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INTRODUCTION

Gastrointestinal nematode diseases in sheep are common 
and highly prevalent parasitic diseases caused by various gastro-
intestinal nematodes (GINs). Infection with GINs is character-
ized by emaciation, diarrhea, anemia, poor mental health, and 
even death in sheep [1,2]. Currently, the treatment options 
available for gastrointestinal nematode disease in sheep primar-
ily include chemical prevention and chemotherapeutic control. 
However, the limitations of chemical anthelmintics, such as 
nematode resistance, environmental pollution, and food safety, 
are becoming a major concern in the prevention of the disease 
[2,3]. Therefore, biological control using nematophagous fungi 
has gained the focus of researchers for the prevention and con-
trol of gastrointestinal nematode diseases in sheep.

Arthrobotrys oligospora is a nematophagous fungus widely 

found in the natural habitat. It is currently the most promising 
fungus used for biological control [1,4]. In response to the en-
vironmental stress or nematode stimulation, A. oligospora pro-
duces a specific predatory structure, precisely, a sticky web to 
capture the nematodes. It also secretes extracellular hydrolases 
and participates in nematode immobilization, cuticle invasion, 
and nematode cell degradation [4-8]. A. oligospora-secreted ex-
tracellular hydrolases mainly include serine proteases and chi-
tinases. The serine proteases PII, VCP1, Aoz1, P186, and Ver112 
are known to degrade the nematode cuticle [6,9,10]. In addi-
tion, the secreted chitinases are involved in degrading the chi-
tinous component of the nematode eggs and the cell wall of 
pathogenic fungi [5,8,11-13]. Generally, the nematode eggshell 
is made up of the lipid layer, chitinous layer, and vitelline layer, 
of which chitin accounts for approximately 40 %, and is the 
thickest layer of the eggshell that constitutes the primary barrier 
to infection [14]. A chitinase Chi43 from Pochonia chlamydospo-

ria showed that a degradation effect on Globodera pallida eggs 
[15]. The application of Paecilomyces lilacinus chitinase to 
Meloidogyne javanica eggs resulted in significant changes in the 
eggshell structure and fragmentation of the yolk layer, resulting 
in loss of integrity [16]. The chitinase of Lecanicillium antillanum 
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accelerates the softening process of Meloidogyne incongnita eggs, 
degrade the eggshell, and reduce the permeability of the egg-
shell, thereby interfering with the hatching of nematode eggs or 
making the larvae break early [17]. The nematophagous fungi 
chitinases can prevent and control nematode infections by re-
markably reducing hatching rate of nematode eggs. The chitin-
ases can serve as an indicator for screening high-efficiency 
nematophagous fungi strains [8,11,12].

Few studies are available on the chitinase of A. oligospora. 
Previous studies have reported that the chitinase of A. oligospo-
ra plays a crucial role in nematode infection [8,11,12]. Yang et 
al. [6,8] sequenced the whole genome of A. oligospora and sub-
sequently performed transcriptional analysis under different 
culture conditions. The gene of AOL_s00215g801 (AO-801) 
transcription was significantly up-regulated under nitrogen 
starvation conditions or in the presence of chitin, indicating 
that the chitinase AO-801 might play a crucial role in nema-
tode infestation by A. oligospora [8]. However, a comprehensive 
investigation of the structure and function of AO-801 has not 
been addressed. This study explored the molecular characteris-
tics, enzymatic characteristics, and nematicidal activity of AO-
801. Our findings provide new insights into the role of AO-
801 and mechanisms underlying the infestation of nematodes 
by A. oligospora via AO-801.

MATERIALS AND METHODS

Ethical approval
All experiments were carried out in accordance with the 

guidelines issued by the Ethical Committee of Shihezi Univer-
sity (No. A20180126).

Fungi strains
A. oligospora XJ-A1 strain was isolated and preserved by the 

Laboratory of Parasitology, College of Animal Science and 
Technology, Shihezi University (Xinjiang, China). The vectors, 
pMD19-T and pPIC9K were purchased from Takara and Invit-
rogen, respectively. Escherichia coli DH5α and Pichia pastoris 
GS115 were purchased from Invitrogen.

