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Abstract Due to their ability to degrade the proteins in
nematode cuticle, serine proteases play an important role in
the pathogenicity of nematophagous fungi against nemat-
odes. The serine protease Ver112 was identified from the
nematophagous fungus Lecanicillium psalliotae capable of
degrading the nematode cuticle and killing nematodes
effectively. In this study, the gene ver112 was introduced
into the commercial biocontrol fungal agent Paecilomyces
lilacinus by the restriction enzyme-mediated integration
transformation. Compared to the wild strain, the trans-
formant P. lilacinus 112 showed significantly greater
protease activity, with nematicidal activities increased by
79% and 96% to Panagrellus redivivus and Caenorhabditis
elegans at the second day, respectively. The crude protein
extract isolated from the culture filtrate of P. lilacinus 112
also showed 20–25% higher nematicidal activity than that
of the wild-type strain. Reverse transcription PCR results
showed that the expression of gene ver112 in P. lilacinus
112 was correlated to protease activity of the culture filtrate.
Our results demonstrated the first successful transfer of a
virulence gene from one nematophagous fungus to another
nematophagous fungus, and improved the pathogenicity of
the recipient fungus against pest nematodes.
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Introduction

Plant-parasitic nematodes cause significant damages on a
host of world crops every year (Siddiqui and Mahmood
1996). In recent years, due to their unique ability to infect
and kill the nematodes, nematophagous fungi have been
proposed as potentially effective biological agents to
control the harmful nematodes (Siddiqui and Mahmood
1996; Nordbring-Hertz et al. 2006). This strategy is
attracting increasing attention due to increasing resistance
of these nematodes to the currently available synthetic
chemical pesticides and the pollution these chemical agents
have caused to the environment. At present, the detailed
molecular pathogenic mechanisms against nematodes by
nematophagous fungi have not yet been fully elucidated.
However, increasing evidences show that extracellular
hydrolytic enzymes including proteases, collagenases, and
chitinases may be involved in nematode-cuticle penetration
and host cell digestion (e.g., Åhman et al. 2002; Morton et
al. 2004; Yang et al. 2007). Although nematophagous fungi
have a great potential for controlling nematodes, low
nematicidal activity and instability in field conditions have
hindered the application of this group of fungi.

Paecilomyces lilacinus is an opportunistic fungal patho-
gen that can infect both nematodes and insects. It has been
widely studied and successfully implemented for controlling
plant-parasitic nematodes (e.g., Basualdo et al. 2000; Brand et
al. 2004; Kalele et al. 2007). This fungus can infect eggs and
cyst nematodes using its secreted hydrolyzing enzymes
(Khan et al. 2003, 2004). In 1995, a basic serine protease
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pSP-3 was identified from P. lilacinus culture filtrate by
affinity chromatography (Bonants et al. 1995), which could
be inhibited by phenylmethanesulfonyl fluoride, and this
enzyme shared a high degree of sequence similarity to
subtilisin-like serine proteases. The fungus Lecanicillium
psalliotae (syn. Verticillium psalliotae) is an effective
parasite of plant-parasitic nematodes (Zare et al. 2000). In
our previous report, a cuticle-degrading protease Ver112 was
purified and cloned from L. psalliotae (Yang et al. 2005a, b)
and this enzyme showed a strong activity to hydrolyze the
proteins in nematode cuticles.

One way to improve the pathogenicity of pathogenic
fungi is to increase the copy number of virulence genes or
to introduce exogenous virulence genes. This strategy has
been successfully used in entomopathogenic fungi and
other pathogenic fungi (Åhman et al. 2002; St Leger and
Wang 2010). Recently, Wang and St Leger (2007)
improved the fungal virulence of Metarhizium anisopliae
by expressing an insect-specific neurotoxin from the
scorpion Androctonus australis. Lately, Qin et al. (2010)
constructed a transgenic Beauveria bassiana strain by
expressing an insecticidal protein (Vip3A) from Bacillus
thuringiensis. The engineered B. bassiana strain showed
enhanced fungal virulence to the Spodoptera litura larvae. A
few similar studies have also been reported for nematoph-
agous fungi. In 1994, a cuticle-degrading protease PII was
isolated from Arthrobotrys oligospora (Tunlid et al. 1994).
Subsequently, an A. oligospora mutant with additional
copies of the PII gene was constructed, which developed a
higher number of infection devices and showed an increase
in the speed of capturing and killing nematodes when
compared to the wild-type strain (Åhman et al. 2002).

