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Alteration in the ultrastructural morphology of mycelial hyphae and 
the dynamics of transcriptional activity of lytic enzyme genes during 
basidiomycete morphogenesis

The morphogenesis of macromycetes is a complex multilevel 
process resulting in a set of molecular-genetic, physiological- 
biochemical, and morphological-ultrastructural changes in the 
cells. When the xylotrophic basidiomycetes Lentinus edodes, 
Grifola frondosa, and Ganoderma lucidum were grown on 
wood waste as the substrate, the ultrastructural morphology 
of the mycelial hyphal cell walls differed considerably between 
mycelium and morphostructures. As the macromycetes passed 
from vegetative to generative development, the expression of 
the tyr1, tyr2, chi1, chi2, exg1, exg2, and exg3 genes was acti-
vated. These genes encode enzymes such as tyrosinase, chi-
tinase, and glucanase, which play essential roles in cell wall 
growth and morphogenesis.

Keywords: basidiomycete morphogenesis, gene expression, 
lytic enzymes, phenol oxidases, cell wall ultrastructure

Introduction

The morphogenesis of basidiomycetes (alteration in their 
forms and developmental stages) is a multilevel dynamic pro-
cess, taking place at both intracellular and intercellular levels 
throughout the fungal life cycle or under the influence of va-
rious environmental factors. This process implies molecular- 
genetic, physiological, and ultrastructural transformations and 
cell differentiation. Macromycetes differ substantially from 
all other microorganisms in terms of specific features of their 
morphogenesis. There is still a lack of information on the 
molecular and physiological aspects of the morphogenetic 

development in the basidiomycetes.
  The key role in macromycete morphogenesis is played by 
the cell wall – a complex, biochemically and morphologically 
dynamic structure. Changes in its composition trigger cell 
differentiation, serving a specific functional purpose: vege-
tative growth, space colonization, ability to protect the orga-
nism from adverse environmental conditions and pathogens, 
and ability to form morphostructures and basidia (Bartnicki- 
Garcia, 1973; Michalenko et al., 1976; Feofilova, 1983; Cabib 
et al., 1988; Bowman and Free, 2006). The basidiomycete cell 
wall contains a large amount of chitin, which forms com-
plexes with β-glucans. The glucans, along with chitins, are 
the predominant polysaccharides of this structure. They are 
responsible for the shape and rigidity of the mycelial hy-
phae (Cabib et al., 1988; Fontaine et al., 1997; Feofilova, 
2002). Research on the biosynthesis of basidiomycete cell wall 
components demonstrates that chitins, glucans, and glyco-
proteins are covalently cross-linked and that the formation 
of this linkage is a dynamic process (Bowman and Free, 2006). 
The growth pattern of the cell wall and its transformation 
during morphogenesis involves a certain role of lytic enzymes 
in maintaining the balance between synthesis and lysis of its 
components (Bartnicki-Garcia, 1973; Kamada et al., 1985; 
Herrera-Estrella and Chet, 1999).
  The aim of this study was to examine the relationship be-
tween the ultrastructural morphology and differentiation of 
the mycelial hyphae of the basidiomycetes (nonpigmented 
mycelium, mycelial mat, primordia, and fruiting bodies) dur-
ing morphogenesis, alongside the dynamics of the transcrip-
tional activity of the enzyme genes (tyr1, tyr2, chi1, chi2, exg1, 
exg2, and exg3) which code for tyrosinase, chitinase, and glu-
canase, enzymes involved in the rearrangement of the basi-
diomycete cell wall.

