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Abstract Bacillus nematocida is a Gram-positive bacteri-
um capable of killing nematodes. Our recent studies
identified an extracellular serine protease Bace16 in B.
nematocida as a candidate of pathogenic factor in the
infection against nematodes, which displayed a high
similarity with the serine protease family subtilisin BPN’,
and the MEROPS ID is S08.034. To further confirm the
roles that bace16 played in the mechanism of nematocidal
pathogenesis, recombinant mature Bace16 (rm-Bace16)
was expressed in Escherichia coli strain BL21 using pET-
30 vector system. Bioassay experiments demonstrated that
the purified recombinant protease had the ability to degrade
nematode cuticles and kill nematodes. In addition, a bace16
knockout mutant of B. nematocida constructed by homolo-
gous recombination showed considerably lower proteolytic
activity and less than 50% nematocidal activity than the
wild-type strain. These results confirmed that Bace16 could
serve as an important virulence factor during the infectious
process.

Introduction

Plant parasitic nematodes have inflicted serious damages on
agricultural crops and other plants, and this problem is
currently depending on the use of chemical insecticides.
Because of the increasing awareness by the public about the

environmental side effects caused by chemical insecticides,
biocontrol of plant and animal diseases has attracted a lot of
attention. Effective biocontrol agents against nematodes
have to recognize, attach, penetrate, and eventually, kill the
parasitic nematodes. Nematode cuticle, consisting mainly
of proteins including keratin, collagen, and fibers running
diagonally in opposite directions from each other, is a very
rigid but flexible multilayered extracellular structure exo-
skeleton and an effective barrier preventing nematodes
from both biological and environmental damages (Maizels
et al. 1993). Covering the nematode eggs is a shell
containing a protein matrix (50–60% of the composition)
embedded in chitin microfibrils (Huang et al. 2004).
Therefore, effective degradation of cuticle or egg shell
should be an important stage during the process of
pathogens infecting nematodes. The extracellular enzymes
from nematode pathogen, corresponding to the main
chemical constituents of nematode cuticle and eggshell,
have been believed to be a potential powerful virulence
factor involved in either penetration of cuticle or digestion
of the host.

In the 1990s, fungal pathogens were regarded as
promising biocontrol agents against plant-parasitic nema-
todes due to their capabilities to directly penetrate the
cuticles and infect the hosts (Stirling 1991; Tunlid and
Jansson 1991; St. Leger 1995; Tunlid et al. 1994). In recent
years, nematophagous bacteria have been used extensively
as a biocontrol agent against nematodes in soil for their fast
multiplication and easy cultivation and production, and
furthermore, their levels of controlling nematodes were
shown equivalent to those of chemical pesticides (Zhou et
al. 2002). Bacillus nematocida, isolated from a forest soil
sample from Yunnan, China, was shown to have a
remarkable nematotoxic activity (Huang et al. 2005a,b). In
this strain, two extracellular proteases that could degrade

Appl Microbiol Biotechnol (2007) 75:141–148
DOI 10.1007/s00253-006-0794-7

Qiuhong Niu and Xiaowei Huang contributed equally to this work.

Q. Niu :X. Huang : L. Zhang : L. Lian :Y. Li : J. Li : J. Yang :
K. Zhang (*)
Laboratory for Conservation and Utilization of Bio-resources,
Yunnan University,
Kunming 650091, People’s Republic of China
e-mail: kqzhang111@yahoo.com.cn



the cuticle of nematodes were cloned (Niu et al. 2006a,b).
Though numerous investigations on purification, character-
ization, and cloning of the pathogenic extracellular pro-
teases were reported, especially from nematophageous
fungi (Tunlid et al. 1994; Åhman et al. 1996; Bonants et
al. 1995; Morton et al. 2003), a few studies have been
conducted to testify their roles in the infection mechanisms
on the molecular level. In this study, we further confirm the
nematocidal activity and the involvement of Bace16 in the
infection against nematodes by heterologous expression and
gene knockout. Our in vitro assay demonstrated that the
recombinant protease rm-Bace16 expressed in Escherichia
coli presented a nematotoxic activity. In addition, a bace16
knockout mutant of B. nematocida decreased significantly
proteolytic activity and nematotoxic activity compared with
the wild-type strain under various physiological conditions.
Our investigation will contribute to the better understanding
of the infection mechanism and suggest that this virulence
gene can be used to develop more potent nematophagous
bacteria with genetic engineering to control plant parasitic
nematodes.

