isolated from I. obliquus 
cultivation medium supplemented with different lignocellulose materials. 

 Rha Ara Xyl Man Glc Gal 
Supplement rel mol% 
Control 11.4 7.4 8.7 19.0 40.0 13.5 
Wheat straw 10.5 9.1 14.5 27.6 27.0 11.3 
Rice straw 6.5 7.8 8.6 26.8 35.9 14.4 
Sugarcane bagasse 7.2 7.3 6.6 22.6 41.2 15.1 

Source of the table:256 
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Table 20. EPS yield, sugar content, exo-polysaccharide production, weight-average molecular mass (Mw) and polydispersity index 
(PDI) of the isolated EPS fractions. Different letters mark significant difference (p<0.05). 

Sea buckthorn (g/L) Cultivation time 

(h) 

EPS concentration (g 

EPS/L medium) 

EPS sugar 

content (w/w%) 

Production of polysaccharide (mg/g 

mycelium) 

Mw  

(kDa) 

PDI  

(Mw/Mn) 

0 200 0.63 ± 0.07 a 5.47 ± 3.09 a 9.99 4.06 ± 0.03 a,b 1.28 ± 0.02 a,b 

0 250 0.55 ± 0.19 a 7.40 ± 5.38 a 9.65 4.07 ± 0.10 a,b 1.37 ± 0.01 a,b 

2.5 200 0.46 ± 0.37 a 12.37 ± 4.51 a,b 11.69 4.15 ± 0.10 a,b 1.30 ± 0.06 a,b 

2.5 250 0.33 ± 0.21 a 8.47 ± 2.49 a,b 3.78 4.19 ± 0.06 a 1.25 ± 0.00 a 

5 200 0.33 ± 0.07 a 14.97 ± 2.06 a,b 8.36 4.20 ± 0.01 a 1.31 ± 0.00 b 

5 250 0.40 ± 0.00 a 11.39 ± 1.00 a,b 5.87 4.19 ± 0.05 a,b 1.25 ± 0.00 a 

10 200 0.67 ± 0.28 a 10.27 ± 3.18 a,b 14.52 4.22 ± 0.10 a 1.32 ± 0.00 b 

10 250 0.60 ± 0.10 a 12.72 ± 1.82 a,b 9.77 4.24 ± 0.01 b 1.25 ± 0.00 a 

30 200 1.10 ± 0.67 a,b 17.08 ± 4.74 b 37.70 4.34 ± 0.10 b,c 1.26 ± 0.02 a,b 

30 250 2.04 ± 0.85 b 12.30 ± 1.32 a,b 59.60 4.30 ± 0.03 c 1.25 ± 0.01 a 



 

Table 21.  Monomer composition of the exopolysaccharides fractions isolated from the cultivation medium of I. obliquus. Different letters 
mark significant difference (p<0.05). 
 
Sea 
buckthorn 

Cultivation 
time 

Xyl Gal Rha Glc Man Ara Fuc GalA 3-O-Me-Gal Gal/ 
3-O-Me-Gal 

(g/L) (h) (rel mol%) (mol/mol) 
0 200 4.54 ± 1.99 a 7.93 ± 1.33 a 1.26 ± 0.80 a,b 39.35 ± 27.34 a 13.45 ± 2.84 a 3.12 ± 2.33 a 16.21 ± 13.51 a 12.44 ± 12.4 a 1.70 ± 0.7 a,b 5.31 ± 2.76 a,b 
0 250 7.16 ± 3.07 a 12.17 ± 4.15 a 0.71 ± 0.24 a 35.72 ± 5.11 a 20.65 ± 4.54 a 3.22 ± 2.44 a 6.28 ± 6.66 a 9.72 ± 9.38 a 4.35 ± 2.21 a,b 3.00 ± 0.61 a 
2.5 200 8.64 ± 3.12 a 13.17 ± 8.04 a 1.90 ± 0.33 a,b 34.07 ± 6.17 a 19.86 ± 1.15 a 5.17 ± 0.74 a 6.29 ± 3.16 a 9.76 ± 2.72 a 1.15 ± 0.34 a 13.00 ± 10.96 a,b,c 
2.5 250 7.70 ± 5.5 a 5.47 ± 0.43 a 1.27 ± 0.54 a,b 29.22 ± 14.16 a 27.56 ± 8.02 a 4.45 ± 0.36 a 15.32 ± 13.81 a 8.25 ± 6.43 a 0.76 ± 0.24 a,b 8.05 ± 3.82 a,b 
5 200 6.08 ± 0.84 a 6.14 ± 1.09 a 3.26 ± 0.25 b 24.33 ± 2.66 a 20.96 ± 1.88 a 11.53 ± 2.5 b 1.53 ± 0.48 a 24.51 ± 5.03 a 1.67 ± 0.19 a 3.68 ± 0.65 a,b 
5 250 5.14 ± 1.85 a 8.89 ± 1.77 a 1.31 ± 0.56 a,b 45.98 ± 6.97 a 22.04 ± 2.13 a 3.30 ± 1.69 a 5.26 ± 2.73 a 6.80 ± 2.75 a 1.28 ± 0.52 a,b 8.54 ± 6.04 a,b,c 
10 200 4.75 ± 0.58 a 7.30 ± 2.00 a 4.25 ± 0.99 b 22.51 ± 4.39 a 17.33 ± 2.94 a 16.37 ± 2.83 b 6.38 ± 5.58 a 20.24 ± 11.83 a 0.87 ± 0.04 a 8.36 ± 1.95 a,b 
10 250 3.48 ± 0.18 a 6.48 ± 0.44 a 3.48 ± 0.61 b 33.11 ± 7.46 a 16.20 ± 0.26 a 8.43 ± 1.53 b 1.82 ± 0.92 a 25.94 ± 4.27 b 1.06 ± 0.08 a 6.15 ± 0.61 b 
30 200 2.03 ± 0.22 b 9.64 ± 2.74 a 2.71 ± 0.72 a,b 36.86 ± 3.24 a 18.58 ± 5.54 a 9.29 ± 2.64 b 4.02 ± 5.18 a 16.55 ± 13.38 a 0.32 ± 0.06 b 29.86 ± 4.26 c 
30 250 7.81 ± 7.10 a 6.25 ± 0.28 a 4.50 ± 2.65 a,b 37.27 ± 9.79 a 15.85 ± 0.68 a 13.51 ± 1.99 b 3.06 ± 2.89 a 10.61 ± 7.76 a 1.14 ± 0.35 a,b 5.88 ± 1.83 a,b 
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Table 22. Pearson correlation values of selected variables, distinguished by 
cultivation time. Symbol marks statistical significance (p<0.05) 

Variables  200 h 250 h 
Sugar content (w/w%) Press cake dosage (g/L) 0.54* 0.44 
Ara (rel mol%) " 0.30 0.90* 
Rha (rel mol%) " 0.28 0.75* 
Xyl (rel mol%) " -0.63* 0.08 
Gal (rel mol%) " 0.03 -0.39 
Glc (rel mol%) " 0.07 0.06 
Man (rel mol%) " 0.14 -0.52* 
Fuc (rel mol%) " -0.29 -0.31 
GalA (rel mol%) " 0.10 0.11 
3OMeGal (rel mol%) " -0.77* -0.34 
Gal/3OMeGal (mol/mol) " 0.81* 0.00 
GalA/Ara (mol/mol) " -0.26 -0.35 
Mw (Da) " 0.75* 0.73* 
GalA (rel mol%) Ara (rel mol%) 0.46 0.19 
Mw (Da) " 0.49 0.65* 
" 3OMeGal (rel mol%) -0.45 -0.82* 
" Gal (rel mol%) -0.40 -0.84* 
" Rha (rel mol%) 0.50 0.61* 
" Xyl (rel mol%) -0.24 -0.07 
" Glc (rel mol%) -0.14 0.17 
" Man (rel mol%) 0.14 -0.46 
" Fuc (rel mol%) -0.41 -0.08 
" GalA (rel mol%) 0.39 0.20 
" Sugar content (w/w%) 0.57* 0.80* 

 
The molecular weight analysis focused on the major peak found in the 

chromatograms. The weight-average molecular mass (Mw) and polydispersity 
index (PDI) of the main EPS population for the different cultivation conditions 
are reported in Table 20. The average Mw of the EPS main population was 4.20 
± 0.10 kDa. A polysaccharide population of similar magnitude of Mw was found 
in the cultivation medium of Antrodia camphorata305 and Rigidoporus 
ulmarius306. However, these values are more commonly found for EPS produced 
by ascomycetes such as Botryosphaeria rhodina307 and Phoma herbarum308. 
Galactose (r = -0.56, p = 0.001) and 3-O-Me-galactose (r = -0.58, p = 0.001) had 
a significant negative correlation with Mw. The relationship was more marked at 
250 h of cultivation (Table 22). The results would hence suggest galactans of 
EPS fractions had low molecular weight. On the other hand, a positive 
correlation between Mw and arabinose and rhamnose was found (r = 0.53 and r 
= 0.52, respectively, p = 0.003). The correlation between Mw and press cake 
dosage (r = 0.73, p < 1×10-4) was more evident. For the latter relationship, 
experimental data suggested an asymptotic exponential trend, as reported in 
Equations 5 and 6: 

(5) Mw(200h) = 4348.14 – 275.05 × 0.91[SB]   R2 = 0.566 
(6) Mw(250h) = 4292.17 – 212.22 × 0.84[SB]   R2 = 0.648 
where Mw(200h) and Mw(200h) represent the Mw (Da) of the EPS population and 

[SB] the dosage of sea buckthorn press cake (g/L) in the medium. Cultivation 
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time, on the other hand, showed no significant influence on Mw of EPS and no 
cultivation parameter significantly affected their PDI. A similar trend can be 
observed in the data published by Shu and Lung, relating logMn of fungal EPS 
and culture pH305. However, due to the high complexity of sea buckthorn press 
cake, it cannot be deduced that pH alone would be responsible of the observed 
trend. Another similar trend was observed in the data of R. ulmarius. The Mw of 
the EPS population of low Mw fitted as well an asymptotic exponential equation. 
However, only three concentrations of carbon source were tested, therefore the 
trend would be uncertain306. 

5.5 ATR-FT-IR spectroscopy of polysaccharide fractions 

5.5.1 A. bisporus polysaccharides (Publication I) 

 
Figure 18. ATR-FT-IR of AB1 and tAB1 fractions, with an expansion of the 
anomeric region (900-750 cm-1). 

 
ATR-FT-IR spectroscopy was used to analyze the structure of the extracted 

polysaccharides. The spectra of AB1 and tAB1 are reported as representatives of 
the dataset in Figure 18. Characteristic strong O–H stretching of hydroxyl 
groups and bound water was observed in the spectra of AB1 and tAB1 at the 
range 2500–3500 cm-1 (Figure 18). The peak of O–H stretching in AB1 was 
clearly shifted towards lower energy to 3215 cm-1 compared to the signals in 
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other samples at 3283–3325 cm-1. Stretching of CH2 group were observed at 
2855, 2887, and 2925 cm-1. The tAB fractions had notably weaker vibrations 
than AB in the region of amide and amine vibrations, i.e. at 1639, 1523, 1398, 
and 1236 cm-1309, most likely due to hydrolytic effect of the pretreatment. 

