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PECTINOLYTIC ENZYMES OF BASIDIOMYCOTA: 
GENETIC BASIS, CULTURE CONDITIONS, 
BIOCHEMICAL PROPERTIES, 
AND INDUSTRIAL APPLICATIONS
Pectinases are a diverse group of enzymes responsible for the depolymerization and modifi cation of plant cell wall 

polysaccharides. While bacterial and ascomycete pectinases are well studied and widely applied, the enzymatic poten-

tial of Basidiomycota remains underexplored. Th is review analyzes over 70 species of Basidiomycota and summarizes 

the genetic diversity of pectinase-encoding genes (over 100 genes associated with pectolytic activity), belonging to the 

CAZy families GH (8—78 genes, e.g., GH28 for polygalacturonases), PL (up to 24 genes, e.g., PL1 and PL3 for pec-

tin/pectate lyases), and CE (up to 19 genes, e.g., CE8 and CE12 for pectinesterases). Special attention is given to the 

role of cultivation conditions — substrate type and concentration, temperature, pH, nitrogen supplementation, and 

co-cultivation — in regulating enzyme biosynthesis and activity. Pectinolytic activity varies widely (0.05 μmol/min/

mL to 1163.8 units/gsubstrate), with white-rot fungi achieving the upper range. Th e most promising producers are from 

the genera Pleurotus, Trametes, and Lentinula. Th e review also covers isolation methods, including ammonium sul-

fate precipitation, dialysis, ion-exchange, and gel-fi ltration chromatography (purifi cation factors 2.4—10.5, recovery 

21—65%), and biochemical properties of basidiomycete pectinases, which exhibit moderate thermostability (40—60 

°C optima), acidic pH optima (3.5—6.5), glycoprotein structure, and multiple isoforms. Th ese enzymes show promis-

ing properties for fruit juice extraction, clarifi cation, tissue maceration, and bioconversion of agro-industrial wastes. 

Th erefore, Basidiomycota represents a valuable but insuffi  ciently characterized source of industrial pectinases, requir-

ing further study of new strain selection, cultivation optimization, and large-scale enzyme applications.
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84 ISSN 1028-0987. Microbiological Journal. 2026. (1)

P.R. Zubyk, I.R. Klechak, V.M. Linovytska, L.O. Titova, L.P. Dzyhun

Pectins are complex heteropolysaccharides that 
are part of the plant cell wall matrix, ensuring 
its plasticity, porosity, hydration, and regulating 
intercellular interactions (Ruiz et al., 2017). Th e 
basis of pectin compounds is homogalacturo-
nan, modifi ed by numerous side chains. Th ese 
compounds are targets for pectolytic enzymes 
(pectinases)  — a broad class of enzymes that 
catalyze the depolymerization and modifi cation 
of pectin substances by hydrolysis, de-etherifi -
cation, or β- elimination (Chandel et al., 2022; 
Kaczmarska et al., 2022).

Depending on the type of chemical bond they 
act on, pectinases are divided into three main 
functional groups: pectinesterases (carbohy-
drate esterases, CE), which catalyze the de-es-
terifi cation of methylated or acetylated residues; 
glycosyl hydrolases (GH), which cleave glycosid-
ic bonds in the main chain or in side branches; 
and polysaccharide lyases (PL), which act by a 
β-elimination mechanism (Bonnin et al., 2020; 
Ozojiofor et al., 2023). 

Pectinesterases (EC 3.1.1.X), belonging to 
CE1, CE8, and CE12 families, initiate degrada-
tion by hydrolyzing methyl or acetyl esters in 
pectin backbone, oft en via a serine hydrolase-
like catalytic triad (Ser-His-Asp) in a ping-pong 
mechanism, releasing low-esterifi ed pectin or 
pectic acid and methanol/ethanol; subtypes in-
clude pectin methylesterases (random, block, 
or processive demethylation) and acetyl ester-
ases (O-2/O-3 hydrolysis), with fungal/bacterial 
enzymes, favoring random cleavage, and plant 
ones — block/processive for calcium cross-link-
ing (Ahmed et al., 2021; Hong et al., 2017; Liu et 
al., 2018; Sharma et al., 2013; Tapre et al., 2014; 
Urbániková, 2021). 

Glycosyl hydrolases, primarily GH28 (poly-
galacturonases), employ acid-base catalysis 
for α-1,4-gly co sidic bond cleavage endo forms 
randomly hydrolyze internal bonds (invert-
ing/retaining mechanisms with Asp/Glu resi-
dues), while exo forms target chain ends, releas-
ing monomers or digalacturonates; additional 

subtypes like rhamnogalacturonan hydrolases 
(GH28/78/105/106) cleave RG-I via endo/exo 
modes, and arabinanases (GH3/10/43/51/54/62) 
hydrolyze α-1,5-arabinan branches (Ahmed et 
al., 2021; Bonnin et al., 2020; Matsumoto et al., 
2017; Sathya et al., 2014). 

Polysaccharide lyases (PL1/3/9 for pec-
tate/pectin lyases) perform non-hydrolytic 
β-elimination, abstracting C5 protons to form 
Δ4,5-unsaturated products via tyrosinate/
Zn2+-dependent transelimination, oft en requir-
ing Ca2+ for substrate stabilization in endo/exo 
forms (Ahmed et al., 2021; Bekli et al., 2019; Wu 
et al., 2020; Zheng et al., 2021).

Pectinases play a key role in industrial pro-
cesses, including juice and wine production 
(clarifi cation, yield improvement, aroma en-
hancement), textile fi ber processing (pectin 
shell removal), wastewater bioremediation, and 
plant biomass conversion (Garg et al., 2016; 
Ruiz et al., 2017). 

Th e main producers of pectinases in indus-
try remain bacteria (Bacillus spp., Erwinia spp.) 
and Ascomycota (representatives of the genera 
Aspergillus spp. and Penicillium spp.), which 
are characterized by high productivity, ease of 
scaling, and resistance to cultivation conditions 
(Haile et al., 2022). However, the enzymes of 
these microorganisms do not always meet the 
requirements for stability, selectivity, or envi-
ronmental safety. In this context, the search for 
new pectinase producers is becoming particu-
larly relevant (Singh et al., 2024).

Unlike traditionally used microorganisms — 
bacteria and microscopic fungi  — Basidiomy-
cota remain less studied in the context of pec-
tolytic enzymes. However, they demonstrate 
an exceptional ability to break down complex 
polymers of plant origin, primarily due to the 
presence of a developed system of lignolytic and 
cellulolytic enzymes, including peroxidases, lac-
cases, cellulases, and others (Berger et al., 2022; 
Rytioja et al., 2014). Interest in the pectolytic po-
tential of Basidiomycota is not new: in Ukraine, 
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extensive research on basidiomycete pectinases 
was conducted in the twentieth century at the 
M.  G.  Kholodny Institute of Botany by Dud-
chenko, Trutneva, Danylyak, et al. (Danylyak 
et al., 1989; Dudchenko et al., 1985; Dudka et 
al., 1982). Today, there are publications where 
individual representatives of Basidiomycota are 
considered promising producers of pectinases 
(Zhang et al., 2022; Zubyk et al., 2025).

Known systematic reviews on pectinases and 
their applications are mainly focused on high-
lighting the enzymes of bacteria and microfungi 
(Amin et al., 2019; Haile et al., 2022; Kohli et 
al., 2015; Patel et al., 2022; Shrestha et al., 2021). 
Among them, the pectolytic enzymes of Basidio-
mycota remain insuffi  ciently studied, which em-
phasizes the relevance of this work

Th e aim of the work was to systematize data 
on the potential of Basidiomycota as producers 
of pectolytic enzymes, analyze the factors in-
fl uencing their synthesis, and characterize the 
properties of the isolated enzymes and their ap-
plications.