Materials and methods

Bacterial strains, plasmids, and growth conditions

The original isolation of B. nematocida, designated strain
B16, has been deposited at the China General Microbio-
logical Culture Collection Center (CGMCC, catalogue #
1128). This strain is typically grown at 37°C in Luria–
Bertani (LB) medium and is used as the parent strain for the
derivation of the bace16 knockout mutant. An E. coli strain
BL21 was employed for heterologous expression of the
cuticle-degrading protease Bace16 with the pET-30a ex-
pression vector. For the construction of the bace16
knockout mutant, pCP115, an integration vector for
Gram-positive bacteria, was obtained from the Bacillus
Genetic Stock Center (BGSC). Unless otherwise indicated,
all E. coli strains were grown in LB at 37°C with shaking.
Where appropriate, kanamycin (50 μg/ml), chlorampheni-
col (5 μg/ml), or ampicillin (100 μg/ml) was added to the
medium. Chemical reagents and antibiotics were, if not
otherwise specified, purchased from Sigma (St. Louis, MO).

Culture of nematodes

The saprophytic nematode Panagrellus redivius was first
cultured on oatmeal medium (oatmeal: 20 g, water: 80 ml)
at 25°C for 7 days. These nematodes were separated from
the culture medium by the Baerman funnel technique (Gray
1984), and an aqueous suspension of the nematode was
prepared as a working stock.

Heterologous expression

The nucleotide sequence data of the gene bace16 has been
deposited in the GenBank database under the accession
number AY708655 (Niu et al. 2006a). To express mature
Bace16 in E. coli BL21, we followed the procedures
described by Choi et al. (2004), with minor modifications.
Briefly, the gene encoding the mature Bace16 was
amplified by polymerase chain reaction (PCR) using an
NcoI-linked sense primer 5′-C C AT G G G C C G C T G C
A A C C G G A A C A G-3′ and an XhoI-linked antisense
primer 5′-C T C G A G C A AT C C A A C T G C AT T C
C A G G C-3′. PCR amplification was performed under the
following conditions: 30 cycles of 95°C for 40 s, 55°C for
30 s, and 72°C for 1.5 min. The amplified 825-bp fragment
was purified from agarose gel, and then, ligated into pGEM-
T Easy vector (Promega) to generate the pT-mat-Bace16
plasmid. After digestion with NcoI and XhoI, the mature
Bace16 fragment was inserted into the bacterial expression
vector pET-30a.

Transformed cells were grown at 26°C in LB medium,
supplemented with kanamycin (100 μg/ml) to a cell destiny
of A660=0.4−0.6. Protein expression was induced by
1.0 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at
26°C for 5 h. The recombinant proteins were purified using
purification protocol of 6× His-tagged proteins by Ni-NTA
affinity chromatography according to pET System Manual.
Buffers used in purification were as follows: buffer A:
20 mM Tris–HCl, 5 mM Imidazole, 0.5 M NaCl, 8 M urea,
pH 7.9; buffer B: 20 mM Tris–HCl, 20 mM Imidazole,
0.5 M NaCl, 8 M urea, pH 7.9; buffer C, D, and E: the
same composition as buffer B, but at pH 6.5, 5.9, 4.5
respectively. Induced cells were harvested by centrifugation
at 4,000 rpm for 20 min and resuspended in 30 ml buffer A
and stirred for 1 h at room temperature. The lysate was
centrifuged at 10,000 rpm for 15 min at 4°C. Supernatant
was applied to a column containing Ni-NTA resin previ-
ously equilibrated in buffer A. Ni-NTA resin was washed
with 10 column volumes of buffer A and 5 column volumes
of buffer B until the A280 was <0.01. Recombinant protein
was eluted with 10 ml buffer C, 10 ml buffer D, and 10 ml
buffer E and analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). The correct
conformation was regenerated according to the protocol of
Yokoyama et al. (2002). The refolding trials were carried
out at 4°C. The purified protein rm-Bace16 was adjusted to
pH 4.0 and diluted 50-fold using renaturation buffer
[50 mM Gly, 2 mM dithiothreitol (DTT), 10% glycerin,
150 mM NaCl, 50 mM H3PO4, 3 mM GSH, 0.3 mM
oxidized glutathione (GSSG)]. The renaturation buffer was
readjusted to pH 7.0 using Tris–HCl buffer and determined
its proteolytic and nematocidal activities. The purified
recombinant proteins were sent to the Lab for Monoclonal
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Antibodies in Yunnan University to produce the mouse
polyclonal antibody.