In this study, we describe the transformation and
expression of the cuticle-degrading serine protease gene
ver112 from L. psalliotaee in P. lilacinus. We analyzed and
compared the proteolytic and nematicidal activities of the
wild-type and engineering strains. In addition, the expres-
sion of protease genes ver112 and pSP-3 were analyzed by
reverse transcription polymerase chain reaction (RT-PCR)
method.

Materials and methods

Microorganisms, nematodes, and culture conditions

The fungus L. psalliotae was isolated from soil samples in
Yunnan Province and deposited as the strain code
CGMCC1312 in the China General Microbiological Culture
Collection Center (CGMCC). P. lilacinus used in this study
was isolated from nematode eggs and deposited in CGMCC
as the strain code CGMCC3422. It was incubated on potato
dextrose agar (PDA) medium at 28 °C. The PL-4 liquid

medium for protease production was described in our
previous work (Yang et al. 2005a). Escherichia coli strain
DH5α was used in all DNA manipulations, and this strain
was typically grown in Luria-Bertani medium containing
(per liter): 10 g tryptone, 10 g NaCl, 5 g yeast extract, and
16 g agar.

The free-living nematodes Panagrellus redivivus and
Caenorhabditis elegans were maintained on oatmeal
medium (Dong et al. 2007). Nematodes were separated
and washed thoroughly with 50 mM sodium phosphate
(pH 7.0) before being used in the assays.

Plasmid construction

The complementary DNA (cDNA) sequence of cuticle-
degrading protease Ver112 was amplified from the plasmid
pGEM-112 constructed in our previous work (Yang et al.
2005b) using primer pairs #1 (112BamN and 112BamC,
Table 1) containing the restriction site (BamHI, underlined)
as designed based on the original nucleotide sequence of
ver112 (GenBank accession no. AY692148). The PCR
product was digested with BamHI and inserted into the
BamHI site of the fungal expression vector pAN52-1N
(GenBank accession no. Z32697; provided by Dr. PJ Punt).
The orientation of the inserted DNA fragment was
confirmed by PCR amplification using primers of
112BamN and trpC1 (Table 1). The constructed plasmid,
pAN52-112, contained the gpdA promoter, the ver112
gene, and the terminator sequence of the trpC gene. The
plasmid pBS/Sk-hph harboring the hygromycin-resistant
gene hph (provided by Dr. YJ Zhang) was also used. Both
the pAN52-112 and pBS/Sk-hph plasmids were linearized
with HindIII individually and used for subsequent
transformation.

Protoplast preparation and transformation

The protoplast of P. lilacinus was prepared according to our
previous report (Zhang et al. 2008). For transformation,
100 μL protoplasts (circa 8.0×107 mL−l) were mixed with
60 U HindIII and 10 μg linear vector DNA (pAN52-112
and pBS/Sk-hph; linearized by 20 U HindIII in 150 μL of
1× restriction enzyme buffer just before transformation) in a
1.5-mL centrifuge tube. After 30 min of incubation on ice,
600 μL of PTC (50% polyethylene glycol 6,000,
20 mM L−l Tris-HCl, pH 7.5, 50 mM L−l CaCl2) was
added into the mixture and mixed gently. After incubation
at 28 °C for 30 min, regeneration for 3 h, the putatively
transformed protoplasts were plated with 10 mL of the
PDAS medium (PDA supplemented with 10 gL−l molasses,
0.6 ML−l saccharose, 0.3 gL−l yeast extract, 0.3 gL−l

tryptone, and 0.3 gL−l casein peptone) containing 1,000 μg L−l

of hygromycin B (Roche Corporation, Germany). The
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transformation colonies were selected after incubation at 28 °C
for 6–7 days.

Validation and stability analysis of transformants

After single spore isolation, the putative transformants were
transferred onto PDA containing 1,000 μg mL−1 of
hygromycin B and incubated for 5 days at 28 °C. The
mycelia were collected by filtration in a sterilized filter
funnel and ground in liquid nitrogen. Genomic DNA was
extracted according to the method of Zhang et al. (1996).
The insertion of gene ver112 in P. lilacinus was verified by
PCR using primers gpdN1 and trpC1 (Table 1).