Materials and Methods

Fungal strains and cultivation conditions
We used three types of medicinal cultivated xylotrophic ba-
sidiomycetes of different systematic groups. Lentinus edodes 
(Berk.) Sing F-249 (shiitake mushroom), Grifola frondosa 
(Fr.) S.F. Gray 0917 (maitake mushroom), and Ganoderma 
lucidum (Curtis: Fr.) P. Karst) 1315 (reishi or lingzhi mush-
room) were obtained from the Collection of Higher Basidial 
Fungi, Department of Mycology and Algology, Lomonosov 
Moscow State University, and from the Basidiomycete Cul-
ture Collection of the Komarov Botanical Institute, Russian 
Academy of Sciences (RAS). The fungi were maintained in 
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Table 1. The list of the constructed primers
Primers 5 3 sequence
gpd1 F GACGCACTGACAATCTGACTG
gpd1 R GATGCGAGAGTTCAGGTTTTAC
gpd2 F GAAGGGTGGTGCCAAGAAGGTG
gpd2 R GCAGACGAACATGGGAGCATC
tyr1 F GCCCAGGTTGATCGTCTGCTTTC
tyr1 R CTGCCAATGTGACCGATACGTCC
tyr2 F CAACCCTTCTGGGACTGGGC
tyr2 R CGGTAGCGACGGAGTGGATT
chi1 F CTTCGGGAGCCTATGTAACTGTG
chi1 R CCAGGCTTTCCAATGATTACTGC
chi2 F GACGTGAACAAGCTGGTCATCG
chi2 R GGGAACTGGAACGCCATGAC
exg1 F CGGGGTAAGTTCTCCTCCAAG
exg1 R GAACGAGTAGGACGAACCATG
exg2 F GTCAACCAAAACAACTTCTTCCGC
exg2 R GAGACCTGCCAGTGGATACCG
exg3 F CCAGCAGTTCACGGTCCG
exg3 R GAAGGTCCAGCCCCAGTTCC

the collection of higher fungi held by the Laboratory of Mic-
robiology at the IBPPM RAS on beer-wort (4 degrees on 
the Balling scale for sugar content) (Ball, 2006) and on 2% 
agar plates at 4°С. The basidiomycetes were grown by an in-
tensive technique under conditions closest to natural. Growth 
through all stages of development was on a wood substrate 
under laboratory conditions. The morphogenesis of the ba-
sidiomycetes under study includes the following stages: ac-
tive development of a substratum, growth and branching of 
nonpigmented mycelium (NM); consolidation of the my-
celium on the substratum surface, pigmentation; formation 
of a protective morphological structure – a mycelial mat (MM) 
and formation of generative basidia – primordia (PR) and 
fruiting bodies (FB) (Vetchinkina and Nikitina, 2007).

Isolation of RNA and synthesis of cDNA by reverse trans-
cription
Tissues of the morphostructures (nonpigmented mycelium, 
mycelial mat, primordia, and fruiting bodies) of L. edodes, 
G. frondosa, and G. lucidum were separately collected, im-
mediately frozen, and homogenized by grinding in a porce-
lain mortar with liquid nitrogen. Total RNA was isolated from 
fungal cells by using an RNeasy Plant Mini kit (Qiagen) ac-
cording to the manufacturer’s recommendations. The RNA 
concentration was determined on a NanoDrop ND-1000 
spectrophotometer (NanoDrop Technologies). The quality 
of the isolated RNA was assessed by electrophoretic separa-
tion patterns in 1% agarose gel after staining with ethidium 
bromide (Osterman, 1981).
  For cDNA, we used 1.5 μg of total RNA pretreated with 
0.1 U/μl DNase (Fermentas) at 37°C for 30 min. Reverse tran-
scription was performed in a reaction mixture of the total 
volume of 25 μl containing 100 μM oligo-dT18 primers, 
300 μM dNTPs, and 100 U M-MuLV reverse transcriptase 
(Fermentas) in a relevant buffer. First, an RNA solution 
was heated at 70°C for 5 min in the presence of oligonucleo-
tide primers (oligo-dT18) and then cooled on ice. Then, the 
remaining components were added and the mixture was in-
cubated at 37°C in a DNA Engine thermocycler (Bio-Rad) 
for 60 min. The reaction was terminated by heating the mix-
ture to 70°C for 10 min. Two microliter of the cDNA thus 
obtained was used in PCR.

Amplification of DNA fragments by real-time PCR (qPCR)
To amplify L. edodes, G. frondosa, and G. lucidum DNA frag-
ments (cDNA), we constructed primers complementary to 
fragments of the genes tyr1, tyr2, chi1, chi2, exg1, exg2, exg3, 
gpd1, and gpd2, which encode tyrosinase, chitinase, glucanase, 
and glyceraldehyde 3-phosphate dehydrogenase, respectively. 
The gpd1 and gpd2 genes were used for reference.
  Primers were constructed by using the Vector NTI version 
9 software package with the nucleotide sequences of L. edodes 
(Sakamoto et al., 2005a, 2005b, 2009). Since the information 
on the shiitake, maitake and reishi genome sequences in avail-
able databases is very limited, we compensated for the lack of 
data by building consensus sequences of the coding regions 
of the genes by using the existing databases on other basi-
diomycete species. The primers were synthesized by Syntol 
(Table 1).