Primers
AO-801 gene-specific primers P1 (5́ -GGAATTCATGAAGGC-

CATCTATGGACGTAACT-3́ ) and P2 (5́ -CGAGCGGCCGCT-
CAAGCGCAAGCGCTGCG-3́ ) were designed by software Pre-
mier 5.0 based on the GenBank-published sequence AOL_

s00215g801 of the standard strain of A. oligospora (ATCC 
24927) (underlined sequences are the restriction sites for EcoR 
I and Not I, respectively). The primers were synthesized by BGI 
Sequencing (Beijing, China).

Total RNA extraction and cDNA synthesis
Conidia of A. oligospora XJ-A1 were inoculated on the potato 

dextrose medium (PDB) and incubated at 28 C̊ on a constant 
shaker at 80 rpm (protected from light) to enrich the mycelia. 
After 48 h incubation, stage-III larvae of Caenorhabditis elegans 
were transferred onto the mycelia. Subsequently, the mycelia 
were harvested by filtering through the sterile filter paper, after 
the appearance of a large number of sticky webs. Finally, total 
RNA was extracted using EZ-10 Spin Column Fungal RNA 
Mini-Preps Kit (Bio Basic Inc, Ontario, Canada), following the 
manufacturer’s instructions. Reverse-transcription to cDNA was 
performed using the PrimeScript RT kit (Takara, Tokyo, Japan).

Cloning and molecular characterization
The cDNA was used as a template to amplify AO-801 gene. 

PCR amplification products were isolated and recovered using 
an agarose gel DNA extraction kit (Takara). Then, the ampli-
fied products were cloned into the pMD19-T vector to con-
struct the recombinant plasmid pMD19-AO801. Further, the 
recombinant construct was transformed into E.coli DH5α 
competent cells to screen positive clones for sequencing. The 
signal peptide was predicted from the amino acid sequence 
using the online tool, Signal P (http://www.cbs.dtu.dk/servic-
es/Signal P/). The protein hydrophilicity was analyzed using 
ProtScale (http://expasy.org/tools/protscale.html). In addition, 
SWISS-MODEL (https://www.swissmodel.expasy.org/) was 
used to predict the tertiary structure of the chitinase. Further, 
sequence alignment of the chitinases was performed using 
DNAMAN. Finally, phylogenetic analysis was performed using 
MEGA 6.0, a neighbor-joining (NJ) tree was drawn, and boot-
strap analysis was set to 1,000 replicates [8].

Expression, identification, and purification
The plasmids pMD19-AO801 and pPIC9K were digested 

with the restriction enzymes EcoR I and Not I (Takara), respec-
tively. Next, the linearized pPIC9K vector and the digested AO-

801 gene fragment were ligated to construct the recombinant 
expression vector pPIC9K-AO801. After verification using the 
restriction digestion with EcoR I and Not I, pPIC9K-AO801 was 
linearized with Stu I (Takara) and transformed into the Pichia 
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pastoris GS115 competent cell by electroporation. The trans-
formed yeast cells were screened using geneticin (Takara). Sub-
sequently, the transformed yeast cells were inoculated on a 
BMGY medium, and after culturing for 24 h at 28 C̊, the cells 
were harvested by centrifugation at 2,500 rpm for 10 min. 
These cells were resuspended in a BMGY medium, and metha-
nol was added every 24 h to obtain a final concentration of 1%. 
The supernatant obtained after 24, 48, 72, and 96 h of induc-
tion were subjected to SDS-PAGE, and stained using Coomass-
ie brilliant blue staining. Western blot analysis was performed 
using mouse anti-AO-801 (prokaryotic expression) positive se-
rum as a primary antibody (dilution ratio 1:1,000) and HRP-
goat anti-mouse IgG (TransGen, Beijing, China) as the second-
ary antibody (dilution ratio 1:2,000). Finally, purification of re-
combinant chitinase AO-801 (reAO-801) was performed using 
a Ni-NTA purification system (Solarbio, Beijing, China).

Enzymatic activity
The enzymatic activity of reAO-801 was analyzed by follow-

ing the method described by Berger et al. [18] for the measure-
ment of reducing sugars. In addition, the absorbance values of 
reaction products were measured at OD540 nm using a full-wave-
length microplate reader (Thermo Scientific, Madison, Wis-
consin, USA). The standard curves were plotted in Microsoft 
Excel. One unit of enzyme activity was defined as the amount 
of enzyme that produces 1 mg of reducing sugar in 1 min.

