
INTRODUCTION

Chitinase (endo�1,4�β�poly�N�acetyl�glucosamin�

idase) is a key enzyme responsible for the destruction of

chitin and chitosan (linear homopolymers of 1,4�β�N�

acetyl�D�glucosamine). Chitinase efficiently cleaves gly�

cosidic bonds separated by one carbohydrate residue from

the N�acetylglucosamine residues in chitin and chitosan;

its activity strongly depends on the degree of substrate

deacetylation (DD) [1].

Chitinolytic enzymes are widely used in biotechnolo�

gy. New approaches have been intensively developed for

the application of these enzymes in biochemical transfor�

mation of chitin into biologically active chitooligosaccha�

rides possessing antimicrobial (antifungal and antibacteri�

al), elicitor, growth�stimulating, antitumor, and anti�

inflammatory activities [1�4]. Moreover, chitin monomers

N�acetylglucosamine and D�glucosamine are physiologi�

cally active substances [5�7]. Another current application

of chitinase is conversion of chitin�containing raw waste

into microbial and yeast biomass, protein, and biological

fuel [8�11]. Chitinases play a key role in the complex of

hydrolases used for the lysis of fungal cell wall and are effi�

cient tools in the isolation of fungal cell protoplasts [12, 13].

Chitinolytic enzymes possess fungicidal, insectici�

dal, and antiparasitic (nematocidal) activities; they are

attractive as biopesticides that could replace chemical

pesticides currently widely used in open field and green�

houses [4]. In all these cases, the enzymes have to destroy

chitin of the microbial cell walls or structural elements,

exoskeletons of insects, and envelopes of parasites’ eggs.
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produced by the recombinant P. verruculosum XT403 strain and containing heterologous chitinase were able to degrade the

mycelium of micromycetes, including phytopathogenic ones, and were very efficient in the bioconversion of microbiologi�

cal industry waste.
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Chitinolytic enzymes play an important role as antimi�

crobial agents in the fight against fungal and bacterial

contamination of food and agricultural products [14].

Mycelial fungi occupy a leading position in biotech�

nological industry due to high productivity upon cultiva�

tion on cheap industrial media and ability to synthesize

many enzymes and metabolites, such as antibiotics, vita�

mins, and organic acids. However, in the course of fer�

mentation, fungal mycelium forms large amounts of

waste. For example, worldwide production of citric acid

using Aspergillus niger leaves 0.34 million tons of myceli�

um every year [15]. Fungal biomass cannot be stored for a

long time and is a source of environment contamination;

most frequently, it is destroyed by burning [3, 16]. Chitin

is a structurally important component of the fungal cell

wall; its content is different in fungi from different taxons

and, depending on the systematic position of a fungus and

cultivation conditions, varies from 0.2 to 26% of dry mass

[17]. Enzymatic destruction of polysaccharides, first of

all, chitin, in the cell wall of mycelial fungi is a very prom�

ising approach because it represents ecologically safe and

economically reasonable way for the processing of fungal

mycelium waste in microbiological industry and allows to

obtain biologically valuable compounds in easily

digestible form [18].

All the above said shows the necessity for creating

highly active producer strains for the industrial produc�

tion of chitinolytic enzymes. The purpose of this work

was to create a producer of chitinase based on the recipi�

ent Penicillium verruculosum 537 (ΔniaD) strain with a

high secretory ability (up to 50�60 g extracellular protein

per liter) and reduced repression of glucose catabolism

[19�21] and to test the resulting enzyme preparation (EP)

in the degradation of the cell wall of microscopic fungi.

We chose chitinase from Myceliophtora thermophyla (ear�

lier Chrysosporium lucknowense) for cloning into P. verru�

culosum 537 (ΔniaD), because enzymes from this

ascomycete are known to have wide pH and temperature

activity ranges, which makes them more suitable for prac�

tical application [22, 23].