  PCR was done in a reaction mixture (total volume of 25 
μl) that contained buffer [67 mM Tris-HCl; pH 8.8, 17 mM 
(NH4)2SO4, 2.5 mM MgCl2, and 0.1% Tween 20], 100 μM of 
each dNTP, 2 μl of cDNA, 0.1 μM of each primer. The tem-
perature and duration of the reaction stages (10 sec at 94°C 
and 1 min at 60°C) were controlled with a CFX96 thermal 
cycler (Bio-Rad) equipped with an optical module. The du-
ration of the procedure was 40 cycles.
  The content of cDNA, corresponding to transcripts of each 
of the genes under study, was determined with calibration 
curves built on the basis of the reactions performed with four 
tenfold dilutions of cDNA. To evaluate the efficiency of the 
reactions and to build the calibration curves, we used the 
CFX Manager Software package (Bio-Rad). The absence of 
considerable amounts of genomic DNA was confirmed by 
PCR with the samples omitted from the reverse transcription. 
The relative level of expression was determined by compar-
ing the amount of cDNA in a target gene (tyr1, tyr2, chi1, 
chi2, exg1, exg2, or exg3) with that in a reference gene (gpd1 
or gpd2).

Sample preparation for transmission electron microscopy
For studying the macromycete cell structure during mor-
phogenesis, the cultures were investigated by transmission 
electron microscopy (TEM). The mycelial hyphae at different 
stages of morphogenesis were fixed with a 2.5% glutaralde-
hyde solution in phosphate buffer (0.1 M, pH 7.2) for 2 h and 
were postfixed with a 1% OsO4 solution for 3 h in the same 
buffer containing sucrose (25 mg/ml). The samples were de-
hydrated in a series of alcohol solutions of increasing concen-
trations and in absolute acetone. Then, the samples were 
transferred into propylene oxide for 45 min, mixtures of 
Epon resin (Fluka) and propylene oxide at 1 : 2, 1 : 1, and 2 : 1 
ratios (24 h each), and pure resin. The resin was polymerized 
at 37, 45, and 57°C (24 h each).
  Sections were prepared on an LKB-III (LKB) microtome. 
Semithin cross-sections (2 μm) were stained with 1% meth-
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 (A)                                                 (B)

 (C)                                                 (D)

Fig. 1. Light microscopy of semithin sections of L. edodes mycelial hyphae 
at various morphogenesis stages. (A) friable nonpigmented mycelium, (B)
tight nonpigmented mycelium, (C) mycelial mat, (D) primordia. Scale bar 
is 20 μm.

(A)                                                 (B)

(C)                                                 (D)

(E)                                                 (F)

Fig. 2. Transmission electron microscopy (TEM) of longitudinal and trans-
verse cross-sections of the mycelial hyphae of L. edodes (A, C, E), G. fron-
dosa (B, D), and G. lucidum (F). Ultrastructure of the nonpigmented my-
celial cells: hyphal buckle (HB), septum (SP), septal pore cap (SPC), paren-
tosome (PS), pore of the parentosome (PPS), сell wall (CW), plasma mem-
brane (PM), mitochondria (MC), ribosomes (R), endoplasmic reticulum 
(ER), nucleus (N), multivesicular bodies (MVB), vacuoles (V), multimem-
brane structures (MMS). Scale bar is 200 and 500 nm.

ylene blue for 30 sec and examined with a Leica DM6000B 
microscope (Leica Microsystems). Ultrathin sections were 
placed on nickel grids and stained with 2% aqueous uranyl 
acetate and Reynold’s lead citrate solution (Reynolds, 1963). 
The ultrastructure of fungal cells at various stages of mor-
phogenesis was analyzed on a JEM-1200 EX (JEOL) trans-
mission electron microscope at an accelerating voltage of 
80 kV.

Statistical analysis
The experiments were done in three replicates of three in-
dependent experiments. The data were processed by standard 
mathematical approaches (mean square root deviation cal-
culation and comparison of the means by Student’s t-test), 
by using Microsoft Excel 2000 software.