The stretchings C–O–C and C–O of the pyranose ring are visible in the range 
1000–1200 cm-1. The differences between the two fractions are probably due to 
the near absence of α-glucans in AB1 (Table 18). Therefore, the trends of α/β-
ratio and O–H and C–O stretching wavenumbers have been investigated. The 
patterns are reported in Figure 19. 

 

 
Figure 19. α/β-ratio (w/w) as measured with enzymatic kit (black) in comparison 
with 765 cm-1 wavenumber absorbance (red), wavenumber of the O–H stretching 
(blue), and wavenumber of the C–O stretching (purple). 

 
Compared to the inspected wavenumber values, the intensity of wavevumber 

765 cm-1, which can be assigned to α-glucan basing on the Raman study of De 
Gussem310, showed a noticeable correlation with the ratio between α- and β-
glucans. Due to the low yield of tAB3, it was not possible to measure the glucan 
composition with Megazyme kit. However, the absorbance at 765 cm-1 hinted to 
similar or slightly higher ratios of α- and β-glucans as in samples tAB1 and tAB2 
(Figure 19). The wavenumbers of the O–H (3290 cm-1) would suggest a decrease 
in α-glucan content. Other wavenumbers gave less clear trends.  
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5.5.2 C. tubaeformis polysaccharides (Publication II) 

 
Figure 20. ATR-FT-IR spectra of Crat HW1, Crat 2%1, and Crat 25%1. An 
expansion of the anomeri region (900–700 cm-1) is reported. 

 
The ATR-FT-IR spectra of the three polysaccharide fractions Crat HW1, Crat 

2%1 and Crat 25%1 are shown in Figure 20. The figure shows the vibration 
bands in the area 3600–935 cm-1 and, in the inserted expansion, the area of the 
recorded spectra between 1000 and 700 cm-1. The broad band around 3320 cm-1 
was assigned to the O–H stretching, due to both polysaccharide hydroxyl groups 
and sample moisture. The absorption bands between 2920 and 2850 cm-1 were, 
in turn, assigned to C–H (pyranoid ring and CH2) bond stretching. The strong 
and overlapping bands in the area 1160–935 cm-1 represent the stretching of the 
C–O and C–O–C (glycosidic) bonds, typical of polysaccharide backbones. The 
IR bands between 1650 and 1590 cm-1 originated from C=O stretching of protein 
amides. In the case of Crat 2%1, this vibration band overlapped with the 
stretching vibration of carboxylates. The spectrum of Crat HW1 showed a small 
band at 1743 cm-1, assigned to the stretching of the ester group. The bands in the 
area 1470–1160 cm-1 of the spectrum were due to C–H bending, CO–H bending, 
O–H bending and C–C309. Additionally, the carboxylate anion vibrations suggest 
the presence of uronic acid units in Crat 2%1 and Crat 25%1 fractions. 

The low absorbance bands in the region 950–800 cm-1 was produced by the 
C–H bending of the anomeric proton311. In particular, vibrations around 890 cm-

1 were produced by β-anomeric configurations, while those between 830 and 800 
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cm-1 by α-configurations312. Bands around 920 cm-1 were attributed to α- 
glycosidic linkages as well. The α-linkage vibration at 800 cm-1 (Figure 20, 
expansion) was relatively more intense in the spectra of the polysaccharides 
extracted with hot water, and was assigned to the α-mannan chain309. The 
anomeric C–H vibration around 865 cm-1 was assigned to a α-galactan76,313. As 
indicated by the cell wall model, the outer layer of the mushroom cell wall is rich 
in proteoglycans with mannose and galactose as major carbohydrate monomers. 
Therefore, we can conclude that hot water mainly extracted the polysaccharides 
from the outer layer of the cell wall. The vibration at 892 cm-1 had the highest 
intensity in the anomeric region of the spectrum of Crat 2%1, and it was assigned 
to the β-linkage, suggesting that the β-glucans were more abundant in this 
fraction. 

5.5.3 I. obliquus and birch heart rot polysaccharides (Publication IV) 

 
Figure 21. ATR-FT-IR spectra of heart rot, sterile conk, and cultivated 
mycelium polysaccharides. 

 
The ATR-FT-IR spectra of the heart rot, sterile conk, and cultivated mycelium 

polysaccharide fractions are reported in Figure 21. The stretching of the O–H 
bond produced the broad bands 3300–3400 cm-1, while the signal at 2930–2940 
cm-1 was assigned to C–H stretching. For Heart Rot and Chaga extracts, C–O 
and C–O–C bonds vibrations were found around 1040 cm-1, while the 
polysaccharide backbone of IPS fractions produced vibrations around 1020 cm-

1. Noticeably, similar values were reported for xyloglucan and starch, 
respectively313. Differently from the other fractions, the spectra produced by 
mycelial polysaccharides had strong signals at 1646 cm-1 and 1542 cm-1, which 
were assigned to protein amide vibrations. 
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Only in IPS and Heart Rot 2% spectra the C–O and C–O–C vibration group 
was the most intense signal of the mid-IR region. In the others, the band around 
1590 cm-1 was the most intense. As indicated above, this signal can be attributed 
to carboxylate stretching. Besides it, the FT-IR spectra of heart rot extracts were 
in good agreement with those reported of hemicelluloses313. This signal would 
be explained by the presence of aromatic compounds and uronic acids. Aromatic 
C=C vibrations could contribute to this band as well. Presence of aromatic 
moieties was further confirmed by the signal around 1120 cm-1, which was 
ascribable to aromatic C–H deformation314. Moreover, the shoulder at 1650 cm-

1, most prominent in Heart Rot HW but visible also in Heart Rot 2% and partially 
in F-Chaga 2%, has been observed in fungal-degraded hemicelluloses and 
assigned to the C=O vibration of lignin bound to hemicelluloses301. 

The FT-IR spectra of Chaga fractions shared some similarities with the Chaga 
melanin spectrum reported by Wold and coworkers, who have suggested 1,8-
dihydroxynaphtalene as monomer unit315. In both spectra, the bands around 1590 
cm-1, 1510 cm-1 (C=C), 1450 cm-1 (C–H), 1400 cm-1 (CO–H), and 1320 cm-1 (C–
C, C–O aliphatic and aromatic) were observed. In their report, the signal around 
1400 cm-1, which could be due to the presence of polysaccharides, was much less 
intense. The bands between 1280–1230 cm-1 observed in Chaga fractions were 
absent 315. The FT-IR spectra of synthetic 1,8-dihydroxynaphtalene (DHN) 
polymers showed 1611 cm-1, 1402 cm-1, and 1284 cm-1 bands316, which would 
be in partial agreement with the our spectra and the report from Wold. However, 
bands around 1510 cm-1, 1450 cm-1, and 1320 cm-1 were observed also in lignin-
polysaccharide complexes314. Therefore, it is difficult to determine whether the 
phenolics in Chaga fractions are DHN melanin or lignin. 

The fractions Heart Rot 2%, C-Chaga HW and F-Chaga 2% had a clear β-
anomeric bond (around 890 cm-1) signal. In F-Chaga HW spectrum, this band 
was less visible. On the other hand, signals ascribable to α-glycosidic linkages 
were observed in Heart Rot HW spectrum (830 cm-1) and in both mycelial 
polysaccharide spectra (850–860 cm-1). A shoulder ascribable to α-mannans was 
also found in the IPS fractions around 800 cm-1309. No clear β-linkage signal was 
visible in these spectra, indicating the prominence of α-polysaccharides in these 
fractions. 

5.6 TGA-MS analysis of C. tubaeformis polysaccharides 
(Publication II) 

Thermal and thermomechanical treatment of food, such as extrusion, causes 
physicochemical changes to the material. While this is a common approach for 
food processing or fortification with the addition of dietary fibers in products, 
the process could implicate undesired thermal degradation of the food 
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components or chemical reactions, such as Maillard reaction317. 
Thermogravimetric analysis was carried out to investigate the effect of the 
mushroom cell wall disruption with alkaline solution on the thermal stability of 
the extracted polysaccharides. The analysis was performed using a low 
temperature gradient until complete degradation (600 °C) of the polymers, in 
order to thoroughly investigate the effect of alkali on the polysaccharides. The 
thermogravimetric profiles and the DTGA curves of the extracted 
polysaccharides are illustrated in Figure 22. 

 

 
Figure 22. TGA and DTGA profiles of Crat HW, Crat 2%, and Crat 25%. 
Continuous line, dashed line, and black dotted line represent DTGA, TGA, and 
temperature program, respectively. 

 
The polysaccharides decomposed in a relatively narrow temperature range, 

starting at about 195 °C, after the loss of moisture and volatile compounds at 
approximately 100 °C. The degradation range was very similar for all 
polysaccharides studied, ending at approximately 350 °C, while minor 
degradations occurred until 441 °C. The main mass loss of Crat HW and Crat 2% 
polysaccharides took place in the same temperature range, 226–348 °C (43–104 
min), while Crat 25% polysaccharides exhibited a wider range (196–348 °C, 25–
103 min) and the lowest mass loss rate. Crat HW and Crat 2% fractions had 
comparable maximum rates of decomposition, at very close temperatures 
(292 °C and 298 °C, respectively). The Crat HW decomposition process 
exhibited a sharp DTGA peak, while Crat 2% polysaccharides DTGA peak 
showed a shoulder at 260 °C. The polysaccharides extracted with KOH 25% 
showed, on the other hand, a faster degradation process, starting with higher 
mass loss rate at lower temperatures (i.e., the DTGA shoulder at around 210 °C), 
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and with earlier mass loss peak at 256 °C. Interestingly, this temperature was 
close to the Crat 2% DTGA shoulder. 

The differential thermal analysis of C. tubaeformis polysaccharides (Figure 
23) indicated, during the thermal degradation, the presence of two broad 
endothermal events, with temperature ranges of 25–196 °C and 196–295 °C, 
respectively. The first one could be attributed to water desorption, the second 
one to the first step of the degradation of polysaccharides. After 295 °C, in all 
the profiles, the curve has an inflection and an increase, suggesting the presence 
of an exothermal event, which could be assigned to the main thermal degrada- 
tion. Such endothermal-exothermal inflection at the DTGA peak is similar to the 
one reported for starch318 and for agar319. 

 

 
Figure 23. Differential thermal analysis (DTA) and DTGA profiles of Crat HW, 
Crat 2%, and Crat 25%. Continuous line, dashed line, and black dotted line 
represent DTA, DTGA, and temperature program, respectively. 

 
The thermal profile of of the polysaccharides extracted from C. tubaeformis 

were in agreement with previous thermal stability studies of fungal 
polysaccharides. A mannan isolated from Agaricus brasiliensis with hot water 
had a maximum degradation rate at 301 °C, with a DTGA profile similar to Crat 
HW. A branched β-glucan, isolated from the fruiting bodies of the same fungus 
with the same method, showed a similar DTGA profile, with a maximum 
degradation rate at 314 °C320. Polysaccharide fractions of different molecular 
weight and different β-glucan contents, produced from A. brasiliensis fruiting 
bodies, showed different DTGA profiles with maximum degradation rates in the 
range 270-315 ˚C. It was noticed that the degradation events of the different 
fractions happened approximately at same temperature, however with different 
degradation rates321. The same was noticed during thermal analysis of Crat 
fractions. The thermogravimetric analysis of a complex β-glucan, predominantly 
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→6)-β-Glc-(1→, isolated from culture broth of the ascomycete Lasiodiplodia 
theobromae had a maximum degradation rate around 290 ˚C322. 