Substrate specificity
About 100 µl of reAO-801 was mixed with different sub-

strates, such as 400 µl of colloidal chitin solution (pH 7.0), 
powdered chitin (RYON, Shanghai, China) suspension, starch 
(Oxoid, Basingstoke, England) solution, C. elegans egg lysate 
and stage-I larvae lysate of C. elegans. The mixed solution was 
incubated at 37˚C for 1 h, after which 500 µl of 3,5-dinitrosali-
cylic acid (DNS) (Biopeony, Beijing, China) reagent was add-
ed. The absorbance value of the supernatant (200 µl) was 
measured at 540 nm.

Effects of temperature, pH, metal ions, and chemical 
substances

The effects of different temperatures, pH, metal ions, and 
chemical substances on the enzymatic activity of reAO-801 
were determined separately, as described in the previous sec-
tion. Briefly, reAO-801 and colloidal chitin solution (pH 7.0) 
were mixed and incubated at different temperatures to deter-

mine the relative activity. Next, reAO-801 was mixed with col-
loidal chitin solutions of different pH values to determine the 
effect of pH on the relative activity. Further, 10 µl of metal ion 
solution (1 mol/L), such as zinc sulfate solution, magnesium 
chloride solution, calcium chloride solution, iron chloride so-
lution, and potassium chloride solution, was mixed separately 
with reAO-801 and kept at 4˚C for 1 h. Then, the mixed solu-
tion was incubated with colloidal chitin solution to determine 
the relative activity. In addition, 25 µl of urea (0.5 mol/L), eth-
ylenediaminetetraacetic acid (EDTA) (0.05 mol/L), 1% sodi-
um dodecyl sulfate (SDS), and 2-mercaptoethanol (0.05 mol/
L) were mixed separately with reAO-801 and kept in room 
temperature for 5 min and then incubated with colloidal chi-
tin solution (pH 7.0) to determine the relative activity.

Degrading activity of reAO-801 against nematodes and 
their eggs

Initially, 400 µl of reAO-801 was mixed separately with ap-
proximately 1,000 nematodes or their eggs, such as C. elegans 

larvae, C. elegans eggs, and Haemonchus contortus (isolated from 
naturally infected abomasum of sheep) eggs, and incubated at 
37˚C for 0, 6, and 12 h. Subsequently, morphological parame-
ters were observed with an inverted microscope (ZEISS Ax-
ioObserverA1, Jena, Germany). The high temperature-inacti-
vated AO-801 (incubated at 100˚C water bath for 10 min) was 
used as a corresponding control to analyze the degradation ac-
tivity of reAO-801 against nematode larvae and their eggs.

Statistical analysis
The absorbance value of heat-inactivated AO-801 in the reac-

tion mixture was used as blank controls. The enzymatic activity 
of the reaction mixture containing reAO-801 and colloidal chi-
tin (pH 7.0) at 37 C̊ was defined as 100%. All the experiments 
were repeated 3 times. Data were analyzed and plotted in the 
form of a graph using Microsoft Excel. Finally, an analysis of 
variance (ANOVA) was performed to evaluate the statistical sig-
nificance.

RESULTS

Cloning and molecular characterization of AO-801 gene
The open reading frame of the AO-801 cDNA was 1,131 bp 

in length and encoded 376 amino acids (Supplementary Fig. 
S1). No signal peptide was predicted. It showed 97.34% ho-
mology with the amino acid sequence of AO-801 of A. oligos-
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pora ATCC 24927. AO-801, which belongs to the glycoside hy-
drolase 18 family, had a Glyco-18 domain (amino acids 3 to 
333) and 2 highly conserved regions, SIGGW and LDGVDVD-
WE. SIGGW was located at the 82nd-86th amino acid resi-
dues, which were the substrate-binding sites, and hydrolase 
catalytic active site constitutedLDGVDVDWE was located at 
the 120th-128th amino acid residues (Supplementary Fig. 
S2A). SWISS-MODEL suggested that the tertiary structure of 
AO-801 had a triosephosphate isomerase TIM barrel of (α/β)8 
(Supplementary Fig. S2B). Homology analysis revealed that 
AO-801 exhibited the highest homology (71.43%) with the 
chitinase of Dactylella cylindrospora (KAF3934333) (Supple-
mentary Fig. S3) and shared the evolutionary branch with the 
chitinase of plant pathogenic fungi (Supplementary Fig. S4).

