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A b s t r a c t  
 

The development of new effective substrates for mushroom cultivation is relevant not only 
in order to obtain high-quality food products, but also as a need for rational use of natural resources. 
Chemical pretreatment can modify the chemical composition of various types of lignocellulosic ma-
terials and remove the growth-inhibiting compounds which can affect the physiological and bio-
chemical processes in fungi. The present work provides the first comprehensive assessment of growth 
and biochemical characteristics of xylotrophic basidiomycetes cultivated on substrates that contain 
chemical pretreated lignocellulosic materials. Edible mushrooms Hericium erinaceus (Bull.) Persoon 
and Flammulina velutipes (Curtis) Singer and medicinal mushroom Ganoderma lucidum (Curtis) 
P. Karst. were selected for study. Pine (Pinus sylvestris L.) and beech (Fagus orientalis Lipsky) saw-
dust of particle size 0.24-0.315 mm were used. Pretreatment of lignocellulosic material with 2 % wt. 
solutions of hydrochloric acid, sulfuric acid, sodium hydroxide and hydrogen peroxide was carried 
out in autoclave at 120 С for 60 min. Sodium hydroxide pretreatment resulted in a statistically sig-
nificant (p < 0,05) increase in the easily hydrolysable carbohydrates content in pine sawdust by 5 % 
and in beach sawdust by 4 % compared to control. Acid pretreatment instead led to an increase in 
hardly hydrolysable carbohydrates content in lignocellulosic materials by 20 %. Hydrogen peroxide 
pretreatment had no significant effect on composition of pine and beech sawdust. Chemically pre-
treated pine and beach sawdust were used as the basis for substrates for cultivation of xylotrophic 
basidiomycetes. Substrates, in addition to sawdust, contained 10 % wheat bran and 1 % CaCO3. 
Alkaline and acid pretreatments contributed to increased bioavailability of lignocellulosic materials 
for the vegetative growth of G. lucidum. The colony of G. lucidum after nine days of growth on un-
treated pine sawdust was 43±4 mm in diameter, on hydrochloric acid-, sulfuric acid-, sodium hy-
droxide- and hydrogen peroxide-pretreated pine sawdust were 58±7, 52±3, 63±4 and 49±7 mm in 
diameter, respectively. Acid pretreatments of sawdust improved the growth rate and density of F. ve-
lutipes and H. erinaceus vegetative mycelium. Hydrochloric acid pretreatment of pine sawdust led to 
an increase in the colony diameters of F. velutipes and H. erinaceus from 51±1 and 19±2 mm to 
62±1 и 23±4 mm, respectively, of beach sawdust — from 48±4 and 19±2 mm to 50±4 и 32±3 mm, 
respectively. No growth of H. erinaceus occurred on substrate with alkali-pretreated pine sawdust. 
Fruit bodies of H. erinaceus were harvested from substrates containing acid-pretreated and untreated 
pine and beach sawdust. Acid pretreatments of pine and beach sawdust decreased the cultivation 
time twice. The second wave of fructification occurred during the cultivation of H. erinaceus only on 
substrates containing hydrochloric acid-pretreated sawdust. This provided an increase in yield of fruit 
bodies compared to control. The total yield of fruit bodies of the first and second waves cultivated on 
substrates with pretreated pine sawdust was 8.0 % dry wt., on substrate with untreated sawdust — 
3.9 % dry wt. The yield of fruit bodies reduced significantly during cultivation of H. erinaceus on a 
substrate with beech sawdust after sulfuric acid pretreatment. For the first time, a significant differ-
ence in the protein and polysaccharide contents of fruit bodies of the first and second waves is 
shown. In the case of growing mushrooms on a substrate with hydrochloric acid-pretreated sawdust 
fruit bodies of the second wave had 1.3 times higher protein content and 1.7 times higher polysac-
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charide content than fruit bodies of the first wave. Thus, a comparative study of different pretreat-
ments of lignocellulosic materials revealed a high efficiency of hydrochloric acid pretreatment step in 
preparing pine sawdust substrates for cultivation of H. erinaceus.  