Materials and Methods. Th is narrative review 
synthesizes literature from 1990 to 2025 on pec-
tolytic enzymes produced by basidiomycete mac-
romycetes. A systematic search was conducted 
across Scopus, Web of Science, Google Scholar, 
and PubMed databases using a comprehensive 
set of keywords encompassing general and spe-
cifi c terms “pectinase”, “pectinolytic enzyme”, 
“polygalacturonase”, “pectin esterase”, “pectin 
lyase”, “pectin depolymerization”, “CAZy”, “tran-
scriptome”, “secretome”, “fungal genome”, “gene 
family”, “fungal pectinase gene”, “basidiomycete”, 
“pectinase purifi cation”, “enzyme characteriza-
tion”, “enzyme activity”, “biochemical properties”, 
“solid-state cultivation”, “submerged cultivation”, 
“pectin-rich waste”, “fruit pomace”, “apple pom-
ace”, “citrus peel”, “beet pulp”, “agro-industrial 
substrate”, “application of pectinase”, “fruit pro-
cessing”, “biocatalysis”, “biovalorization” along 
with genus-specifi c terms such as “Agaricus 
bisporus”, “Ag. brasiliensis”, “Agrocybe pediades”, 

“Armillaria cepistipes”, “Ar. gallica”, “Ar. mel-
lea”, “Ar. ostoyae”, “Ar. solidipes”, “Armillaria sp.”, 
“Bjerkandera adusta”, “B. fumosa”, “Cairneyella 
variabilis”, “Ceriporiopsis subvermispora”, “Colly-
bia nuda”, “Collybiopsis luxurians”, “Coniophora 
puteana”, “Coprinopsis cinerea” (or syn. “Copri-
nus cinereus”), “Cordyceps militaris”, “Coriolopsis 
trogii”, “Coriolus cervinus” (or syn. “Trametopsis 
cervina”), “Coriolus hirsutus” (or syn. “Trametes 
hirsuta”), “C. pubescens” (or syn. “T. pubescens”), 
“C. versicolor” (syn. “T. versicolor”), “C. zonatus” 
(syn. “T. zonatus”), “Cryptococcus neoformans”, 
“Cyathus striatus”, “Dichomitus squalens”, “Fis-
tulina hepatica”, “Flammula alnicola”, “Flammu-
lina elastica”, “Flm. ononidis”, “Flm. velutipes”, 
“Fomes fomentarius”, “F. sclerodermeus”, “Fomi-
tiporia mediterranea”, “Fomitopsis cytisina”, Fmt. 
palustris “Fmt. pinicola”, “Fmt. serialis” (or syn. 
“T. serialis”), “Galerina marginata”, “Ganoderma 
lucidum”, “Gelatoporia subvermispora”, “Gloeoph-
yllum trabeum”, “Grifola frondosa”, “Gymnopilus 
junonius”, “Gymnopus androsaceus”, “Hebeloma 
cylindrosporum”, “Heterobasidion annosum”, “He-
ricium erinaceus”, “Hydnomerulius pinastri”, “Hy-
menopellis radicata”, “Hypholoma sublateritium”, 
“Hypsizygus ulmarius”, “Infundibulicybe gibba”, 
“Laccaria amethystina”, “Lac. bicolor”, “Leuco-
agaricus gongylophorus”, “Lentinula edodes” (or 
syn. “Lentinus edodes”), “Lns. crinitus”, “Lns. 
squarrosulus”, “Macrocybe titans”, “Macrolepiota 
fuliginosa”, “Marasmius fi ardii”, “Mucidula mu-
cida”, “Omphalotus olearius”, “Panaeolus papilio-
naceus”, “Pilatotrama ljubarskyi”, “Phanerochaete 
chrysosporium” (syn. “Phanerodontia chrysospo-
rium”), “Phlebia brevispora”, “Phl. radiata”, “Phle-
biopsis gigantea”, “Phlegmacium glaucopus”, “Pho-
liota conissans”, “Plicaturopsis crispa”, “Pleurotus 
eryngii”, “Pl. fl orida”, “Pl. ostreatus var. fl orida”), 
“Pl. ostreatus”, “Pl. pulmonarius”, “Pl. sajor-caju” 
(or syn. “Lns. sajor-caju”), “Postia placenta”, “Pyc-
noporus cinnabarinus” (or syn. “T. cinnabarina”), 
“Pyc. sanguineus” (or syn. “T. sanguinea”), “Rho-
docollybia butyracea”, “Schizophyllum commune”, 
“Serpula lacrymans”, “Stereum hirsutum”, “St. 
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purpureum”, “Stropharia rugosoannulata”, “Suil-
lus brevipes”, “T. albida” (or syn. “Antrodia al-
bida”), “T. cingulata”, “T. coccinea”, “T. elegans”, 
“T. hirsuta”, “T. lilacinogilva” (or syn. “Rhodo-
fomitopsis lilacinogilva”), “T. polyzona”, “T. pube-
scens”, “T. ravida” (or syn. “Oxyporus ravidus”), 
“T. sanguinea” (or syn. “Pyc. sanguineus”), “T. se-
rialis” (or syn. “Fmt. serialis”), “T. villosa”, “Tri-
choloma matsutake”, “Ustilago maydis”, “Volva-
riella volvacea”, “Wolfi poria cocos”, et al. Genus-
specifi c searches also incorporated combinations 
of species names and targeted terminology (e.g., 
“Pl. ostreatus + GH28”, “T. versicolor + pectin ly-
ase gene”, “Sch. commune + CAZyme annotation”, 
“Flm. velutipes + pectinase transcriptome”). 

Priority was given to studies featuring com-
parative genomic and secretomic analyses, as 
well as experimental data on fungal cultivation 
using pectin-containing substrates. Th e source 
list was refi ned through bibliographic cross-ref-
erencing in selected publications.

Inclusion was limited to peer-reviewed, full-
text English-language articles for reliability; dis-
sertations, conference abstracts, and technical 
reports were excluded. Given the narrative focus 
on qualitative synthesis rather than quantitative 
meta-analysis, the review emphasizes genetic, 
cultivation, biochemical, and application as-
pects, potentially underrepresenting evolution-
ary gene dynamics or less-studied Basidiomycota 
groups (e.g., ectomycorrhizal species like Lac. bi-
color) and non-fungal comparisons.

All selected studies were grouped into four 
content areas:

(1) genetic basis of pectolytic enzyme synthe-
sis in Basidiomycota (structure, classifi cation, and 
distribution of genes through CAZy families);

(2) infl uence of cultivation conditions on the 
synthesis and activity of pectinases;

(3) methods of isolation, purifi cation, and 
biochemical characterization of enzymes;

(4) practical aspects of the application of fun-
gal pectinases in the food, environmental, and 
processing industries.

Genetic potential 
of Basidiomycota for pectinase synthesis
Th e expression of the corresponding genes of 
Basidiomycota ensures the eff ective breakdown 
of plant cell wall polysaccharides, which is a key 
function of fungal adaptation to various sub-
strates, including pectin (Rytioja et al., 2014). 
Th e genes encoding the synthesis of pectolytic 
enzymes mainly belong to the families of poly-
saccharide lyases (PL), glycosyl hydrolases (GH), 
and, less frequently, carbohydrate esterases (CE). 
Th ese genes diff er in diff erent types of fungi 
(white rot, brown rot, and soft  rot), indicating 
signifi cant diff erences in their enzymatic poten-
tials for pectin degradation (Fig. 1) (Sista Ka-
meshwar & Qin, 2018).