Results

Specific features of mycelial growth and the cell structure, 
depending on the fungal development stage
A light microscopy study of semithin cross-sections of non-
pigmented rough mycelium indicated that the hyphae (3–4 
μm in diameter) formed a 40–50 μm layer over the substrate. 
The hyphae penetrating into the substrate are much less 
densely located than the outer ones (Fig. 1A).
  The cross-sections of the nonpigmented thick mycelium 
demonstrated its heterogeneity. In the top section, hyphae 
were more densely packed; there were many thin ones among 
them (approx. 1 μm in diameter). The diameter of the hyphae 

in the lower section, immediately adjacent to the substrate, 
was 2–3 μm. In addition, the hyphae were embedded in the 
intercellular matrix (Fig. 1B).
  On the mycelial mat surface, the hyphae had a diameter of 
2.5 μm and were very tight against each other, forming a 
40–50-micron-thick highly pigmented protective layer. The 
protoplast remained intact; only the outermost cell layer ap-
peared to be dead. The outer matrix was denser than that in 
primordia (Fig. 1C). Primordial hyphae were embedded in 
the intercellular matrix of rough fibrillar structure and had 
the largest diameter (4–5 μm) (Fig. 1D).

Transmission electron microscopy of the cell structure at 
different morphogenesis stages
In microphotographs of ultrathin sections, septated hyphae 
were observed. Dolipores and parentosomes with multiple 
holes were also seen clearly. In addition to the septa a large 
number of individual channels, responsible for cytoplasmic 
material transportation during mitosis (Suh et al., 1993; Jen-
kinson et al., 2008), were observed (Fig. 2A and B).
  The cells were rich in cytoplasm and had one or several small 
vacuoles, transparent or with fibrillar contents. The chon-
driome was well-developed; the mitochondria were branchy 
and orthodox-type, stretching along the hyphae (Matrosova 
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(A)                                                 (B)

(C)                                                 (D)

(E)                                                 (F)

(G)                                (H)                              (I)

Fig. 3. Transmission electron microscopy (TEM) of longitudinal and trans-
verse cross-sections of the mycelial hyphae of L. edodes, G. frondosa, and 
G. lucidum. Ultrastructure of the mycelial hyphae at various morpho-
genesis stages: (A, B, C) mycelial mat, (D, E, F) primordia, (G, H) fruiting 
body (stipe), (I) fruiting body (cap). Cell wall (CW), vacuoles (V), poly-
phosphate (PP), mitochondria (MC), multivesicular bodies (MVB), mul-
timembrane structures (MMS), extracellular matrix (MX), cytoplasm (C),
osmiophilic pellets (OS), lipid droplet (L), glycogen (G). Scale bar is 200; 
500 nm and 1; 2 μm.

et al., 2009). The cytoplasm contained many free ribosomes. 
The endoplasmic reticulum was mostly smooth and well-de-
veloped; some of its cisterns were extra-wide. The vacuolar 
system was well-developed. There were numerous secretory 
vesicles, which were morphologically heterogeneous and had 
transparent or gray homogenous contents; the membrane 
was thin (Fig. 2C). The nuclei, surrounded by a two-layer 
membrane, both in the nonpigmented mycelial hyphae and 
in the cells at different developmental stages, had an ortho-
dox structure and, as a rule, a round or oval shape (Fig. 2D). 
Multivesicular bodies were present in all the cells as an ag-
gregation of vesicles (either surrounded by a membrane or, 
rarely, not). Because their membrane was similar to the plas-
malemma, we assume that they were, in fact, endosomes for-
med through endocytosis, and they contained material ob-
tained from outer areas (Fig. 2E). The multivesicular bodies 
were able to invaginate a vacuole, and, as a result of this, mem-
brane “bundles” (myelinlike structures) were formed (Fig. 2F) 
(Kamzolkina et al., 2014).
  The cell ultrastructure, in general, was only slightly different, 
depending on the location of the cells. The mitochondria for-
med large groups, and there were many polysomes. The va-
cuoles varied in size and had fibrillar contents. The edge cells 
were more vacuolated and contained some multivesicular 
bodies. The lower-section hyphae were characterized by in-
tensive secretion; there were many secretory vesicles, and their 
association with the plasmalemma was clearly observed. 
Spherical lipid drops and a large amount of glycogen were 
also seen.
  Unlike cells at the nonpigmented mycelium stage, cells at 
the mycelial mat stage had a thickened cell wall (an electron- 
dense layer consisting of chitin fibrils embedded in a β-glucan 
matrix) (Fig. 3A). Also characteristic were a large number of 
vacuoles, some of which were autolytic. The vacuoles often 
contained granular polyphosphate inclusions (Fig. 3A and B). 
These cells contained fewer ribosomes and less rough en-
doplasmic reticulum, as compared to the cells at the other 
stages. Various multivesicular and myelinlike structures were 
present in great abundance (Fig. 3B and C).
  Primordial hyphae, as mentioned above, were embedded 
in the intercellular matrix of rough fibrillar structure. They 
had the largest diameter among the cells under study – 4 to 
5 μm. The cell wall was thickened (1 μm) and had a charac-
teristic “speckled” texture (although thin-walled hyphae were 
also observed). In cells with a thickened cell wall, condensa-
tion of the cytoplasm was observed, while the lumen in the 
cross-section was star-shaped (Fig. 3D). These hyphae, in all 
likelihood, perform a supporting function. The cells were 
heterogeneous and differed in the degree of their vacuolation 
and in the density of their cytoplasm. The hyphae had va-
cuoles of different sizes with fibrillar contents, sometimes with 
small osmiophilic spheres (Fig. 3E). Occasionally, large va-
cuoles were formed (sometimes 80 nm in diameter), as were 
vesicles, which were pressed against one another and had 
dense dark inclusions – polyphosphate granules (Fig. 3F). 
The mitochondria were orthodox-type. The endoplasmic re-
ticulum was generally rough (unlike the nonpigmented my-
celium). However, smooth reticulum and numerous poly-
somes were also observed. Microtubules could also be clearly 
seen. Unlike the mycelia at the other stages of development, 

