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Abstract

Extracellular enzymes, including serineotgase, chitinase and collageeacorresponding to the main chemical constituents of the ne-
matode cuticle and eggshell, have been reported to be involved in the infectious process as virulence factors. This review will focus on the
categories, characterization, purification, cloning and potential function of these virulence enzymes and will attempt to provide new insights
into the mechanisms of fungal pathogenesis in nematodes.
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1. Introduction likely that hydrolytic enzymes participate in several steps of
host infection. Moreover, ultrastructural and histochemical

Plant-parasitic nematodes, important agricultural pests, Studies have suggested that penetration of the nematode cuti-
have been reported to cause damage amounting to more thaale involves the activity of hydrolytic enzymes [7]. In the last
100 billion US dollars per yeahroughout the world [20],  decade, extracellular enzymeswvasilence factors in the in-
placing them behind fungi but ahead of bacteria and virusesfection process have been intensively studied, and the iden-
in terms of damage. In recent years, nematophagous fungiification of numerous enzymes has confirmed their involve-
one of the natural enemies of nematodes, have been emment in the molecular mechanism of infection. This review
ployed in biological control because of their unique ability to  will deal with reported virulent enzymes of nematophagous
capture and infect nematodes.iJ hlternative strategy is at-  fungi infecting nematodes, including their cloning, charac-
tracting more and more attention, since traditional methods, ters and their potential roles in biological control.
i.e., nematicides and antithelminthic drugs, have evoked ma-
jor environmental concerns dmevelopment of resistance.

Critical events during the process of nematophagous fun- 2. The nematode cuticle and varieties of associated
gal infection are as follows: the cuticle is penetrated, the enzymesin nematophagousfungi
nematode is immobilized and the prey is finally invaded and
digested by the fungus [1]. The molecular mechanisms of
the sequence are not well explained, but based on researc
on entomopathogens, whose infectious mode was beIievecI{‘5
to be somewhat similar to that of nematophagous fungi, it is

Nematophagous fungi, like other fungal pathogens, must
enetrate extracellular barriers presented by the host. Thus,
he cuticle of adult nematodes or the shells of eggs play an
important role in preventing nematophagous fungal infec-
tion. The cuticle of adult nematodes, as a non-cellular layer
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opposite directions from each oth€ollagen is the princi-  as they may also participate in the process of releasing toxins
pal structural component and@unninghamella elegans, an which antagonize the nematode. Some of these studies have
important model species, the genome contains 5-150 colla-touched upon the molecular levand point to the extracel-
gen genes, most of which are believed to encode the cuticle.lular enzymes as virulence factors in the mechanism of the
Thus, the efficient degradation of collagen in the cuticle was infection, which is also very helpful in improving the control
believed to be absolutely necessary for infection of adults. potential of nematophagous fungi with genetic engineering.
The shell of nematode eggs is formed by three layers includ-
ing the chitinous layer, which is composed of protein matrix
(50—60% of the composition) ermhtéing chitin microfibrils. 3. Virulence enzymes involved in infection
This chitinous layer is the thickest and probably the major of nematophagous fungi
barrier to infection.

At the early stage of infection of nematodes by ne-
matophagous fungi, penetration of the nematode surface
(cuticle) has been assumed to be due to the combination As is generally known, subtilisin-like serine protease

of mechanical activity and hydrolytic enzymes. The latter is a virulence enzyme chasterized by its catalytic do-

extracellular enzymes, corresponding to the main chemi- _ . . 2 ; . .
. . main of aspartic acid—histidine—serine, and its substrate with
cal constituents of nematode cuticle and eggshell, such as

protein and chitin, were revealed to contribute to this early a serine residue susceptible to organic phosphate fluorine

. . was most intensively studied in nematophagous fungi. In
stage of infection. Several extracellular enzymes from ne- 1988. a Spanish research team detected extracellular pro-
matophagous fungi, including protease (especially the sub- ' P P

tilisin family of serine proteases), chitinase and collagenaseu.e"’wt.Se in fungal e:-ndo.parasnes of Fhe Cyst nematbte
involved in the infection of nematodes, have been identi- ulhumsuchlaspormm |sqlated from infected eggs [11.].' Two
fied, cloned, and homologously or heterologously expressed years !ater, the first serine proFeaSt_a of P32 was purified from
respectively. Those isolated virulent enzymes are listed in a strain of thosev. suchlasporium isolates and the puri-

Table 1 and it is assumed that they are at least partly respon—]c 'e? ptrotefaze waz_systertlat_lya:ha{acterlztet(jj, espetC|§IIy '582
sible for fungal penetration of the nematode cuticle and/or activity of degrading certain cyst nematode proteins [12].

digestion of the internal tissues of the host. Additionally, re- Furthermolre, Igcal_ia'_uon of P32 mr:he processdof mfectmg
cent studies have been carried out on the potential functionsVaS completed with immunocytochemistry and supporte

of hydrolytic enzymes at other stages of infection, especially 1€ conclusion that serine protease was involved in egg pen-
etration byV. suchlasporium[13]. Up to now, four additional

kinds of serine protease in nematophagous fungi have been
purified and cloned, including PIl and Aozl froArthro-
botrys oligospora [1,2,8,9,30], pSP-3 fronPaecilomyces