Construction of the knockout mutant

The bace16 mutation was constructed with the method of
homologous recombination. A 295-bp fragment of the
mature protease gene was firstly obtained by digesting the
pT-mat-Bace16 plasmid using two restriction endonu-
cleases ClaI and PstI, and the fragment was then inserted
into the integration vector pCP115. This recombinant
plasmid, named pΔbace16, was selected and amplified in
E. coli strain DH5α. The competent cells of B. nematocida
were prepared and transformed with pΔbace16 according
to the protocols supplied by BGSC. A clone carrying a
single-crossover mutation of bace16 was obtained by
selection on LB agar medium containing 5 μg/ml chloram-
phenicol. The identity of this clone was confirmed by
Southern hybridization and PCR analysis.

The hybridization probe for Southern hybridization here
was the partial fragment of the gene bace16 digested with
restriction enzymes ClaI and PstI. The probe was labeled
with Digoxin and the subsequent Southern hybridization
was then performed according to the manual provided by
the manufacturer Roche. In addition, we also used PCR
analysis to further confirm the knockout mutant. The
upstream primer was 5′-T A A G A G C C G C A A C T
G T A C C-3′ designed based on the chromosomal DNA
sequence; the reverse primer was 5′-A G A A G A C A G T
C A T A A G T G C G G-3′ designed based on the
downstream sequence of the integration vector pCP115.
Thus, the corresponding DNA fragment amplified by PCR
would be obtained only if pΔbace16 had inserted into the
target locus of the chromosome.

Western blot analysis

Western blot hybridization was implemented using the
samples of purified native Bace16 protein, rm-Bace16, and
the culture supernatant from wild strain or knockout
mutants. The detailed protocols followed that described in
Molecular Cloning: a Laboratory Manual, second edition
(Cold Spring Harbor Laboratory, Cold Spring Harbor, NY,
USA). Briefly, 20 μg sample proteins were separated on a
SDS-PAGE gel and electro-transferred onto immune-blot
polyvinylidene difluoride (PVDF) membrane (Bio-Rad,
Hercules, CA) for Western blotting. After being blocked
with 10% skim milk in 50 mM Tris–HCl, pH 7.5, 150 mM
NaCl, and 0.02% Tween-20 (TBST), an anti-rm-Bace16
polyclonal antibody (prepared by the Lab for Monoclonal
Antibodies in Yunnan University) was added at a 1:500
dilution. Washed three more times, the PVDF membrane
was then treated with goat anti-mouse IgG alkaline

phosphatase-conjugated secondary antibody at a dilution
of 1:1,000 (Bio-Rad) and washed extensively again. The
position of the bounded antibodies was detected by devel-
oping in solutions containing nitroblue tetrazolium (NBT)
and 5-bromo-4-chloro-3-indolyl phosphate (BCIP). In
Western blot analysis, the culture supernatant of the strain
with only pET-30a vector was used as a negative control.

Measuring the proteolytic and nematotoxic activities

To determine the proteolytic and nematotoxic activities, we
grew the wild-type B. nematocida strain, the E. coli
expressional strain, and the B. nematocida knockout strain
in yeast extract/ peptone/dextrose (YPD) medium. Crude
protease extracts from these cultures were obtained using
the method described by Niu et al. (2006a). These extracts
were then tested for their proteolytic and nematotoxic
activities.

The protease activity was assayed by a modified casein-
olytic method (Elmar 1984). One unit (U) of protease
activity was defined as the amount of enzyme needed to
hydrolyze the substrate and produce 1 mg tyrosine in 1 min
under the assay conditions. Proteolytic activity vs protein
substrate was performed by using the methods reported
previously by Tunlid et al. (1994). The obtaining of the
substrate of nematode cuticle followed the method de-
scribed by Cox et al. (1981).

The method for determining nematicidal activity was
based on that described in Kwok et al. (1992) and Niu et al.
(2006a). Firstly, the tested nematodes were washed thor-
oughly with a 10-mM phosphate-buffered saline (PBS)
(pH 7.0, sterile), and a suspension containing 40–50
nematodes (20 μl) was then transferred to a sterile 1.5-ml
Eppendorf tube. Finally, the sample containing protease
extracts was added to the nematodes. Bovine serum
albumin (BSA) and the extraction buffer were used as
negative controls. After incubating the mixture at 25°C for
24–48 h, the numbers of living and dead nematodes were
counted under a dissecting microscope.