Expression, purification, and identification of reAO-801 
protein

The recombinant vector pPIC9K-AO801 was constructed for 
the expression of reAO-801 in yeast cells (Supplementary Fig. 
S5). We obtained recombinant yeast cells resistant to G418 
(Supplementary Fig. S6). When the recombinant yeast was in-
duced by 1% methanol for 120 h, the recombinant protein 
concentration reached the maximum in the extract (0.99 mg/
ml). SDS-PAGE analysis revealed that the expressed protein 
was consistent with the expected protein size, with a molecular 
mass of about 42 kDa (Supplementary Fig. S7A). Western blot 
analysis showed that specific binding with the mouse anti-
AO-801 anti-serum (Supplementary Fig. S7B). We obtained 
4.52 mg/ml of the purified protein.

Different substrates for reAO-801
The N-acetylglucosamine (NAG) standard curve based on 

the method used for reducing sugar measurement met the ex-
perimental requirements (Fig. 1A). reAO-801 was found to be 
substrate-specific, but showed some differences in the degrada-
tion activity across different substrates. The degradation activi-
ty of reAO-801 to colloidal chitin was the strongest, and the 
activity to powdered chitin, C. elegans egg lysates and stage-I 
larval lysates containing chitin were successively weakened. Al-
together, reAO-801 could effectively degrade colloidal chitin, 
powdered chitin, egg lysates, and stage-I larval lysates of C. ele-

gans, but not starch (Fig. 1B).

Effects of temperature, pH, metal ions, and chemical 
substances on the enzymatic activity of reAO-801

The enzymatic activity of reAO-801 was high at 30-50˚C and 
highest at 40˚C, but at 70˚C, it was almost completely inacti-
vated (Fig. 2A). reAO-801 enzymatic activity was high at pH 
4-7 and peaked at pH 6 (Fig. 2B). Zn2+, Ca2+, Fe3+ inhibited its 
activity, while Mg2+, K+ promoted its activity; however, the ef-
fects were not significant (Fig. 2C). Urea, SDS, and 2-mercap-
toethanol could significantly inhibit the activity of reAO-801, 
decreasing its activity to less than 5% compared to the control. 
On the contrary, the inhibitory effect of EDTA on the reAO-
801 was minimal (Fig. 2D).

Degradation activity of reAO-801 against stage-I larvae 
of C. elegans

Compared to the control group (Fig. 3), the larval viability 
of C. elegans treated with reAO-801 decreased; the mortality 
rate reached 62% and 100% after 6 h and respectively 12 h. 
The body wall of dead nematodes in the experimental group 
contracted and lost elasticity.

Fig. 1. Substrate 
determination of re-
combinant chitinase 
AO-801. (A) Stan-
dard curve line of 
NAG. (B) Effects of 
different substrate 
on reAO-801. Error 
bars represents the 
standard deviation 
(n=3).
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Degradation activity of reAO-801 against the eggs of C. 
elegans and H. contortus

The egg development in C. elegans was halted at 6 h follow-
ing exposure to reAO-801 compared to that in the control 
group (Fig. 4). The larvae inside the eggs of the experimental 
group did not circle or twist, the wall of the eggshell became 
siginificantly thinned, and the structure of the eggshell col-
lapsed or even disappeared (Fig. 4E). After 12 h exposure, the 
eggshell completely disappeared. The larvae inside the eggs 
died and exhibited irregular shapes (Fig. 4F). The shells of 
some eggs of the experimental group broke down, leading to 
the premature release of the larvae with lower activity (Fig. 
4H). The larvae hatched early in the experimental group died 
completely 12 h following exposure, and the body walls were 
crumpled (Fig. 4I). In addition, the eggs of H. contortus of the 
experimental group ceased to develop 6 h following reAO-801 
treatment and the eggshells disappeared significantly, resulting 
in non-clear eggshell structure boundaries (Fig. 5). By 12 h, 
the eggshells had disappeared and the egg contents were com-
pletely exposed.

DISCUSSION

Most of the chitinases of nematophagous fungi belong to 
the GH18 family [6,7,17,19,20]. The typical GH18 family of 

Fig. 2. Effects of tem-
perature, pH, metal 
ions and inhibitors on 
reAO-801. (A) Effects 
of different tempera-
ture on reAO-801. (B) 
Effects of different pH 
on reAO-801. (C) Ef-
fects of different metal 
ions on reAO-801. (D) 
Effects of different in-
hibitors on reAO-801.
Relative activity was 
expressed as a per-
centage of the stan-
dard activity. All values 
were the average of 3 
replications. Error bars 
represents the stan-
dard deviations. **P< 
0.001.
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chitinases generally contains a signal peptide, a chitinase cata-
lytic domain (CD), a chitinase binding domain (BD), and a 
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itates the degradation of the substrate. Li et al. [25] aligned 27 
chitinase sequences containing chitinase insertion domains 
across taxa and demonstrated that the TIM barrel domain and 
CID could bind long-chain substrates by providing a deep sub-
strate-binding cleft. In addition, there are a large number of hy-
drophobic amino acids in the amino acid sequence of AO-801, 
which is beneficial to maintaining the (α/β)8 barrel structure.