The presence of thermal degradation earlier than 290 °C could be due to the 
presence in the fractions of polymers with lower molecular weight, since 
glycosidic linkage of terminal units breaks at lower temperatures222,323. Crat 25% 
DTGA showed also, after the loss of volatiles, a consistent peak in the DTGA in 
the beginning of the slow temperature program (197 °C), which could be 
attributed to the degradation of monosaccharides or oligosaccharides. The great 
reduction in thermal stability of Crat 25% could be explained as well by the 
increased amounts of terminal units, due to the reduction in molecular weight 
consequent to alkali hydrolysis of the polysaccharide chain. A decrease in 
thermal stability of polysaccharide fractions obtained in a stepwise process of 
increasing harshness was noticed by Sun and Sun324 and Sun and coworkers325 
during the extraction of hemicelluloses from barley straw and sweet sorghum 
stem, respectively. The authors correlated the decrease in thermal stability to the 
decrease in molecular weight of the polysaccharides. It would be difficult to 
establish whether molecular weight has higher or lower influence on the thermal 
stability of polysaccharides, compared to monomer or glycosidic linkage 
composition. 

5.7 Structures of C. tubaeformis polysaccharides 
(Publication II) 

5.7.1 Crat HW1 

The Crat HW1 fraction had a complex pattern of anomeric proton in the region 
4.95–5.35 ppm. These signals were assigned basing on multiple NMR 
experiments. The anomeric proton producing the signal at 4.95 ppm correlated, 
in the HSQC spectrum (Figure 24), with the carbon resonating at 98.4 ppm. In 
the COSY spectrum, the anomeric proton interacted with a proton signal at 3.85 
ppm (H1–H2 interaction), and this proton produced an HSQC interaction with a 
carbon at 72.0 ppm, whose chemical shift was ascribed to C2 of glucose. The 
HMBC correlation between the anomeric signal at 4.95 ppm and the C6 signal 
at 66.8 ppm was assigned to a →6)-α-Glc-(1→chain. The HSQC interaction 
between the carbon signal at 66.8 ppm and proton at 4.17 ppm (H6′) further 
proved the α-(1→6) linkage. The doublet at 4.98 ppm had a corresponding C1 
signal resonating at 98.8 ppm. The HMBC correlations of this proton with the 
carbon at 70.9 ppm and at 67.0 ppm were interpreted as H1–C2 and H1–C6 
interactions, respectively. These correlations were produced by the terminal non-
reducing unit of the→6)-α-Glc-(1→ chain73. This assignment was confirmed by 
the NOESY spectrum, which showed H1–H6 and H1–H6′ interactions and a 
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strong H1–H3 interaction at 4.98/3.74 ppm (confirmed by HSQC interaction 
3.74/73.2) in the terminal unit. 

 
Figure 24. HSQC (red) and HMBC (blue) NMR spectra of Crat HW1. NMR 
spectra were recorded in D2O at 308 K. See Table 24 for signal assignments. 

 
The proton signal at 5.32 ppm (Figure 24), corresponding to a C1 at 100.6 

ppm, gave an HMBC interaction with a C2 carbon 78.8 ppm. Such interactions 
and the chemical shift of the proton signal were in agreement with a→2)-α-Man-
(1→unit. The NOE spectrum showed a strong correlation between the proton at 
5.32 ppm and the signal at 4.12 ppm. This proton was confirmed to be O-
substituted H2 by the HSQC spectrum. The HSQC-TOCSY showed an intra-
residue interaction between the H1 and the O-substituted C2, further confirming 
the 5.32 ppm signal assignment326. 

The H1 at 5.13 ppm had an HSQC correlation with a C1 at 102.7 ppm and an 
HMBC interaction with a carbon at 78.8 ppm. The COSY interaction with an O-
substituted H2 indicated that the 5.13 ppm signal was produced by the monomer 
of a→2)-α-Man-(1→chain327. 

The most intense H1 signal of the 1H spectrum α-anomer region was at 5.04 
ppm. It interacted with a C1 signal resonating at 98.0 ppm and it produced 
HMBC interactions with an O-substituted C6 (69.3 ppm). The presence of two 
HSQC-TOCSY H1–C6 signals under the 5.04 signal and the separation of the 
HMBC peak (Figure 24) suggested that the 5.04 ppm signal was an overlapping 
of two α-(1→6) H1 signals. Both →6)-α-Gal-(1→and→6)-α-Man-(1→ could be 
responsible for such signal pattern297. 
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The proton peak at 5.16 ppm had HMBC and HSQC-TOCSY correlations 
with an O-substituted C6 carbon (70.3 ppm). This anomeric proton had a COSY 
interaction with O-substituted H2 (4.12 ppm), which, on the other hand, 
produced a NOESY correlation with the H1 of the →2)-Man-(1→ unit at 5.32 
ppm. These correlations and the agreement of chemical shifts with the literature 
indicated that the proton resonating at 5.16 ppm belonged to a→2,6)-α-Man-
(1→unit297. 

The proton signal at 5.09 ppm was due to the overlapping of two different 
anomeric signals, at 5.095 ppm and 5.091 ppm. The proton signal at 5.095 ppm 
(corresponding to a C1 at 97.9 ppm) had a NOESY correlation at 5.095/4.03 ppm, 
which could be assigned to a H1–H6′ inter-residue interaction (HSQC correlation 
4.03/70.2 ppm). The COSY spectrum showed a 5.095/3.88 ppm peak, the latter 
being the chemical shift of an unsubstituted H2. Such H1 was assigned to a →6)-
α-Man-(1→ residue. The proton at 5.091 ppm, with a corresponding C1 at 102.4 
ppm, showed a 5.091/4.19 NOESY correlation, which was assigned to a H1–H2 
inter-residue interaction. The COSY spectrum showed a weak 4.19/5.23 ppm 
correlation, with the latter signal assigned to H1 of→2)-α-Gal-(1→ (confirmed 
by weak HSQC correlation 5.23/101.3). The H1 at 5.091 ppm was then assigned 
to a α-L-Fuc-(1→ branching unit of→2)-α-Gal-(1→119,326,328. The α-L-Fuc-(1→ 
unit was further confirmed by the deoxyhexopyranose C6 1.33/18.0 HSQC 
correlation. 

5.7.2 Crat 2%1 

The polysaccharides of Crat 2%1 were investigated using different NMR 
spectroscopy experiments. The HSQC spectrum (Figure 25) showed four broad 
correlations: 4.55/104.0; 4.52/104.2; 4.73/104.2; 4.77/103.9. They were assigned 
to →3,6)-β-Glc-(1→, →6)-β-Glc-(1→, β-Glc-(1→ , and →3)-β-Glc-(1→ units, 
respectively. The signal assignment was provided by HSQC interactions at 
3.75/86.1 ppm, 4.22/70.3 ppm and 3.86/70.3, which were assigned to O-
substituted H3/C3, H6′/C6 and H6/C6, respectively. The typical splitting of the 
proton of unsubstituted position 6 was visible as well, with the signal pair at 
3.92/62.0 ppm and 3.74/62.0 ppm. The HMBC spectrum showed a H1–C6 
correlation broad signal at 4.52/70.3 ppm and H6′–C1 at 4.22/104.2 ppm and 
H6–C1 at 3.86/104.2 ppm. The HMBC spectrum showed as well a 4.55/86.1 
correlation, which indicated an intra-residue interaction between the H1 and the 
O-substituted C3, proving the→3,6)-β-Glc-(1→ unit. This was further confirmed 
by the HSQC-TOCSY spectrum, which showed an intra-unit correlation between 
the H1 at 4.55 pm and an O-substituted C3 together with an O-substituted C6. 
Moreover, in this spectrum, the intra-unit correlation between H1 at 4.77 ppm 
and O-substituted C3 was visible as well, confirming the assignment of this H1 
to a →3)-β- Glc-(1→ unit. The assignments were in agreement with the HSQC- 
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TOCSY spectrum, which showed H1 correlations with O-substituted C3 only for 
4.55 ppm and 4.77 ppm signals. 

 

 
Figure 25. HSQC (red) and HMBC (blue) spectra of Crat 2%1. NMR spectra 
were recorded in D2O at 308 K. See Table 23 for signal assignments. 

 
To further investigate the structure of the β-glucan present in Crat 2%1, the 

fraction was submitted to methylation, hydrolysis, and GC-MS analysis of the 
silylated permethylated glucose units. The results of the linkage analysis were in 
agreement with the signal integration of the 1H spectrum: the ratio between →6)-
Glc-(1→ and →3)-Glc-(1→ was 1:1.09, and the ratio between →6)-Glc-(1→ 
and →3,6)-Glc-(1→ was 1:0.63. The ratio between →6)-Glc-(1→ and terminal 
glucose unit was 1:0.06. Due to the dominance of glucose and of →6)-Glc-(1→ 
and→ 3)-Glc-(1→ units in the polysaccharides of Crat 2%1, it can be assumed 
that both polymer populations would contain the glycosidic units identified with 
NMR spectroscopy. It can be speculated that this low molecular weight 
population likely has different ratios between the two types of β-Glc linkage units, 
compared to the population of high molecular weight. In particular, a lower ratio 
between →6)-Glc-(1→ and →3,6)-Glc-(1→ would be expected, due to the 
shorter backbone length consequent to alkali hydrolysis, compared with the 
population of high molecular weight. 
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5.7.3 Crat 25%1 

The NMR spectra of Crat 25%1 had patterns similar to the Crat 2%1 spectra. 
However, the linkage analysis, performed as well for this fraction, indicated an 
increase of the ratio between →6)-Glc-(1→ and →3)-Glc-(1→ units (1:0.73), 
which was also seen in the integration of the 1H NMR signals. In contrast, the 
ratios between →6)-Glc-(1→ and terminal glucose and →6)-Glc-(1→ and 
→3,6)-Glc-(1→ decreased to 1:0.22 and 1:0.9, respectively. These differences 
could be ascribed to alkali depolymerization. 

The two proton peaks at 5.44 ppm and 5.89 ppm marked the clear difference 
between Crat 2%1 and Crat 25%1. The proton at 5.44 ppm gave an HSQC 
correlation with a carbon signal at 100.8 ppm, ascribable to a glycosidic C1 
(Figure 26). Basing on its chemical shift and the coupling constant (4.93 Hz), it 
was assigned to a β-isomer. The proton at 5.89 ppm gave a HSQC correlation 
with a carbon at 107.4 ppm and HMBC correlations with carbons at 144.7 ppm 
and 169.8 ppm. 

 
Figure 26. HSQC (red) and HMBC (blue) of Crat 25%1, focusing on the region 
5.30–6.00 ppm of the 1H spectrum. NMR spectra were recorded in D2O at 308 
K. See Table 23 for signal assignments. 