the secretory vesicles were not numerous, and there were no 
fringed vesicles (Fig. 3F).
  In fruiting bodies, the vacuolar system was well-developed. 
Most of the cells had several vacuoles, which were pressed 
against each other and occupied most of the cellular space 
(Fig. 3G). We detected spherical lipid drops and granular 
polyphosphate inclusions. Some of the cells were filled with 
glycogen (they performed the role of depositories of this 
product) (Fig. 3H).
  We also observed “supporting” hyphae with a thickened cell 
wall, as well as greatly pigmented cells (Fig. 3I). We assume 
that in fruiting bodies, the functional differentiation of cells 
or specific cell segments is well-developed.

Transmission electron microscopy of the ultrastructure of 
mycelial cell walls at different morphogenesis stages
The ultrastructural morphology of the mycelial cell wall and 
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 minimum,   mean value,   maximal thickness of the cell well.

Fig. 4. Thickness of the cell wall mycelial hyphae of L. edodes at different 
stages of morphogenesis. The arrangement of cells in a tissue: edge (the out-
side edge), middle, transzone (adjacent to the substrate); (FNM) friable non-
pigmented mycelium, (TNM) tight nonpigmented mycelium, (MM) my-
celial mat, (PR) primordia.

(A)                                                 (B)

(C)                                                 (D)

(E)                                                 (F)

(G)                                                 (H)

Fig. 5. Ultrastructural alterations (TEM) in the basidiomycete cell wells 
at different stages of morphogenesis. A thin-walled cell of the non-
pigmented mycelium of L. edodes (A); a cell of the pigmented mycelium of 
G. frondosa with a thickened cell wall (B); a supporting hypha of the my-
celial mat of G. lucidum with an ultrathick melanized cell wall (C); highly 
melanized thickened cell walls of the mycelial mat of L. edodes (D); 
pressed, heavily pigmented thick-walled hyphae of the mycelial mat of G. 
lucidum (E); a thick-walled supporting hypha of the L. edodes primordia 
(F); a star-shaped primordial cell of L. edodes (G); thick-walled melanized 
cells of the fruiting body (stipe) of L. edodes (H). Cell well (CW): 1, ex-
ternal electron-transparent layer, 2, internal electron-dense layer; sup-
porting hyphae (SH); for other designations, see Figs. 2 and 3. Scale bar is 
200; 500 nm and 1 μm.