 

Keywords: basidiomycetes, Hericium erinaceus, Ganoderma lucidum, Flammulina velutipes, 
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The involvement of hardly processible wastes from agriculture, food and 
wood processing industry in technological processes is a key aspect of the rational 
use of natural resources [1, 2]. Sawdust of coniferous trees, leaves, fir needles and 
bark are valuable raw materials for inclusion in existing production cycles [3, 4]. 
However, besides cellulose, hemicelluloses and lignin such wastes contain the pol-
yphenolic and tanning substances which negatively affect the raw materials pro-
cessing [5, 6]. The unwanted components can be removed in the course of pre-
processing using the physical [7], chemical [8, 9] or biological methods [10]. As 
the result, the reactive capacity of the key components increases owing to the 
breaking of intermolecular bonds, decrease of crystallinity degree, increase of the 
pore size and available surface area of the raw material (11-13). The successful 
example of the introduction of new technologies which include the stage of pre-
processing of lignocellulosic raw materials is the ethanol production [14-16]. When 
using the sugar cane bagasse pretreated with ammonia the yield of alcohol is 6 
times higher compared to using the untreated one (17).   

In growing the fruit bodies of edible xylotrophic mushrooms, the sawdust 
of deciduous trees, straw, sunflower husk and corncobs which do not require mod-
ifying the chemical composition are used [18, 19]. It can be assumed that the pre-
treatment of such substrates will contribute to the increase of their bioavailability. 
Using the untreated sawdust of coniferous trees for growing fruit bodies is imprac-
tical because the resins contained in their wood inhibit the fungi growth and wors-
en the quality of final products.   

There is no information in the scientific literature on the comparing vari-
ous types of chemical pretreatment of lignocellulosic raw materials in the devel-
opment of effective substrates for growing fruit bodies of mushrooms.  

In this work, for the first time, the assessment of the growth and biochem-
ical characteristics of xylotrophic mushrooms grown on the substrates containing 
chemically pretreated lignocellulosic raw materials has been made. It is shown that 
the share of carbohydrates in the sawdust composition decreases after the acid pre-
treatment and increases after the alkaline pretreatment. The growth and density of 
the mycelium of Ganoderma lucidum (Curtis) P. Karst. increases after all types of 
pretreatment. For Flammulina velutipes (Curtis) Singer and Hericium erinaceus 
(Bull.) Persoon the substrates after the acid pretreatments are more accessible. The 
pretreatment of pine and beech sawdust with hydrochloric acid and the pretreat-
ment of pine sawdust with sulfuric acid ensures the second wave of fruiting in 
H. erinaceus. Wherein, the fruit bodies of the first and second waves significantly 
differe in the content of proteins and polysaccharides. 

The objective of this work was to establish the influence of the methods of 
pretreatment of deciduous and coniferous trees’ sawdust on the growth and bio-
chemical characteristics of some species of edible and medicinal fungi. 

  Techniques. The sawdust of pine (Pinus sylvestris L.) and beech (Fagus 
orientalis Lipsky) was grinded into 0.24-0.315 mm particles and dried at 60 С for 
48 hours. 100 grams of dried sawdust were mixed in 750 ml Erlenmeyer flasks with 
2% hydrochloric acid, sulfuric acid, sodium hydroxide and hydrogen peroxide (all 
reagents of the Ruskhim LLC, Russia) in the 1:1 proportion. The flasks were kept 
in the autoclave (steam sterilizer VK-75-01, TZMOI JSC, Russia) at 120 С for 
60 minutes. The pretreated sawdust was separated by filtration through the ashless 
filter paper under vacuum, washed with the distilled water up to pH 7 and dried at 
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60 С for 48 hours.  
Dried preprocessed sawdust (1 g) was mixed with 1.5% hydrochloric acid 

(45 ml) in conic 100 ml flasks. The flasks were autoclaved at 120 С for 120 
minutes. The reaction mixture was air-cooled for 30 minutes up to room tempera-
ture and filtered through ashless paper filters under vacuum. Easily hydrolyzable 
carbohydrates in the pretreated sawdust was determined by measuring the amount 
of reducing substances (RS) in the hydrolysate filtrates by the standard spectro-
photometric method with the 3,5-dinitrosalicylic acid (Acros Organics B.V.B.A., 
Belgium) [20]. 

The strains of the medicinal basidiomycete G. lucidum and edible basidio-
mycetes F. velutipes and H. erinaceus which also have medicinal properties were 
received from the collection of the Gause Institute of New Antibiotics. The work-
able cultures were stored on the slant potato-glucose agar at 4 С.  