Polysaccharide lyases 
involved in pectin degradation

All pectin and pectate lyases characterized to date 
are classifi ed within the PL1, PL2, PL3, PL9, PL10, 
PL14, and PL22 families (Park & Kong, 2018). 
Pectinases are mainly concentrated in PL1, while 
pectate lyases are distributed across PL1, PL3, and 
PL9. Comparative genomic analyses indicate that 
PL genes are generally more prevalent in white-rot 
fungi than in brown-rot species. Th ey have been 
identifi ed in D. squalens, Fmp. mediterranea, Het. 
annosum, Phl. brevispora, Pl. eryngii, Pl. ostreatus, 
Pyc. cinnabarinus, St. hirsutum, and T. versicolor, 
among others harboring the largest number (24 
PL genes) (Sista Kameshwar & Qin, 2018).

Family-specifi c analysis reveals that most pec-
tin-degrading lyases in F. ononidis belong to PL1 
and PL3 (over 70%), whereas in Armillaria spe-
cies, PL3 dominates — ranging from 50% in Ar. 
gallica to 70% in Ar. ostoyae (Park & Kong, 2018; 
Sipos et al., 2017). In contrast, studies by Miyau-
chi et al. (2020) and Suzuki et al. (2012) demon-
strated that PL8 and PL14 families predominate 
in several white-rot fungi, including Ph. carnosa 
and Phd. chrysosporium, which contain one PL8 
and three to seven PL14 genes. Two PL3 and one 
PL8 genes were reported in G. boninense (Dhil-
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Fig. 1. Distribution of the number of pectinolytic enzyme genes in diff erent species of Basidiomycota 
across gene families
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lon et al., 2021), while Sch. commune possesses 
PL1, PL3, and PL4 genes (Zhu et al., 2016).

Th e PL9 family occurs only sporadically in Ba-
sidiomycota, being detected in F. ononidis, F. velu-
tipes, S. commune, Crd. militaris, Hym. radicata, 
and Muc. mucida (Park & Kong, 2018; Ruiz-Due-
ñas et al., 2021). Some genomes lack PL genes, as 
in Cer. subvermispora, Fmt. pinicola, Gl. Trabeum, 
Phd. chrysosporium, and Pos. placenta (Miyauchi 
et al., 2020; Sista Kameshwar & Qin, 2018; Zhu et 
al., 2016). Similarly, ectomycorrhizal species such 
as Lac. bicolor show no PL1—PL11 representa-
tives (Veneault-Fourrey et al., 2014).

Overall, white-rot fungi — for instance, Flm. 
velutipes (5 PL8, 8 PL3), Pl. eryngii (3 PL1), and 
T. versicolor (1 PL1) — display higher PL diversity, 
refl ecting evolutionary adaptation to lignin-rich 
substrates, where β-elimination plays a key role 
in pectin clearance and effi  cient lignocellulose 
decomposition (Miyauchi et al., 2020; Rytioja et 
al., 2014). Brown-rot species, such as G. trabeum, 
Fmt. pinicola, and Pos. placenta, have minimal or 
absent PL repertoires, consistent with their cellu-
lose-focused metabolism in nutrient-poor envi-
ronments (Levasseur et al., 2014; Sista Kamesh-
war & Qin, 2018; Zhu et al., 2016). Soft -rot and 
pathogenic fungi (Ar. ostoyae, Sch. commune) oc-
cupy an intermediate position, which may corre-
spond to opportunistic or host-invasive lifestyles 
(Park & Kong, 2018; Sipos et al., 2017). Ectomy-
corrhizal fungi such as Lac. bicolor typically lack 
these genes due to their symbiotic, non-degrada-
tive strategies (Li et al., 2023; Ruiz-Dueñas et al., 
2021; Veneault-Fourrey et al., 2014).

Glycosyl hydrolases 
involved in pectin degradation

Glycosyl hydrolases (GHs) represent the most 
abundant class of carbohydrate-active enzymes 
in macromycetes, with their total number rang-
ing from 8 in Lac. amethystina to 78 in Gym. an-
drosaceus (Ruiz-Dueñas et al., 2021). Among Ba-
sidiomycota, the predominant families are GH3, 
GH28, and GH43, with GH43 oft en the most 

represented. In particular, members of the GH28 
family are widespread across genera such as 
Armillaria, Fomitopsis, Galerina, Gymnopus, Col-
lybiopsis, Laccaria, Mucidula, Postia, and Wolfi po-
ria. Conversely, species belonging to Coniophora, 
Gelatoporia, Gloeophyllum, and Infundibulicybe, 
display comparable numbers of GH3 and GH28 
genes (Ruiz-Dueñas et al., 2021; Sipos et al., 2017).

Despite this general trend, some studies have 
reported distinct gene distributions. For instance, 
in Cer. subvermispora and Gl. trabeum, most pec-
tolytic enzymes are encoded by GH28 genes, 
while in Sch. commune, GH43 family genes pre-
dominate (Zhu et al., 2016). GH28 genes are typi-
cally the primary candidates in analyses of fungal 
pectinolytic potential, given their essential role in 
polygalacturonase biosynthesis. Th e genomes of 
Pos. placenta and Len. edodes contain two GH28 
genes either, whereas Ag. bisporus, G. lucidum, 
Phd. chrysosporium, Pl. ostreatus, and Ser. lacry-
mans possess one. In contrast, Cop. cinerea, Lac. 
bicolor, Sch. commune, and V. volvacea lack GH28 
representatives (Chen et al., 2016).

Pectolytic activity of phleboid fungi such as B. 
adusta, P. carnosa, Ph. radiata, Phl. brevispora, Phl. 
centrifuga, and Plp. gigantea is mainly associated 
with GH28 and GH105 families (Mäkinen et al., 
2019). In Plp. gigantea, a particularly high number 
of polygalacturonase- and rhamnosidase-encod-
ing genes have been identifi ed. However, other 
studies found an expression limited primarily to 
GH28 genes in Cer. subvermispora, Het. annosum, 
Phd. chrysosporium, and Pos. placenta (Hori et al., 
2014). Similarly, Phl. radiata possesses three GH28 
genes and one putative GH43 gene (Kuuskeri et 
al., 2016), while more than 60% of GHs in Phl. coc-
cineus belong to GH28 (Couturier et al., 2015).

In contrast, the genome of Pyc. cinnabari-
nus contains comparatively few genes encoding 
pectolytic enzymes. Th e GH28 family is under-
represented relative to other fungi, and fami-
lies GH51, GH53, GH54, and GH88 are absent. 
Nevertheless, this species retains a limited set 
of GH2, GH35, GH43, GH78, and GH93 genes 
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(Levasseur et al., 2014). Other studies also high-
light the contribution of additional GH families 
to pectin degradation. For example, in Pl. ostrea-
tus, GH16- and GH79-encoded enzymes par-
ticipate in pectin hydrolysis (Alfaro et al., 2020), 
and in Pyc. coccineus, GH31 gene products are 
similarly involved (Couturier et al., 2015).