The stability of transformants was tested in accordance
with the methods described by Tunlid et al. (1999). The
wild-type and transformant strains were respectively trans-
ferred to corn meal agar (CMA) plates and incubated for
7 days at 28 °C. The growth rate and morphological
features of mycelia were examined.

Protease activity and nematode bioassays

The transformed and wild-type P. lilacinus strains were
incubated in PL-4 medium for 10 days, at 28 °C. Samples
(100 μL) were taken every 24 h to determine the proteolytic
activity. Quantitative analysis of protease activity was
determined by a caseinolytic method described by Wang
et al. (2006).

In order to examine the nematicidal activities of the
wild-type and engineered strains, the wild-type and trans-

formant of P. lilacinus were incubated on CMA at 28 °C for
6 days. Then, 50 nematodes were added into the plate, and
the infection was observed under a light microscope
(Olympus, Japan) after incubating at 28 °C for another
1–3 days. The effect of culture filtrate and crude protease
on nematode was investigated according to our previous
report (Yang et al. 2005a). There were three replicates for
each treatment.

Total RNA isolation and expression analysis

To verify the expression of genes ver112 and pSP-3, the
transformants were incubated in PL-4 medium. The
mycelia were collected after culturing at 28 °C from 2 to
8 days. The mycelia were frozen with liquid nitrogen and
ground to a fine powder using a sterile mortar and pestle.
Approximately 100 mg of ground mycelium powder was
transferred into sterile 1.5-mL microcentrifuge tubes. Total
RNAwas extracted with RNeasy mini kit (TianGen, China)
according to the manufacturer’s protocol. Extracted RNA
was eluted in 40 mL of RNAse-free water and stored at −80 °C.
First-strand cDNA was synthesized using the quantitative
reverse transcription kit (TianGen, KP104) according to the
manufacturer’s instructions.

Three pairs of primers (Table 1) were designed for
amplification of genes Psp-3 (EF094858), ver112
(AY692148), and β-Tubulin gene (Tub) (AY624228) based
on their sequences deposited in the GenBank. To assess
PCR efficiency, serial dilutions of standard cDNA prepara-
tion were used to generate the standard curve for each

Primers Sequence (5-3) Expected size (bp) Roles

1 112BamN CGCGGATCCATGCGTCTGTCGAT
CATCGC

1,149 Amplified the gene
ver112

112BamC CGCGGATCCTTACGTGGCGCCGT
TGAAG

2 112BamN CGCGGATCCATGCGTCTGTCGATCA
TCGC

1,535 Amplified the gene
ver112 and partial
sequence of trpCtrpC1 TGGAGCCAAGAGCGGATTC

3 gpdN1 ACACAAGCTGGCAGTCGAC 1,915 Amplified the gene
ver112 and partial
sequences of gpdA
and trpC

trpC1 TGGAGCCAAGAGCGGATTC

4 hphP GTCTCCGACCTGATGCAGCT 865 Amplified the gene
hphhphR CTTCTGCGGGCGATTTGTGTA

5 pSP3-1 CCACTTGGCTCCATCTCAAT 1,469 Amplified the gene
pSP-3pSP3-2 GGCCATGGAAGTACCAGAGA

6 Tub1 CGTGATGCCTAAACGGACAA 167 RT-PCR primers
for β-Tubulin geneTub2 AGACTGGCCGAAGACGAAGT

7 Ver112-1 CAGAGCTCCGGTGTCTTTGT 80 RT-PCR primers for
gene ver112Ver112-2 GGCCGTAGTTGGAGAGGTC

8 Psp-1 TCTTCTGATGCGCGATCTTC 158 RT-PCR primers for
gene pSP-3Psp-2 AGGTAGGCACCGAGACCAAC

Table 1 List of primers used in
this study

The restricted sites are
underlined
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primer set. The PCR conditions were: one cycle at 94 °C
for 5 min, 25–33 cycles (at 94 °C for 1 min, 54 °C for
1 min, and 72 °C for 1 min), and one cycle at 72 °C for
10 min.