 
These signals were ascribed to a double bond and a carboxyl group, 

respectively. The anomeric proton had a HMBC correlation with the carbon at 
144.7 ppm, similar to the proton at 5.86 ppm. The proton signal at 5.89 ppm was 
assigned to the β-position of an α,β-unsaturated uronic acid329,330. The COSY 
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spectrum of Crat 25%1 showed short-range correlations at 5.89/4.26 ppm and 
5.44/3.94 ppm, which allowed the assignment of 3.94 ppm to H2, 4.26 to H3 and 
5.89 to H4. The HSQC spectrum allowed the assignments of C2 and C3 positions 
to 70.4 ppm and 66.7 ppm, respectively. The HSQC-TOCSY spectrum further 
confirmed the assignments. 

The H1 of the uronic acid gave an HMBC signal with a carbon at 84.0 ppm, 
indicating that the uronic acid formed a β-(1→3) linkage. This was further 
confirmed by the HMBC correlation of the C1 position with a proton at 3.88 ppm, 
which, on the other hand, produced an HSQC interaction signal with a carbon at 
84.0 ppm (O-substituted C3). The proton at 3.88 ppm gave an HSQC-TOCSY 
interaction with the carbon signal at 103.9 ppm and a TOCSY correlation with 
the H1 signal at 4.77. Such correlations were interpreted as a glycosidic linkage 
between uronic acid and→3)-β-Glc-(1→ side chain of the β-glucan. The 1H 
signal ratio between the uronic acid and the→6)-β-Glc-(1→was 1:12, indicating 
a seldom presence of the former unit in the polysaccharide chain. 

 
Table 23. 13C and 1H chemical shifts (ppm) of the β-glucan extracted from C. 
tubaeformis. 
Type of linkage C1/H1 C2/H2 C3/H3 C4/H4 C5/H5 C6/H6 
→6)-β-Glc-(1→ 104.2 

4.52 
74.4 
3.33 

76.9 
3.51 

71.4 
3.43 

76.3 
3.63 

70.3 
3.86/4.22 

→3,6)-β-Glc-(1→ 104.0 
4.55 

74.1 
3.52 

86.1 
3.75 

71.4 
3.43 

76.2 
3.68 

70.3 
3.86/4.22 

β-Glc-(1→ 104.2 
4.73 

74.7 
3.36 

77.1 
3.42 

70.7 
3.55 

76.2 
3.68 

62.0 
3.74/3.92 

→3)-β-Glc-(1→ 103.9 
4.77 

74.4 
3.54 

86.1 
3.75 

69.4 
3.57 

76.2 
3.68 

62.0 
3.74/3.92 

β-4,5-en-UroA-(1→ 100.8 
5.44 

78.7 
3.94 

67.6 
4.26 

107.4 
5.89 

144.7 
- 

169.8 
- 

5.7.4 Comparison of the structures with other fungi 

Table 24 reports the identified anomeric signals of the different polysaccharides 
extracted from C. tubaeformis. Monomer composition analysis, ATR-FT-IR and 
NMR spectroscopies confirmed that the polysaccharides extracted with hot water 
were mainly α-heterosaccharides. The elucidation of the anomeric protons of 
Crat HW1 indicated that such polymers were mainly →6)-α-Man-(1→ and →6)-
α-Gal-(1→. The α-mannan was branched in the C2 position, possibly to another 
mannan chain, while the α-galactan was branched in the C2 position with single 
L-fucose. These two polymers have been already reported as cell wall 
components extractable with hot water, for example the fucogalactan from A. 
bisporus119 and Coprinus comatus328 and the mannan from C. cibarius112. →6)-
α-Man-(1→ chains have been extracted from ascomycetes such as 
Kluyveromyces marxianus326 and Aspergillus fumigatus331. The monomer 
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composition analysis indicated a relevant amount of xylose among the monomers 
of Crat HW1. However, NMR spectra lacked in clear xylose signals. 

NMR spectroscopy confirmed the results obtained with gas chromatography 
and infrared spectroscopy, i.e. that the main component of the alkali fractions was 
a β-glucan. The 1H and 13C chemical shifts of its units are reported in Table 23. A 
glucan with→3)-β-Glc-(1→ backbone and→6)-β-Glc-(1→ branches have been 
isolated from Pleurotus pulmonarius with KOH 2%273. Such β-glucan has been 
isolated also from F. velutipes, using KOH 2% as well203. Differently from these 
mushrooms, alkali solutions extracted a →6)-β-Glc-(1→ backbone with branches 
in the C-3 position from C. tubaeformis. Such branches consisted of single β-Glc-
(1→ units or short →3)-β-Glc-(1→ chains. The spectra of Crat 25%1 highlighted 
the β-4,5-enuronic acid sparsely constituting the terminal unit of the side chain. 

 
Table 24. Anomeric 13C and 1H chemical shifts (ppm) assignments of 
polysaccharides isolated from C. tubaeformis. 
H1/C1 assignment 13C δ (ppm) 1H δ (ppm) NOESY (ppm) HMBC (ppm) 
→6)-β-Glc-(1→ 104.2 4.52 4.52/4.22 4.52/70.3 
→3,6)-β-Glc-(1→ 104.0 4.55 4.55/4.22 4.55/70.3 
β-Glc-(1→ 104.2 4.73 4.73/3.75 4.73/86.1 
→3)-β-Glc-(1→ 103.9 4.77 4.77/3.75 4.77/86.1 
→6)-α-Glc-(1→ 98.4 4.95 4.95/3.85 4.95/66.8 
α-Glc-(1→ 98.8 4.98 4.98/3.85 4.98/67.0 
→6)-α-Man-(1→ 
→6)-α-Gal-(1→ 

98.0 5.04 5.04/3.89 5.04/69.3 

α-L-Fuc-(1→ 103.8 5.091 5.091/4.19 5.091/78.9 
→6)-α-Man-(1→ 102.3 5.095 5.095/4.03 5.095/70.2 
→2)-α-Man-(1→ 102.7 5.13 5.13/4.14 5.13/78.8 
→2,6)-α-Man-(1→ 102.6 5.16 5.16/4.03 5.16/70.3 
→2)-α-Gal-(1→ 101.3 5.23 a 5.23/70.0b 
→2)-α-Man-(1→ 100.6 5.32 5.32/4.12 5.32/78.8 
β-4,5-en-UroA-(1→ 100.8 5.44 5.44/3.89 5.44/84.0 

aassignment based on COSY (5.23/4.19 H1–H2); bweak signal 
 
The β-glucan extracted from C. tubaeformis shared some similarities with the 

one extracted from C. cibarius112, such as the short length of the side chain (1–2 
residues). The β-glucan  present in Crat 2%1 differed from the β-glucans 
extracted from C. cibarius and from the yeast basidiomycete Malassezia 
restricta77 in the degree of branching and by the presence of an uronic acid 
residue. Nyman proposed a backbone/branching points ratio of 8:2 in the 
repeating unit, while Stalhberger reported a variable frequency of branching 
every 2–10 units. Our results suggest an average frequency of branching every 2 
units. The differences in the ratios between →3)-β-Glc-(1→ and →6)-β-Glc-
(1→ units of Crat 2%1 and Crat 25%1 were ascribed to the harsher extraction 
conditions of Crat 25%1, which reduced the branch length and broke down the 
backbone. The presence of β-4,5-enuronic was due to the alkali β-elimination 
reaction of a β-uronic acid unit. 
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5.8 Structure of polysaccharides from I. obliquus 
mycelium, Chaga, and birch heart rot (Publication IV) 

5.8.1 I.obliquus cultivated mycelium 

 
Figure 27. (a) HSQC (red) and HMBC (blue) spectra of IPSsb0-2.5 2%; (b) 
HSQC-TOCSY (red) and HMBC (blue) spectra of IPSsb0-2.5 2%. NMR spectra 
were recorded in D2O at 308 K. See Table 25 for signal assignments. 
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The polysaccharide fractions produced from mycelium of I. obliquus were 
investigated with NMR spectroscopy. Spectra of the fraction IPSsb0-2.5 HW 
were not recorded further than 1H and HSQC, due to their high similarity with 
IPSsb0-2.5 2%. The HSQC and HMBC spectra of IPSsb0-0.5 2% are reported 
in Figure 27a. The structural assignments of IPS polysaccharides are reported in 
Table 25. 

In the IPS spectra, the strongest anomeric proton signal was found at 5.42 ppm. 
The HSQC correlation of this proton was found at 99.8 ppm, suggesting a α-
configuration. The TOCSY spectrum showed 1H–1H correlations between this 
anomeric proton and signals at 3.99 ppm and 3.87 ppm. In addition, the spectrum 
showed a wide correlation around 3.70 ppm, in which different signals were 
identified with the aid of HSQC and HMBC spectroscopy, and a correlation 
around 3.45 ppm. In particular, the HMBC correlation 3.68/99.8 ppm allowed 
the identification of H4 and subsequently of C4 (HSQC correlation 3.68/77.1). 
The HMBC spectrum showed a correlation 5.42/77.1 ppm cross-confirmed the 
assignment. Moreover, the HSQC spectrum showed the correlation of protons 
3.99 ppm and 3.78 ppm with the broad carbon signal at 60.6 ppm, which was 
then assigned to C6. Overall, the signal at 5.42 ppm and the identified 
correlations were in good agreement with glycogen332. The predominance of 
glycogen among the other polysaccharides of IPS fractions could explain the 
higher intensity of the α-anomeric signal in the FT-IR spectra. 

The second most intense anomeric signal of IPSsb0-0.5 2% 1H spectrum 
resonated at 5.01 ppm. In the HSQC spectrum, it correlated with a carbon signal 
at 97.9 ppm, suggesting α-configuration. This proton was part of a spin system 
identified with the combination of TOCSY, 1D-TOCSY, and HSQC spectra. The 
correlations 4.33/65.3, 4.05/69.5, 3.91/67.3, 3.87/68.4, 3.58/78.9, 3.95/66.5, and 
3.72/66.5 ppm were found. This anomeric signal was attributed to the 
overlapping of the H1 of →6)-α-Gal-(1→6) and →6)-α-3-O-Me-Gal-(1→6) 
units (Table 25). In particular, the correlations 4.33/65.3 and 3.58/78.9 were 
respectively assigned to H4/C4 and H3/C3 of 3-O-Me-Gal unit124. In addition, 
the HSQC spectrum showed the correlation 3.48/56.2, which was assigned to the 
methoxy group of 3-O-Me-Gal and further confirmed by the NOESY correlation 
3.48/4.33 ppm (OMe/H4). 

Two broad proton signals were found in the HSQC spectrum of IPSsb0-2.5 
2%, between 4.85 ppm and 4.50 ppm, and they were further investigated. The 
HMBC correlations 4.81/84.5 (H1/O-substituted C3) and 4.56/69.7 (H1/O-
substituted C6) visible in Figure 3a ascribed these broad proton signals to 
anomers of β-Glc-(1→3) and β-Glc-(1→6) linkages, respectively. The HSQC-
TOCSY correlations of these signals are reported in Figure 27b. The two 
correlations 4.81/84.5 ppm and 4.57/85.0 ppm can be assigned to two different 
H1/O-substituted C3, respectively belonging to β-Glc-(1→3) and β-Glc-(1→6) 
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units. While the HSQC-TOCSY signal 4.56/69.7 ppm confirms the →6)-β-Glc-
(1→6) unit, the correlation 4.76/69.7 ppm indicated the O-substitution of C6 of 
the β-Glc-(1→3) unit. The H6 and H6’ signals of the units at 4.56 and 4.76 are 
assigned to 4.25 ppm and 3.89 ppm with the aid of HMBC (3.89/102.9, H6’/C1), 
HSQC (H6/C6 and H6’/C6), and 1D-TOCSY (4.56 ppm irradiation). The proton 
and carbon of position 2 of the β-Glc units were assigned using COSY H1/H2 
correlations 4.56/3.35 ppm, 4.57/3.55 ppm, 4.76/3.40 ppm, and 4.81/3.59 ppm, 
which were cross-confirmed with C1/H2 correlations in the HMBC spectrum. 
The structural assignments are summarized in Table 25. 
 