Across Basidiomycota, GH repertoires refl ect 
clear ecological patterns. White-rot fungi such as 
Flm. velutipes (12 GH3, 8 GH28, 14 GH43), Pl. os-
treatus (13 GH28, 13 GH2), and St. hirsutum (17 
GH2, 17 GH28) typically encode 8 to 17 genes in 
key GH families (GH28, GH43), supporting their 
extensive capacity for glycosidic bond hydroly-
sis within pectin backbones and side chains. Th is 
enzymatic versatility facilitates synergistic lignin 
degradation (Mäkinen et al., 2019; Ruiz-Dueñas et 
al., 2021; Rytioja et al., 2014). Brown-rot fungi (Gl. 
trabeum, Pos. placenta) display much lower GH28 
gene counts (≈2—3), consistent with their shift  
toward cellulose specialization in nutrient-limited 
substrates (Hori et al., 2014; Levasseur et al., 2014; 
Zhu et al., 2016). Soft -rot and pathogenic species, 
such as Sch. commune and Ar. mellea, show higher 
variability (≈12—20 genes per family), which likely 
corresponds to their opportunistic and host-inva-
sive lifestyles (Alfaro et al., 2020; Kuuskeri et al., 
2016; Sipos et al., 2017). Ectomycorrhizal fungi like 
Lac. bicolor maintain strongly reduced GH reper-
toires, refl ecting their symbiotic, non-destructive 
nutritional strategy (Veneault-Fourrey et al., 2014).

Taken together, these data indicate that white-
rot Agaricomycetes possess the most diverse and 
functionally specialized GH repertoires, rein-
forcing their dominant ecological role in the 
decomposition of lignocellulosic and pectic sub-
strates (Chen et al., 2016; Couturier et al., 2015).

Carbohydrate esterases 
and carbohydrate-binding molecules 
involved in pectin degradation

As a result of the analysis of some carbohydrate 
esterase genes (CE1, CE12, and CE8) among dif-
ferent species of fungi, signifi cant variability was 

found, refl ecting their potential for the decom-
position of lignocellulosic materials and pectins, 
as well as their adaptation to specifi c environ-
mental conditions.

Among the species of the genus Flammulina, 
there are genes encoding carbohydrate esterases, 
in particular Flm. elastica has 16 genes in CE1, 4 
in CE12, and 2 in CE8 (Park et al., 2018). Mean-
while, another representative of this family, Flm. 
ononidis, has a larger number of such genes in 
CE1 - 19, while the number of genes in other 
families is similar. Available literature data also 
indicate the presence of 1 to 3 CBM genes in these 
species (Park et al., 2018; Park & Kong, 2018). 

Species of the genus Armillaria show signifi -
cant diff erences in the number of carbohydrate 
esterase genes. For example, Ar. mellea contains 
1 gene in the CE1 family, 4 genes in CE12, and 
10 genes in CE8, while other species of this ge-
nus, such as Ar. gallica, have no genes in the CE1 
and CE12 families, but only 9 genes in the CE8 
family. Ar. cepistipes also has no genes in the CE1 
and CE12 families, but has 9 CE8 genes (Ruiz-
Dueñas et al., 2021; Sipos et al., 2017).

Th e species Sch. commune is characterized by 
the presence of a large number of carbohydrate 
esterases (Ruiz-Dueñas et al., 2021). Individual 
studies of these species indicate the presence of 
up to 26 CE1 genes, 3 CE12 genes, and 2 CE8 
genes (Park et al., 2018). 

In species of the genera Pleurotus and Tram-
etes, there are diff erent variations in the number 
of carbohydrate esterase genes. Pl. ostreatus has 2 
genes in the CE1 family, 2 genes in CE12, and 2 
genes in CE8, while T. versicolor has 3 genes in the 
CE1 family, 1 gene in CE12, and 2 genes in CE8 
(Ruiz-Dueñas et al., 2021; Zhang et al., 2020).

Th e number of carbohydrate esterases and 
carbohydrate-binding modules related to pectin 
degradation in the Pyc. cinnabarinus genome is 
limited. Among the CE families, CE12 is absent 
in the genome. Carbohydrate-binding mod-
ules are also uncommon, and CBM67 is absent 
(Levasseur et al., 2014). 
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Overall, research on CBM family genes is less 
common compared to other families. CBM35 
genes have also been found in Ag. bisporus, 
Cop. cinerea, C. trogii, Phd. chrysosporium, Len. 
edodes, and Sch. commune (Park et al., 2018; 
Zhang et al., 2020). Th e last species had the 
highest number of these genes (4 CBM67 family 
genes). At the same time, these genes were not 
found in Lac. bicolor (Park et al., 2018). 

Given the genetic diversity and the presence 
of specifi c genes, various representatives of Ba-
sidiomycota can be producers of pectolytic en-
zymes such as polygalacturonase and pectinase. 
White-rot fungi (e.g., genera Phlebia, Pleurotus, 
Trametes) possess enriched PL (up to 24 genes in 
Pl. eryngii) and GH28 repertoires, driven by se-
lective pressures for broad plant polymer degra-
dation in lignin-rich substrates and multiple iso-
forms for synergistic action with lignolytic en-
zymes (Rytioja & Qin, 2014; Sista Kameshwar & 
Qin, 2018). Conversely, brown-rot species (e.g., 
Gl. trabeum, Fmt. pinicola) exhibit fewer genes 
(e.g., PL1, PL3, and PL9 are absent), attribut-
able to specialization in cellulose hydrolysis over 
pectin, as nutrient-scarce environments favor 
energy-effi  cient pathways (Levasseur et al., 2014; 
Zhu et al., 2016). Soft -rot groups like Sch. com-
mune show balanced GH43/CE diversity, linked 
to opportunistic saprotrophy on pectin-variable 
wastes, explaining rapid induction but lower se-
lectivity (Miyauchi et al., 2020). Phylogenetical-
ly, Agaricomycetes dominate in gene abundance 
over other classes, with pathogenic genera (e.g., 
Armillaria) emphasizing CE8 for host penetra-
tion (Ruiz-Dueñas et al., 2021; Sipos et al., 2017).

Th e observed variation in the number and 
composition of PL, GH, and CE families among 
Basidiomycota species suggests that these diff er-
ences are not random but rather shaped by eco-
logical specialization and substrate availability. 
White-rot fungi consistently exhibit the most 
extensive and functionally diverse sets of pectin-
degrading enzymes, particularly within the PL1, 
GH28, and CE1/CE8 families, refl ecting evolu-

tionary adaptation to lignin-rich woody sub-
strates where coordinated ligninolytic and pecti-
nolytic systems act synergistically to enhance 
plant cell wall degradation (Mäkinen et al., 2019; 
Ruiz-Dueñas et al., 2021; Rytioja et al., 2014). 
In contrast, brown-rot fungi such as Gl. trabe-
um, Fmt. pinicola, and Pos. placenta possess re-
duced PL and GH28 repertoires, consistent with 
their shift  toward cellulose-focused degradation 
mechanisms in nutrient-limited environments 
(Hori et al., 2014; Levasseur et al., 2014; Zhu et 
al., 2016). Soft -rot and saprotrophic generalists, 
including Sch. commune, display intermediate 
diversity dominated by GH43 and CE families, 
providing metabolic fl exibility for colonization 
of variable organic substrates (Alfaro et al., 2020; 
Miyauchi et al., 2020). Pathogenic lineages, ex-
emplifi ed by Armillaria species, show a selective 
enrichment of CE8 and GH28 genes, likely linked 
to enzymatic facilitation of host tissue penetra-
tion and infection processes (Ruiz-Dueñas et al., 
2021; Sipos et al., 2017). By contrast, ectomycor-
rhizal fungi such as Lac. bicolor exhibit mark-
edly contracted CAZyme repertoires, a pattern 
refl ecting their evolutionary transition from sa-
protrophy to symbiotic nutrient exchange (Chen 
et al., 2016; Veneault-Fourrey et al., 2014).