Results

Plasmid construction

Plasmid pAN52-112 was constructed by inserting the gene
ver112 into pAN52-1N (Fig. 1a). Cloning of the cuticle-
degrading protease Ver112 under the conditions described
above, a 1,149-bp PCR product (Fig. 1b) was successfully
amplified and cloned into vector pAN52-1N after digested

with BamHI. In order to ensure the expression of ver112,
the orientation of gene ver112 was verified by two methods.
Firstly, the orientation of gene ver112 in plasmid pAN52-
112 was confirmed by PCR using primer pairs #2
(112BamN and trpC1, Table 1), a fragment of about
1,535 bp 1; 149þ 387 ¼ 1; 535bpð Þ (Fig. 1c) was amplified,
while no product should be amplified if the gene ver112 was
inserted in pAN52-112 in a reverse orientation. Secondly, the
plasmid pAN52-112 was digested using SalI. The SalI
restriction site was localized at the 1,944 position in plasmid
pAN52 and at the 907 position in gene ver112. If the
insertion direction was correct, a fragment about 1,272 bp
2; 310� 1; 944þ 907 ¼ 1; 272ð Þ (Fig. 1d) would be
produced after digestion by SalI. In contrast, if the
orientation was reversed, the fragment of approximately

Fig. 1 Construction of plasmid pAN52-112 and validation of trans-
formant. a Construction and map of plasmid pAN52-112. The primers
were underlined. b PCR amplification of gene ver112 using primers
112BamN and 112BamC. Lane 1 was the PCR product. M was the
DNA marker (DL 2000), following is the same. c PCR amplification
of gene ver112 and partial sequence of trpC using primers 112BamN
and trpC1. Lanes 1 and 2 were the PCR products. d Results of
restriction enzyme digestion by SalI. Lane 1 was the sample. e PCR

amplification of gene ver112 and partial sequences of gpdA and trpC
using primers gpdN1 and trpC1. Lanes 1 and 2 were the PCR
products. f PCR amplification of gene hph from P. lilacinus 112 using
primers hphP and hphR. Lanes 1 and 2 were the PCR products. g PCR
amplification of genes ver112, pSP-3, and hph from P. lilacinus 112.
Lane 1 was the PCR result of gene ver112. Lane 2 was the PCR result
of gene pSP-3. Lane 3 was the PCR result of gene hph
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608 bp 2; 310� 1; 944þ 1; 149� 907 ¼ 608ð Þ would be
produced. Our results demonstrated that the gene ver112 was
cloned into the plasmid pAN52-1N in the correct orientation.

Transformation and validation of transformant

The protoplasts of P. lilacinus (1.0–1.9×107 mL−l) were
transformed with the linearized plasmids pAN52-112 and
pBS/Sk-hph. On PDASmedia, 1,000 μgmL−l of hygromycin
B can completely inhibit the regeneration of protoplasts and
the growth of the wild-type strain. The resistant colonies
were selected and isolated after incubation for 7 days at
28 °C.

The putative transformants were verified by PCR to
check for the integration of genes ver112 and hph in the
genome. The genomic DNA of transformant was isolated,
and PCR was carried out using primer pairs #3 (gpdN1 and
trpC1) and #4 (hphP & hphR; Table 1) for amplification of
genes ver112 and hph, respectively. Fragments of 1,915 bp
379þ 1; 149þ 387 ¼ 1; 915ð Þ (Fig. 1e) and 865 bp
(Fig. 1f) were amplified from the transformants, consistent
with our expectation of positive transformants. One positive
transformant, named as P. lilacinus 112, was selected for
following analysis.

Mitotic stability and the physiological features
of P. lilacinus 112

The P. lilacinus 112 showed a high degree (100%) of
mitotic stability. After incubated continuously on PDA
plate for five transfers, genes ver112, pSP3, and hph were
all amplified using specific primers (Table 1; Fig. 1g).
Compared to the wild-type parental strain, the transformant
showed similar morphological properties on non-selective
medium. However, the growth rate of P. lilacinus 112

was much lower than that of the wild type. After
incubation for 7 days at 28 °C, the colony diameter of P.
lilacinus 112 was 3.5 cm, while that of the wild type was
9.0 cm.