MATERIALS AND METHODS

Reagents. Polyacrylamide gels (PAGs) and buffer

solutions were prepared using reagents from Bio�Rad

(USA), MP Biochemicals (France), Ferak (Germany),

and Reakhim (Russia). PAGs were stained with

Coomassie Brilliant Blue R�250B, and molecular masses

of proteins were determined using protein markers from

MW�SDS 200 kit (10�200 kDa; ThermoScientific, USA).

Protein concentration was determined by the Lowry

method using bovine serum albumin (BSA) as a calibra�

tion standard (BelNIIEM, Republic of Belarus).

Substrates. Substrates for the enzymatic activity

assays were carboxymethyl cellulose (CMC) sodium salt,

birch xylan (Sigma�Aldrich, USA), and microcrystalline

cellulose (MCC; MCC Center, Russia). Chitosan with a

molecular mass of 1000 kDa and DD of 85%, chitosan

with a molecular mass of 200 kDa and DD of 87%, and

crab colloidal chitin were kindly provided by Prof. V. P.

Varlamov (The Federal Research Centre “Fundamentals

of Biotechnology”, Russian Academy of Sciences).

Creation of chitinase�producing P. verruculosum
strain. As a recipient strain, we used P. verruculosum B1�

537 (ΔniaD) deficient by the niaD gene. Escherichia coli

Mach�1 (ΔrecA1398 endA1 tonA Φ80ΔlacM15 ΔlacX74

hsdR(r–
K m+

K) cells (Invitrogen, USA) were used for gene

cloning and plasmid isolation.

Plasmid. The chi403 gene (GenBank:

XM_0036663496) coding for M. thermophila chitinase

was expressed in the pChi403 plasmid under control of

the promoter of homologous cbh1 gene encoding cel�

lobiohydrolase 1 (CBH1) in P. verruculosum [23].

To produce the pChi403 plasmid, the chi403 gene

was amplified by PCR using M. thermophila genomic

DNA as a template with the following oligonucleotide

primers [24]:

(Chi403�LIC) 5′�CAAACAGAAGCAACCGACACAA�

TGGGCGGCGGACCTACGGA,

(Chi403�LIC) 3′�GAGGAGAAGCCCGGTCTAATTG�

TTCGGGAATCCCTCCCTCA.

Cloning of the resulting PCR product into the pUC�

CBH vector ensured expression of the chi403 gene due to

its stable integration in the P. verruculosum chromosome

using independent ligation sites [25].

Transformation of the recipient strain. Recombinant

strains of the XT403 series were obtained by the transfor�

mation of the recipient P. verruculosum B1�537 (ΔniaD)

strain with the pChi403 plasmid [23].

Isolation of genomic DNA, purification of PCR

products from agarose gel, and plasmid DNA isolation

were performed using corresponding Qiagen kits (USA).

PCR was performed with a Long Polymerase Mix kit

(ThermoScientific) in a MyCycler (Bio�Rad) in the fol�

lowing regime: 1 cycle of 94°C for 3.5 min; 30 cycles of

94°C for 30 s, 50°C for 2 min, and 72°C for 1 min; 72°for

10 min; and 4°C for 25 min.

Cultivation of producer strains. P. verruculosum

XT403 strains were grown on a shaker in 750�ml

Erlenmeyer flasks in 100 ml of the fermentation medium

of the following composition (%): KH2PO4 – 1.5;

(NH4)2SO4 × 7H2O – 0.5; MgSO4 × 7H2O – 0.03;

CaCl2 × 2H2O – 0.03; glucose – 1.0; yeast extract – 1.0;

wheat bran – 1.0; MCC – 4.0. After cultivation for six

days on a shaker at 220 rpm at 30°C, the cultural fluid

(CF) was separated from the mycelium by centrifugation

for 10 min at 10,700g and assayed for the protein concen�

tration and activities against colloidal chitin, chitosans,

CMC, and xylan.

Preparation of mycelial fungal biomass for hydrolysis
by chitinase. Aspergillus awamori M2002 (BKM F�3771D)



CHITINASE FOR DISRUPTION OF MICROMYCETE CELL WALL 719

BIOCHEMISTRY  (Moscow)   Vol.  85   No.  6   2020

strain was cultivated in flasks for six days at 35°C in the fer�

mentation medium containing 24% wheat flour treated

with thermostable α�amylase. Penicillium canescens Pep�4

(BKM F�4677D) strain was cultivated in flasks for seven

days at 30°C in the medium containing (%): soy husk –

4.5, maize extract – 5.0, and KH2PO4 – 2.5.