Table 25. 13C and 1H chemical shifts (ppm) assignments of polysaccharides 
isolated from mycelium from I. obliquus. 
Type of linkage C1/H1 C2/H2 C3/H3 C4/H4 C5/H5 C6/H6 O-CH3 
→6)-β-Glc-(1→6) 102.9 

4.56 
73.1 
3.35 

75.8 
3.53 

68.3 
3.62 

73.2 
3.71 

69.7 
4.25/3.89 

 

→3)-β-Glc-(1→6) 102.7 
4.57 

72.9 
3.55 

85.0 
3.77 

68.2 
3.54 

71.3 
3.67 

60.6 
3.94/3.76 

 

→6)-β-Glc-(1→3) 103.0 
4.76 

73.6 
3.40 

75.8 
3.53 

68.3 
3.62 

73.2 
3.71 

69.7 
4.25/3.89 

 

→3)-β-Glc-(1→3) 102.7 
4.81 

73.2 
3.59 

84.5 
3.81 

68.2 
3.54 

71.3 
3.67 

60.6 
3.94/3.76 

 

→6)-α-3-O-Me-Gal-(1→6) 97.9 
5.02 

67.3 
3.91 

78.9 
3.58 

65.3 
4.33 

68.4 
3.87 

66.5 
3.95/3.72 

56.2 
3.48 

→6)-α-Gal-(1→6) 97.9 
5.02 

67.3 
3.91 

69.5 
4.05 

n.a.a 

 
68.4 
3.87 

66.5 
3.95/3.72 

 

→4)-α-Glc-(1→4) 99.8 
5.42 

69.7 
3.45 

73.2 
3.99 

77.1 
3.67 

71.5 
3.87 

60.6 
3.94/3.76 

 

anot assigned 
 
Terminal β-Glc-(1→3) and β-Glc-(1→6) would be expected to have the 

H1/C1 HSQC signals overlapping with the  →6)-β-Glc-(1→3) and →6)-β-Glc-
(1→6), respectively. Noticeably, the HMBC spectrum lacked clear signals 
ascribable to the →3,6)-β-Glc-(1→ branching point unit. The H1/O-substituted 
C3 correlation was observed only in the HSQC-TOCSY. However, only the 
→3,6)-β-Glc-(1→6) branching point can be clearly excluded. If the β-glucan 
contained →3,6)-β-Glc-(1→3) branching point units, they would be in little 
amount. Therefore, it could be inferred from the reported assignments that the β-
glucan produced by I. obliquus is a mainly linear chain of β-Glc-(1→3) and β-
Glc-(1→6) units. Our results were hence in agreement with the results obtained 
by Wold and coworkers on the polysaccharides extracted from Chaga54. The 
integration of the HSQC anomeric signals suggested a ratio between β-Glc-(1→3) 
and β-Glc-(1→6) units of 0.8:1. The ratio between glycogen anomeric signal and 
total β-Glc anomeric signals was 1.7:1. 
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5.8.2 Birch heart rot 

 
Figure 28. HSQC spectra of Heart Rot HW (blue) and Heart Rot 2% (light blue). 
NMR spectra were recorded in D2O at 308 K. See Table 26 for signal 
assignments. 

 
The HSQC spectra of Heart Rot HW and Heart Rot 2% are reported in Figure 

28 and their structural assignments are summarized in Table 26. In the Heart Rot 
HW spectrum, the H/C correlation ascribable to anomeric proton of xylan units 
was found at 4.50/101.7, which was assigned to 4)-β-Xyl-(1→4) unit333. The 
assignment was also confirmed with a xylan standard. The HSQC spectrum of 
Heart Rot HW showed partially overlapping HQSC correlations around 4.50-
4.60/103 ppm. Of these, the correlation 4.53/102.6 was assigned to →4)-β-Glc-
(1→4) with the aid of the literature334. This glucose unit constitutes the backbone 
of the hemicellulose glucomannan, which has been extracted previously from 
birch335. Further confirmation of the presence of this polysaccharide in the 
fraction was provided by the anomeric signal 4.66/104.1, which was assigned to 
→4)-β-Man-(1→4)335. The presence of acetylated →4)-β-Man-(1→4) units was 
confirmed by the weak HSQC signals 5.56/72.6 ppm (O-acetylated C2) and 
5.02/75.9 ppm (O-acetylated C3). The corresponding H1/C1 correlations were 
assigned with the aid of literature335 and confirmed with a galactoglucomannan 
reference compound. The presence of acetyl group was supported by the HSQC 
correlation 2.19/20.6 ppm. 
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Differently from the hot water extract, the main anomeric signals found in the 
HSQC spectrum of Heart Rot 2% were ascribable to xylan. The HMBC spectrum 
of Heart Rot 2% showed the H1/C4 correlation 4.50/76.5, while the HSQC 
spectrum showed the H4/C4 correlation 3.81/76.5, confirming also the 
4.50/101.7 correlation assignment. The correlations 4.65/101.4 ppm and 
5.30/97.6 ppm were assigned to →4)-2-OR-β-Xyl-(1→4) and 4-O-Me-α-GlcA-
(1→ units, respectively. The substitution in C2 of the xylan unit was mainly 
ascribable to the methylated glucuronic acid moiety. However, the presence of 
acetylated 4)-β-Xyl-(1→4) units was hinted by the HSQC signals 4.65/103.3 and 
4.61/79.2 ppm, which were tentatively assigned to H1/C1 and H3/C3 of →4)-3-
O-Ac-β-Xyl-(1→4) unit333,336. The low intensity of acetylated unit signals could 
be due to the hydrolytic effect of the alkali extraction medium. The anomeric 
signal 5.11/99.0 ppm was assigned to the α-reducing end of xylan336. The 
assignment of this unit to xyloglucan was excluded due to absence of α-Xyl-
(1→6) H1/C6 correlation in Heart Rot 2% HMBC spectrum. 

The superimposition of the collected HSQC spectra showed the presence of 
the mycelial β-glucan signals also in the birch heart rot fractions, particularly in 
Heart Rot HW. The superimposition of the anomeric regions of Heart Rot HW, 
IPSsb0-2.5 2% and standard galactoglucomannan is reported in Figure 29. 
Indicatively, based on the anomeric signals, the HSQC spectra showed a ratio 
between glucomannan and mycelial β-glucan of 1.2:1 in Heart Rot HW, while in 
Heart Rot 2% the ratio between xylan and β-glucan was 7.3:1. Moreover, in 
Heart Rot HW spectrum, galactose and glucose signals had a ratio close to one, 
which decreased to 0.2:1 for Heart Rot 2%. The observed trends were in partial 
agreement with the results of monomer quantification. The ratio between the 
mycelial glucan units was 0.7:1 ((1→3):(1→6)) in Heart Rot HW, therefore 
lower than IPSsb0-2.5 fractions. The signal of the β-Glc-(1→3) had too low 
intensity in Heart Rot 2% to measure a reliable ratio. 

 
 

 
Figure 29. Anomeric region of the HSQC spectra of IPSsb0-2.5 HW (red), Heart 
Rot HW (blue), and galactoglucomannan standard (olive). NMR spectra were 
recorded in D2O at 308 K. See Tables 25 and 26 for signal assignment.



 

Table 26. 13C and 1H chemical shifts (ppm) for the polysaccharides extracted from birch heart rot caused by I. obliquus. 
Fraction Type of linkagea C1/H1 C2/H2 C3/H3 C4/H4 C5/H5 C6/H6 O-CH3 
HW (2%) →6)-α-3-O-Me-Gal-(1→6) 97.9 

5.02 
67.3 
3.91 

78.9 
3.58 

65.3 
4.33 

68.4 
3.87 

66.5 
3.95/3.72 

56.2 
3.48 

HW →4)-β-Glc-(1→4) 102.6 
4.53 

72.8 
3.23 

n.a.b 76.4 
3.82 

n.a.b 60.6 
3.94/3.76 

 

HW →4)-β-Man-(1→4) 104.1 
4.66 

70.1 
4.13 

n.a.$ 76.4 
3.82 

n.a.b 60.6 
3.94/3.76 

 

HW →4)-3-O-R-β-Man-(1→4) 100.1 
4.79 

69.1 
4.22 

75.9 
5.02 

n.a.b n.a.b 60.6 
3.94/3.76 

 

HW →4)-2-O-R-β-Man-(1→4) 99.7 
4.87 

72.6 
5.56 

n.a.b n.a.b n.a.b 60.6 
3.94/3.76 

 

HW, 2% →4)-β-Xyl-(1→4) 101.7 
4.50 

72.8 
3.33 

73.7 
3.59 

76.5 
3.81 

62.8 
4.13/3.40 

  

2% →4)-2-O-R-β-Xyl-(1→4) 101.4 
4.65 

72.8 
4.50 

n.a.b 76.1 
3.83 

62.8 
4.13/3.40 

  

2% →4)-3-O-R-β-Xyl-(1→4)c 103.3 
4.65 

n.a.b 79.2 
4.61 

n.a.b 62.8 
4.13/3.40 

  

2% →4)-α-Xyl 99.0 
5.11 

n.a.b n.a.b 76.5 
3.81 

62.8 
4.13/3.40 

  

2% 4-O-Me-α-GlcA-(1→ 97.6 
5.30 

71.5 
3.60 

72.3 
3.79 

82.5 
3.26 

72.3 
4.35 

 56.1 
3.47 

aR indicates acetyl group (OAc 2.19/20.6 ppm). In the case of →4)-2-OR-β-Xyl-(1→4), it indicates 4-O-Me-α-GlcA-(1→2); bnot assigned; 
ctentative assignment.
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5.8.3 I. obliquus sterile conk 

 
Figure 30. HSQC spectra of F-Chaga HW (green) and IPSsb0-2.5 2% (red). 
NMR spectra were recorded in D2O at 308 K. See Table 25 for signal 
assignments. 