Extracellular proteases production in P. lilacinus 112

The production of extracellular proteases by P. lilacinus
112 was investigated in liquid medium (PL-4) under
constant shaking (200 rpm). Protease activity in the culture
filtrate was assayed every 24 h after inoculation. The
protease was produced on the second day and reached the
highest activity on the sixth day after inoculation and then
slowly decreased (Fig. 2). Compared to the wild-type strain,
strain P. lilacinus 112 showed a higher protease activity
(Fig. 2), indicating protease Ver112 was expressed in strain
P. lilacinus 112.

Nematicidal analysis

The infection of P. lilacinus against nematodes was
observed under a light microscope. The P. lilacinus
112 showed a stronger ability to immobilize, infect, and
degrade nematodes than the wild-type strain in CMA
plate. Figure 3 shows that both the wild-type and
transformant strains could kill the nematodes P. redivivus
and C. elegans effectively, with a higher nematicidal
activity against C. elegans than P. redivivus. In addition,
P. lilacinus 112 showed a higher nematicidal activity than
the wild-type strain. At 12-, 24-, and 36-h time points, the
mortality of nematode P. redivivus by P. lilacinus 112
was enhanced by 50%, 79%, and 45% than the wild
strain, while the mortality of nematode C. elegans by P.
lilacinus 112 was enhanced by 82%, 96%, and 43%,
respectively.

Fig. 3 The nematicidal activity of P. lilacinus 112 and wild strain on
CMA plate at various time points. a Mortality of P. redivivus treated
by wild strain. b Mortality of P. redivivus treated by P. lilacinus 112. c
Mortality of C. elegans treated by wild strain. d Mortality of C.
elegans treated by P. lilacinus 112. The bars represent the standard
deviation values

Fig. 2 Activity of extracellular protease in culture filtrates from the
wild strain and P. lilacinus 112 at various time points. The maximum
protease activity was at day 6 during cultivation. Each point represents
the average of triplicate assays, and the bars represent the standard
deviation values
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The effects of culture filtrate and crude enzyme on
nematode P. redivivus were further investigated as
described below. First, the crude enzyme extract was
prepared according to our previous report (Yang et al.
2005a). The culture filtrates of P. lilacinus 112 and wild-
type strain showed weak activity to nematode, while the
crude enzymes showed strong nematicidal activities. After
6- and 12-h incubation with nematodes, 25–30% and 75–80%
nematodes were killed by crude enzyme isolated from wild
strain, while 45–50% and 100% nematode were killed by
crude enzyme isolated from P. lilacinus 112, respectively.
Meanwhile, nematode cuticle became rough after being
treated by crude enzyme for 10–12 h (Fig. 4) and was
degraded completely after 24 h. In contrast, the cuticle of
nematodes in the negative-control treatment was intact.

Expression analysis of genes ver112, pSP-3, and Tub
in P. lilacinus 112

The expression of Ver112 and pSP-3 were analyzed by RT-
PCR in P. lilacinus 112 and wild-type strain during
different growth periods from 2 to 8 days. In order to
remove genomic DNA contamination, the RNA samples
were treated by RNase-free DNAase (Takara, Japan) before
reverse transcription. In this study, the gene Tub was

selected as reference gene, and the expression of Ver112
and pSP-3 were analyzed by RT-PCR (Fig. 5). The
expression of gene Tub was stable during different culture
periods, while the expression levels of genes ver112 and
pSP-3 were variable. The expression levels of genes ver112
and pSP-3 were weak on the second day, increased at the
fourth day, and reached the highest level on the sixth day,
while decreased on the eighth day (Fig. 5).

Discussion

Subtilisin-like serine proteases play an important role in the
pathogenicity of pathogenic fungi (Yang et al. 2007). By
using subtilisin-like serine proteases, pathogenic fungi
disrupt the physiological integrity of the hosts during
penetration and colonization (Li et al. 2010). In 1992, the
first pathogenicity-related serine protease P32 was identified
from the nematophagous fungus Pochonia rubescens
(syn. Verticillium suchlasporium) (Lopez-Llorca and
Robertson 1992). Subsequently, similar proteases have also
been identified from other nematophagous fungi (Yang et al.
2007). The nematode cuticle is a thin and flexible
exoskeleton, composed primarily of proteins, including
collagens (Cox et al. 1981; Maizels et al. 1993). These

Fig. 4 Nematode P. redivivus
was treated by crude enzyme
from P. lilacinus 112. a Control
nematode. b–d Nematode
treated by crude enzyme for
10–12 h. Scale bar, 100 μm
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serine proteases secreted by nematophagous fungi can
degrade protein constituents of nematode cuticle and help
the penetration process. In our previous studies (Yang et al.
2005a, b), a cuticle-degrading protease Ver112 was identified
from L. psalliotae, and showed to be capable of degrading
nematode cuticle and killing nematode.