The biomass of mycelial fungi Fusarium culmorum,

Fusarium sambucinum, and Fusarium graminearum was

obtained by deep cultivation in the Czapek’s medium;

Stagonospora nodorum and Septoria tritici were grown in

the potato�glucose medium; Aspergillus flavus was grown

in the Payne–Hagler medium. The fungi were cultivated

at 220 rpm at 25�26°C for seven days (Fusarium spp., A.

flavus) or 10�12 days (St. nodorum, S. tritici). All strains

were from the State Collection of phytopathogenic

microorganisms and plant identifiers of pathogenic

strains of microorganisms, Russian Institute of

Phytopathology (Bolshye Vyazemy, Moscow Region).

At the end of fermentation, the fungal biomass was

separated by filtration through a nonwoven material.

Enzyme preparations. Selected recombinant strains

and the recipient P. verruculosum strain were cultivated in

the fermentation KF�108 tanks with a working volume of

1 liter at the Institute of Biochemistry and Physiology of

Microorganisms, Russian Academy of Sciences

(Pushchino, Moscow Region) for six�seven days at 32.0 ±

0.5°C with aeration at 1 liter/liter medium/min in the

medium of the following composition (%): KH2PO4 –

0.7; (NH4)2SO4 × 7H2O – 0.5; MgSO4 × 7H2O – 0.03;

CaCl2 × 2H2O – 0.023; glucose – 4.0; yeast extract – 1.0;

wheat bran – 1.0; MCC – 4.0 (pH > 4.5). After cultiva�

tion, the CF was separated from the mycelium by cen�

trifugation and freeze�dried with a Mini Spray Dryer B�

290 (Buchi, Switzerland).

Enzymatic activity assays. Enzymatic activity toward

polysaccharide substrates (chitosans, CMC, MCC,

xylan) was determined from the initial rate of reducing

sugar (RS) formation at 50°C (0.1 M Na�acetate buffer,

pH 5.0) at the substrate initial concentration of 5 g/liter.

RSs were determined by the modified Nelson–Somogyi

method [26�28] or by the bicinchoninate method (in

chromatographic fractions) [29]. The amount of the

enzyme producing 1 μmol of RS per min was taken as the

activity unit.

The activity against colloidal chitin was determined

by the modified ferricyanide method [30] or from a

decrease in the absorbance of chitin suspension at 700 nm

[31]. When using the ferricyanide method, the initial rate

of RS (glucosamine) formation was determined at 50°C

(Na�acetate buffer, pH 5.0); the amount of the enzyme

producing 1 μmol of RS (glucosamine) per min was taken

as the enzyme activity unit. In the second method, the

reaction was performed at 37°C (Na�acetate buffer

pH 5.0); the decrease in the absorbance of chitin suspen�

sion by 1% of the initial value at 700 nm was taken as the

unit of chitinase activity.

Protein concentration in the CF and enzyme prepa�

rations was determined by the modified Lowry method

[32] using BSA as a standard. Protein content in the

chromatographic fractions was determined from the

absorbance at 280 nm, using the coefficient of protein

extinction of 2.0.

Electrophoresis in PAG. SDS�electrophoresis in 12%

PAG was performed using a MiniProtein device (Bio�

Rad) according to the manual.

Chromatographic fractionation of enzyme prepara�
tions. The composition of the enzyme preparations was

analyzed in three stages: preliminary purification, anion�

exchange chromatography, and hydrophobic chromatog�

raphy. Enzyme preparations were precipitated with

(NH4)2SO4 (80% saturation at 25°C), resuspended in

0.02 M bis�Tris�HCl buffer (pH 6.8), and desalted on a P�

4 biogel column equilibrated with the same buffer. The

following stages were performed on an NGC

Chromatography System (Bio�Rad). Anion�exchange

chromatography of desalted enzyme preparations was

performed on a Source 15Q column (Pharmacia,

Sweden) equilibrated with 0.02 M bis�Tris�HCl (pH 6.8).

