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Abstract

Extracellular enzymes, including serine protease, chitinase and collagenase, corresponding to the main chemical constituents of the
matode cuticle and eggshell, have been reported to be involved in the infectious process as virulence factors. This review will foc
categories, characterization, purification, cloning and potential function of these virulence enzymes and will attempt to provide new
into the mechanisms of fungal pathogenesis in nematodes.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Plant-parasitic nematodes, important agricultural pe
have been reported to cause damage amounting to more
100 billion US dollars per yearthroughout the world [20]
placing them behind fungi but ahead of bacteria and viru
in terms of damage. In recent years, nematophagous f
one of the natural enemies of nematodes, have been
ployed in biological control because of their unique ability
capture and infect nematodes. This alternative strategy is a
tracting more and more attention, since traditional meth
i.e., nematicides and antithelminthic drugs, have evoked
jor environmental concerns and development of resistance

Critical events during the process of nematophagous
gal infection are as follows: the cuticle is penetrated,
nematode is immobilized and the prey is finally invaded
digested by the fungus [1]. The molecular mechanism
the sequence are not well explained, but based on rese
on entomopathogens, whose infectious mode was beli
to be somewhat similar to that of nematophagous fungi,
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likely that hydrolytic enzymes participate in several steps
host infection. Moreover, ultrastructural and histochem
studies have suggested that penetration of the nematode
cle involves the activity of hydrolytic enzymes [7]. In the la
decade, extracellular enzymes asvirulence factors in the in
fection process have been intensively studied, and the i
tification of numerous enzymes has confirmed their invo
ment in the molecular mechanism of infection. This revi
will deal with reported virulent enzymes of nematophag
fungi infecting nematodes, including their cloning, char
ters and their potential roles in biological control.

2. The nematode cuticle and varieties of associated
enzymes in nematophagous fungi

Nematophagous fungi, like other fungal pathogens, m
penetrate extracellular barriers presented by the host. T
the cuticle of adult nematodes or the shells of eggs pla
important role in preventing nematophagous fungal inf
tion. The cuticle of adult nematodes, as a non-cellular la
produced by the hypodermis, consists mainly of proteins
cluding keratin, collagen and fibers running diagonally
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opposite directions from each other. Collagen is the princi-
pal structural component and inCunninghamella elegans, an
important model species, the genome contains 5–150 c
gen genes, most of which are believed to encode the cu
Thus, the efficient degradation of collagen in the cuticle w
believed to be absolutely necessary for infection of adu
The shell of nematode eggs is formed by three layers inc
ing the chitinous layer, which is composed of protein ma
(50–60% of the composition) embedding chitin microfibrils.
This chitinous layer is the thickest and probably the ma
barrier to infection.

At the early stage of infection of nematodes by n
matophagous fungi, penetration of the nematode sur
(cuticle) has been assumed to be due to the combina
of mechanical activity and hydrolytic enzymes. The lat
extracellular enzymes, corresponding to the main che
cal constituents of nematode cuticle and eggshell, suc
protein and chitin, were revealed to contribute to this ea
stage of infection. Several extracellular enzymes from
matophagous fungi, including protease (especially the
tilisin family of serine proteases), chitinase and collagen
involved in the infection of nematodes, have been ide
fied, cloned, and homologously or heterologously expres
respectively. Those isolated virulent enzymes are liste
Table 1 and it is assumed that they are at least partly res
sible for fungal penetration of the nematode cuticle and
digestion of the internal tissues of the host. Additionally,
cent studies have been carried out on the potential func
of hydrolytic enzymes at other stages of infection, especi

Table 1
Extracellular enzymes in nematophagous fungus infecting nematodes

Types of extracellular Identified and Origins of enzyme
enzymes purified enzymes

Subtilisin-like serine P32 V. suchlasporium
protease PII, Aoz1 A. oligospora

pSP-3 P. lilacinus
VCP1 P. chlamydosporia

Chitinase CHI43 V. chlamydosporium,
V. suchlasporium

Collagenase –
.