The plasmid pAN52-1N contains the promoter region of
the gpdA gene encoding glyceraldehyde-3-phosphate
dehydrogenase and the terminator region of Aspergillus
nidulans trpC gene, as well as antibiotic (ampicillin)
resistance selectable marker (Punt et al. 1990). These
elements make the plasmid pAN52-1N an invaluable
expression vector in fungi. Recently, Ying and Feng
(2006) developed a novel system for efficient transforma-
tion of the fungal biocontrol agent B. bassiana using
plasmid pAN52-1N, and the green fluorescence protein
gene egfp was introduced into B. bassiana via a
blastospore-based transformation. Zhang et al. (2008) also
transferred the gene egfp into the nematophagous fungus
Clonostachys rosea through the plasmid pAN52-1N. These
results provided an important approach for studying the
molecular mechanisms of interaction between pathogenic
fungi and their hosts.

Restriction enzyme-mediated integration (REMI), a
method for generating nonhomologous integration of trans-
forming DNA into the chromosomes of eukaryotic cells,
has been used for insertion mutagenesis and other genetic
studies in diverse organisms (Riggle and Kumamoto 1998).
Although we successfully obtained transformants by REMI
transformation, the efficiency was quite low. However,
previous studies have shown that the frequency of
transformation is considerably improved by optimizing the
following factors: the concentration of PEG, the category

and quantity of the added restriction enzymes, and the
protoplast/DNA ratio (Xu et al. 2005). This indicates that
the REMI method may still hold the potential to increase
transformation efficiency under further optimized condi-
tions for nematophagous fungi. Jiang et al. (2007)
optimized REMI conditions and enhanced the frequency
of B. bassiana by 73% by the blastospore transformation.

The P. lilacinus 112 showed a high degree of mitotic
stability. However, compared to the wild-type strain, its
growth rate became slow. The slow growth may be caused
by factors such as the abundant expression of the gene
ver112 (Xu et al. 2005). Despite its slow growth, the P.
lilacinus 112 showed a higher protease activity than the
wild-type strain, the protease was produced on the second
day and reached the highest activity on the sixth day
(Fig. 2), which was consistent with the RT-PCR results
(Fig. 5) and our previous report (Yang et al. 2005a). In
parallel, P. lilacinus 112 showed a stronger nematicidal
activity than the wild-type strain (Fig. 3), and the crude
enzymes isolated from the culture filtrate of P. lilacinus
112 showed a higher nematicidal potential and degraded
the nematode cuticle more than that of the wild-type
strain (Fig. 4). Taken together, our results suggested that
gene ver112 was inserted successfully into the P.
lilacinus genome, was overexpressed, and conferred on
the fungus a higher nematicidal potential than the wild-type
parental strain.

In this study, we established an effective tranformation
protocol in P. lilacinus and successfully utilized this
transformation procedure to introduce a virulence gene
from another species into this fungus. Other virulence genes
including chitinase, adhesion- and recognition-related genes
would be alternative candidates for future fungal engineer-

Fig. 5 RT-PCR amplification of
genes ver112, pSP-3, and Tub in
P. lilacinus 112 and the wild
strain at different culture
periods. a The expression of
gene Tub in wild-type strain. b
The expression of gene pSP-3 in
wild-type strain. c The expres-
sion of gene Tub in P. lilacinus
112. d The expression of gene
pSP-3 in P. lilacinus 112. e The
expression of gene Ver112 in P.
lilacinus 112
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ing with overexpression. Recently, the crystal structures of
serine proteases and chitinases from nematophagous fungi
were determined (Liang et al. 2010; Yang et al. 2010).
These significant works are providing a solid basis for
improving the pathogenicity of this group of fungi against
their hosts (nematodes) by genetic and protein engineering.

