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Nematophagous fungi are soil-living fungi that are used as biological control agents of plant and animal
parasitic nematodes. Their potential could be improved by genetic engineering, but the lack of information
about the molecular background of the infection has precluded this development. In this paper we report that
a subtilisin-like extracellular serine protease designated PII is an important pathogenicity factor in the
common nematode-trapping fungus Arthrobotrys oligospora. The transcript of PII was not detected during the
early stages of infection (adhesion and penetration), but high levels were expressed concurrent with the killing
and colonization of the nematode. Disruption of the PII gene by homologous recombination had a limited effect
on the pathogenicity of the fungus. However, mutants containing additional copies of the PII gene developed
a higher number of infection structures and had an increased speed of capturing and killing nematodes
compared to the wild type. The paralyzing activity of PII was verified by demonstrating that a heterologous-
produced PII (in Aspergillus niger) had a nematotoxic activity when added to free-living nematodes. The toxic
activity of PII was significantly higher than that of other commercially available serine proteases. This is the
first report showing that genetic engineering can be used to improve the pathogenicity of a nematode-trapping
fungus. In the future it should be possible to express recombinant subtilisins with nematicidal activity in other

organisms that are present in the habitat of parasitic nematodes (e.g., host plant).

Many nematodes are parasites on plants or animals and can
cause serious crop losses and severe diseases. The develop-
ment of new methods to control such nematodes is of major
importance because the traditional methods that are based on
the use of nematicides and antihelminthic drugs are associated
with major environmental and health concerns. In addition,
resistance development in target organisms requires new ne-
maticides to be developed continuously. An alternative strat-
egy is to control parasitic nematodes by using their natural
enemies (23). Among them, the nematophagous fungi, which
comprise a group of mainly soil-living fungi that are infectious
to nematodes, have drawn the largest interest. A common
strategy has been to mass-produce the fungi on solid substrates
followed by application to the environment. Although there
are several reports of successful biological control of both plant
and animal parasitic nematodes by using nematophagous fungi
(e.g., references 24 and 31), they are commonly perceived to
perform poorly compared to traditional nematicides and anti-
helminthics.

One way to improve the control potential of nematophagous
fungi would be to use genetic engineering to increase the
pathogenicity and survival of the introduced fungus. Until re-
cently, however, such a development has been precluded due
to the lack of information about the molecular background of
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fungal infections of nematodes (11). We have identified two
putative pathogenicity factors in the common nematophagous
fungus Arthrobotrys oligospora, a carbohydrate binding protein
(lectin) and an extracellular serine protease designated PII (1,
20, 26). PII belongs to the subtilisin family of serine proteases
(27). Extracellular subtilisins have also been isolated from
other species of nematophagous fungi (3, 13, 21). The function
of these proteases is not yet clear, but it has been assumed that
they have a role during the fungal penetration of the nematode
cuticle and/or during the digestion of the internal tissues of the
host.

In this report, the role of PII has been studied in more detail
by generating several PII mutants, using a recently developed
transformation system for 4. oligospora (28). Notably, mutants
containing additional copies of the PII gene demonstrated an
increased pathogenicity. This is the first report showing that
genetic engineering can be used to improve the virulence of a
nematode-trapping fungus. Furthermore, PII was expressed in
a heterologous system (Aspergillus niger), and it was demon-
strated that the recombinant enzyme has a nematotoxic activity
in vitro.

MATERIALS AND METHODS

Organisms and plasmids. A. oligospora Fres. (ATCC 24927) was maintained
on CMAT7-containing cornmeal agar (Difco) supplemented with 2 g of
KH,HPO, per liter. Trap-containing mycelium was grown in a liquid medium
containing 0.01% soya peptone (neutralized; Oxoid) supplemented with 0.05 g of
phenylalanine and 0.05 g of valine per liter (27). Two auxotrophic pyrG mutant
strains of A. niger were used for heterologous expression of PII:
AB1.13pcI3FOA17 (designated AB1.13pclA), which is deficient in both aspergil-
lopepsin A and aspergillopepsin B (due to a regulatory mutation, prt-13) (14) and
with the pcl4 gene deleted (processing enzyme) (P. J. Punt, unpublished data),
and A. niger AB1.18, which is mutated in the pepA4 gene encoding aspergillopep-
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TABLE 1. Plasmids used in this study
Plasmid Description/use Source
pUBH Genomic clone of PII 1
pAotubF2 Gene fragment of tubA (from A. oligospora) This study
pBHE Gene disruption vector for PII This study
pCB1003 Transformation vector containing iph 5
PAN7-1 Transformation vector containing iph 19
pCB1003-PII Transformation vector containing Aph and PII This study
pAFR PCR clone of PII This study
PANS52-7Not glaA promoter (from A. niger) 30
pASP gluA promoter linked to PII This study
pAMDSPYRG#1 amdS/pyrG selection marker (P. J. Punt, unpublished data)