Results

Heterologous expression of the Bace16 protein

SDS-PAGE analysis showed that E. coli BL21 cells
containing the induced recombinant plasmid produced a
recombinant protein (rm-Bace16) of approximately 34 kDa
as inclusion body (Fig. 1a), but not a 28-kDa protein band
of native Bace16 reported previously (Niu et al. 2006a).
This molecular weight of rm-Bac16 was consistent with
mature Bace16 fused to expressional vector pET-30a. Then,
rm-Bace16 was affinity purified using a Ni-NTA column,
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and the yields were shown in Fig. 1b. As the recombinant
protein was produced mainly as an insoluble inclusion body
and presented no significant proteolytic activity, we
investigated the efficient refolding procedures of partially
refolded Bace16 formed in the acidic buffer at a low
temperature (4°C) to render an active protein capable of
functioning in vitro. Renaturation completed, part of the
insoluble inclusion body was redissolved in Tris–HCl
buffer, and so, the rm-Bace16 regained proteolytic activity
(5.45 PU×10−3) despite of it lower than that of the native
Bace16 (60.82%) (Table 1).

Construction of a knockout bace16 mutant
of B. nematocida

An integration vector pCP115 from the BGSC was
employed to inactivate the bace16 gene of the wild-type
B. nematocida strain through insertion mutagenesis
(Fig. 2a). The insertion mutant was confirmed by PCR
and Southern blot analysis. When the HindIII-digested
genomic DNA of the wild-type strain was hybridized with
the internal coding sequence probe of the bace16 gene, two
different fragments, one bigger than 1.7 kb and the other

about 1.2 kb, were observed in the wild-type strain and the
mutant respectively, consistent with our expectation (Fig. 2b).
Homologous recombination was further confirmed by PCR
where an amplicon of 0.9 kb was found in the knockout
mutant of bace16 (Fig. 2c, lane 2), as compared to the wild
type (Fig. 2c, lane 1) with no amplification.

To investigate the expressional status of gene bace16 at
the protein level in the knockout mutant, anti-rm-Bace16
polyclonal antibody was produced and used for Western
blot hybridization. Our experiments revealed that this
polyclonal antibody could hybridize to both the native
Bace16 and rm-Bace16 proteins (Fig. 3a), suggesting that
the heterologously expressed serine protease Bace16 has
the same epitopes as the native type. In addition, Western
analysis displayed a 28-kDa protein band of the culture
supernatant from wild-type strain (Fig. 3b, lane 2); but the
mutant had no hybridization signal (Fig. 3b, lane 3). Taking
together these results indicated that the bace16 knockout
mutant of B. nematocida was successfully constructed.

Proteolytic activity and bioassay analysis

In the assay of proteolytic activities, the activity of native
Bace16 using 0.2 M casein as substrate was 8.96 PU×10−3

(100%). Rm-Bace16 presented a lower protease activity
(60.82%) than that of native Bace16 while they had the
similar hydrolytic substrates or activity inhibitors (Table 1).
For example, both of them were highly sensitive to
phenylmethyl sulfonyfluoride (PMSF) (1.0 mM) and
slightly inhibited by ethylenediaminetetraacetic acid
(EDTA). In addition, they both could degrade a broad
range of substrates including casein, denatured collagen,
and nematode cuticle, but in the bace16 knockout mutant,
the protease activity decreased rapidly against casein,
denatured collagen and nematode cuticle. It was also
noticed that there was partial proteolytic activity retained
in this mutant. This remaining activity could be enhanced
by EDTA, but not inhibited by PMSF, which is suggested
to be derived from the neutral protease (Niu et al. 2006b).

The bioassay (Table 2) indicated that the extracts from
the wild-type strain B16, the E. coli transformant for

Fig. 1 a SDS-PAGE (12%) demonstrated the expression of the fusion
protein rm-Bace16 in E. coli transformant. lane 1 represented the
supernatant treated with 1 mM IPTG at 26°C for 5 h from the
expressional transformant; lane 2 was the corresponding negative
controls without induction; lane M represented the protein marker.
b Purification of heterologously expressed bace16. lane 1: cleared
lysate; lane 2: wash; lanes 3–5: elutions; lane M: marker

Table 1 Comparison of proteolytic activities in wild strain, recombinant strain, and bace16 mutant

Samples Enzyme activity as percentage (%) of control (SD)

Casein as
substrate

Denatured collagen as
substrate

Nematode cuticle as
substrate

1.0 mM PMSF
added

1.0 mM EDTA
added

Bace16 100 (0.00) 50.24 (6.20) 4.85 (0.68) 0.00 (0.00) 88.72 (8.09)
Rm-Bace16 60.82 (8.25) 41.55 (4.33) 3.69 (0.90) 0.00 (0.00) 56.31 (7.57)
Bace16 extract 19.33 (7.50) 9.76 (4.53) 1.04 (0.72) 20.52 (8.81) 31.49 (8.64)