 
The polysaccharide fractions produced from mycelium of I. obliquus sterile 

conk were investigated with NMR spectroscopy. Spectra of the fraction C-Chaga 
HW were not recorded further than 1H and HSQC, due to their high similarity 
with F-Chaga HW. Our results showed a complete overlapping in the HSQC 
spectra of the β-glucan signals of IPS and the anomeric signals of the F-Chaga 
fractions (Figure 30). The HSQC signal 5.02/97.9 ppm was present in both F-
Chaga HW and C-Chaga HW. The preponderance of β-glucan signals in F-Chaga 
2% was explained by the preponderance of glucose in the fraction (63% relative 
mol%). The HSQC spectra of Chaga fractions showed also the 4)-β-Xyl-(1→4) 
unit anomeric signal 4.50/101.7 ppm. Noticeably, no glycogen signal was 
observed in the Chaga extracts, despite the presence of hyphae in the sterile conk. 
This could be explained by the sclerotium development, during which mycelial 
glycogen is converted into soluble sugars337. The ratio between β-Glc-(1→3) and 
β-Glc-(1→6) units in Chaga extracts was 0.6:1, irrespective of starting material 
and extraction method, which was almost the same as the ratio reported by Wold 
(0.5:1)54. This ratio was lower than the ones observed in IPSsb0-2.5 2% (0.8:1) 
and in Heart Rot HW (0.7:1) HSQC spectra. 
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Heart Rot HW showed the presence of the anomeric signal of 3-O-methylated 
→6)-α-Gal-(1→6) unit. The signal was weak in the Heart Rot 2% HSQC 
spectrum. The identity between the 5.02/97.9 signals was confirmed by 1D-
TOCSY (irradiation frequency of 5.02 ppm), as can be observed in Figure 31. 

 

 
Figure 31. 1D-TOCSY of IPSsb0-2.5 HW (red), F-Chaga HW (green), and 
Heart Rot HW (blue). NMR spectra were recorded in D2O at 308 K, with an 
irradiation frequency of 5.02 ppm. See Tables 25 and 26 for signal assignments. 
 

Anomeric signals in the sterile conk fractions HSQC spectra had too low 
intensities for any attempt of identification, except for F-Chaga HW. Signals 
ascribable to phenolic compounds were reported in Figure 32. 

The broad signal 3.76/56.0 ppm (not shown) was ascribable to the methoxyl 
group of aromatic rings. The overlapping signal 3.93/56.3 ppm could be assigned 
to the methoxyl group of condensed aromatic units. It could be concluded that 
the phenolics present in Chaga extracts had a high degree of methoxylation. The 
assignments of the HSQC correlations observed in Figure 32 were only tentative. 
While the signals (Table 27) could not unambigously determine the nature of the 
phenolic compounds covalently bound to the polysaccharides, they suggested the 
presence of hydroxypropyl units, which could be ascribed to lignin or lignans. 
Interestingly, this evidence was in agreement with the results of Wold and 
coworkers315. They reported a mixture of organic acids and phenolic and 
methoxyl-substituted compounds as degradation product of the Chaga melanin. 
The same mixture can be observed after lignin degradation338. Nevertheless, to 
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the best of our knowledge, the precise nature of the phenolic compounds 
covalently bound to Chaga polysaccharides is still unclear. Further purification 
and detailed structural analysis would be needed to determine whether melanin 
or lignin/lignans are covalently bound to Chaga polysaccharides. 

 

 
Figure 32. Aromatic region of the HSQC spectrum of F-Chaga HW. NMR 
spectra were recorded in D2O at 308 K. See Table 27 for signal assignments. 

 
Table 27. Tentative 13C and 1H assignments of the lignin-correlated signals 
found in the HSQC spectrum of F-Chaga HW. 

1H 13C Assignment Structure of Figure 33 

3.76 56.0 OMe 1 

3.93 56.3 OMe condensed aromatic units 2 

3.69 60.7 Hγ/Cγ of β-O-4 substituted units 3 

4.8 72.7 Hα/Cα of β-O-4 substituted units 4 

6.57 104.4 H2/C2 of free 4-OH syringyl units 5 

6.68 104.8 H2/C2 of syringyl units 6 

7.31 106.9 H2/C2 of α oxidized syringyl units 7 

5.11 107.6 H/C aryl enol ether 8 

7.67 113.7 H2/C2 of α oxidized guaiacyl units 9 

6.94 115.4 H2/C2 of guaiacyl units 10 
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Figure 33. Tentative assignments of the lignin-correlated signals (marked in red) 
found in the HSQC spectrum of F-Chaga HW. See Table 27. 

5.9 Effect of pretreatment on A. bisporus polysaccharide 
fractions (Publication I) 

The utilization of EtOH-HCl as pretreatment had a noticeable effect on the 
glucan content of the polysaccharide fractions produced from A. bisporus. The 
rupturing of the cell wall by hydrolysis increased the content of the β-glucans in 
these fractions. The utilization of enzymatic kit revealed the presence of both α- 
and β-glucans. The earlier polymers are present in the mushroom cell wall as 
water-insoluble, linear →3)-α-Glc-(1→ polymers, and in the cell lumen as 
energy storage polymers (glycogen). The β-glucans have, on the other hand, 
mainly cell wall structural function. (1→3)-α-glucan can be extracted with alkali 
from fungi but they are unsoluble at neutral conditions339. Therefore, the AB and 
tAB fractions would contain mainly α-glucans extracted from the cytoplasm. The 
α- and β-glucan contents of the produced fractions were reported in Table 18. 
After AB1 extraction, a precipitate was formed during the cold storage. This 
precipitate was removed and labeled AB1p. This precipitate was rich in α-
glucans (12% w/w) (see Publication I for details). Considering the higher α-
glucan content of AB1p and AB2, compared to AB3, it can be inferred that α-
glucans were depleted after the second hot water extraction (and not observed in 
AB1 due to early precipitation). Noticeably, there was no relevant precipitation 
of α-glucans after tAB1 extraction. This indicates that, with the disruption of the 
fungal structure, cytoplasm α-glucans were dissolved, possibly due to hydrolysis. 
Unfortunately, fraction tAB3 was produced in insufficient amount for the 
enzymatic measurement. However, the ATR-FT-IR investigation (Figure 19) 
hinted to a similar or only slightly higher α/β-ratio, compared to tAB2. Therefore, 
also after pretreatment the second fraction had the highest α-glucan content and 
fungal material was most likely depleted. It can be speculated that globally the 
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pretreatment resulted in loss of cytosolic α-glucans, in addition to increase in cell 
wall β-glucans. 

Although the yield of tAB3 was low, it was noticeably the fraction richest in 
sugars (63% w/w). From the relationship between total glucan content measured 
with enzymatic kit and the total glucose content measured with GC-FID (Figure 
34), it can be inferred that tAB3 would have the highest relative total glucan 
content (about 50% w/w). The trend observed in Figure 34 was is agreement 
with the correlation reported in76. 

A polysaccharide fraction produced by Kozarski from A. bisporus with hot 
water had a total sugar content of 74.4% and β- and α-glucan contents of 58.2% 
and 5.6%, respectively340. These amounts were not obtained in the present work 
with hot water alone. The comparison with our results indicates that dialysis 
and/or other purification steps would increase the content of β-glucans. At the 
same time, the utilization of EtOH-HCl pretreatment would bring the sugar 
content of tAB fractions, if pooled, to 28%, which would be almost completely 
glucans, with a β-glucan content of 22% (enzymatic kit), with only ethanol 
precipitation as purification step. 

 

 
Figure 34. Correlation between the total glucan content of AB fractions 
(measured with enzymatic kit) and the total glucose content (measured with GC-
FID). 
 

Sari and coworkers have utilized the enzymatic kit to measure the glucan 
content of commercially cultivated A. bisporus. They reported for the mushroom 
caps a total glucan content of 10.05 g/100g and α- and β-glucan contents of 1.55 
g/100g and 8.61 g/100g, respectively341. They also point out that β-glucans 
constitute the 85.64% of the total glucans of A. bisporus. The results of the 
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comparison of total AB and tAB fractions with these values is reported in Figure 
35. The tAB3 fraction was not taken into account, due to absence of enzymatic 
kit data. Noticeably, after the pretreatment almost 50% of the total glucans of A. 
bisporus were extracted, against the 10% of untreated mushroom. Interestingly, 
almost all α-glucans (80%) were extracted after pretreatment. It could be 
speculated that even more was extracted but was also hydrolyzed. The efficiency 
of the pretreatment for the extraction of β-glucans is clearly visible, with 42% of 
A. bisporus extracted with two extractions, against the 7% of three. 

 

 
Figure 35. Comparison of glucan contents (g/100 g A. bisporus) of pooled AB 
and tAB fractions with the glucan contents of the whole fruiting body cap (data 
taken from341). On the right side of the bar, percentage of extracted glucan 
relative to whole cap. 

5.10 Effect of cultivation conditions on polysaccharides 
extracted from I. obliquus mycelium (Publications III 
& IV) 

In this dissertation, mycelia have been pooled according to the supplement 
dosage and IPS have been extracted and their content measured gravimetrically. 
Traditionally, IPS are extracted with hot water. Mycelium cultivated without sea 
buckthorn press cake, pool of 0 and 2.5 g/L dosages, and pool of 5 and 10 g/L 
dosages had hot water extraction yields of 0.9%, 2.2%, and 1.1%, respectively. 
It can be immediately noticed that sea buckthorn had, at lower concentrations, a 
positive effect on the yield. The polysaccharide concentration in the mycelium 
(mg/g) were respectively 7.7, 17.2, and 8.2. Except for IPSsb0-2.5 HW, these 
values were lower than reported literature values, obtained without supplement, 
for I. obliquus (32 mg/g)270 and G. frondosa (oscillating around 77 mg/g)291, 
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while they were more similar to Antrodia cinnamomea (5-7 mg/g)290. 
Remarkedly, the used IPS extraction protocols differed significantly from our 
work (i.e., in the dialysis step). When soybean oil was supplemented, in the case 
of A. cinnamomea, two different cultivation times were tested (240 h and 336 h). 
With the lower, the supplementation followed the same trend observed with 
supplementation I. obliquus (oleic acid in the reference work and in the present 
dissertation), meaning an increase followed by a decrease. With longer 
cultivation time, the production trend of A. cinnamomea has been of a constant 
increase270,290. 

In the present work, the IPS contents after single cultivation conditions were 
not investigated. Some conclusions could be drawn from the results of the 
mycelium methanolysis. It can be expected that monomers analyzed during 
methanolysis represented the sum of free sugars and hydrolysable 
polysaccharides. To the best of our knowledge, there is no analysis of the free 
sugars of I. obliquus mycelium available in the literature. Ulzijargal reported a 
reducing sugar content of 26.2 w/w% for I. obliquus mycelium, which translated 
in the 40.0 w/w% of the total carbohydrate content reported for this species24. 
There is no knowledge on the influence of different cultivation conditions on the 
reducing sugar content, although there is evidence of their influence on fruiting 
body carbohydrate composition238,342. The major reducing sugar would be 
glucose, as mannose and galactose represent monomers of cell wall 
polysaccharides127 and they are absent from reports on free sugars in mushrooms 
or mycelium19,343. Figure 36 reports, for each cultivation condition, the 
hydrolysis yield of I. obliquus mycelium and the relative percentage of 
monomers different from glucose (dominated by mannose and galactose). Our 
data showed no clear correlation between hydrolysis yield and supplement 
dosage (ρ = -0.33, p > 0.05) nor with cultivation time (ρ = -0.19, p > 0.05). An 
effect of sea buckthorn press cake could be hinted by the negative correlation 
between hydrolysis yield and rhamnose (ρ = -0.52, p = 0.02) (Table 14). 
Cultivation conditions had an even less clear influence on the relative amounts 
of monomers different from glucose. Nevertheless, if the supplement dosage is 
converted in sea buckthorn oil dosage (using the sea buckthorn oil density value 
reported in344), the trends in total amount of monomers obtained with 
methanolysis reveal some similarity with the IPS production trends commented 
above (Figure 37). In particular, the decrease followed by increase at lower 
dosages was observed also with I. obliquus supplemented with oleic acid and 
with G. frondosa supplemented with soybean oil. Interestingly, oleic acid 
accounts for only about 18% of all the fatty acids of soybean and sea buckthorn 
press cake oils345,346. 