morphostructures varied, depending on the macromycete’s 
stage of development. The rough nonpigmented mycelial cell 
wall was approximately 150 nm thick. Although the hyphae 
penetrating the substrate were much less densely packed (as 
compared to the cell layer on the surface), their diameter, as 
well as the cell wall thickness, remained the same. As the ba-
sidiomycetes underwent further development and the den-
sity of the nonpigmented mycelium increased, both differ-
entiation of the mycelial hyphae and alteration of the cell 
wall ultrastructure took place.
  On the outer side, the hyphae became denser and shrank 
substantially. Many thin hyphae (1 μm in diameter) could be 
seen, and their cell walls were approximately 100 nm thick. 
At the stage of dense nonpigmented mycelium, the hyphae 
immediately adjacent to the substrate and embedded in the 
matrix had cell walls whose size increased, ranging from 
approx. 300 to 600 nm in some instances (Fig. 4).
  The microphotographs clearly show the cytoplasmic mem-
brane and the two-layer cell wall adjacent to it. This cell wall 
consists of an inner electron-dense layer of fibrillar struc-
ture (chitin fibrils embedded in a β-glucan matrix) and an 
outer electron-transparent layer containing an alkali-soluble 
glucan (Fig. 5A and B).
  The pigmented mycelial mat showed an even greater cyto-
differentiation of mycelial hyphae. The cell wall ultrastruc-
ture differed substantially, depending on the cells’ location 
(Fig. 5C). Unlike the thin-walled hyphae at the preceding de-
velopment stage, the outer layer of the cell wall was substan-
tially thickened (from 450 to 950 nm). Besides, the hyphae 
were highly melanized and very closely adjacent to one an-
other, forming a tight frame (approx. 50 μm thick) (Fig. 5D 
and E).
  During the thickening of the mycelium, there appeared 
many pigmented thick-walled hyphae in the macromycetes 
(G. lucidum had a considerably greater number of those than 
did L. edodes or G. frondosa; besides, the cell wall of the latter 
fungi was less thick) (Fig. 5C–E). The cell layer located in the 
middle section of the tissue was less dense; the cell wall was 
approximately 200 nm thick. The density of the cells closely 
adjacent to the substrate, as well as their cell wall thickness, 

corresponded to the values obtained at the preceding devel-
opmental stage (dense nonpigmented mycelium), ranging 
from 280 to 570 nm (Fig. 5B).
  At the primordial stage, the fungal cell walls had the greatest 
thickness (approx. from 600 nm to 2 μm in some instances) 
and a characteristic “speckled” texture. However, thin-walled 
hyphae were also present (Fig. 5F). In thick-walled cells, the 
cytoplasm got denser, and the lumen acquired the shape of a 
star (Fig. 5G). These hyphae apparently fulfill a supporting 
function. At this particular stage, unlike the ones described 
above, the “supporting” hyphae were especially numerous, 
and owing to this, the macromycetes were able to maintain 
the shape of the basidiomes formed. The fruiting bodies often 
had “supporting” hyphae with ultrathick pigmented cell walls 
(Fig. 5H).
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                  (A)                                                                     (B)

                  (C)                                                                     (D)

                  (E)                                           (F)                                               (G)

Fig. 6. Expression of the tyrosinase (A, B), 
chitinase (C, D), and glucanase (E, F, and 
G) genes in L. edodes, G. frondosa, and G. 
lucidum at various morphogenesis stages.
The data are normalized by the transcrip-
tional activity of the gpd gene. (NM) non-
pigmented mycelium, (MM) mycelial mat, 
(PR) primordia, (FB) fruiting body.

Dynamics of expression of tyrosinase, chitinase, and gluca-
nase genes (tyr1, tyr2, chi1, chi2, exg1, exg2, and exg3), de-
pending on the developmental stage
Transcripts of the genes under study (tyr1, tyr2, chi1, chi2, 
exg1, exg2, and exg3) were detected at all stages of fungal 

morphogenesis. However, the level of their expression dif-
fered greatly, depending on the stage. Tyrosinase activity in-
creased with increasing pigmentation intensity of the my-
celium. PCR analysis showed that the highest level of tyr1 
and tyr2 expression was at the stage of the mycelial mat – a 
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highly melanized fungal structure (Fig. 6A and B).
  According to the experimental data, the transition from 
vegetative growth to basidium formation was followed by a 
manifold increase in tyrosinase gene expression. All phenol 
oxidases, including tyrosinases, catalyze the synthesis of mel-
anins, which perform a protective function. They are also re-
sponsible for fusing mycelial cell wall components during 
the formation of morphogenic structures (Thurston, 1994; 
Whitaker, 1995; Kanda et al., 1996a, 1996b; Van Gelder et al., 
1997).
  The level of the chitinase chi1 and chi2 gene expression was 
highest at the mycelial mat and primordium stages (Fig. 6C 
and D). The algorithm of fungal cell wall growth implies a 
specific role of lytic enzymes in maintaining the balance be-
tween cell wall synthesis and lysis (achieved through a coo-
perative effect of chitin syntase and chitinase activity) dur-
ing the apical growth of the mycelium (Herrera-Estrella and 
Chet, 1999). Besides, a role for chitinase in hyphal division 
and branching was also proposed (Bartnicki-Garcia, 1973).
  Most fungi synthesize glucanase enzymes, both extracellular 
and associated with the cell wall. According to our data, the 
basidiomycetes demonstrated the highest level of expression 
of the exg1, exg2, and exg3 glucanase genes, as well as the chi1 
and chi2 chitinase genes, at the mycelial mat, primordium 
(L. edodes), and fruiting body stages (G. frondosa, G. lucidum), 
unlike the nonpigmented vegetative mycelium (Fig. 6E, F, 
and G).
  From our data, it is evident that intracellular glucanases and 
chitinases play a very important role in cellular rearrange-
ments during vegetative mycelial growth, especially at the 
morphogenesis stages. Glucans, as well as chitin, are preva-
lent cell wall polysaccharides and have been assumed to be 
responsible for the shape and degree of rigidity of the hy-
phal wall (Cabib et al., 1988; Fontaine et al., 1997).