Th e infl uence of cultivation conditions 
on the biosynthesis of pectinases
Th e number and diversity of pectinolytic CAZy 
genes directly infl uence the enzymatic activity 
of macromycetes. White-rot fungi such as G. lu-
cidum, Pl. ostreatus, Len. edodes, and T. versicolor 
consistently exhibit the highest pectinolytic ac-
tivities among basidiomycetes. Th eir ability to 
produce polygalacturonase, pectin lyase, rham-
nogalacturonase, and other pectinolytic enzymes 
at signifi cant levels refl ects both their ecological 
specialization and genomic composition. Ge-
netic richness translates into high enzymatic ac-
tivity, enabling growth on pectin-rich substrates 
such as sweet sorghum, tomato or apple pomace, 
wheat bran, and citrus pectin and producing 
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high yields of polygalacturonase pectin and lyase 
(Amin et al., 2017; do Rosário Freixo et al., 2008; 
Ruiz-Dueñas et al., 2021; Rytioja et al., 2014).

By contrast, brown-rot Polyporales, such as F. 
sclerodermeus and Fmt. Cytisina, show a much 
lower pectinolytic potential (Miyairi et al., 2001; 
Papinutti et al., 2007). Th eir genomes contain 
several GH28 genes and lack PL families alto-
gether, consistent with their ecological strategy 
(Riley et al., 2014).

Pathogenic Russulales, including Armillaria 
spp., occupy an intermediate position. Th eir 
pectinolytic potential remains poorly character-
ized, as most available data concern only polyga-
lacturonase activity, while other enzyme types — 
such as PL and CE — have been scarcely investi-
gated. Limited evidence suggests that Armillaria 
relies primarily on GH28-type polygalacturonas-
es for partial degradation of host pectin during 
infection, whereas the presence and functional 
role of PL3 and CE8 enzymes, although predict-
ed from genomic analyses (Sipos et al., 2017), is 
still little experimental confi rmation (Mwenje et 
al., 1999). Saprotrophic Agaricales such as Sch. 
commune possess fewer GH28 genes but express 
auxiliary GH43 and CE1 enzymes,which allow a 
rapid colonization of organic matter (de Siqueira 
et al., 2010; Zhu et al., 2016). 

Th e biosynthesis of pectolytic enzymes in B asi-
diomycota is also largely determined by cultivation 
conditions, which include the type and duration 
of the process, carbon and nitrogen sources, tem-
perature regime, pH of the medium, and inten-
sity of aeration or stirring. Th ese factors infl uence 
gene expression, enzyme activity, and enzyme 
yield, emphasizing the need for optimal control to 
maximize biosynthetic potential (Table 1, Ap pen-
dix https://doi.org/10.7910/DVN/RUJMYB). 

Type of cultivation

In the analyzed works, Basidiomycota were cul-
tivated mainly by surface cultivation in fl asks 
(Amin et al., 2017; Bonomini et al., 2017; de 
Siqueira et al., 2010; Farani de Souza et al., 2006; 

Inácio et al., 2015; Liu et al., 2017; Mehmood 
et al., 2019b; Mohammad Shamim et al., 2017; 
Stoilova et al., 2008; Zilly et al., 2012), bags/pack-
ages (Carolina et al., 2021; Garg et al., 2014; Ra-
shad et al., 2009; Raymond et al., 2015; Sherief 
et al., 2009), Petri dishes (Ganbarov et al., 2001), 
jars (Kobayashi et al., 2023) or in a fermenter for 
surface cultivation (Masutti et al., 2015). For sub-
merged cultivation, fl asks with a volume of 125—
1000 mL were used (de Souza et al., 2008; do 
Rosário Freixo et al., 2008; Falkoski et al., 2012; 
Freixo et al., 2008; Majumder et al., 2020; Miyairi 
et al., 2001, 2002; Quiroga et al., 2009; Ravichan-
dran et al., 2022; Sakamoto et al., 1994; Schirp et 
al., 2003). In turn, Díaz-Godínez et al. cultivated 
Pl. pulmonarius and Pyc. cinnabarinus in a 5.5 l 
airlift  fermenter (75% fi lling) (Díaz-Godínez et 
al., 2016). Th e production of pectolytic enzymes 
by the surface fi lm method (without stirring) has 
also been reported (Alberto Marim et al., 2020).

Duration of cultivation

Th e choice of submerged or surface cultivation 
signifi cantly aff ected its duration. In most stud-
ies, surface cultivation lasted more than 14 days, 
which is typical for the production of other en-
zymes, such as laccase, cellulase, etc. (Freitas et 
al., 2021; Kurt et al., 2010; Papadaki et al., 2019; 
Wang et al., 2024).

Th e pectinase activity of Pl. pulmonarius 
when cultivated on orange peels remained stable 
during the fi rst 20 days of cultivation. Aft er a de-
crease in activity, the peak value was recorded on 
day 35 (Inácio et al., 2015). A diff erent dynamics 
was observed for Cop. cinereus (Raymond et al., 
2015), G. lucidum, Mac. titans, Pl. Ostreatus, and 
Pl. pulmonarius (Zilly et al., 2012), Len. edodes 
(Alcântara et al., 2013), T. maxima (López-
Sandin et al., 2024), for which pectinase activity 
increased gradually throughout the cultivation 
period. Other studies indicate that pectinase ac-
tivity increased slowly and decreased aft er reach-
ing a peak value: 15 days for F.  sclerodermeus 
(Papinutti et al., 2007), 4 days for T. versicolor 
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(Amin et al., 2017), and 50 days for Pl. eryngii 
(Xie et al., 2016).

Th ere are also studies reporting that maxi-
mum pectinase activity in surface cultivation 
was observed as early as 3—5 (Mehmood et al., 
2019a), 6 (Ganbarov et al., 2001), and 7 days of 
cultivation (Stoilova et al., 2008). In addition, 
in the study of pectinase synthesis in Sch. com-
mune, it was found that the highest activity was 
observed on the fi rst day of cultivation (Mehm-
ood et al., 2019b).

Unlike surface cultivation, submerged cultiva-
tion varied in duration from 4 to 15 days, which is 
due to the intensifi cation of biosynthetic process-
es in liquid nutrient media. Th e maximum activ-
ity of pectolytic enzymes of Lns. squarrosulus was 
reached already on day 4 of cultivation in potato-
glucose medium, while continuing the experi-
ment to 7, 11, and 15 days led to a signifi cant de-
crease in the activity (Ravichandran et al., 2022). 
A similar trend was observed for T.  versicolor 
when cultivated on tomato pomace (do Rosário 
Freixo et al., 2008), Pl. ostreatus on a similar car-
bon source (Freixo et al., 2008), Pl. pulmonarius 
on a synthetic glucose-containing medium (Díaz-
Godínez et al., 2016), and T. trogii on a pectin-
containing medium (Levin et al., 1998).

In the case of St. purpureum, the highest en-
zyme activity was recorded on the 14th—15th 
day of cultivation in modifi ed potato broth with 
the addition of V8 juice, aft er which the activity 
remained or decreased (Miyairi et al., 2002). Th e 
activity of Pyc. sanguineus polygalacturonase in-
creased throughout the entire cultivation period 
(Quiroga et al., 2009).

Th e enzymatic activity during submerged cul-
tivation of Pyc. cinnabarinus was characterized 
by heterogeneous dynamics with several local 
maxima (Díaz-Godínez et al., 2016). 