Protease activity was assayed at 37°C, pH 7.5 for three replicates.
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heterologous expression and the knockout mutant B16, had
remarkably different abilities to kill nematode P. redivius. The
majority of nematodes were dead after being treated with the
purified enzyme from the E. coli transformant for 48 h, al-
though its nematicidal activity was weaker than that from
native Bace16 (Fig. 4b). With light microscope, we also ob-
served that the cuticle of nematode was degraded gradually
after the treatment with the purified recombinant enzyme. As
for the protein extract from the bace16 knockout mutant, the
experimental data showed that the nematocidal activity was
only 45% of the wild-type strain, and no obvious effect could
be observed on the nematode cuticle (Fig. 4c), consistent
with the importance of this gene during pathogenesis.

Discussion

Bacteria with antagonistic effects against plant-parasitic
nematodes include rhizobacteria, endophytic bacteria, rhizo-
bia, and bacterial symbionts of entomopathogenic nema-

todes. These bacteria were shown to have different
mechanisms to control nematodes, including suppression of
root-gall development, nematode reproduction (Jonathan et
al. 2000), egg hatching or juvenile survival (El-Nagdi and
Youssef 2004), toxin production (e.g. Jagdale and Grewal
2002), or endoparasitism (Talavera et al. 2002). But in
several recent reports, another infection mechanism related
with extracellular cuticle-degrading protease was suggested
(Huang et al. 2005a,b; Imran et al. 2005; Niu et al. 2006a,b).

Up to now, two pathogenic proteases, the serine protease
Bace16 and the neutral protease Bae16, have been purified
and cloned from B. nematocida (Niu et al. 2006a,b). Our
comparisons between Bace16 and Bae16 proteins indicated
that the serine protease contributed to the majority
nematicidal activity. Therefore, we first focused on bace16
gene to validate its roles at the molecular level. Here, we
described the expression of bace16 gene in E. coli, the
construction of the knockout mutant by homologous
recombination, the detection of proteolytic activity and
nematocidal ability in the wild-type strain B16, the E. coli
transformant, and the knockout mutant of the gene bace16.
Our experimental results confirmed that Bace16 plays an
important role in the infection against nematodes.

In our experiment of heterologous expression, no
obvious proteolytic or nematocidal activities could be
detected when rm-Bace16 was firstly expressed in the
insoluble inclusion body. However, after renaturation, while
their activities were detected, they were weaker than that of
the native type. Recombinant proteins expressed in E. coli
can often be produced as inactive aggregates with incorrect
protein folding, and this phenomenon is commonly be-
lieved to be associated with the high rate of protein
synthesis. A series of measures, such as lowering induction
temperature, shortening induction time, decreasing the
concentration of IPTG, and growing the cells in minimal

Fig. 3 Western blot analyzed the rm-Bace16 expressed in E. coli and
bace16 knockout mutants. a Western analysis of rm-Bace16. lanes 1–
4 represented protein marker, the sample of native Bace16, negative
control of pET-30a vector, and rm-Bace16 as positive controls,
respectively. b Western analysis of the expression of extracellular
serine protease in bace16 knockout mutants. lane 1 protein marker,
lane 2 the culture supernatant of wild strain, lane 3 the bace16
knockout mutant

Fig. 2 a Use of the integration vector pCP115 to construct a knockout
mutation in a hypothetical open reading frame, orf1–orf3. The frame
of orf2 represents the internal 295-bp segment of the target gene.
b Southern blot analysis of bace16 mutant. Genomic DNAs from B.
nematocida strain (lane wild) and bace16 mutant (lane mutant) were

digested with HindIII and hybridized to a DIG-labeled DNA probe
consisting of a ClaI –PstI fragment internal to the bace16 coding
sequence. c Agarose gel electrophoresis analysis of PCR products. M,
Molecular marker; lane 1, B. nematocida strain B16; lane 2, bace16
knockout mutant
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media, were tried to increase the percentage of target
protein in soluble form, but all failed. The complex steps of
renaturation, i.e., isolation, solubilization, and refolding
were then performed, and a lower activity was regained in
rm-Bace16 probably for the halfway renaturation. In
addition, pET-30a carrying additional N- and C-terminal
sequences was used to construct the heterologous expres-
sional vector. When the target protein was fused with extra
amino acids (His-Tag of N- and C-terminal, plus thrombin,
S-Tag and so on) from pET-30a, the protease conformation
might be different contributing to its lower proteolytic and
nematocidal activities.