The solid substrate containing 4.5 g of sawdust, 0.5 g of wheat bran and 
0.05 g of CaCO3 (Ruskhim LLC, Russia) were placed in Petri dishes and then 8 
ml of hot (90 С) distilled water was added. The substrate pH was adjusted to 
6.0±0.2. The Petri dishes were sterilized at 120 С for 1 hour, inoculated with the 
mycelial-agar blocks (3 mm diameter) of the 10-day-old fungus cultures and incu-
bated at 25 С for 9 days, and the diameters of colonies were measured. 

To grow the fruit bodies of H. erinaceus, the solid substrate containing 
18 g of sawdust, 2 g of wheat bran and 0.2 g of CaCO3 was placed into conical 
flat-bottomed 200 ml flasks and then 32 ml of hot (90 С) distilled water was add-
ed. The pH was adjusted to 6.0±0.2. To assess the effect of sawdust pretreatment 
on the yield and biochemical composition of fruit bodies, the content of an ob-
ligatory additional source of nitrogen (bran) was half of the standard according to 
the generally accepted recommendations [21]. The flasks were sterilized at 120 С 
for 60 min, inoculated with the mycelial-agar blocks (3 mm diameter) of the 10-
day-old culture of H. erinaceus and incubated in the dark at 25 С for 3 weeks 
until the complete coverage of the substrate with the mycelium. After that, the 
cotton-gauze plugs were removed and the flasks were incubated at 20 С and 80% 
relative humidity for 3 months in incubation chamber at 0.1 rpm and 8-hour day-
light (150 lx, LED lamps). Fruit bodies that reached commercial maturity were 
harvested, dried (freeze dryer LS-500, Prointekh LLC, Russia) and grinded.  

The total polysaccharide content was determined by phenol-sulfuric acid 
method with glucose (NTK DIAEM LLC, Russia) as a standard [22]. The pro-
teins were extracted with 0.1 M phosphate buffer (pH 7.4) for 3 hours under con-
stant stirring. The total content of proteins was evaluated by the Bradford method 
[23] with bovine serum albumin (NTK DIAEM LLC, Russia) as a standard.  

All experiments were performed in 3 biological and 3 analytical replicates. 
The statistical processing of the results was made using Microsoft Excel 

2013 software package. The figures and tables show the mean values (M) and 
standard errors of the mean (±SEM). The statistical significance of the differences 
between the average values of the parameters was evaluated according to the Stu-
dent’s t-test, the differences at р  0.05 were considered statistically significant.  

Results. The chosen basidiomycetes are economically valuable producers of 
nutritious and bioactive compounds [24-28]. 

Easily hydrolyzable carbohydrate content was 30% in the untreated pine 
sawdust and 37% in the beech sawdust (Fig. 1) that corresponds to the content of 
hemicelluloses in the raw material [29]. The pretreatment with the sodium hydrox-
ide solution contributed to a 7% increase in the level of easily hydrolyzable carbo-
hydrates in the pine sawdust and a 4% increase for the beech sawdust (p  0.05).   

Most likely, this was the consequence of the removal of lignin and a part 
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of hemicelluloses that corresponds to the reported data [30]. The hydrogen perox-
ide did not significantly influenced the content of easily hydrolyzable carbohy-
drates in the beech sawdust, while the pretreatment of the pine sawdust led to 
their a 5% decrease. It is possible that the differences in the results of the pre-
treatment with hydrogen peroxide are due to the difference in the chemical struc-
ture of hemicelluloses and lignin in coniferous and deciduous trees [31]. 

The acid pretreatment 
caused the sharp increase in 
concentration of hardly hydro-
lyzable compounds in the raw 
materials, i.e. the content of 
easily hydrolyzable carbohy-
drates in sawdust of pine and 
beech decreased by 20% (p  
0.05). Since the loss in substrate 
weight exceeded the portion of 
easily hydrolyzed sugars, acid 
pretreatment seemed to cause 
not only the hydrolysis of hemi-
celluloses and the amorphous 
parts of cellulose but also the 
lignin partial removal. A similar 
result of chemical changes under 
the influence of mineral acids 

has been obtained when studying the pretreatment of poplar wood [32]. 
At the next stage, we evaluated the effect of the pretreatment on the sub-

strates bioavailability for xylotrophic basidiomycetes causing white rot, which are 
able to utilize lignin. The rate of the substrate consumption and the intensity of 
mycelium development were determined (Table 1).   