Cultivation temperature

Th e optimal cultivation temperature for mac-
romycetes most oft en remains in the range of 
25—30 °C, which is typical for the growth of 

mesophilic fungi (Masutti et al., 2015; Ravichan-
dran et al., 2022). For Sch. commune, signifi cant 
deviations from these values were recorded, in 
particular 35 °C for polymethylesterase synthe-
sis and 45 °C for polygalacturonase (Mehmood 
et al., 2019a). Th e activity of extracellular pec-
tinases of B. adusta increased with an increase 
in temperature from 20 °C to 28 °C (up to 32 °C 
for C. versicolor) and decreased sharply with a 
further increase to 40 °C (Ganbarov et al., 2001).

pH of the medium 

Th e pH value also aff ects pectinase synthesis. 
Most oft en, the initial pH was in the range of 
5.0—6.0 (Amin et al., 2017; do Rosário Freixo et 
al., 2008; Freixo et al., 2008; Miyairi et al., 2001; 
Sakamoto et al., 1994). A study of the eff ect of the 
initial pH on the yield of pectinases B. adusta and 
C. versicolor demonstrates a normal distribution 
of activity with a maximum at pH 5.5 (Ganbarov 
et al., 2001). Similar behavior of C. versicolor 
exopolysaccharidase activity was observed in 
another study, with a maximum at pH 5 (Amin 
et al., 2017). Several maxima were observed in a 
study of T. trogii pectolytic enzymes in the ranges 
4.0—5.0 and 6.0—7.0 (Levin et al., 1998).

Substrate type

Th e choice of carbon source and inducer of pec-
tolytic enzymes signifi cantly aff ects their activ-
ity . In a study of cottonseed hulls, ramie stems, 
kenaf, and reeds, pectinase activity was higher 
when kenaf stems were used (Xie et al., 2016). 
Lemon pulp proved to be a more favorable source 
for polygalacturonase yield than papaya waste, 
for which enzyme activity was almost three times 
lower (Rashad et al., 2009). Wheat bran was more 
eff ective for obtaining exopolygalacturonase than 
other carbon sources studied (Amin et al., 2017). 

In the case of Ag. brasiliensis and Pl. ostreatus, 
higher polygalacturonase activity was observed 
when using sweet sorghum bagasse compared to 
banana stems, corn residues, soybeans, or cotton 
(de Siqueira et al., 2010). When studying apple, 
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cranberry, and strawberry pomace for the cul-
tivation of Len. edodes, the highest polygalactu-
ronase activity was recorded when using straw-
berry pomace throughout the entire cultivation 
period (Alcântara et al., 2013).

Substrate concentration

Substrate concentration has a signifi cant eff ect 
on the activity of pectolytic enzymes. Th us, in-
creasing the amount of pomelo peel from 5 g/L 
to 40 g/L more than doubled the activity of exo-
polysaccharide galacturonase (Majumder et al., 
2020). Signifi cantly greater diff erences were ob-
served when the carbon source was increased 
from 1% to 10% (de Siqueira et al., 2010). Peak 
values of polymethylgalacturonase and pectin-
ase activity increased with an increase in pectin 
concentration from 2.5 g/L to 15 g/L, while in 
the case of polygalacturonase activity, the maxi-
mum values were already observed at a pectin 
concentration of 10 g/L and did not change with 
a further increase to 15 g/L (Levin et al., 1998). 

Additional components of the medium

Th e use of other components of a diff erent nature 
has a diff erentiated eff ect on enzyme activity. Th us, 
the addition of rice bran and tofu pulp at various 
ratios intensifi ed pectinase activity by 37—42 
times (Jin-Kyeong et al., 2019). Th e pectinase yield 
changed slightly when the cocoa bean shell con-
tent was increased to 20% (Santos et al., 2025).

A slight positive eff ect was observed when adding 
peptone, ammonium sulfate, urea, calcium carbon-
ate, and magnesium sulfate heptahydrate during 
the cultivation of C. versicolor (Amin et al., 2017), 
ammonium nitrate, ammonium dihydrogen phos-
phate, sodium nitrate — B. adusta and C. versicolor, 
as well as ammonium sulfate, asparagine, urea, and 
peptone for the second one (Ganbarov et al., 2001). 
Th e use of organic nitrogen sources (kazamino ac-
ids, aspartic acid) was more suitable for the synthe-
sis of galacturonases and pectinases. A positive ef-
fect was also observed when Tween-80 was added 
to the culture medium (Levin et al., 1998).

Other factors

Certain wavelengths of light can aff ect the 
growth and biosynthesis of secondary metabo-
lites, including enzymes. Marim et al. investigat-
ed the eff ect of blue light on the pectinase activ-
ity of Lns. crinitus. It was found that pectinase 
activity in the culture fl uid decreased by almost 
10%, while synthesis productivity increased by 
20% (Alberto Marim et al., 2020).
Co-cultivation can also contribute to the intensi-
fi cation of pectolytic enzyme yield compared to 
monocultures. Th us, inoculation of Aspergillus 
niger to T. versicolor on days 4 and 5 (Stoilova 
et al., 2008), Phd. chrysosporium to Trichoderma 
reesei at 12 hours of cultivation, as well as their 
simultaneous sowing increased the activity of 
pectinases (Yang et al., 2013). Co-cultivation of 
T. maxima and Pyc. sanguineus was also accom-
panied by an increase in pectinase activity com-
pared to the monoculture of T. maxima (López-
Sandin et al., 2024).

Biochemical characteristics of pectinases 
of basidiomycete macromycetes
As shown in the previous section, the biosynthesis 
of pectolytic enzymes largely depends on cultiva-
tion conditions, primarily the carbon source, tem-
perature, pH, and cultivation method. Th e selec-
tion of these conditions makes it possible to obtain 
so-called “crude” enzymes (culture fi ltrates) with 
high pectolytic activity, which is the basis for fur-
ther isolation and more detailed study of enzymes.

Methods of purifi cation 
and characterization of pectinase isoforms

Purifi cation of enzymes is an important step for 
their biochemical characterization and assess-
ment of their potential for industrial use.

It is known that the purifi cation of enzymes from 
culture fl uid aft er cultivation of certain macrofungi 
is carried out using classical methods of ammoni-
um sulfate precipitation, dialysis, gel fi ltration, and 
ion-exchange chromatography (Table 2, Ap pen dix 
https://doi.org/10.7910/DVN/RUJMYB). 
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In a number of cases, the combined use of 
these methods made it possible to obtain prepa-
rations with high specifi c activity. For example, 
eight-stage purifi cation of Phd. chrysosponum 
endopolygalacturonase using acetone precipita-
tion, gel fi ltration, chromatography, and dialysis 
yielded a preparation with a specifi c activity of 
about 1 unit/gprotein, a purifi cation factor of 15.5, 
and a yield of about 60% (Shanley et al., 1993). 
Chromatography and several stages of isoelec-
tric focusing were used to purify the prepara-
tion of Irpex lacteus rhamnogalacturonase with 
a fi nal activity of 124 nkat/mg protein (Nor-
mand et al., 2010).

Some strains demonstrate high enzyme ac-
tivity aft er minimal purifi cation. For example, 
with partial precipitation of proteins from the 
culture fi ltrate of Armillaria spp., Pos. placenta, 
Pyc. sanguineus, and St. purpureum polygalac-
turonase preparations with specifi c activity of 
18.8 units/mgprotein, 187 units/mgprotein, over 
340 units/mgprotein, and 200 units/mg protein, 
respectively (Clausen et al., 1996; Hamada et 
al., 2015; Mwenje et al., 1999; Quiroga et al., 
2009). Do Rosario Freixo et al. (2008) dem-
onstrate more than 65-fold purifi cation of Pl. 
ostreatus polygalacturonase immediately aft er 
chromatographic purifi cation.