sin A (14). The nematode Panagrellus redivivus L. (Goodey) was grown axenically
in a soya peptone-liver extract medium (15). The plasmids used in this study are
listed in Table 1.

Bioassays. An infection assay using a dialysis membrane technique was em-
ployed (20). Briefly, conidia of A. oligospora were inoculated onto pieces of
dialysis membrane and incubated on agar plates containing a low nutrient min-
eral salt (LNM) medium. The formation of infection structures (traps) was
induced by adding a few specimens of the nematode P. redivivus to the hyphae
growing on the dialysis membranes. After another 7 to 10 d, the infection
experiments were started by adding 20 to 30 nematodes cm 2. The number of
adhered (captured) and killed (captured and not moving) nematodes was
counted by using a microscope. The toxic effects of proteases on free-living P.
redivivus were tested using an assay in microtiter wells (27). The numbers of
mobile and immobile (i.e., with arrested movements) nematodes were deter-
mined by using a light microscope. The effect of PII was compared with that of
proteinase K and trypsin (bovine pancreas) (Sigma). The enzymes were dissolved
in water or phosphate-buffered saline (50 mM sodium phosphate bufter [pH 6.5],
0.15 M NaCl). The nematotoxic activities of linoleic acid and ivermectin (from
Sigma) were also examined. The compounds were dissolved in 5% methanol (in
water). The bioassays were performed with 10 to 15 parallels and repeated at
least twice.

Competitive reverse transcription-PCR. Total RNA was isolated from the
mycelia growing on the dialysis tubing by acid-guanidinium thiocyanate-phenol-
chloroform extraction (20), dissolved in diethyl pyrocarbonate-H,O, and then
stored at —20°C. Traces of genomic DNA were digested by RQ1 DNase (Pro-
mega). First-strand synthesis was performed in 10-pl reaction mixtures by using
oligo(dT),,.;5 primer (Gibco/BRL), 2 pl of total RNA, 30 U of RNasin RNase
inhibitor (Promega), and 100 U of Superscript IT RNaseH reverse transcriptase
(Gibco/BRL) with other conditions according to the manufacturer. After termi-
nation, the first-strand product was diluted by adding 20 pl of 1X first-strand
buffer (Gibco/BRL). As competitive PCR templates, plasmids containing the A.
oligospora PII gene (pUBH) and a fragment of the partially characterized A.
oligospora tubulin gene (fubA) were used. Here, the fubA template was used as
a positive control and for normalizing the data between different measurements
and experiments. For cloning of the fubA gene fragment, standard PCR was
conducted on A. oligospora genomic DNA by using the primers Bt2a (5'-GGT
AACCAAATCGGTGCTGCTTTC) and Bt2b (5'-ACCCTCAGTGTAGTGAC
CCTTGGC) (10). A PCR product of the expected size (567 bp) was ligated into
the pGEM-T Easy vector (Promega), generating the plasmid pAotubF2. The
insert was sequenced and verified as a B-tubulin gene fragment by homology to
other fungal tubulin genes (GenBank accession number AY028375).