1. Diameter of 8-day-old colonies (d) and visual assessment of the density of xy-
lotrophic basidiomycetes mycelium (q) grown in Petri dishes under different 
chemical pretreatments of the substrate (M±SEM) 

Substrate Pretreatment 
Ganoderma lucidum Flammulina velutipes Hericium erinaceus 
d, mm q d, mm q d, m q 

Pine Control 43±4 2 51±1 2 19±2 2 
HCl, 2 % 58±7 3 62±1 2 23±4 2 
H2SO4, 2 % 52±3 3 62±2 2 29±2 2 
NaOH, 2 % 63±4 3 58±2 1 – – 
H2O2, 2 % 49±7 3 54±1 1 24±2 1 

Beech Контроль 34±1 2 48±4 3 19±2 2 
HCl, 2 % 49±6 3 50±4 3 32±3 2 
H2SO4, 2 % 38±3 3 57±2 3 32±3 2 
NaOH, 2 % 60±8 3 63±4 1 24±1 1 
H2O2 2 % 49±7 3 42±5 1 26±2 1 

N o t e. The mycelium density is given in points; “–” means no growth. 
 

All types of chemical pretreatment contributed to higher growth rate and 
density of the mycelium of G. lucidum. That is, G. lucidum with equal efficiency 
assimilated the substrates enriched both with lignin (acid pretreatment) and with 
carbohydrates (alkaline and peroxide pretreatment). In case of G. lucidum, the in-
crease of bioavailability of the substrates containing the preprocessed sawdust is 
probably related to the destruction of the intermolecular bonds of the lignocellulo-
sic complex as a result of chemical exposure. For F. velutipes and H. erinaceus the 
substrates after the acid pretreatments were more accessible. Wherein, the enrich-
ment of the substrates with lignin led to the increase in the growth rates of basidi-
omycetes compared to the control both on the pine sawdust and on the beech 

 
Fig. 1. Easily hydrolyzable carbohydrates in the sawdust of 
beech (Fagus orientalis) (a) and of pine (Pinus sylvestris) 
(b) before and after chemical pretreatments: 1 — control, 
2 — 2% hydrochloric acid, 3 — 2% sulfuric acid, 4 — 
2% sodium hydroxide, 5 — 2% hydrogen peroxide. 
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sawdust. The peroxide and alkaline pretreatments did not contributed to the in-
crease of the substrate bioavailability for F. velutipes and H. erinaceus. While the 
slight increase in the growth rate of F. velutipes on the sawdust enriched with car-
bohydrates, the mycelium density decreased. There was no growth of H. erinaceus 
on the substrate containing the pine sawdust after the alkaline pretreatment.   

The analysis of the research 
papers shows that numerous tech-
nologies are developed for G. lucid-
um and F. velutipes the cultivation 
[18]. At the same time, the edible 
fungus H. erinaceus, which has me-
dicinal properties, is a valuable food 
product and a source of biologically 
active substances, such as immuno-
modulating and antitumor polysac-
charides, antioxidants, and neuroac-
tive compounds [24, 26, 33]. 

For the entire period of the 
experiment on the untreated sawdust 
of pine and beech, we got only one 
wave of the H. erinaceus fruit bodies 
which have reached the commer-

cial maturity after 63 days of cultivation (Table 2). The acid pretreatment led 
to significant acceleration of fruiting of H. erinaceus. During the 2-month ex-
periment, on the substrates containing all variants of the pretreated sawdust, ex-
cept for beech sawdust pretreated with sulfuric acid, there were two fruiting waves. 
The fruit bodies of the first and second waves were harvested at commercial ma-
turity on Day 35 and Day 63, respectively. The increase of the yield compared to 
controls occurred on pine sawdust pretreated with hydrochloric acid (p  0.05) 
(Fig. 2, 3). 

 

A B C 

   
Fig. 3. Hericium erinaceus growth on Day 35 upon different chemical pretreatment of the substrates 
for cultivation: A — mycelium on the untreated pine sawdust, B — fruit bodies on pine sawdust 
pretreated with hydrochloric acid, C — fruit bodies on pine sawdust pretreated with sulfuric acid. 

 

Perhaps this is due to the fact that chloride anions are able to break the 
intermolecular hydrogen bonds of lignocellulosic complex and to increase lignin 
bioavailability [34]. Despite the fact that as a result of the pretreatment of pine 
sawdust with sulfuric acid two waves of fruiting have been gotten, the total yield 
turned to be comparable to the yield of the first wave on the untreated substrate. 