Proteins were eluted with a 0�0.4 M linear gradient of

NaCl concentration, and pH of the obtained fractions

was adjusted to 5.0 with 1.0 M Na�acetate buffer

(pH 5.0). Fractions containing the target enzymes were

subjected to hydrophobic chromatography on a 1�ml

Source 15 Isopropyl column (Pharmacia) equilibrated

with 1.7 M (NH4)2SO4 in 0.05 M Na�acetate buffer

(pH 5.0). The proteins were eluted with a 1.7�0 M linear

gradient of (NH4)2SO4 concentrations.

The resulting fractions were assayed for the protein

content and enzymatic activities toward various sub�

strates. All obtained fractions were analyzed by SDS�

electrophoresis in PAG.

The composition of the enzyme preparations was esti�

mated by corresponding the determined enzymatic activ�

ities in the chromatographic fractions with the results of

Fig. 1. Expression cassette with the chi403 gene encoding GH18 chitinase from M. thermophila in the pChi403 plasmid.

cbh 1

promoter

1303 bp

cbh 1

SS

75 bp

chi 403 gene
from

M. thermophila
1212 bp

cbh 1

terminator

570 bp
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electrophoretic analysis. The quantitative composition of

the enzyme preparations was calculated as the ratio of the

enzyme amount in the homogenous fraction to the total

amount of protein in the specimen under study. The con�

tent of individual enzymes in the enzyme preparations

was determined by densitometric analysis of SDS�PAGs

using the Gel Analyser software.

Destruction of fungal biomass. Hydrolysis of deep

mycelium biomass of A. awamori, P. canescens, F. culmo�

rum, F. sambucinum, F. graminearum, St. nodorum, S. trit�

ici, and A. flavus was performed in 10�ml graduated glass

tubes with ground glass stoppers for 24, 36, or 48 h at a

1 : 10 ratio (1 g wet mycelium per 10 ml distilled water) at

25�27°C without mixing. After addition of the enzyme

preparation (10 mg protein per 1 g wet mycelium), its

effect on the fungal biomass was assessed visually by esti�

mating the volume of the precipitate in the graduated

tube, as well as by microscopy with an Eclipse Ci micro�

scope (Nikon Corporation, Japan).

RESULTS AND DISCUSSION

Obtaining chitinase producer strain. The chi403 gene

(GenBank AN: NC_016476), encoding chitinase of M.

thermophila belonging to the family of GH18 glycosyl

hydrolases was cloned in the pUC�CBHI vector which

provided expression of the target gene in the recipient

P. verruculosum B1�537 (ΔniaD) strain under control of

the inducible promoter of the cbh1 gene encoding CBH1.

The resulting pChi403 plasmid carried the expres�

sion cassette containing the promoter and the terminator

of the homologous cbh1 gene from P. verruculosum and

heterologous chi403 gene fused with the sequence coding

for the CBH1 signaling peptide for the enzyme secretion

(Fig. 1).

The recipient P. verruculosum B1�537 (ΔniaD) strain

was co�transformed with 10 μg of the pChi403 plasmid

and 1 μg of the pSTA10 (niaD) plasmid. As a result, ∼250

transformants of the XT403 series were obtained, which

corresponded to the average transformation efficiency of

mycelial fungi [33]. Ten transformants were selected at

random, transferred onto the minimal selective medium

[23], and analyzed for the presence of the cloned gene by

sequencing with oligonucleotides used for its PCR ampli�

fication. All analyzed transformants contained the chi403

gene.

The selected transformants were cultivated in flasks

on a shaker. After cultivation, the CF was assayed for the

protein concentration and enzymatic activity toward col�

loidal chitin, chitosans with molecular masses of 200 and

1000 kDa, CMC, and xylan. The CF of the recipient

strain P. verruculosum B1�537 (ΔniaD) was used as a con�

trol. The transformant Chi403�4 with the highest chiti�

nase activity (data not presented) was selected for further

cultivation in 1�liter fermenters. The resulting enzyme

preparation XT403�4 was lyophilized CF.