,

-

as they may also participate in the process of releasing to
which antagonize the nematode. Some of these studies
touched upon the molecular level and point to the extrace
lular enzymes as virulence factors in the mechanism of
infection, which is also very helpful in improving the contr
potential of nematophagous fungi with genetic engineer

3. Virulence enzymes involved in infection
of nematophagous fungi

3.1. Subtilisin-like serine protease

As is generally known, subtilisin-like serine protea
is a virulence enzyme characterized by its catalytic do
main of aspartic acid–histidine–serine, and its substrate
a serine residue susceptible to organic phosphate fluo
was most intensively studied in nematophagous fungi
1988, a Spanish research team detected extracellular
tease in fungal endoparasites of the cyst nematodesVerti-
cillium suchlasporium isolated from infected eggs [11]. Tw
years later, the first serine protease of P32 was purified f
a strain of thoseV. suchlasporium isolates and the puri
fied protease was systematically characterized, especially it
activity of degrading certain cyst nematode proteins [1
Furthermore, localization of P32 in the process of infect
was completed with immunocytochemistry and suppo
the conclusion that serine protease was involved in egg
etration byV. suchlasporium [13]. Up to now, four additiona
kinds of serine protease in nematophagous fungi have
purified and cloned, including PII and Aoz1 fromArthro-
botrys oligospora [1,2,8,9,30], pSP-3 fromPaecilomyces
lilacinus [17] and VCP1 fromPaecilomyces chlamydospo-
ria [16,22,23], among which PII was the best studied (
purified serine proteins and their corresponding prope
are shown in Table 2).

A. oligospora is a major species of nematode-trapp
fungi that captures nematodes with special hype of th
dimensional networks. It can penetrate and immobilize
matodes within a few hours, which is assumed to be pa
f

; BSA,
Table 2
Properties of extracellular serine proteases isolated from nematophagous fungi

Nematophagous Serine Molecular pI Inhibitor of Optimum Substrate Gene cloning
fungi protease mass (kDa) protease pH

V. suchlasporium P32 32 – PMSF,pCMB 8.5 Proteins from mature eggs –
A. oligospora PII 35 4.6 PMSF 7–9 Casein, BSA, gelatin,

denatured collagen, the
cuticle of nematode

Genome sequence o
PII (X94121)

A. oligospora Aoz1 38 4.9 PMSF, SSI 6–8 Casein, gelatin, azocoll
the cuticle of nematode

Full cDNA sequence
(AF516146)

P. lilacinus pSP-3 33.5 >10.2 PMSF 10.3 Vitellin, the eggshells of
immature eggs

Partial cDNA
(L29262)

P. chlamydosporia VCP1 33 10.2 PMSF – Casein, BSA, azocoll,
eggshells ofM. incoymta

Full cDNA sequence
(AJ427454)

PMSF, phenylmethylsulfonylfluoride;P CMB, p-chloromercuric benzoic acid; SSI, an inhibitor of the subtilase family of serine proteases, Novozyme
bovine serine albumin.
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due to the extracellular enzymes. The activity of extrace
lar protease was measured in the liquid culture and sig
cantly decreased by the serine protease inhibitor of PMSF
so it seemed that the protease should belong to the s
protease family [1]. Then, with protein chromatography a
screening of the genome library, protease PII was puri
and cloned. The obtained nucleic acid sequence as we
the peptide sequence confirmed previous speculation
PII was a serine protease with a molecular mass of app
imately 35 kDa, which had optimum activity between pH
and 9. As for the utilization of substrates, PII showed h
hydrolytic activity against broad protein substrates, suc
BSA, gelatin, denatured casein and collagen, and even
preparation of nematode cuticle, but low activity toward
tive collagen [2,8]. In 2002, Ahman et al. studied in de
the potential roles of protease II in host infection by g
erating severalPII mutants, including disruptedPII gene
mutants andPII overexpression mutants. Deletion of t
PII gene caused a limited effect on pathogenicity, incl
ing decreased percentages of adhesion and immobilization
of nematodes, while the overexpression of mutants dem
strated a higher capacity to kill nematodes [9]. The previ
experiments all suggested that the serine protein of P
an important pathogenic factor in the nematophagous
gusA. oligospora killing of its hosts.