Most of the research on mycelial IPS has focused on the effects of 
supplements and cultivation conditions on their content or on structural 
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elucidation of polysaccharides extracted from large pools of mycelium. 
Therefore, there is limited data available on the effect of supplementation on the 
monomer composition of mycelium IPS.  

 

 
Figure 36. Mycelium methanolysis yield (w/w %) (above) and relative amount 
of monomers  different from glucose on the total hydrolysate monomers (w/w %) 
(below). Results are distinguished by supplement dosage (lower x-axis) and 
cultivation time (upper x-axis). 
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Figure 37. Comparison between IPS content of mycelia of different species 
cultivated with different concentrations of supplement (left) and total monomers 
obtained after methanolysis of cultivated mycelium of I. obliquus (right). The 
supplement dosage is reported as medium concentration of sea buckthorn oil. 
Data for (a) is obtained from270, data for (b) and (c) is obtained from290, and data 
for (d) is obtained from267. 
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5.11 Comparison of polysaccharides from A. bisporus, I. 
obliquus, and C. tubaeformis 

Polysaccharide fractions have been produced from cultivated A. bisporus, wild 
C. tubaeformis, wild sterile conk of I. obliquus, and cultivated mycelium of I. 
obliquus. Table 28 summarizes the total polysaccharide yields and total glucan 
yields obtained from the different starting materials. 
 
Table 28. Total polysaccharide and total glucan yields obtained from A. bisporus, 
I. obliquus, and C. tubaeformis. 

Species Fraction g final polysaccharide 
/100 g starting material 

g final glucan 
/100 g starting material 

A. bisporus ABa 1.24 0.71 

 tABa 4.66 3.50 

C. tubaeformis Crat HW 0.36 0.10 (0.06b) 

 Crat 2% 2.74 1.30 (1.27b) 

 Crat 25% 2.05 1.13 (1.04b) 

I. obliquus (conk) F-Chaga HW 0.31 0.12 

 F-Chaga 2% 2.93 1.93 

 C-Chaga HW 0.22 0.09 

I. obliquus  Heart Rot HW 0.42 0.08 

(birch heart rot) Heart Rot 2% 1.55 0.11 

I. obliquus (mycelium) IPSsb0 HW 0.77 0.51 

 IPSsb0-2.5 HW 1.72 1.10 

 IPSsb0-2.5 2% 3.44 1.92 

 IPSsb5-10 HW 0.79 0.51 

 IPSsb5-10 2% 0.50 0.25 

 EPSsb0 0.39 0.15 

 EPSsb0-2.5c 0.80 0.28 

 EPSsb5-10c 1.03 0.28 
aassuming AB fractions and tAB fractions are pooled together; bafter DEAE 
chromatography purification; cassuming the EPS are pooled together in the same 
manner as the mycelium for IPS extraction. 

 

5.11.1 Comparison of polysaccharide and glucan yields and 
properties from A. bisporus and C. tubaeformis 

The comparison between the two fruiting bodies indicated A. bisporus was a 
more efficient starting material for the extraction of polysaccharides and of 
glucans, compared to C. tubaeformis. The hot water extraction of C. tubaeformis 
produced polysaccharides rich in mannose, galactose, and xylose. In contrast, 
three hot water extractions of A. bisporus produced mainly glucans (average 
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glucose content of 59% against 12% in Crat HW1, Table 16). Nevertheless, the 
polymers extracted from A. bisporus were mainly (by percentage of total 
chromatogram area) of molecular weight (Mp) lower than the polysaccharides 
extracted from C. tubaeformis (Table 17). It could be hypothesized that an 
eventual dialysis step during the purification of the AB fractions could have 
produced results more in agreement with the properties of Crat HW1. 

The disruption of the cell wall with the utilization of acidic ethanol and alkali 
had a noticeable effect on the polysaccharide yield. The acidic ethanol treatment 
increased the combined yield of polysaccharides to 276% in the subsequent hot 
water extractions. Moreover, the use of three sequential KOH 2% extractions 
produced a polysaccharide yield increase of 661%, compared to the previous hot 
water extraction step. The polysaccharides extracted after treatment and with 
alkali extraction were all mainly composed of glucose (average of 76% against 
69% of Crat 2%1, Table 16). However, the amount of glucan produced from A. 
bisporus was 2.7 times the amount produced from C. tubaeformis (Table 28). 
Nevertheless, the utilization of alkali produced a polysaccharide fraction with a 
population of about 5 × 102 kDa (60% of total area), which was not observed in 
tAB fractions. Moreover, the polysaccharide populations of higher Mp 
constituted 50% or less of total chromatogram area and had Mp below 2.5 × 102 
kDa. 

The results of the enzymatic kit analysis (Table 18) indicated β-glucans were 
about three times more abundant than α-glucans in tAB1 and tAB2 fractions. 
Enzymatic kit analysis was not performed for Crat HW1 and Crat 2%1. However, 
the comparison of the FT-IR spectra of Crat 2%1 and tAB1 indicated a clearer 
β-glucan signal around 890 cm-1 in the Crat 2%1 spectrum, compared to tAB1. 
Moreover, the 1H NMR spectrum of Crat 2%1 showed an integrated signal ratio 
between the α-glucan (4.95 and 4.98 ppm) and β-glucan (4.52, 4.55, 4.73, and 
4.77 ppm) signals in Crat 2%1 of 1:17. Therefore, the ratio between β- and α-
glucans would be higher in Crat2%1 than that in tAB. 

The ethanol-acid pretreatment was performed on A. bisporus with an 
ethanol−hydrocholic acid 37% 20:1 mixture for 1 h at 75 ºC and with a 
consistency of about 10%. After neutralization, the pretreatment was followed 
by three hot water extractions lasting 6 h. The mild alkali extraction of C. 
tubaeformis was performed with a KOH 2% solution for 3 h at 80 ºC and with a 
consistency of about 17%. The extraction was performed three times. The mild 
alkali extraction solubilized directly the polysaccharides, which were obtained 
after neutralization. This would be an advantage, compared to the pretreatment. 
In the present doctoral dissertation, the two methods were not applied to the same 
fungal species. Therefore, it would not be possible to conclude with method 
would be the best for increasing the polysaccharide yield. However, it can be 
noticed that the tAB pool would be obtained after a total extraction time of 19 h, 
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including pretreatment, while Crat 2% was obtained after a total extraction time 
of 9 h. These extraction times translated in polysaccharide productions of 0.25 
g/h for A. bisporus and 0.30 g/h for C. tubaeformis. On the other hand, the glucan 
production was 0.18 g/h for A. bisporus and 0.14 g/h for C. tubaeformis. The 
application of the ethanol-hydrochoric acid pretreatment to C. tubaeformis and 
other fungal species, in particular to fruiting bodies with stiff structure such as 
Polyporales, would be required to assess the industrial potential of this protocol. 

From the data presented so far, it would not be possible to conclude which 
fruiting body studied in the present doctoral dissertation would be the best 
starting material for the production of β-glucan fractions. A thorough screening 
of the biological activities of the fractions would provide important information 
guiding the selection of both starting materials and extraction methods. The 
availability of the starting material should also be taken into consideration. 

5.11.2 Comparison of yields and properties of polysaccharides and 
glucans from sterile conk and mycelium of I. obliquus 

The sterile conks of I. obliquus originating from Finnish and Chinese forests had 
polysaccharide yields, after hot water extraction, of 0.31 and 0.22 g/100 g 
starting material. The difference in yield after hot water extraction could be due 
to the different protocols used, rather than geographical origin. Only Finnish 
Chaga was extracted with alkali and the yield increased from 0.31 to 2.93 g/100 
g (Table 28). Compared to Finnish Chaga, the birch heart rot caused by I. 
obliquus had higher polysaccharide yield after hot water extraction (0.42 g/100g) 
but lower yield after alkali extraction (1.55 g/100g). Noticeably, the glucan 
yields after hot water extraction of sterile conks and birch heart rot resulted 
similar (0.12, 0.9, and 0.8 g/100g, respectively). The use of alkali had no 
remarkable effect on the glucan yield from heart rot (0.11 g/100 g). On the 
contrary, the increase of sterile conk glucan yield after alkali extraction was ten-
fold (Table 28). 

The yields of hot water and alkali extractions reported in Table 28 showed 
that the cultivated mycelium was, in general, a better source of polysaccharides, 
compared to the sterile conk. Without supplementation, the polysaccharide yield 
after mycelium hot water extraction increased of 148%, while the glucan yield 
quadruplicated. The use of sea buckthorn press cake as supplement (control and 
2.5 g/L dosage pool) increased the glucan content, compared to the hot water 
extract of mycelium cultivated without supplement, of 116% and 277% for, 
respectively, hot water and alkali extract. Noticeably, the utilization of alkali 
resulted almost in the same glucan yield from both sterile conk and cultivated 
mycelium. However, it is worth noticing that the use of KOH 2% solution 
increased the glucan yield more than 15 times, whereas the yield increase by 2% 
alkaline from cultivated mycelium was 76% from cultivated mycelium. 
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The amounts of polysaccharides collected from the cultivation medium of I. 
obliquus (produced by 100 g of mycelium) were higher than the amounts 
extracted from sterile conk and comparable to the amounts extracted from the 
mycelium, considering the hot water extracts. The amount of glucan extracted 
from cultivation medium without supplementation (EPSsb0) was 25% and 66% 
higher than F-Chaga HW and C-Chaga HW, respectively. On the other hand, the 
glucan amount was lower than IPS HW fractions. Noticeably, while the amount 
of polysaccharides was higher from the pools obtained after higher supplement 
dosages, the amount of glucan remained constant (0.28 g glucan /100 g mycelium, 
about double the amounts produced with hot water from sterile conk). As 
reported in Section 5.4, the experiments showed no significant influence of sea 
buckthorn press cake on the relative glucose content in the isolated EPS. On the 
other hand, there are reports in literature showing the influence of medium 
dosages on the EPS glucose. For example, a regression equation for EPS glucose 
amount in relation to medium pH, glucose, and peptone was elaborated for G. 
lucidum304. The experimental data reported by the authors shows clear 
differences in the glucan content of the produced EPS in relation to the medium 
pH and glucose. 

If we do not take into account the pooling of the EPS, the trend of the glucan 
production was similar to the one reported in Equations 3 and 4. The 
extrapolation of the reported experimental data of Xu and coworkers270 showed 
that when I. obliquus cultivation medium was supplemented with increasing 
concentrations of Tween 80, the amounts of EPS and glucan (g/100g of 
mycelium) increased with lowest dosage followed by a decrease, therefore in 
opposition with our results (Figure 38). It has been proposed that surfactants 
such as Tween 80 improve the mycelium cultivation yield due to a slow release 
of oleic acid267 or due to changes in the permeability of the membrane and the 
increased secretion of enzymes289. 
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Figure 38. Comparison of EPS glucan (g/100 g of mycelium) produced by I. 
obliquus at different supplement dosage and EPS glucan obtained after 
supplementation of Tween 80 at different dosages. Data after Tween 80 
supplementation was obtained from270. 
 