Discussion

Analysis of the electron microscopy data shows that during 
fungal growth, substrate colonization, and alterations in the 
morphogenesis stages, the fungal hyphae undergo substan-
tial changes, and intracellular ultrastructural rearrangements, 
along with the cytodifferentiation in the mycelium, take place. 
Especially notable are the transformations of the cell wall 
structure, one of the most important systems determining 
the direction of the basidiomycetes’ morphogenetic devel-
opment (Gull and Newsam, 1975; Saksena et al., 1976). L. 
edodes, G. frondosa, and G. lucidum are xylotrophs making 
use of wood as a food substrate. At their initial development 
stages, following inoculation, the nonpigmented mycelial 
hyphae demonstrate active growth, division, and substrate 
colonization. At this stage, all the cell diameters, as well as 
their wall thickness, remain the same. Further on, mycelial 
hyphal differentiation takes place. Along with that, a dense 
mycelial layer is formed on the substrate’s surface, and its 
hyphae are embedded in the matrix. In addition, the cell walls 
thicken two- to four-fold. Later on, the nonpigmented my-
celium gets even denser and becomes pigmented; a layer of 
tightly intertwined thick-walled melanized hyphae covers the 
white mycelium, and a mycelial mat is formed. At this stage, 

further cytodifferentiation takes place, and the cell wall ultra-
structure becomes substantially different, depending on the 
cells’ location. The layers of the cells located in the middle sec-
tion of the tissue and those closely adjacent to the substrate 
are similar to the layers at the preceding development stage 
in terms of their wall density and thickness. The outer my-
celial cells thicken considerably (up to 1 μm) and are closely 
adjacent to one another; intercellular adhesion is also en-
hanced, owing to which a multicellular structure is formed 
that protects the organism from adverse environmental con-
ditions. The formation of a mycelial mat is typical of all the 
basidiomycetes studied in this work; however, it varies in 
terms of its density, cell wall thickness, and pigmentation 
intensity (beige in G. frondosa, red in G. lucidum, and dark- 
rown in L. edodes). Apparently, during evolution, this struc-
ture emerged as an adaptive mechanism protecting both the 
nonpigmented mycelium and the forming primordia from 
adverse environmental conditions. The formation of the mat 
precedes fruiting; beneath its surface, primordia are formed 
[their cell walls are the thickest (up to 2 μm), compared to 
those formed at the other morphogenesis stages described 
above]. There emerge many “supporting” hyphae, which are 
responsible for the morphology of the macromycetes’ repro-
ductive organs. Thus, the ultrastructural morphology of the 
hyphal cell walls varies strongly, depending on the morpho-
genesis stage.
  The basidiomycete cell walls contain a large amount of chi-
tin, which forms complexes with β-glucans (Feofilova, 1983, 
2002; Mendoza, 1992). For instance, in basidiomes of Agaricus 
fungi, chitin fibrils embedded in a β-glucan matrix make up 
more than 80% of the cell wall (Michalenko et al., 1976). It 
is evident that since chitins and β-glucans, which form com-
plexes, are the prevalent polysaccharides of the cell wall and 
define its shape and degree of rigidity (Cabib et al., 1988; 
Fontaine et al., 1997), lytic enzymes must play an important 
role in the growth and morphogenesis of the fungal cell wall, 
which is to maintain the balance between the synthesis and 
lysis of its components. For example, endo-β-glucanase en-
zymes are involved in the constant rearrangement of the cell 
wall’s glucans during mycelial growth (Polacheck and Rosen-
berger, 1975), and they play an important role in stretching 
the stipe fibers of the basidiomycete Coprinus cinereus (Ka-
mada et al., 1985).
  The expression of the exg1, exg2, exg3, chi1, and chi2 genes 
reached the top level at the mycelial mat, primordium, and 
fruiting body stages, at which the cell walls thickened and 
stretched considerably in contrast to the thin-walled hyphae 
of the nonpigmented mycelium. In addition, a large num-
ber of thick-walled “supporting” hyphae emerged. The basi-