In fact, cloning and sequencing of all serine protea
from nematophagous fungi have illustrated that they ha
high degree of similarity to protease K of the subtilisin-li
serine protease family, with the conservation of the as
tic acid–histidine–serine catalytic triad and substrate bind
domains, which is also the most important characteristi
this family (the alignment between all subtilisin-like seri
proteases is shown in Fig. 1). In analysis of these serine
teases, they share biochemical traits: their molecular ma
are mostly between 32–38 kDa; maximum activities can
obtained in an alkaline situation; serine protease inhibi
such as PMSF can significantly decrease their activities
purified proteases can degrade the proteins from nema
cuticle and damage the adult nematode cuticle and nem
tode eggshells. Light microscope and scanning electron
croscopy (SEM) showed that the outer layers of eggsh
and cuticles of nematodes exfoliated; indeed, large fl
even appeared with treatment of the purified protease, w
could serve as proof that the extracellular serine protease ca
destroy the integrality of the cuticle or eggshells to help
penetration by pathogenetic fungi. On the other hand, s
experiments also supported thehypothesis that activities o
serine protease initiate or trap nematophagous fungi, apa
from degrading the cuticle or eggshell of the host. This
pothesis was based on the fact that deletion mutants o
had a lower number and the multicopy mutants a larger n
ber of traps inA. oligospora. Analysis of these results re
vealed two possible reasons: (1) peptides produced by e
cellular protease hydrolyzing the cuticle of nematodes co
simulate the formation of traps; (2) the extracellular p
tease could rapidly digest the tissues of the infected ne
t

s

e

-

todes to ensure enough nutrients for the development o
infection structure [9]. Additionally, these serine protea
all have a relatively broad substrate specificity, based
which it is believed that the proteases have two indepen
functions: one involves saprophytic growth and the other
volves infection of nematodes. Such a dual role has
been assigned to the homologous serine protease Pr1
the entomophagous fungusMetarhizium anisopliae [25] and
the serological and functional relationship between Pr1
VCP1 seems to support the above hypothesis [19]. Ano
possible similarity is the intraspecific polymorphism tha
a common phenomenon in subtilisins from pathothogenic
fungi [3], although among the five kinds of subtilisin-like
serine protease from nematophagous fungi, it has only b
proven in VCP1 [16]. The observed intraspecific variation
fungal subtilisins is not usually in the structurally conserv
regions such as the binding domain or active center of
catalytic domain. The small differences in amino acid se
quences may have effects upon substrate utilization, kinetics
and surface properties rather than on the essential activ
the enzyme [24], which is also confirmed by the differen
in substrates between VCP1 from root knot and cyst ne
tode isolates [16].

3.2. Chitinases

Chitinases, which have been assumed to be require
hyphal growth [26] and participate in infection of mycopa
sites and entomopathogenic or nematopathogenic fung
a kind of inducible enzyme catalyzing chitin that is one o
the important components of invertebrate cuticles. Fun
chitinase and its potential role in infecting nematode e
were first put forward by Wharton [28]. Then, chitinase
tivity was detected by enzymatic assay inVerticillium spp.
isolated from infected nematode eggs. It was also reveal
that the proportion of infected nematode eggs increased
currently with enhancement of chitinase activity [4]. Ho
ever, in succeeding years, no chitinases from nematopha
fungi have been purified and characterized, while a co
sponding chitinase related to infection of mycoparasites
entomopathogenic fungi was monitored and cloned, wh
represents a good illustration of the chitinase role in anta
nizing the host [10,18,29]. It was in 2002 that purificati
and identification of CHI43, the first chitinase serving
a nematicidal factor in infecting nematode eggs, was
ported [27].