Yang et al. [8] performed a phylogenetic analysis of 16 chi-
tinases from diverse nematophagous fungi. The 16 chitinases 
from A. oligospora were grouped into 4 subclasses, among 
which chitinases AO-801, AO-31, and AO-587 were clustered 
into one evolutionary branch, and were more closely related 
to the chitinases of phytopathogenic fungus Magnaporthe ory-

zae [8]. In the present study, XJ-A1 AO-801 was homologous 
to the nematophagous fungal chitinases of D. cylindrospora 

(KAF3934333) and D. brochopaga (KAF3910283), and also 
showed a closer relationship with the chitinase of plant patho-
genic fungi. 

Chitinases degrade chitin by catalyzing the hydrolysis of β-1, 
4 glycosidic bonds of long-chain chitin to glucosamine mono-

short C-terminal structure, and some chitinases also contain a 
chitinase insertion domain (CID) [7,21-26]. Yang et al. [8] 
identified 16 chitinases in A. oligospora with some differences in 
the predicted molecular structure, confirming that different chi-
tinases might have some function and expression level during 
nematode predation. Our molecular characterization of AO-
801 revealed that it belongs to the GH18 family and had a CID, 
a substrate-binding site SIGGW, and a hydrolase catalytic active 
site LDGVDVDWE. The AO-801 of Arthrospora oligospora Xinji-
ang isolate A1 (A. oligospora XJ-A1) exhibited great similarity 
with the standard strain (ATCC 24927), with an amino acid se-
quence homology of 97.34%. Both have a typical (α/β)8 TIM 
barrel structure, and their amino acid sequences in the con-
served regions are completely identical, especially the SXGG in 
the substrate-binding site and the active catalytic site of DXX-
DXDXE. Asp121, Asp124, Asp126, and Glu128 in the catalytic 
domain of fungal chitinases are essential, especially Glu is con-
sidered to be the proton acceptor of its active center 
[8,13,21,22]. In addition, the interaction of CID with the TIM 
barrel results in the strong binding to the substrate, which facil-

Fig. 4. The degradation role of reAO-801 against C. elegans 
eggs. Control: (A-C) C. elegans eggs treated with the inactivated 
reAO-801 after 0, 6, and 12 h, respectively. Experiment: (D-F, G-I) 
C. elegans eggs treated with the reAO-801 after 0, 6, and 12 h, 
respectively.
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Fig. 5. The degradation role of reAO-801 against H. contortus 
eggs. Control: (A-C) H. contortus eggs treated with the inactivat-
ed reAO-801 after 0, 6, and 12 h, respectively. Experiment: (D-F) 
H. contortus eggs treated with the reAO-801 after 0, 6, and 12 h, 
respectively.
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mers [27]. Most nematode eggshells are composed of protein 
and chitin. Chitin constitutes about 40% of the eggshell and is 
the main barrier to preventing infection. It is also essential for 
egg development and affects fertilization and polarization 
[14,28,29]. The mechanism of nematode predation by fungi is 
through enzymatic action to soften and disintegrate the host 
chitin wall [30]. The funcgal chitinases treated to Meloidogyne 
hapla eggs and juveniles cause premature hatching of nema-
tode eggs, leading to the juveniles death [31]. The chitinase 
Chi43 from P. rubescens and P. chlamydosporia exhibited signifi-
cant degradation activity against G. pallida eggs [15]. The chi-
tinase of L. antillanum B-3 degraded or softened the eggshell 
and interfered with hatching of M. incongnita eggs [17]. In the 
present study, we confirmed that the recombinant reAO-801 
killed stage-I larvae of C. elegans and degraded eggs of C. ele-
gans and H. contortus. The chitinase AO-801 degraded C. ele-

gans eggshells leading to premature hatching and subsequent 
death of the nematode eggs. This phenomenon was consistent 
with the previous results [15,30,31]. The chitinase AO-801 
plays a vital role in the nematode predation. Yang et al. [8]
found that the expression of chitinase AO-801 of A. oligospora 

increased by 2.75 times under the induction culture of cell 
walls of pathogenic fungus Rhizoctonia solani containing chitin 
components. They also found that most of the chitinases in A. 
oligospora had increased expression levels in response to nema-
tode stimulation or environmental stress, suggesting that chi-
tinase might be involved in the biotic or abiotic stress respons-
es of A. oligospora. However, the action mechanism of chitinas-
es during nematode infestation by nematophagous fungi re-
quires further investigation.