Purifi cation can also be used to separate diff er-
ent enzymes and their isoforms. Th us, when ob-
taining a preparation of polygalacturonase Fmt. 
cytisina at diff erent stages of purifi cation, it was 
possible to obtain a preparation of exopolygalac-
turonase and two isoforms of endopolygalactu-
ronase with a specifi c activity of about 50—100 
units/mgprotein (Miyairi et al., 2001). Miyairi et 
al. used column chromatography to separate two 
isoforms of pectin lyase with a specifi c activity of 
0.42—0.45 units/mgprotein (Miyairi et al., 2002).

Physicochemical properties 
of purifi ed enzymes

Purifi ed basidiomycete polygalacturonases show 
relative structural homogeneity but diff er sig-

nifi cantly in their biochemical properties. Th eir 
molecular mass varies between 34—65 kDa 
depending on the fungus species, purifi cation 
method, and degree of glycosylation (Clausen et 
al., 1996; do Rosário Freixo et al., 2008; Freixo et 
al., 2008; Majumder et al., 2020; Normand et al., 
2010). Some authors have reported a decrease in 
molecular mass aft er treatment of the enzyme 
with endoglycosidase H, which confi rms the 
presence of carbohydrate residues in the struc-
ture of polygalacturonase (Miyairi et al., 2001). 
Studies of pectolytic enzymes of Armillaria spp., 
Pos. placenta, Pyc. sanguineus, St.  purpureum, 
have established a glycoprotein structure, which 
is typical for extracellular fungal enzymes (Mi-
yairi et al., 1985; Mwenje et al., 1999; Sakamoto 
et al., 1994; Shanley et al., 1993).

Th e isoelectric point (pI) of purifi ed enzymes 
ranges from 3.2 to 8.5, although in most cases pI is 
within the range of 4.0—4.6 (Clausen et al., 1996; 
Hamada et al., 2015; Miyairi et al., 1985, 2001, 
2002). Th is indicates the predominantly acidic 
nature of the enzymes, which correlates with 
their optimal activity in an acidic environment. In 
some cases, several isoforms of polygalacturonase 
with similar but diff erent pI values are found, in-
dicating posttranslational modifi cation or expres-
sion of several genes (Miyairi et al., 2001).

Th e optimum activity of basidiomycete poly-
galacturonases occurs in a slightly acidic envi-
ronment, most oft en in the pH range of 4.0—5.5 
(Clausen et al., 1996; Freixo et al., 2008; Hamada 
et al., 2015; Miyairi et al., 2001, 2002; Mwenje et 
al., 1999; Alcântara et al., 2013). Outside the opti-
mal pH range, the enzymes rapidly lose their ac-
tivity, but some retain more than 50% of their ac-
tivity even at pH 3.0 or 7.0 (Alcântara et al., 2013). 

Th e temperature optima of polygalacturonases 
indicate their moderate thermostability. In most 
cases, the optimum activity is between 50 °C and 
60 °C (do Rosário Freixo et al., 2008; Hamada et 
al., 2015; Quiroga et al., 2009). At the same time, 
some enzymes, in particular those from Pos. pla-
centa, exhibit maximum activity in the tempera-
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ture range from 25 °C to 35 °C, while for poly-
galacturonases Phd. chrysosporium and St.  pur-
pureum, the optimum is at 66 °C and 70  °C, 
respectively (Miyairi et al., 1985; Shanley et al., 
1993). Pectinases isolated from St. purpureum 
showed maximum activity at 60 °C and retained 
more than 90% of their activity aft er 30 minutes 
of incubation at 50—60 °C (Hamada et al., 2015).

Th e kinetic parameters of enzymes show con-
siderable variability. Th e Michaelis constant (Km) 
values range from 0.065—0.286 mM in polygalac-
turonases from Fmt. cytisina and St. purpureum to 
0.5—2.6 mg/mL for polygalacturonases from oth-
er macromycetes (Freixo et al., 2008; Miyairi et al., 
2001). Other studies report signifi cantly lower Km 
values (e.g., 0.16 mg/mL in the endoPG I isoform 
of polygalacturonase from St. purpureum), indi-
cating a higher affi  nity for the substrate (Hama-
da et al., 2015). In turn, for polygalacturonase 
from St.  purpureum, the Km values were higher 
(13.23 mg/mL) (Freixo et al., 2008).

Th e maximum rates of enzymatic reaction 
(Vmax) also vary widely: from 0.038—0.998 
mmol/min in Fmt. cytisina and St. purpureum 
to over 5500 units/mg protein in Pl. ostreatus 
(Freixo et al., 2008; Miyairi et al., 2001). 

Summary data on Michaelis constants, specifi c 
activity, and the eff ect of temperature and pH on 
pectinases of Basidiomycota are given in Table 3 (Ap-
pendix https://doi.org/10.7910/DVN/RUJMYB).

Eff ect of ions and inhibitors 
on the activity of polygalacturonases

Th e activity of pectolytic enzymes of Basidiomy-
cota is sensitive to the action of metal cations and 
thiol-reactive compounds. Most oft en, complete 
inhibition is caused by Hg2+, Fe2+, PCMB, N-bro-
mosuccinimide, which indicates the key role of 
sulfh ydryl groups in the catalytic center (Carli et 
al., 2019; Miyairi et al., 1985; Miyairi et al., 2002).

Stimulation of pectinase activity has been ob-
served in the presence of Ca2+ (Miyairi et al., 
2002). Monovalent ions and β-Mercaptoethanol 
had a positive eff ect on polygalacturonase activ-
ity (Carli et al., 2019; Miyairi et al., 1985). K+, Na+, 
Co2+, Zn2+ ions and EDTA usually have no ef-
fect or cause weak inhibition (Miyairi et al., 1985; 
Tanaka et al., 2019). Similar eff ects were found for 
recombinant St. purpureum enzymes expressed in 
Pichia pastoris (Carli et al., 2019). Th e summarized 
results of the eff ect of metal ions and low molecu-
lar mass inhibitors are presented in Table 4.

Table 4. Eff ect of metal ions and chemical reagents on the activity of pectolytic enzymes of Basidiomycota 

Enzyme Complete inhibition Decreased activity No eff ect
Increased 

activity
Ref.

Pectin Lyase 
St. purpureum

EDTA, N-bromosuc-
cinimide, PCMB, 

HgCl2

Mg2+, Mn2+ Iodoace-ta-
mide

Ca2+ (Miyairi et 
al., 2002)

Polygalactu-ronase 
Fmt. palustris

— — K+, Co2+, Mg2+, 
Fe2+, Mn2+, Cu2+.

— (Tanaka et 
al., 2019)

Polygalactu-ronase 
St. purpureum

Hg2+ Ba2+, Ca2+, Cd2+, Cu2+, 
Mg2+, Mn2+, Sn2+, Sr2+, 

Zn2+, Sodium p-chloromer-
curibenzoate.

Li+, EDTA Na+, K+, 
Iodoacet-

amide

(Miyairi et 
al., 1985)

Endopoly-
galacturonase 
St. purpureum in 
P. pastoris

Fe2+ Ca2+, K+, Mg2+, Mn2+, Na+, 
EDTA

— β-Mercap-
toethanol

(Carli et 
al., 2019)

“—“ — no data
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Application of pectinases 
from basidiomycete macromycetes
Pectolytic enzymes are an important component 
of juice production, where they are widely used 
for extraction and clarifi cation (Amin et al., 2017). 
Most publications are devoted to the study of the 
practical use of pectinases of bacteria and Ascomy-
cota (Arshad et al., 2020; Haile et al., 2022; Shoily 
et al., 2023), but there are also publications on the 
use of enzymes of basidiomycete macromycetes.