3.1. Subtilisin-like serine protease

Table 1
Extracellular enzymes in nematophagous fungus infecting nematodes

Types of extracellular Identified and Origins of enzymes lilacinus [17] and VCP1 fromPaecilomyces chlamydospo-
enzymes purified enzymes . . .
Subtiisimiike serne b3z V. suchiasporium ria [16,22,23], among which PIl was the best studied (the
protease Pl Aozl A. dligospora purified serine proteins and their corresponding properties
pSP-3 P lilacinus are shown in Table 2).
VCP1 P. chlamydosporia A. oligospora is a major species of nematode-trapping
Chitinase CHI43 V. chlamydosporium, fungi that captures nematodes with special hype of three-
Collagenase V. suchlasporium dimensional networks. It can penetrate and immobilize ne-
9 matodes within a few hours, which is assumed to be partly
Table 2
Properties of extracellular serine peases isolated from nematophagous fungi
Nematophagous See Molecular 1] Inhibitor of Optimum Substrate Gene cloning
fungi protease mass (kDa) protease pH
V. suchlasporium P32 32 - PMSFpCMB 8.5 Proteins from mature eggs -
A. oligospora PII 35 46 PMSF 7-9 Casein, BSA, gelatin, Genome sequence of

denatured collagen, the PIl (X94121)
cuticle of nematode

A. oligospora Aozl 38 49 PMSF, SSI 6-8 Casein, gelatin, azocoll Full cDNA sequence
the cuticle of nematode (AF516146)

P. lilacinus pSP-3 3% >10.2 PMSF 10.3 Vitellin, the eggshells of Partial cDNA
immature eggs (L29262)

P. chlamydosporia VCP1 33 102 PMSF - Casein, BSA, azocaoll, Full cDNA sequence
eggshells oM. incoymta (AJ427454)

PMSF, phenylmethylsulfonylfluoride? CMB, p-chloromercuric benzoic acid; SSI, an inhibitor of the subtilase family of serine proteases, Novozyme; BSA,
bovine serine albumin.
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due to the extracellular enzymes. The activity of extracellu- todes to ensure enough nutrients for the development of an
lar protease was measured in the liquid culture and signifi- infection structure [9]. Additionally, these serine proteases
cantly decreased by the serinefease inhibitor of PMSF,  all have a relatively broad substrate specificity, based on
so it seemed that the protease should belong to the serinavhich it is believed that the proteases have two independent
protease family [1]. Then, with protein chromatography and functions: one involves saprophytic growth and the other in-
screening of the genome library, protease PIl was purified volves infection of nematodes. Such a dual role has also
and cloned. The obtained nucleic acid sequence as well adeen assigned to the homologous serine protease Prl from
the peptide sequence confirmed previous speculation thathe entomophagous fungletar hiziumanisopliae[25] and
Pll was a serine protease with a molecular mass of approx-the serological and functional relationship between Pr1 and
imately 35 kDa, which had optimum activity between pH 7 VCP1 seems to support the above hypothesis [19]. Another
and 9. As for the utilization of substrates, PIl showed high possible similarity is the intraspecific polymorphism that is
hydrolytic activity against broad protein substrates, such asa common phenomenon in dilisins from pathothogenic
BSA, gelatin, denatured casein and collagen, and even thefungi [3], although among thevé kinds of subtilisin-like
preparation of nematode cuticle, but low activity toward na- serine protease from nematophagous fungi, it has only been
tive collagen [2,8]. In 2002, Ahman et al. studied in detail proveninVCP1 [16]. The observed intraspecific variation in
the potential roles of protease Il in host infection by gen- fungal subtilisins is not usually in the structurally conserved
erating severaPll mutants, including disrupteBll gene regions such as the binding domain or active center of the
mutants andPll overexpression mutants. Deletion of the catalytic domain. The small fierences in amino acid se-
Pll gene caused a limited effect on pathogenicity, includ- quences may have effects upaibstrate utilization, kinetics
ing decreased percentages dhasion and immobilization  and surface properties rather than on the essential activity of
of nematodes, while the overexpression of mutants demon-the enzyme [24], which is also confirmed by the difference
strated a higher capacity to kill nematodes [9]. The previous in substrates between VCP1 from root knot and cyst nema-
experiments all suggested that the serine protein of PII is tode isolates [16].
an important pathogenic factor in the nematophagous fun-
gusA. aligospora killing of its hosts. 3.2. Chitinases