Here, it was also demonstrated that the disruption of
gene Bace16 did not eliminate B. nematocida of all the
capability to infect nematodes, suggesting the existence of
other pathogenic factors such as toxic peptides, intermedi-
ate metabolic products, and potentially other virulence
protease. The neutral protease Bae16, another candidate of
pathogenic factors, has been reported in our earlier work,
and its half lethal concentrations (LC50) were 1.69 and

2.26 μg/ml for P. redivius and Bursaphelenchus xylophilus,
respectively (Niu et al. 2006b). Thus, it is possible that the
intact Bae16 takes partial responsibility for the retained
activity when gene bace16 is knocked out. However, to
support this speculation, further evidences are required in
which the extracts from B. nematocida with only serine
protease apart from Bae16 will be prepared.

That serine proteases serve as the important pathogenic
factors was firstly described in detail in nematophageous
fungi. In 1990, the first serine protease of P32 was purified
from a strain of Verticillium suchlasporium (Lopez-Llorca
1990). Two years later, P32 was localized in infection
process with immunocytochemistry, and it was shown that
this virulence protease was involved in egg penetration by
V. suchlasporium (Lopez-Llorca and Roberson 1992). Up to
now, several kinds of serine proteases have been detected
and partly characterized from nematophagous fungi or
nematode-trapping fungi, including Arthrobotrys oligo-
spora, Pochonia suchlasporia (syn. V. suchlasporium),
Pochonia chlamydosporia (syn. Verticillium chlamydospo-

Fig. 4 The action of purified protease Bace16, Rm-Bace16, and crude
enzyme of bace16 mutant against cuticle observed in a light
microscope. a The cuticle was degraded when treated with purified
enzyme Bace16 for 60 h; b the cuticle was gradually degraded when

treated with the recombinant protease Rm-Bace16 for 60 h; c the
cuticle was complete when treated with crude enzyme of bace16
mutant within the same time; d the nematode was still alive using
BSA under the same conditions

Table 2 Killing of the nematode P. redivivus by protease extracts from the wild strain, expressional transformant, and bace16 mutant

Extract source Mortalities of nematodes (%) (SD)

12 h 24 h 36 h 48 h 60 h

Wild strain 60 (4.5) 80 (2.4) 90 (2.6) 95 (2.6) 100 (0.0)
Expressional transformant 40 (5.0) 55 (4.3) 70 (2.8) 85 (3.5) 90 (3.0)
Mutant strain 25 (3.6) 35 (2.2) 40 (2.8) 45 (1.9) 45 (2.5)
BSA 5 (0.2) 5 (0.2) 5 (0.8) 5 (0.4) 5 (0.4)
Buffer 5 (0.3) 5 (0.5) 5 (0.9) 10 (0.2) 10 (0.3)

Extracts were incubated with nematodes in Eppendorf tubes. After 12–60 h, the numbers of live and dead nematodes were counted in a light
microscope; mortality =number of dead nematodes/number of ones tested. The bioassays were performed with 10 to 15 parallels and were
repeated at least twice.
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rium), Paecilomyces lilacinus, and Lecanicillium psalliotae
(syn. Verticillium psalliotae). These extracellular serine
proteases can destroy the cuticle or eggshells of nematodes.
At the same time, some experiments also supported that
serine protease could also initiate or trap nematophagous
fungi. For example, it has been shown that deletion mutants
of PII had a lower number of traps, while the multicopy
mutants had a larger number in A. oligospora (Åhman et al.
2002). However, researches on the virulence proteins from
bacteria, which might also target the invertebrate phylum
Nematodes, has been mostly ignored. Wei and Hale
expressed seven different crystal toxin proteins from two
largely unstudied Bacillus thuringiensis (Bt) crystal protein
subfamilies. Their study demonstrated that four members
among them were active against multiple nematode species
and that each tested nematode species was susceptible to at
lease one toxin (Wei et al. 2003). It was then concluded that
Bt crystal proteins could be employed as the important
pathogenic factors and have a potential for controlling
nematode pests infecting animals and plants. In another
invertebrate pathogen Brevibacillus laterosporus, its toxic
activity was thought to be related with the parasporal
crystals (Smirnava et al. 1996, 1997). However, most B.
laterosporus strains did not produce the parasporal crystal-
line as B. thuringiensis did. Huang et al. suggested that the
extracellular serine protease, rather than the reported para-
sporal crystal, be employed in the infection against
invertebrate by the G4 strain (Huang et al. 2005a,b). For
Pseudomonas fluorescens strain, it was also reported that
the strain CHA805 of nonpolar aparA (encoding the major
extracellular protease) mutation decreased the inhibition of
egg hatching and mortality of nematodes Meloidogyne
incognita (Imran et al. 2005). In our present study, the
serine protease Bace16 from B. nematocida, sharing a high
similarity with the protease from B. laterosporus G4 strain
in a variety of characters and the gene sequences, was
confirmed to have similar functions in infection. All these
data supported the hypothesis that virulence proteases may
be distributed widely in nematophagous bacteria and
contribute directly or indirectly to the infectious process,
just like those in nematophagous fungi.