Acknowledgements We are grateful to Prof. Jianping Xu of the
Department of Biology, McMaster University, for the valuable
comments and critical discussions. This work was supported by
National Basic Research Program of China (approved no.
2007CB411600), by projects from the National Natural Science
Foundation of China (approved nos. 30630003, 30960229, and
30660107), by project from the Major State Basic Research
Development Program (2009CB125905), the Department of Science
and Technology of Yunnan Province (approved nos. 2007C007Z and
2009CI052), and the Yunnan Branch of China Tobacco Industrial
Corporation (grant no. 2010yn17).

References

Åhman J, Johanson T, Olsson M, Punt PJ, van den Hondel CAMJJ,
Tunlid AS (2002) Improving the pathogenicity of a nematode-
trapping fungus by genetic engineering of a subtilisin with
nematotoxic activity. Appl Environ Microbiol 689:3408–3415

Basualdo J, Ciarmela M, Sarmiento P, Minvielle M (2000) Biological
activity of Paecilomyces genus against Toxocara canis eggs.
Parasitol Res 86:854–859

Bonants PJM, Fitters PFL, Thijs H, den Belder E, Waalwijk C,
Henfling JWDM (1995) A basic serine protease from Paecilo-
myces lilacinus with biological activity against Meloidogyne
hapla eggs. Microbiology 141:775–784

Brand D, Roussos S, Pandey A, Zilioli P, Pohl J, Soccol C (2004)
Development of a bionematicide with Paecilomyces lilacinus to
control Meloidogyne incognita. Appl Biochem Biotechnol
118:81–88

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

Dong LQ, Mo MH, Yang JK, Zhang KQ (2007) A method for
obtaining quantities of Caenorhabditis elegans eggs. Nematology
9:743–744

Jiang Q, Ying SH, Feng MG (2007) Enhanced frequency of Beauveria
bassiana blastospore transformation by restriction enzyme-
mediated integration and electroporation. J Microbiol Methods
69:512–517

Kalele DN, Affokpon A, Coosemans J (2007) Efficacy of Paecilomyces
lilacinus strain 251 against root knot nematodes in tomato under
greenhouse conditions. Commun Agric Appl Biol Sci 72:209–
213

Khan A, Williams K, Molloy MP, Nevalainen H (2003) Purification
and characterization of a serine protease and chitinases from
Paecilomyces lilacinus and detection of chitinase activity on 2D
gels. Prot Expr Purif 32:210–220

Khan A, Willianms K, Nevalainen H (2004) Effects of Paecilomyces
lilacinus protease and chitinase on the eggeshell structures and
hatching of Meloidogyne javanica juveniles. Biol Control
31:346–352

Li J, Yu L, Yang JK, Dong LQ, Tian BY, Yu ZF, Liang LM, Zhang Y,
Wang X, Zhang KQ (2010) New insights into the evolution of
subtilisin-like serine protease genes in Pezizomycotina. BMC
Evol Biol 10:68

Liang LM, Meng ZH, Ye FP, Yang JK, Liu SQ, Sun YN, Guo Y, Mi
QL, Huang XW, Zou CG, Rao ZH, Lou ZY, Zhang KQ (2010)
The crystal structures of two cuticle-degrading proteases from
nematophagous fungi and their contribution to infection against
nematodes. FASEB J 24:1391–1400

Lopez-Llorca LV, Robertson WM (1992) Immunocytochemical
localization of a 32-kDa protease from the nematophagous
fungus Verticillium suchlasporium 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, Kerry BR (2004) Infection of plant-parasitic
nematodes by nematophagous fungi: a review of the application
of molecular biology to understand infection processes and to
improve biological control. Nematology 62:161–170

Nordbring-Hertz B, Jansson HB, Tunlid A (2006) Nematophagous
fungi. In: Encyclopedia of life sciences. Wiley, Chichester

Punt PJ, Dingemanse MA, Kuyvenhoven A, Soede RD, Pouwels PH,
van den Hondel CA (1990) Functional elements in the promoter
region of the Aspergillus nidulans gpdA gene encoding
glyceraldehyde-3-phosphate dehydrogenase. Gene 93:101–109

Qin Y, Ying SH, Chen Y, Shen ZC, Feng MG (2010) Integration of
insecticidal protein Vip3Aa1 into Beauveria bassiana enhances
fungal virulence to Spodoptera litura larvae by cuticle and per os
infection. Appl Environ Microbiol 76:4611–4618