An unpurifi ed enzyme preparation of pec-
tinase was studied for its eff ect on apple juice 
yield from pulp. Already with the addition of 
1% enzyme, the apple juice yield increased by 
10%, while a further increase in enzyme concen-
tration to 10% increased the juice yield by 40% 
(Mehmood et al., 2019b). Recombinant endo-
polygalacturonase St. purpureum, expressed in 
P. pastoris, showed a 20% and 30% decrease in 
relative viscosity and a 15% and 12% increase in 
light transmittance for papaya and apple juices, 
respectively (Carli et al., 2019). 

Zheng & Shetty (2000), studying Len. edodes 
polygalacturonase, concluded that due to its tol-
erance to acidic pH , the enzyme is an excellent 
candidate for tissue maceration, juice extraction, 
and clarifi cation (Alcântara et al., 2013). A similar 
conclusion was made based on studies of Fmt. cy-
tisina and Irp. lacteus enzymes, which demonstrat-
ed higher values of viscosity reduction in pectin 
and pectic acid solutions compared to commercial 
pectinase (Kawai, 1972). Th e maceration of cu-
cumber cells was studied using a polygalacturo-
nase preparation from Armillaria spp. Th e authors 
report that complete tissue decomposition was ob-
served aft er only 90 minutes (Mwenje et al., 1999). 

Some enzymes can be used to obtain pectin 
from plant raw materials. For example, protopec-
tinase T. sanguinea released a signifi cant amount 
of pectin from lemon peels (Sakamoto et al., 1994). 
Later, an enzyme preparation from the same mac-
romycete demonstrated a higher pectin yield from 
orange, grapefruit, and lemon waste compared to 
acid extraction (Sakamoto et al., 1995).

In addition to its use in the food industry, 
Mehmood et al. (2019b) studied the possibility 
of commercial use of pectinase in the detergent 
industry. It was found that the enzyme showed 
high compatibility with Ariel, Surf Excel, and 
Sufi , where the relative activity was above 60%.

Conclusions. Basidiomycota represent a rela-
tively underexplored yet highly promising source 
of pectinolytic enzymes. Th eir genetic repertoire 
is dominated by the GH28, PL1, PL3, CE8, and 
CE12 CAZy families, which collectively enable 
effi  cient pectin degradation within lignocellu-
losic substrates. Genomic analyses reveal that 
these gene families  — particularly GH28, PL1, 
and CE8 — are widespread among genera such 
as Flammulina, Pleurotus, Trametes, and Schizo-
phyllum. However, their distribution and copy 
number vary markedly across taxa, with Flm. ve-
lutipes, Pl. ostreatus, and T. Versicolor, possessing 
the most extensive sets of pectinolytic genes.

Th e synthesis and activity of pectinases in 
Basidiomycota are strongly modulated by en-
vironmental and nutritional factors. Both sur-
face and submerged cultivation on pectin-rich 
agro-industrial residues (such as apple pomace, 
beet pulp, or citrus peel) promote high enzyme 
yields. Supplementation with nitrogen sources 
and optimization of pH and temperature further 
enhance total and specifi c activities. Neverthe-
less, the standardization of culture parameters 
remains challenging due to pronounced inter-
specifi c variability.

Reported pectinolytic activities among Ba-
sidiomycota span a wide range: from as low as 
0.05 μmol/min/mL in Sch. commune grown on 
citrus pectin, to 1163.8 U/g substrate in T. ver-
sicolor co-cultivated on oat straw and beet pulp, 
and up to 1427 U/L in T. versicolor cultured on 
tomato pomace. Th is variation refl ects ecologi-
cal specialization: white-rot fungi consistently 
display higher activities due to extensive CAZy 
gene induction, whereas brown-rot species ex-
hibit lower values constrained by their reduced 
enzymatic repertoires.
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Among basidiomycetes, the most potent pro-
ducers of pectinases are white-rot representatives 
of Pleurotus (e.g., P. ostreatus) and Trametes (e.g., 
T. versicolor, T. hirsuta), which combine high en-
zymatic activity with metabolic versatility, allow-
ing growth on diverse pectin-rich substrates and 
supporting scalability for industrial applications.

Purifi cation of pectinases from macromycetes 
generally employs multistep procedures involv-
ing ammonium sulfate precipitation, dialysis, 
and gel fi ltration chromatography. Reported 
purifi cation folds range between 2.4 and 10.5, 
with recovery yields of 21—65%. Th e resulting 
enzyme preparations display broad pH optima 
(3.5—6.5), moderate to high thermostability (up 

to 60 °C), and multiple isoforms, refl ecting bio-
chemical heterogeneity.

Although detailed biochemical characteriza-
tions remain scarce, available data indicate that ba-
sidiomycete-derived pectinases possess physico-
chemical properties suitable for biotechnological 
applications—particularly in fruit juice clarifi ca-
tion and wine maceration. Future research should 
prioritize the screening of high-producing strains, 
refi nement of cultivation parameters on agro-in-
dustrial by-products, and systematic purifi cation 
and functional analysis of pectinolytic enzymes to 
expand their use in industrial bioprocesses.

Confl ict of Interest. Th e authors have no con-
fl ict of interest to declare. 
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ПЕКТИНОЛІТИЧНІ ФЕРМЕНТИ BASIDIOMYCOTA: 
ГЕНЕТИЧНА ОСНОВА, УМОВИ ВИРОЩУВАННЯ, БІОХІМІЧНІ ВЛАСТИВОСТІ 
ТА ПРОМИСЛОВЕ ЗАСТОСУВАННЯ

Пектинази — це різноманітна група ферментів, відповідальних за деполімеризацію та модифікацію поліса-
харидів клітинних стінок рослин. Хоча пектинази бактерій та мікроміцетів добре вивчені та широко засто-
совуються, ферментативний потенціал Basidiomycota залишається недостатньо вивченим. У цьому огляді 
аналізується понад 70 видів Basidiomycota та узагальнюється генетичне різноманіття генів, що кодують пек-
тинази (понад 100 генів, пов’язаних з пектолітичною активністю), що належать до родин CAZy GH (8—78 
генів, наприклад, GH28 для полігалактуроназ), PL (до 24 генів, наприклад, PL1, PL3 для пектин/пектатліаз) 
та CE (до 19 генів, наприклад, CE8, CE12 для пектинестераз). Особлива увага приділяється ролі умов куль-
тивування — типу та концентрації субстрату, температури, pH, додавання азоту та спільного культивуван-
ня — у регуляції біосинтезу та активності ферментів. Пектинолітична активність коливається в широких 
межах (від 0.05 мкмоль/хв/мл до 1163.8 одиниць/гсубстрату), причому гриби білої гнилі досягають верхнього 
діапазону. Найбільш перспективними продуцентами є представники родів Pleurotus, Trametes та Lentinula. В 
огляді також розглядаються методи виділення, включаючи осадження сульфатом амонію, діаліз, іонообмін-
ну та гель-фільтраційну хроматографію (коефіцієнти очищення 2.4—10.5, відновлення 21—65 %), а також 
біохімічні властивості базидіоміцетних пектиназ, які демонструють помірну термостабільність (оптимум 
40—60 °C), кислий оптимум pH (3.5—6.5), структуру глікопротеїнів та численні ізоформи. Ці ферменти 
демонструють перспективні властивості для екстракції фруктового соку, освітлення, мацерації тканин та 
біоконверсії агропромислових відходів. Тому базидієві макроміцети є цінним, але недостатньо охарактери-
зованим джерелом промислових пектиназ, що вимагає подальшого вивчення селекції нових штамів, опти-
мізації культивування та широкомасштабного застосування ферментів.

Ключові слова: базидієві макроміцети, пектиназа, біотехнологія, фермент, культивування, очищення фер-
ментів, освітлення.