In the soil, bacteria are among the most abundant
microorganisms in the root zone. Their presence can
significantly modify the rhizosphere environment and affect
the nematode or the host–parasite interrelationship (Neipp
and Becker 1999). As a nematode pathogen, B. nematocida
certainly has the potential for being an excellent biological
agent. In a previous research on serine protease PII from the
nematophagous fungi A. oligospora, the over-expression
mutant of PII displayed higher toxic activities than the
wild-type strain, implying that pathogenic microbes may
improve the pathogenicity of proteases by modification of
the enzyme after their translations (Åhman et al. 2002).

Therefore, the extracellular serine protease Bace16 identi-
fied here as an important pathogenic factor in B. nemato-
cida could supply an alternative gene to construct strains
with a greater toxicity.

Acknowledgements We are grateful to Ms. W. Zhou for her
invaluable help in facilitating the work. In addition, we thank Dr.
Jianping Xu, the associate professor from McMaster University in
Canada, for the invaluable comments and revisions. The work was
funded by the projects from National Natural Science Foundation
Program of People’s Republic of China (30500338, 30630003),
Department of Science and Technology of Yunnan Province, People’s
Republic of China (nos. 2005NG05, 2004C0004Q and 2004C0001Z).

References

Åhman J, Bo EK, Rask L, Tunlid A (1996) Sequence analysis and
regulation of a gene encoding a cuticle-degrading serine protease
from the nematophagous fungus Arthrogotrys oligospora. Microbiol
142:1605–1616

Åhman J, Johansson T, Olsson M, Punt PJ, Hondel CAMJJVD,
Tunlid A (2002) Improving the pathogenicity of a nematode-
trapping fungus by genetic engineering of a subtilisin with
nematotoxic activity. Appl Environ Microbiol 68:3408–3415

Bonants PJM, Fitters PFL, Thijs H, Den BE, Waalwijk C, Henfling
JW (1995) A basic serine protease from Paecilomyces lilacinus
with biological activity against Meloidogyne hapla egg. Microbiol
141:775–784

Choi N-S, Chang K-T, Maeng PJ, Kim S-H (2004) Cloning,
expression, and fibrin (ogen) olytic properties of a subtilisin
DJ-4 gene from Bacillus sp. DJ-4. FEMS Microbiol Lett
236:325–331

Cox Gn, Kusch M, Edgar RS (1981) Cuticle of Caenorhabditis
elegans: its isolation and partial characterization. J Cell Biol
90:7–17

Elmar WH (1984) Method with haemoglobin, casein and azocoll as
substrate. In: Bergmeyer P (ed) Methods of enzymatic analysis.
Wiley, New York, p. 270–274

El-Nagdi WMA, Youssef MMA (2004) Soaking faba bean seed in
some bio-agents as prophylactic treatment for controlling
Meloidogyne incognita root-knot nematode infection. J Pest Sci
77:75–78

Gray NF (1984) Ecology of nematophagous fungi: comparison of the
soil sprinkling method with the Baerman funnel technique in the
isolation of endoparasites. Soil Biol Biochem 16:81–83

Huang X, Zhao N, Zhang K (2004) Extracellular enzymes serving as
virulence factors in nematophageous fungi involved in infection
of the host. Res Microbiol 155:811–816

Huang X, Niu Q, Zhou W, Zhang K (2005a) Bacillus nematocida
sp. nov., a novel bacterial strain with nematotoxic activity
isolated from soil in Yunnan, China. Syst Appl Microbiol 28:
323–327

Huang X, Tian B, Niu Q, Yang J, Zhang L, Zhang K (2005b) An
extracellular protease from Brevibacillus laterosporus G4 without
parasporal crystal serve as pathogenetic factor in the infection
against nematodes. Res Microbiol 156:719–727

Imran AS, Haas D, Heeb S (2005) Extracellular protease of
Pseudomonas fluotescens CHA0, a biocontrol factor with activity
against the Root-knot nematode. Appl Environ Microbiol
71(9):5646–5649

Appl Microbiol Biotechnol (2007) 75:141–148 147



Jagdale GB, Grewal PS (2002) Identification of alternatives for the
management of foliar nematodes in floriculture. Pest Manag Sci
58:451–458