In conclusion, this study elucidated the molecular character-
istics of chitinase XJ-A1 AO-801 and obtained the enzymatical-
ly active reAO-801 for the first time through heterologous ex-
pression of AO-801 in P. pastoris. Our study confirmed that 
reAO-801 could kill stage-I larvae of C. elegans and degrade C. 

elegans and H. contortus eggs, and had strong nematicidal activi-
ty. Our findings provide an important foundation for the de-
velopment of nematophagous fungus-based biocontrol strate-
gies.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science 
Foundation of China (32060801). We thank the staff who 
provided the technical assistance for this study.

CONFLICT OF INTEREST 

The authors declare that they have no conflict of interest.

REFERENCES

1.	Szewc M, Waal TD, Zintl A. Biological methods for the control 
of gastrointestinal nematodes. Vet J 2020; 268: 105602. https://
doi.org/10.1016/j.tvjl.2020.105602

2.	Jacobson C, Larsen JW, Besier RB, Lloyd JB , Kahn LP. Diarrhoea 
associated with gastrointestinal parasites in grazing sheep. Vet 
Parasitol 2020; 282: 109139. https://doi.org/10.1016/j.vetpar. 
2020.109139

3.	Velan A, Hoda M. In-silico comparison of inhibition of wild and 
drug-resistant Haemonchus contortus β-tubulin isotype-1 by glyc-
yrrhetinic acid, thymol and albendazole interactions. J Parasit Dis 
2021; 45: 24-34. https://doi.org/10.1007/s12639-020-01274-w

4.	Doolotkeldieva T, Bobushova S, Muratbekova A, Schuster C, 
Leclerque A. Isolation, identification, and characterization of the 
nematophagous fungus Arthrobotrys oligospora from Kyrgyzstan. 
Acta Parasitol 2021; 66: 1349-1365. https://doi.org/10.1007/
s11686-021-00404-5

5.	Yang Y, Yang EC, An ZQ, Liu XZ. Evolution of nematode-trap-
ping cells of predatory fungi of the Orbiliaceae based on evidence 
from rRNA-encoding DNA and multiprotein sequences. Proc 
Nat Acad Sci USA 2007; 104: 8379-8384. https://doi.org/10. 
1073/pnas.0702770104

6.	Yang J, Wang L, Ji X, Feng Y, Li X, Zou C, Xu J, Ren Y, Mi Q, Wu J, 
Liu S, Liu Y, Huang X, Wang H, Niu X, Li J, Liang L, Luo Y, Ji K, 
Zhou W, Yu Z, Li G, Liu Y, Li L, Qiao M, Feng L, Zhang KQ. Ge-
nomic and proteomic analyses of the fungus Arthrobotrys oligos-
pora provide insights into nematode-trap formation. PLoS Pat-
hog 2011; 7: e1002179. https://doi.org/10.1371/journal.ppat. 
1002179

7.	Liang LM, Wu H, Liu ZH, Shen RF, Gao H, Yang JK, Zhang KQ. 
Proteomic and transcriptional analyses of Arthrobotrys oligospora 
cell wall related proteins reveal complexity of fungal virulence 
against nematodes. Appl Microbiol Biotechnol 2013; 97: 8683-
8692. https://doi.org/10.1007/s00253-013-5178-1

8.	Yang JK, Yu Y, Li J, Zhu W, Geng ZY, Jiang DW, Wang YC, Zhang 
KQ. Characterization and functional analyses of the chitinase-
encoding genes in the nematode-trapping fungus Arthrobotrys 
oligospora. Arch Microbiol 2013; 195: 453-462. https://doi.org/ 
10.1007/s00203-013-0894-6