Enzymatic activity of recombinant enzyme prepara�
tion. The obtained enzyme preparation XT403�4 was

assayed for the protein content and activity toward vari�

ous substrates (Table 1). The enzyme preparation

(lyophilized CF) of the recipient P. verruculosum B1�537

(ΔniaD) strain was used as a control. The specific activity

of XT403�4 toward chitosans with the molecular masses

of 200 and 1000 kDa was 0.53 and 0.66 U/mg protein,

respectively, vs. 0.04 and 0.04 U/mg protein in the con�

trol. The activity toward colloidal chitin was 0.55 U/mg

protein vs. 0.05 U/mg protein in the control.

The cellobiohydrolase activity of the recombinant

enzyme preparation XT403�4 by MCC was 2.7 times

lower than in the control, which could be associated with

the deficit of positive transcription factors in the recom�

binant strain [34].

The endoglucanase activity by CMC and xylanase

activity by birch xylan of XT403�4 were 6.2 and 9.4 times

lower, respectively, in comparison to the control.

Composition of recombinant enzyme preparation.
Figure 2 shows the results of the recombinant enzyme

preparation analysis by SDS�electrophoresis in PAG. The

electrophoregram of the recombinant enzyme  differed

from that of the control preparation in the presence of a

well pronounced new band in the region of 43 kDa (which

corresponded to the molecular weight of heterologous

chitinase, CHT) and decreased intensities of bands corre�

sponding  to cellobiohydrolase 1 (CBHI, 66 kDa), endo�

glucanase 2 (EG, 39 kDa), and xylanase (XYL, 32 kDa).

The composition of the recombinant enzyme prepa�

ration XT403�4 was studied by anion�exchange chro�

Table 1. Specific activity of enzyme preparation toward various substrates

Specific activity, U/mg
Enzyme

preparation

ХТ403�4

Control

Chitosan
200 kDa

0.53 ± 0.02

0.040 ± 0.003

Chitosan
1000 kDa

0.66 ± 0.02

0.040 ± 0.003

Colloidal
chitin

0.55 ± 0.02

0.050 ± 0.003

CMC

1.70 ± 0.07

10.6 ± 0.2

Xylan

1.80 ± 0.07

16.9 ± 0.3

Protein,
mg/g

300 ± 16

680 ± 25

MCC

0.22 ± 0.01

0.61 ± 0.02
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matography on a Source 15Q column at pH 6.8 after

purification from low�molecular�weight compounds by

gel�filtration. Fractions containing chitinase were sub�

jected to hydrophobic chromatography on a Source 15

Isopropyl column. All eluted fractions were assayed for

the protein content and enzymatic activity against chi�

tosan, chitin, CMC, MCC, and xylan, as well as analyzed

by SDS�PAGE. The obtained results were used for the

calculation of the content of main enzyme preparation

components (Table 2). The amount of heterologous chiti�

nase in XT403�4 was 47% of total protein; the content of

CBH1 was ∼2.3 times lower than in the control prepara�

tion, thus corresponding to the decrease in the specific

activity toward MCC (Table 1). The contents of endoglu�

canase and xylanase were also reduced, which also corre�

sponded to the decrease in the specific activities toward

their substrates.

Thermal stability, pH optimum, and temperature opti�
mum of chitinase activity. We also determined pH and

temperature optima for the chitinase activity in XT403�4,

as well as the enzyme stability at different temperatures

(Table 3). The maximal chitinase activity was observed at

60°C and pH 4.7�5.5; the temperature and pH range in

which the enzyme displayed 80% of its maximal activity
were 52�65°C and pH 4.5�6.2, respectively, which was in

a good agreement with the earlier published data for this

class of enzymes [1]. Aqueous solution of chitinase

remained active when subjected to high temperatures:

after 3�h incubation at 40 and 50°C (pH 5), the enzyme

retained 90 and 83% of its initial activity, respectively

(Table 3).