Riggle PJ, Kumamoto CA (1998) Genetic analysis in fungi using
restriction-enzyme-mediated integration. Curr Opin Microbiol
1:395–399

Siddiqui ZA, Mahmood I (1996) Biological control of plant parasitic
nematodes by fungi: a review. Bioresour Technol 58:229–239

St Leger RJ, Wang C (2010) Genetic engineering of fungal biocontrol
agents to achieve greater efficacy against insect pests. Appl
Microbiol Biotechnol 85:901–907

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

Tunlid A, Åhman J, Oliver RP (1999) Transformation of the
nematode-trapping fungus Arthrobotrys oligospora. FEMS
Microbiol Lett 173:111–116

Wang C, St Leger RJ (2007) A scorpion neurotoxin increases the
potency of a fungal insecticide. Nat Biotechnol 25:1455–1456

Wang M, Yang JK, Zhang KQ (2006) Characterization of an
extracellular protease and its cDNA from the nematode-trapping
fungus Monacrosporium microscaphoides. Can J Microbiol
52:130–139

Xu J, Mo MH, Wei Z, Huang XW, Zhang KQ (2005) Transformation
and mutagenesis of the nematode-trapping fungus Monacrospo-
rium sphaeroides by restriction enzyme-mediated integration
(REMI). J Microbiol 43:417–423

Yang JK, Huang XW, Tian BY, Wang M, Nui QH, Zhang KQ (2005a)
Isolation and characterization of a serine protease from the
nematophagous fungus, Lecanicillium psalliotae, displaying
nematicidal activity. Biotechnol Lett 27:1123–1128

Yang JK, Huang XW, Tian BY, Sun H, Duan JX, Wu WP, Zhang KQ
(2005b) Characterization of an extracellular serine protease gene
from the nematophagous fungus Lecanicillium psalliotae.
Biotechnol Lett 27:1329–1334

Yang JK, Tian BY, Liang LM, Zhang KQ (2007) Extracellular
enzymes and the pathogenesis of nematophagous fungi. Appl
Microbiol Biotechnol 75:21–31

Yang JK, Gan ZW, Lou ZY, Tao N, Mi QL, Liang LM, Sun YN, Guo
Y, Huang XW, Zou CG, Rao ZH, Meng ZH, Zhang KQ (2010)
Crystal structure and mutagenesis analysis of a chitinase CrChi1
from the nematophagous fungus Clonostachys rosea in complex
with the inhibitor caffeine. Microbiology 156:3566–3574

1902 Appl Microbiol Biotechnol (2011) 89:1895–1903



Ying SH, Feng MG (2006) Novel blastospore-based transformation
system for integration of phosphinothricin resistance and green
fluorescence protein genes into Beauveria bassiana. Appl Microbiol
Biotechnol 72:206–210

Zare R, Gams W, Culham A (2000) A revision of Verticillium sect.
Prostrata I. Phylogenetic studies using ITS sequences. Nova
Hedwig 71:465–480

Zhang D, Yang Y, Castlebury LA, Cerniglia CE (1996) A method for
the large scale isolation of high transformation efficiency fungal
genomic DNA. FEMS Microbiol Lett 145:216–265

Zhang L, Yang JK, Niu QH, Zhao XN, Ye FP, Liang LM, Zhang KQ
(2008) Investigation on the infection mechanism of the fungus
Clonostachys rosea against nematodes using the green fluorescent
protein. Appl Microbiol Biotechnol 78:983–990

Appl Microbiol Biotechnol (2011) 89:1895–1903 1903


	Overexpression of a cuticle-degrading protease Ver112 increases the nematicidal activity of Paecilomyces lilacinus
	Abstract
	Introduction
	Materials and methods
	Microorganisms, nematodes, and culture conditions
	Plasmid construction
	Protoplast preparation and transformation
	Validation and stability analysis of transformants
	Protease activity and nematode bioassays
	Total RNA isolation and expression analysis

	Results
	Plasmid construction
	Transformation and validation of transformant
	Mitotic stability and the physiological features of P. lilacinus 112
	Extracellular proteases production in P. lilacinus 112
	Nematicidal analysis
	Expression analysis of genes ver112, pSP-3, and Tub in P. lilacinus 112

	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 v2 300% \050ECI\051)
  /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 0.0000
  /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 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /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 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. 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 best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