9.	Zhao HL, Qiao J, Meng QL, Gong SS, Chen C, Liu TL, Tian LL, 
Cai XP, Luo JX, Chen CF. Expression of serine proteinase P186 
of Arthrobotrys oligospora and analysis of its nematode-degrading 
activity. Antonie Van Leeuwenhoek 2015; 108: 1485-1494. https://
doi.org/10.1007/s10482-015-0595-z

10.	Wang JW, Meng QL, Qiao J, Wang WS, Chen SQ, Luo JX, Zhao 
CG, Chen CF. The recombinant serine protease XAoz1 of Arthro-
botrys oligospora exhibits potent nematicidal activity against Cae-

https://doi.org/10.1016/j.vetpar.
2020.109139
https://doi.org/10.1016/j.vetpar.
2020.109139
https://doi.org/10.1073/pnas.0702770104
https://doi.org/10.1073/pnas.0702770104
https://doi.org/10.1371/journal.ppat.1002179
https://doi.org/10.1371/journal.ppat.1002179
https://doi.org/10.1007/s00203-013-0894-6
https://doi.org/10.1007/s00203-013-0894-6


352    Korean J Parasitol Vol. 60, No. 5: 345-352, October 2022

21.	Honda S, Wakita S, Sugahara Y, Kawakita M, Oyama F, Sakagu-
chi M. Characterization of two Listeria innocua chitinases of dif-
ferent sizes that were expressed in Escherichia coli. Appl Microbiol 
Biotechnol 2016; 100: 8031-8041. https://doi.org/10.1007/
s00253-016-7546-0

22.	Berini F, Presti I, Beltrametti F, Pedroli M, Vårum KM, Pollegioni L, 
Sjöling S, Marinelli F. Production and characterization of a novel 
antifungal chitinase identified by functional screening of a sup-
pressive-soil metagenome. Microb Cell Fact 2017; 16: 16. https: 
//doi.org/10.1186/s12934-017-0634-8

23.	Gan ZW, Yang JK, Tao N, Yu ZF, Zhang KQ. Cloning and expres-
sion analysis of a chitinase gene Crchi1 from the mycoparasitic 
fungus Clonostachys rosea (syn. Gliocladium roseum). J Microbiol 
2007; 45: 422-430.

24.	Luong NN, Tien N, Huy NX, Tue NH, Man LQ, Sinh DD , Dang 
VT, Chi DT, Hoa PT, Loc NH. Expression of 42kDa chitinase of 
Trichoderma asperellum (Ta-CHI42) from a synthetic gene in Esch-
erichia coli. FEMS Microbiol Lett 2021; 368: fnab110. https://doi.
org/10.1093/femsle/fnab110

25.	Li H, Greene LH. Sequence and structural analysis of the chitin-
ase insertion domain reveals two conserved motifs involved in 
chitin-binding. PLoS One 2010; 5: e8654. https://doi.org/10. 
1371/journal.pone.0008654

26.	Ju Y, Wang X, Guan T, Peng D, Li H. Versatile glycoside hydrolase 
family 18 chitinases for fungi ingestion and reproduction in the 
pinewood nematode Bursaphelenchus xylophilus. Int J Parasitol 
2016; 46: 819-828. https://doi.org/10.1016/j.ijpara.2016.08.001

27.	Hollak CE, Weely SV, Oers MH, Aerts J. Marked elevation of 
plasma chitotriosidase activity. A novel hallmark of Gaucher dis-
ease. Journal of Clinical Investigation 1994; 93: 1288-1292. 
https://doi.org/10.1172/JCI117084

28.	Olson SK, Greenan G, Desai A, Muller-Reichert T, Oegema K. 
Hierarchical assembly of the eggshell and permeability barrier in 
C. elegans. J Clin Invest 2012; 198: 731. https://doi.org/10.1083/
JCB.201206008

29.	Zhang Y, Foster JM, Nelson LS, Ma D, Carlow CK. The chitin 
synthase genes chs-1 and chs-2 are essential for C. elegans devel-
opment and responsible for chitin deposition in the eggshell 
and pharynx, respectively. Dev Biol 2005; 285: 330-339. https://
doi.org/10.1016/j.ydbio.2005.06.037

30.	Dijksterhuis J, Veenhuis M, Harder W. Ultrastructural study of 
adhesion and initial stages of infection of nematodes by conidia 
of Drechmeria coniospora. Mycol Res 1990; 94: 1-8. https://doi.
org/10.1016/S0953-7562(09)81257-4