As it is a kind of inducible enzyme, the activity of chit
nase could be detected in the filtrate and increased
time for more than 2 weeks when nematophagous fung
V. chlamydosporium and V. suchlasporium were grown in
semiliquid medium containing colloidal chitin as the ma
source of C and N. The same culture filtrates were sync
nously analyzed by SDS–PAGE electrophoresis. An obv
protein band of 43 kDa, plus 32 kDa (it seemed con
tent with the serine protein inV. suchlasporium identified by
Lopez-Llorca), was observed andits concentration increase
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ritir. Album limber (PK). The amino acids underlined indicate
ectively, X94121, AF516146, AJ427454, L29262 and CAA32820.
Fig. 1. Alignment of serine protease amino acid sequences fromA. oligospora (PII and Aoz1),P. chlamydosporia (VCP1),P. lilacinus (pSP-3), andT
the conserved catalytic triad of the aspartic acid–histindine–serine. The GenBank accession numbersof PII, Aoz1, VCP1, pSP-3 and PK are, resp
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along with the rise in chitinase activity. Then the 43 k
protein was purified with chromatography on a macropor
cross-linked chitin affinity matrix and zymography also co
firmed the endochitinolytic activity. Although CHI43 from
V. chlamydosporium or V. suchlasporium exhibited the same
optimum activity toward colloidal chitin at pH 5.2–5.7, the
pIs of CHI43 were different between the two fungal origin
Analytical IEF of CHI43 fromV. chlamydosporium showed
the presence of different isoforms, which had a main pI of
7.9 and weaker bands of pI 7.3 and 7.6, while the pIs of
three isoforms inV. suchlasporium were separately 7.6, 7.1
7.4. Since the nucleic acid and deduced protein seque
cannot be obtained, the minor differences in amino a
that result in isoforms with the same molecular mass
different pIs, and different resultant enzymatic properti
remain to be further studied. To reveal the effect of CH
on degradation of nematode eggshells, the eggs ofG. pall-
ida were treated with chitinase of CHI43 or/and serine p
tease of P32. Scars and slight peelings could be observe
the surface of eggshells when only CHI43 or P32 was
cruited; a combination of CHI43 and P32 seemed to re
in more serious damage, while the untreated eggs rema
on a smooth and undisturbed surface as negative con
Thus, these results demonstrated that chitinase might b
volved in the breakdown of nematode eggshells by fun
parasites and the collaboration of different virulent enzym
for example chitinase and serine protease, seemed to be
efficient in infection.

3.3. Collagenase

Collagenase was defined as an enzyme that catalyze
hydrolysis of collagen and gelatin rather than other prote
substrates [14], and up to now many kinds of collagenase
different microorganic origin, including serine protein pr
tease, have been identified. In 1980, Schenck et al. exam
the capabilities of producing collagenase or keratinase in
eight species of nematophagous fungi during the proce
infecting nematodes, and it was shown that all of the te
species could secrete extracellular collagenase with goo
tivities of hydrolyzing collagen [21]. In that experiment, th
fungi were grown in liquid cultures for 6 days at 28◦C fol-
lowed by filtration through filter paper, and protease activ
was determined with cultural supernatant. Then the co
genases were partially purified and detected for remai
activities in the range of pH 2.5–10. In a series of exp
ments with bacterial collagenase and culture ofC. elegans,
many characters of collagenaseassociated with the infectio
have been confirmed [5,6,15]. These characters include
capacity of purified collagenase to degrade proteins f
the nematode cuticle; this could help in penetration of
host the cuticle; it also influences the plant-parasitic ne
tode in terms of life history, mobility and the hatching
eggs, which suggests that collagenase may have a ne
toxic composition in the process of nematophagous fun
infection. But it is not sure whether the other kinds of co
s

n

.
-

e

e

d

f

-

-

genases apart from serine protease could serve as infec
factors, since low activity against native collagen was
tained with serine protease alone, which does not seem
cient enough in infection.

4. Concluding remarks

As suggested by all of the studies above, enzymes
doubtedly serve as important virulence factors in the in
tious process of nematodes. The complex componentia
ture of the cuticle and eggshells has demonstrated that p
tration requires the synergistic action of several different
zymes. But limitations in enzyme categories and gaps in
knowledge of the action mode leave certain mechanism
infection of nematodes unexplained. Detailed exploratio
the function of virulence enzymes is needed to gain more i
formation on such mechanisms involved in nematophag
fungal infection of hosts, which could serve as useful to
for improving nematicidal activity in biological control.
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