Degradation of fungal mycelium with chitinase from
the enzyme preparation XT403�4. A. awamori (commer�

cial producer of glucoamylase) and P. canescens (com�

mercial producer of proteases) were used as the sources of

fungal mycelium. The mycelium was treated with XT403�

4 at a dose of 10 mg protein per 1 g wet fungal biomass.

The volume of A. awamori micelium decreased 2.2 times

after the treatment with XT403�4 for 24 h; the volume of

P. canescens decreased ∼2 times (Fig. 3). The enzyme

preparation from the recipient B1�537 (ΔniaD) strain

possessed only the cellulolytic activity (chitinase activity

was very low; see Table 1) and did not affect the volume of

the fungal biomass from both fungi (Fig. 3).

Table 2. Composition of the XT403�4 and control enzyme preparations

Enzyme content, % total protein

Enzyme preparation

XT403�4

Control

Chitinase

47

0

Cellobiohydrolase

26

60

Endoglucanase

1

12

Other

24

25

Xylanase

2

3

Parameter

pH�optimum

pH�range, activity ≥80%

pH�range, activity ≥50%

Temperature optimum, °C

Temperature range, activity ≥80%, °C

Temperature range, activity ≥50%, °C

Residual activity after incubation 
at 40°C (pH 5), %

Residual activity after incubation 
at 50°C (pH 5), %

Table 3. Biochemical characteristics of the XT403�4

enzyme preparation (determined using colloidal chitin as

a substrate)

Parameter value

4.7�5.5

4.5�6.2

3.7�6.5*

60

52�65

45�75

90**

83**

* Measuring the activity at pH > 6.5 was difficult because of the pro�

perties of colloidal chitin.

** Activity after 3 h of incubation.

Fig. 2. SDS�PAGE of XT403�4 (lane 1) and control enzyme

preparation from the recipient P. verruculosum B1�537 (ΔniaD)

strain (lane 2).

kDa

CBH

CHT
EG
XYL
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The results of experiments on the hydrolysis of fun�

gal  mycelium were confirmed by microscopy (Fig. 4),

which revealed destruction of the cell wall in A. awamori

and P. canescens fungi after the treatment with XT403�4.

The XT403�4 enzyme preparation was used for the

hydrolysis of mycelia of the pathogenic fungi F. culmorum,

F. sambucinum, F. graminearum, St. nodorum, S. tritici, and

A. flavus under conditions described above for the hydro�

lysis of A. awamori and P. canescens fungi. After incubation

with XT403�4, the mycelium volume reduced 2.3, 2.0, 2.3,

2.1, 2.2, and 2.4 times, respectively, in comparison with

the control [enzyme preparation from the recipient strain

B1�537 (ΔniaD)] (Fig. 5). The results of mycelium hydrol�

ysis were confirmed by microscopy (data not presented).

Our results show that the enzyme preparation

obtained by expression of chitinase in P. verruculosum is a

promising agent for efficient bioconversion of microbio�

logical industry waste, as well as for the degradation of

mycelia of phytopathogenic fungi.

Fig. 3. Residual mycelium volume after hydrolysis of A. awamori

(1) and P. canescens (2) fungal biomass for 24 h: I, control (with�

out the enzyme preparation); II, with the XT403�4 enzyme

preparation; III, with enzyme preparation from the recipient B1�

537 (ΔniaD) strain.

Fig. 5. Residual volume of mycelium after 24�h hydrolysis with XT403�4 (1) and enzyme preparation from the recipient B1�537 (ΔniaD) strain

(2). Mycelia of the following phytopathogenic fungi were used: I, F. culmorum; II, F. sambucinum; III, F. graminearum; IV, St. nodorum;

V, S. tritici; and VI, A. flavus.

Fig. 4. Microscopy images of A. awamori (a) and P. canescens (b) mycelia after hydrolysis for 24 h: 1, control (without enzyme preparation);

2, with the enzyme preparation XT403�4; 3, with the enzyme preparation from the recipient B1�537 (ΔniaD) strain.
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