In fact, cloning and sequencing of all serine proteases
from nematophagous fungi have illustrated that they have a  Chitinases, which have been assumed to be required for
high degree of similarity to protease K of the subtilisin-like hyphal growth [26] and participate in infection of mycopara-
serine protease family, with the conservation of the aspar- sites and entomopathogenic or nematopathogenic fungi, are
tic acid—histidine—serine catalytic triad and substrate binding a kind of inducible enzyme callyzing chitin that is one of
domains, which is also the most important characteristic in the important components of invertebrate cuticles. Fungal
this family (the alignment between all subtilisin-like serine chitinase and its potential role in infecting nematode eggs
proteases is shown in Fig. 1). In analysis of these serine pro-were first put forward by Wharton [28]. Then, chitinase ac-
teases, they share biochemical traits: their molecular massegivity was detected by enzymatic assayMerticillium spp.
are mostly between 32—38 kDa; maximum activities can be isolated from infected nemade eggs. It was also revealed
obtained in an alkaline situation; serine protease inhibitors that the proportion of infected nematode eggs increased con-
such as PMSF can significantly decrease their activities; thecurrently with enhancement of chitinase activity [4]. How-
purified proteases can degrade the proteins from nematodever, in succeeding years, no chitinases from nematophagous
cuticle and damage the adlulematode cuticle and nema- fungi have been purified and characterized, while a corre-
tode eggshells. Light microscope and scanning electron mi- sponding chitinase related to infection of mycoparasites and
croscopy (SEM) showed that the outer layers of eggshellsentomopathogenic fungi was monitored and cloned, which
and cuticles of nematodes exfoliated; indeed, large flaws represents a good illustration of the chitinase role in antago-
even appeared with treatment of the purified protease, whichnizing the host [10,18,29]. It was in 2002 that purification
could serve as proof that the extellular serine protease can and identification of CHI43, the first chitinase serving as
destroy the integrality of the cuticle or eggshells to help in a nematicidal factor in infecting nematode eggs, was re-
penetration by pathogenetic fungi. On the other hand, someported [27].
experiments also supported thgpothesis that activities of As it is a kind of inducible enzyme, the activity of chiti-
serine protease initiate orap nematophagous fungi, apart nase could be detected in the filtrate and increased with
from degrading the cuticle or eggshell of the host. This hy- time for more than 2 weeks when nematophagous fungi of
pothesis was based on the fact that deletion mutants of PIIV. chlamydosporium and V. suchlasporium were grown in
had a lower number and the multicopy mutants a larger num- semiliquid medium containing colloidal chitin as the main
ber of traps inA. oligospora. Analysis of these results re-  source of C and N. The same culture filtrates were synchro-
vealed two possible reasons: (1) peptides produced by extranously analyzed by SDS—PAGE electrophoresis. An obvious
cellular protease hydrolyzing the cuticle of nematodes could protein band of 43 kDa, plus 32 kDa (it seemed consis-
simulate the formation of traps; (2) the extracellular pro- tentwith the serine protein M suchlasporiumidentified by
tease could rapidly digest the tissues of the infected nema-Lopez-Llorca), was observed aitgl concentration increased
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Fig. 1. Alignment of serine protease amino acid sequencesAatigospora (Pll and Aoz1),P. chlamydosporia (VCP1),P. lilacinus (pSP-3), andritir. Albumlimber (PK). The amino acids underlined indicate
the conserved catalytic triad of the aspartidadiistindine—serine. The GenBank accession nundfé?, Aozl, VCP1, pSP-3 and PK are, respegliy X94121, AF516146, AJ427454, L.29262 and CAA32820.
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along with the rise in chitinase activity. Then the 43 kDa genases apart from serine protease could serve as infectious
protein was purified with chromatography on a macroporous factors, since low activity against native collagen was ob-
cross-linked chitin affinity matrix and zymography also con- tained with serine protease alone, which does not seem effi-
firmed the endochitinolytic activity. Although CHI43 from  cient enough in infection.

V. chlamydosporiumor V. suchlasporium exhibited the same

optimum activity toward coll@al chitin at pH 5.2-5.7, the

plsof CHI43 were different between the two fungal origins. 4. Concluding remarks

Analytical IEF of CHI43 fromV. chlamydosporium showed

the presence of different isoforms, which had a mairop As suggested by all of the studies above, enzymes un-
7.9 and weaker bands off f7.3 and 7.6, while thelg of doubtedly serve as important virulence factors in the infec-
three isoforms inV. suchlasporiumwere separately 7.6, 7.1, tious process of nematodes. The complex componential na-
7.4. Since the nucleic acid and deduced protein sequencesure of the cuticle and eggshells has demonstrated that pene-
cannot be obtained, the minor differences in amino acids tration requires the synergistic action of several different en-
that result in isoforms with the same molecular mass and zymes. But limitations in enzyme categories and gaps in our
different ds, and different resultant enzymatic properties, knowledge of the action mode leave certain mechanisms of
remain to be further studied. To reveal the effect of CHI43 infection of nematodes unexplained. Detailed exploration of
on degradation of nematode eggshells, the egds. gall- the function of virulence enzges is needed to gain more in-
ida were treated with chitinase of CHI43 or/and serine pro- formation on such mechanisms involved in nematophagous
tease of P32. Scars and slight peelings could be observed ofiungal infection of hosts, which could serve as useful tools
the surface of eggshells when only CHI43 or P32 was re- for improving nematicidal activity in biological control.
cruited; a combination of CHI43 and P32 seemed to result

in more serious damage, while the untreated eggs remained

on a smooth and undisturbed surface as negative control Acknowledgements
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