Jonathan EI, Barker KR, Abdel-Alim FF, Vrain TC, Dickson DW
(2000) Biological control of Meloidogyne incognita on tomato
and banana with rhizobacteria, actinomycetes, and Pasteuria
penetrans. Nematropica 30:231–240

Kwok OCH, Plattner R, Weisleder D, Wicklow DT (1992) A
nematicidal toxin from Pleurotus ostreatus NRRL 3526. J Chem
Ecol 18(2):127–136

Lopez-Llorca LV (1990) Purification and properties of extracellular
protease produced by the nematophagous fungus Verticillium
subchlasporium. Can J Microbiol 36:530–537

Lopez-Llorca LV, Roberson WM (1992) Immunocytochemical local-
ization of a 32-kDa protease from the nematophagous fungus
Verticillium sublasporium in infected nematode eggs. Exp Mycol
16:261–267

Maizels RM, Blaxter ML, Selkirk ME (1993) Forms and functions of
nematode surfaces. Exp Parasitol 77:380–384

Morton CO, Hirsch PR, Peberdy JP, Kerry BR (2003) Cloning of and
genetic variation in protease VCP1 from the nematophagous
fungus Pochonia chlamydosporia. Mycol Res 107(Pt 1):38–46

Neipp PW, Becker JO (1999) Evaluation of biocontrol activity of
rhizobacteria from Beta vulgaris against Heterodera schachtii. J
Nematol 31:54–61

Niu Q, Huang X, Tian B, Yang J, Liu J, Zhang L, Zhang K (2006a)
Bacillus sp. B16 kills nematodes with a serine protease
identified as a pathogenic factor. Appl Microbiol Biotechnol
69:722–730

Niu Q, Huang X, Zhang L, Li Y, Li J, Yang J, Zhang K (2006b) A
neutral protease from Bacillus nematocida, another potential
virulence factor in the infection against nematodes. Arch Microbiol
185:439–448

Smirnava TA, Minenkova IB, Orlava MV, Lecadet MM, Azizbecyan
RR (1996) The crystal-forming strains of Bacillus laterosporus.
Res Microbiol 147:343–350

Smirnava TA, Poglasova MN, Orlava MV, Azizbecyan RR (1997) The
ultrastructure of spores and crystals of Bacillus laterosporus.
Biotechnology 1:29–36

St. Leger RJ (1995) The role of cuticle-degrading proteases in fungal
pathogenesis of insects. Can J Bot 73:1119–1125

Stirling GR (1991) Biological control of plant parasitic nematode:
progress, problems and prospects. CAB International, Wal-
lington, United Kingdom

Talavera M, Itou K, Mizukubo T (2002) Combined application of
Glomus sp. and Pasteuria penetrans for reducing Meloidogyne
incognita (Tylenchida: Meloidogynidae) populations and im-
proving tomato growth. Appl Entomol Zool 37:61–67

Tunlid A, Jansson S (1991) Proteases and their involvement in the
infection and immobilization of nematodes by the nematopha-
gous fungus Arthrobotrys oligospora. Appl Environ Microbiol
57:2868–2872

Tunlid A, Rosen S, Ek B, Rask L (1994) Purification and
characterization of an extracellular serine protease from the
nematode-trapping fungus Arthrobotrys oligospora. Microbiol
140:1687–1695

Wei J-Z, Hale K, Carta L, Platzer E, Wong C, Fang S-C, Aroian RV
(2003) Bacillus thuringiensis crystal proteins that target nema-
todes. PNAS 100:2760–2765

Yokoyama K, Kunio O, Ohtsuka T, Nakamura N, Sequro K, Ejima D
(2002) In vitro refolding process of urea-denatured microbial
transglutaminase without pro-peptide sequence [J]. Protein Expr
Purif 26:329–335

Zhou XS, Kaya HK, Heungens K, Heidi GB (2002) Response of ants to a
deterrent factor(s) produced by the symbiotic bacteria of ento-
mopathogenic nematodes. Appl Environ Microbiol 68:6202–6209

148 Appl Microbiol Biotechnol (2007) 75:141–148


	Functional identification of the gene bace16 from nematophagous bacterium Bacillus nematocida
	Abstract
	Introduction
	Materials and methods
	Bacterial strains, plasmids, and growth conditions
	Culture of nematodes
	Heterologous expression
	Construction of the knockout mutant
	Western blot analysis
	Measuring the proteolytic and nematotoxic activities

	Results
	Heterologous expression of the Bace16 protein
	Construction of a knockout bace16 mutant of B. nematocida
	Proteolytic activity and bioassay analysis

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