diomes and dense mycelial structures (mats, sclerotia) con-
tained much more chitin and glucan than the nonpigmented 
vegetative mycelium submerged into the substrate (Kozlova 
and Kamzolkina, 2004). Our data show that at these devel-
opmental stages, the transcriptional activity of the exg and 
chi genes increased, triggering the corresponding amplifi-
cation of synthesis of chitinases and glucanases – intercel-
lular enzymes that are essential for cell wall morphogenesis. 
Besides, this evidence suggests that both chitinase and glu-
canase are involved in the incessant rearrangement of the 
cell wall polysaccharides. They have an immediate effect on 
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this structure’s polymers (β-1,3-glucans, bound to chitin, 
another essential component) and can make the fungal cell 
wall more rigid or flexible during the apical growth, bran-
ching, consolidation, stretching, or fusion of the fungal hy-
phae, responsible for the formation of macromycete mor-
phostructures. Study of the biosynthesis of the different com-
ponents of the fungal cell wall proves that chitins, glucans, 
and glycoproteins are covalently cross-linked and that the 
formation of this linkage is a dynamic process (Bowman and 
Free, 2006).
  Besides, phenol oxidases such as tyrosinases, employed by 
xylotrophic basidiomycetes for degrading wood and sup-
plying themselves with nutrients, may also participate in fun-
gal cell wall morphogenesis (Raguz et al., 1992; Perry et al., 
1993; Thurston, 1994; Kanda et al., 1996a, 1996b; Van Gelder 
et al., 1997). According to our evidence, the expression of the 
tyrosinase tyr1 and tyr2 genes was highest at the most strongly 
pigmented developmental stage – the mycelial mat. This is 
quite understandable, as tyrosinase is involved in the synthesis 
of melanin, which makes fungi tolerant of environmental 
conditions. Dense structures, fulfilling a protective function 
at the onset of fruiting body formation, are heavily saturated 
with pigments. It is believed that melanin provides resis-
tance to ultraviolet light. Besides, this pigment has a sub-
stantial effect on the resistance of the chitin-glucan-melanin 
complex to chitinase and 1,3-β-glucanase action (Feofilova, 
1983; Whitaker, 1995). The pigments cluster either on the 
hyphae’s outer surface (in granulated form) or inside the fun-
gal cell wall, forming a complex with chitin. This results in 
the formation of a strong pathogen-resistant barrier.
  Our data indicate a multifaceted role for tyrosinases, chi-
tinases, and glucanases in the development of xylotrophic 
basidiomycetes. They suggest that these enzymes contribute 
not only to substrate colonization but also to shifts in the 
morphogenesis stages, as well as to the ultrastructural rear-
rangement of the fungal cell wall components. This indicates 
that these compounds and/or their products have regulatory 
activity during macromycete development.

Conclusions

Thus, the manifold increase in the expression of the exg1, 
exg2, exg3, chi1, chi2, tyr1, and tyr2 genes with cytodiffer-
entiation at different development stages suggests that in-
tracellular glucanases, chitinases, and tyrosinases play a key 
role in the tightening, stretching, pigmentation, and bind-
ing of the cell wall components and in the fusion of hyphae, 
all these processes being essential for the formation of mor-
phostructures in macromycetes. The maximal enzymatic ac-
tivity at the pigmented mycelial mat stage suggests an im-
portant role of this structure in morphogenesis. The myce-
lial mat not only fulfills a protective function but, being bio-
chemically active, also facilitates fruiting body formation. 
The ultrastructural rearrangements of the hyphal cell wall, 
taking place at the transition from one developmental stage 
to the next, along with the changing dynamics of the tran-
scriptional activity of the key genes during morphogenetic 
development, confirms the status of the cell well as one of 
the most important systems responsible for the direction of 

the morphogenesis of basidiomycetes, fungi that are of great 
interest owing to their nutritive value and unique medici-
nal properties.
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