At the final stage, we compared the contents of proteins and polysaccha-
rides in fruit bodies of H. erinaceus. The pretreatment of the pine sawdust with 
sulfuric acid reduced mass fraction of proteins from 13.5 to 6.8% and of poly-

 
Fig. 2. Yield of Hericium erinaceus fruit bodies in the 
control (1), on substrates pretreated with 2% hydro-
chloric  (2) and sulfuric (3) acids (expressed as dry 
matter): a — pine, first wave; b — beech, first wave; 
c — pine, second wave; d – beech, second wave 
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saccharides from 41.6 to 23.9% during the first wave (Table 3). On the pine 
sawdust pretreated with hydrochloric acid and on the untreated pine sawdust, 
the fruit bodies had the statistically significantly equal content of proteins and 
polysaccharides (p > 0.05). The pretreatment of beech sawdust with hydrochloric 
acid led to almost 2-fold decrease of the proteins content in fruit bodies as com-
pared to the control, however, the polysaccharide content was maximum on this 
substrate. It has been established that the fruit bodies of the second wave differed 
from the basidiomas of the first wave in the higher content of proteins. Such 
trend has not been yet described in special literature and requires further study. 

2. Fruiting of Hericium erinaceus as depends on chemical pretreatment of the wood 
substrates 

Substrate Pretreatment 
Commercial maturity, days 

first wave second wave 
Pine Control  63 – 

HCl, 2 % 35 63 
H2SO4, 2 % 35 63 

Beech Control 63 – 
HCl 2, % 35 63 
H2SO4, 2 % 35 – 

N o t e. The commercial maturity is the stage at which fruit bodies shall be harvested for sale. “–” means no fruiting. 
 

3. The contents of proteins and polysaccharides in Hericium erinaceus fruit bodies 
as depend on chemical pretreatment of the wood substrates (M±SEM)  

Substrate Pretreatment 
The first wave The second  wave 

proteins, % polysaccharides, % proteins, % polysaccharides, % 
Pine Control 12.7±0.4 41.6±3.9 – – 

HCl, 2 % 12.0±2.2 42.5±5.3 16.0±2.5 24.3±1.6 
H2SO4, 2 % 9.7±3.9 23.9±3.4 16.4±0.5 16.0±1.3 

Beech Control 13.5±0.5 35.4±0.9 – – 
HCl, 2 % 6.8±1.2 43.6±2.3 12.7±1.7 29.7±1.9 
H2SO4, 2 % 12.4±0.6 29.4±0.1 – – 

N o t e. “–” means no fruiting. 
 

Our results shows that, for developing the compositions of new substrates 
for solid-phase cultivation and for growing the fruit bodies of H. erinaceus, the 
pretreatment of raw materials with hydrochloric acid is the most effective that 
makes it possible to increase the yield capacity, to accelerate the process of get-
ting the basidiomas and to use pine sawdust for H. erinaceus cultivation. Further 
experiments will be aimed at studying the influence of the pretreatment with hy-
drochloric acid of sawdust of other coniferous trees on the H. erinaceus growth 
and fruiting. The pretreatment of sawdust from deciduous trees is not practical 
because it does not lead to the increase in biotechnological and biochemical pa-
rameters. 

Thus, the acid pretreatment declines the level of easily hydrolyzable car-
bohydrates in the sawdust of pine and beech. The alkaline pretreatment contrib-
utes to the partial removal of lignin and thereby increases the content of total 
carbohydrates. All types of chemical pretreatment lead to an increase in the 
growth rate and density of Ganoderma lucidum mycelium. The bioavailability of 
sawdust for Flammulina velutipes and Hericium erinaceus is higher after the acid 
pretreatments. At that, the highest growth rate and density of the mycelium oc-
cur on sawdust substrates pretreated with hydrochloric acid. The acid pretreat-
ment of sawdust shortens the time until fruiting in H. erinaceus from 63 days to 
35 days compared to the untreated sawdust. A significant increase in yield capac-
ity (p  0.05) was typical for H. erinaceus on the substrates containing the pine 
sawdust pretreated with hydrochloric acid. The substrate containing beech saw-
dust pretreated with sulfuric acid decreases the yield. The fruit bodies of the sec-
ond wave are higher in protein content and lower in polysaccharides as com-
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pared to the first wave fruit bodies. 
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