31.	Mercer CF, Greenwood DR, Grant JL. Effect of plant and micro-
bial chitinases on the eggs and juveniles of Meloidogyne hapla 
Chitwood (Nematoda: Tylenchida). Nematologica 1992; 38: 
227-236. https://doi.org/10.1163/187529292X00199

norhabditis elegans and Haemonchus contortus. FEMS Microbiol 
Lett 2013; 344: 53-59. https://doi.org/10.1111/1574-6968.12154

11.	 Andersson KM, Meerupati T, Levander F, Friman E, Ahren D, 
Tunlid A. Proteome of the nematode-trapping cells of the fun-
gus Monacrosporium haptotylum. Appl Environ Microbiol 2013; 
79: 4993-5004. https://doi.org/10.1128/AEM.01390-13

12.	Nordbring-Hertz B. Morphogenesis in the nematode-trapping 
fungus Arthrobotrys oligospora-an extensive plasticity of infection 
structures. Mycologist 2004; 18: 125-133. https://doi.org/10. 
1017/S0269915X04003052

13.	Zhong WQ, Chen Y, Gong SS, Qiao J, Meng QL, Zhang XX, 
Wang XF, Huang YF, Tian LL, Cai XP. Enzymological properties 
and nematode-degrading activity of recombinant chitinase ao-
379 of Arthrobotrys oligospora how to cite this article. Kafkas Univ 
Vet Fak Derg 2019; 25: 435-444. https://doi.org/10.9775/kvfd. 
2018.20603

14.	Mickaël R, Fabrice G, Vern YL, Grasseau I, Kerboeuf D. Effects of 
cholesterol content on activity of P-glycoproteins and mem-
brane physical state, and consequences for anthelmintic resis-
tance in the nematode Haemonchus contortus. Parasite 2020; 27: 3. 
https://doi.org/10.1051/PARASITE/2019079

15.	Tikhonov VE, Lopez-Llorca LV, Salinas J, Jansson HB. Purifica-
tion and characterization of chitinases from the nematophagous 
fungi Verticillium chlamydosporium and V. suchlasporium. Fungal 
Genet Biol 2002; 35: 67-78. https://doi.org/10.1006/fgbi.2001. 
1312

16.	Khan A, Williams KL, Hkm N. Effects of Paecilomyces lilacinus 
protease and chitinase on the eggshell structures and hatching of 
Meloidogyne javanica juveniles. Biol Control 2004; 31: 346-352. 
https://doi.org/10.1016/j.biocontrol.2004.07.011

17.	Nguyen VN, Oh IJ, Kim YJ, Kim YC, Park RD. Purification and 
characterization of chitinases from Paecilomyces variotii DG-3 
parasitizing on Meloidogyne incognita eggs. J Ind Microbiol 
Biotechnol 2009; 36: 195-203. https://doi.org/10.1007/s10295-
008-0485-8

18.	Berger LR, Reynolds DM. The chitinase system of a strain of 
Streptomyces griseus. Biochim Biophys Acta 1958; 29: 522-534. 
https://doi.org/10.1016/0006-3002(58)90008-8

19.	Larriba E, Jaime M, Carbonell-Caballero J, Conesa A, Lopez-
Llorca LV. Sequencing and functional analysis of the genome of 
a nematode egg-parasitic fungus, Pochonia chlamydosporia. Fun-
gal Genet Biol 2014; 65: 69-80. https://doi.org/10.1016/j.fgb. 
2014.02.002

20.	Meerupati T, Andersson KM, Friman E, Kumar D, Tunlid A, Ah-
rén D, Richardson PM. Genomic mechanisms accounting for 
the adaptation to parasitism in nematode-trapping fungi. PLoS 
Genetics 2013; 9: e1003909. https://doi.org/10.1371/journal.
pgen.1003909

https://doi.org/10.1186/s12934-017-0634-8
https://doi.org/10.1186/s12934-017-0634-8
https://doi.org/10.1371/journal.pone.0008654
https://doi.org/10.1371/journal.pone.0008654
https://doi.org/10.1017/S0269915X04003052
https://doi.org/10.1017/S0269915X04003052
https://doi.org/10.9775/kvfd.2018.20603
https://doi.org/10.9775/kvfd.2018.20603
https://doi.org/10.1006/fgbi.2001.1312
https://doi.org/10.1006/fgbi.2001.1312
https://doi.org/10.1016/j.fgb.2014.02.002
https://doi.org/10.1016/j.fgb.2014.02.002