The utilization of NMR spectroscopy indicated that β-glucans in sterile conk 
and cultivated mycelium are structurally similar. However, the 
spectrophotometric and spectroscopic investigation of the I. obliquus fractions 
highlighted the high content of phenolic compounds in the sterile conk fractions, 
in particular in F-Chaga 2%. This fraction had a gallic acid equivalent content of 
0.69 g/100 g starting material, indicating a ratio between glucans and phenolics 
of 2.8:1 (w/w). No phenolic compounds were detected in the cultivated 
mycelium extracts. Therefore, while considering the utilization of cultivated 
mycelium as replacement of the sterile conk for the production of polysaccharide 
fractions, not only the consumer acceptance of the mycelium extract should be 
taken into account (issue raised by Money in347), but also the impact of the 
presence of covalent-bound phenolics on the biological activities of the 
polysaccharides. 

Differently from the sterile conk, the structural investigation of the mycelial 
glucans indicated a high amount of glycogen in the extracts. As mentioned in 
Section 5.8.1, the 1H spectrum of IPSsb0-2.5 2% showed an integration ratio 
between the glycogen signal and the β-glucan signals of 1.7:1. It could be 
speculated that the glycogen is the main polymer of the population of higher Mp, 
given the molecular weight values of the mycelial glycogen reported in 
literature348,349. Moreover, the ratios between the two populations in the hot water 
extracts were 1.37:1 (Populations 2 and 3 combined) and 1.22:1, for IPSsb0 and 
IPSsb0-2.5 mycelia respectively. The differences between the population ratios 
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measured with HPSEC and the NMR data could hint to the presence of →4)-α-
Glc-(1→4) units also in the populations of lower molecular weight. Glycogen 
signals have been found in polysaccharide population of lower molecular weight 
produced from P. eryngii350. 

 

 
Figure 39. Comparison between the ATR-FT-IR spectra of IPSsb0-2.5 
polysaccharides (top) with EPSsb0 (EPS obtained without supplement) (bottom). 
An expansion of the anomeri region (950–750 cm-1) is reported, with indication 
of the β-anomeric vibration. 

 
In the present doctoral dissertation, no structural investigation of the produced 

EPS was performed. However, a comparison of the FT-IR spectra of the EPS 
collected from medium not supplemented with sea buckthorn press cake (EPSsb0) 
and IPSsb0-2.5 fractions is reported in Figure 39. The intensity of the C−O and 
C−O−C bond vibrations differed noticeably, with the most intense of EPSsb0 
being the 1084 cm-1 vibration, in opposition to the 1020 cm-1 vibration for IPS 
fractions. The EPS spectrum showed the presence of protein amide (1644 and 
1542 cm-1) and carboxyl group (1708 cm-1) vibrations. Most importantly, the 
expansion of the anomeric region highlights the higher intensity of the β-
anomeric signal (893 cm-1) of EPSsb0, compared to the IPS fractions. The 1H 
spectrum of I. obliquus EPS isolated by Xue and coworkers351 showed both α- 
and β-linkage signals, with higher intensity for the latter. 

The α-glucan polymers would not exert the same biological role of the 
mushroom β-glucans in the organism, since they are susceptible to enzymatic 
digestion by amylase. However, there are reports in literature on the biological 
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activities in vitro and in vivo of glycogen-like polymers extracted from fungi. A 
branched →4)-α-Glc-(1→4) polymer, covalently bound to protein, extracted 
from the mycelium of Tricholoma matsutake, has showed immunomodulatory 
properties in vivo352. A polysaccharide fraction rich in →4)-α-Glc-(1→4) units, 
extracted from A. bisporus fruiting body, stimulated NO production of 
macrophages in cell lines experiments353. A glycogen-like polysaccharide 
extracted from the mycelium of the ascomycote Pseudallescheria boydii 
stimulated the production of cytokines from macrophages354. On the other hand, 
no clear effect on the human immune system has been observed in vivo during a 
human study where α-glucan was administrated355. Moreover, the comparison of 
polysaccharide fractions produced from A. bisporus and Agaricus brasiliensis 
performed by Smiderle and coworkers led the authors to conclude that the 
presence of α-glucan in the studied extracts interfered with the dose-dependent 
bioactivity of the extracts356. Therefore, further experiments and the purification 
of the different polymer populations in the cultivated mycelium extracts would 
be required to quantify the amount of this polymer and verify its influence on the 
biological activity of the extracts.
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6 SUMMARY AND CONCLUSION 

The experiments described in the present dissertation investigated the effects of 
extraction methods on the properties of fungal polysaccharides obtained from 
species with relevance for Finland. 

In order to improve the yield of the hot water extraction in terms of 
polysaccharides, in particular β-glucans, the cultivated A. bisporus was treated 
with ethanol-hydrochloric acid. Polysaccharides were extracted with three 
sequential hot water extraction from treated and untreated mushroom powder 
and analyzed after ethanol precipitation. In both cases, the first extraction was 
the most significant in terms of yield. The treatment not only caused an increase 
of the total extraction yield but also granted higher yield than the total yield from 
untreated mushroom with only the first hot water extraction. Glucose was the 
main monomer of all the polysaccharide fractions produced. The use of 
pretreatment caused a disruption of the cell wall network and increased the 
content in β-glucans of the extracts. The applied treatment could therefore be of 
industrial interest. On the other hand, a clear hydrolytic effect of the pretreatment 
was observed, as the molecular weight of the polysaccharides decreased and 
large polymer populations drastically reduced. 

The cell wall polysaccharides of the wild and underutilized C. tubaeformis 
were extracted utilizing sequentially hot water, KOH 2%, and KOH 25% and 
characterized. The polysaccharides extracted with hot water were mainly 
composed of polymers with →6)-α-Man-(1→6) and →6)-α-Gal-(1→6) units, 
with a higher abundancy of the earlier. These polymers were covalently bound 
to proteins. The polymers extracted with alkali were constituted mainly by a 
→6)-β-Glc-(1→6) glucan with branches in O-3 position of single β-Glc or β-
Glc-(1→3)-β-Glc-(1→3) dimers. As revealed by spectroscopical studies, the 
polymer was seldomly branched also with a β-uronic acid unit. For the utilization 
of C. tubaeformis as a source of β-glucans, hot water is an unefficient extraction 
medium. The utilization of alkali caused a reduction of branch and backbone 
length, as observed with methylation. Size-exclusion chromatography showed a 
bimodal distribution of the KOH 2% polysaccharides, while the fraction 
produced with KOH 25% had only low molecular weight polymers. The TGA 
study of the produced fractions indicated that only the use of KOH 25% caused 
a drastic decrease of the thermal stability of the polysaccharides extracted from 
C. tubaeformis. 

In the present dissertation, sea buckthorn press cake, a sidestream from juice 
pressing rich in fibers and oil, has been investigated for the first time as 
supplement for the cultivation in liquid medium of the rare basiomycete I. 
obliquus. The mycelium yield of the submerged cultivation of I. obliquus can be 
significantly increased with the supplementation of sea buckthorn press cake. 
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Methanolysis of the mycelium highlighted little retention of pectin after 
cultivation. The amount of press cake influenced, with a trend fitting a second-
order polynome, the production of EPS but reduced the production of IPS, which 
were obtained with sequential hot water and KOH 2% extraction. The EPS 
contained relative amounts of pectic monomers (arabinose and rhamnose, but not 
galacturonic acid) in proportion to the supplement. However, the molecular 
weight of the main polymer population was only slightly increased after 
supplementation. The IPS, on the other hand, had a little retention of press cake 
pectin, as suggested by the increase in their galacturonic acid content. The 
molecular weight profile was influenced by the use of alkali as extracting solvent. 
On the other hand, at higher dosages of supplement, the size-exclusion 
chromatogram showed a reduction of the main polymer population observed 
after lower dosages and the appearance of a population of lower molecular 
weight. 

The spectroscopical investigation of the polysaccharides extracted from the 
mycelium and the sterile conk of I. obliquus showed that the same β-glucan was 
extracted from both starting materials. Fractions produced from sterile conk were 
rich in phenolic compounds. While this was not the case of IPS, their 
investigation showed that glycogen was more abundant than the β-glucan. IPS 
and sterile conk polysaccharides also differed in the polymer population profiles, 
since the latter were monodispersed. Galactan was identified as a polymer 
present in both IPS and sterile conk polysaccharides.  

In addition to liquid state cultivation of I. obliquus mycelium, this doctoral 
dissertation took into account also the sidestream of the obtainment of the sterile 
conk of this species. Here, the birch heart rot caused by I. obliquus has been 
considered as a potential source of polysaccharides for the first time. The 
fractions produced with hot water and KOH 2% from birch heart rot were mainly 
constituted by xylan. Nevertheless, the hot water extract contained also the same 
galactan and β-glucan found in IPS and sterile conk, while traces were seen in 
the alkali fraction with NMR spectroscopy. 

The biological activities of fungal polysaccharides, which have attracted 
industrial attention, are influenced by their macromolecular properties. 
Therefore, it is important to outline how these properties are affected by different 
starting materials and extraction methods. The balance between desired 
properties and desired yield is of industrial interest. This doctoral thesis has 
provided new information on how different methods increasing polysaccharide 
yields affect their properties. This thesis has outlined the potential of a common 
and underutilized Finnish mushroom as starting material and provided new 
information on the utilization and improvement of cultivated mycelium of I. 
obliquus as replacement of its sterile conk.  
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This dissertation indicated also the presence of grey areas in the field of fungal 
polysaccharides. Compared to ascomycetes, the elaboration of a detailed model 
of the cell wall has received too little attention. Moreover, little importance has 
been attributed to the influence of growth stage and environmental conditions on 
the detailed structure of the cell wall components. The communication between 
these areas and the research efforts dedicated to isolation and identification of 
fungal polysaccharides seems inadequate. The nutraceutical market has strong 
need of standardization in terms of biological properties and, therefore, chemical 
and physico-chemical properties of the polysaccharide fractions produced from 
fungi. Detailing the influence of the starting material on these properties could 
fill this gap. Regarding the biological properties of fungal polysaccharides, 
prebiotic activity is probably the most recent area of study. Structure-prebiotic 
activity relationship studies focusing on purified fungal polysaccharides are still 
very few and inadequate in uniformity357. However, the whole field of fungal 
polysaccharides is lacking in in vivo studies, particularly in clinical trials. These 
are required for the development of safe and effective products. Stronger 
research efforts are also required for the utilization of cultivated mycelium as 
replacement of fruiting body as polysaccharide resource. Detailed studies on the 
chemical composition of mycelia are lacking. Also, there is too little research on 
the influence of cultivation conditions, particularly with the use of supplements, 
on the properties of mycelial polysaccharides. Despite the large breadth of the 
field of fungal polysaccharides, the amount of challenges and open questions is 
also vast.
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