The primers used for competitive PCR were designed to flank intron regions,
resulting in a size difference of the products amplified from genomic DNA
(gDNA) and the corresponding cDNA template. For PII (GenBank accession
number X94121), the primers P106 (5'-TGAGGTCGACTACGTTGAACAAG)
and P107 (5'-GGAATCAGTCTTGTCAACAGAGTT) were used, giving PCR
products of 320 bp (gDNA) and 259 bp (cDNA), respectively, whereas for tubA
the primers were P114 (5'-CTCGACGGCTCCGGTGTTTA) and P115 (5'-CA
GGAAACAGCTATGAC), yielding products of 320 bp (gDNA) and 179 bp
(cDNA), respectively. PCR products were separated on a 1.5% agarose gel in
0.5X Tris-borate-EDTA and visualized with EtBr and UV light. Equivalence
points were calculated by plotting molar ratios of gDNA to cDNA band inten-
sities, and the molar amount of cDNA was determined from the point at the
regression line where the ratio between gDNA and cDNA was equal to 1.

Construction of PII mutants. The genomic PII clone pUBH was PCR ampli-
fied (Expand High-Fidelity PCR system; Roche Molecular Biochemicals) with

two primers designed from the PII sequence: a, (5'-TGGGAGATGCGAATA
CCGGT; position 854 to 873; GenBank accession no. X94121) and a, (5'-ACC
GTGAATGGTTCATCCCG; position 948 to 967). The hph gene under the
control of the #rpC promoter from Aspergillus nidulans was excised from the
plasmid pCB1003 using EcoRI (5). End regions of both the PCR fragment and
the excised hph gene were filled in with Klenow before ligation, producing the
gene disruption vector pBHE. This vector contains the 5’ and 3’ ends (approx-
imately 1.5 and 1.6 kb, respectively) of the PIT gene with a displacement of 74 bp
(a 61-bp intron and a 13-bp exon region) and a 1.4-kb Aph insertion, as well as
an intact plasmid backbone (see Fig. 2A).

For generating mutants containing additional copies of the PII gene, the
pUBH vector was cotransformed with the pAN7-1 vector at a molar ratio of 1:1.
Multicopy mutants were also generated by transforming the fungus with a vector
containing both the PII and hph genes. The vector designated pCB1003-PII was
constructed by excising a BamHI/HindIIl fragment containing the entire PII
gene from the plasmid pUBH. The fragment was inserted into the BamHI/
HindIII sites of pCB1003.

Transformation of A. oligospora was performed according to the methods
described by Tunlid et al. (28). To confirm the stability of the transformants, they
were transferred several times between media with and without selection pres-
sure (hygromycin). Transformants were analyzed by Southern blotting as de-
scribed below. The pBHE gene disruption transformants were also analyzed by
PCR amplification. Two primers positioned in the PII gene adjacent to the
inserted siph gene were used: by (5'-TTTGACAAGGCAACTCTCCAGG; po-
sition 650 to 671; GenBank/EMBL accession no. X94121) and b, (5'-CCACCA
GCGCTAAGAACCTTAAGC; position 1092 to 1114) (see Fig 2A). Transfor-
mants were screened for extracellular serine protease activity by growing the
fungus for 2 to 3 days (130 rpm; 20°C) in a liquid medium containing 0.5%
(wt/vol) soya peptone. Transformants were also grown under nitrogen-limited
conditions and transferred to an inducing medium containing bovine serum
albumin (BSA; 1 mg/ml) as the nitrogen and carbon source (1).

Heterologous expression of PII. A gene fragment covering the entire PII gene
(position 358 to 1682; GenBank accession no. X94121), including regions en-
coding the signal peptide, propeptide, and the mature enzyme, was obtained by
PCR amplifying the genomic clone pUBH using two primers: Aspfw (5'-TCCA
TCATGATTACGAACGG) and Asprw (5'-CTTGGTCATGAGTCTTTGGG).
Both primers contained Real sites (underlined). The product was inserted into a
pGEM-T vector (Promega), generating the plasmid pAFR. The expression vec-
tor pAN52-7Not, containing the gla4 promoter (30), was cut with Ncol and the
Rcal fragment from pAFR was inserted to produce the expression vector pASP.
Junction regions of pASP were sequenced to verify the orientation and cloning
sites of the insert. The two auxotrophic pyrG mutant strains of A. niger
(AB1.13pclA and ABI1.18) were cotransformed with pASP and the amdS/pyrG
selection marker (isolated as a NotI fragment from pAMDSPYRG#1 [P. J. Punt,
unpublished data]) (18). Transformants with strong growth on plates with acet-
amide-acrylamide as sole nitrogen (and carbon) source were selected (29). To
analyze the production of recombinant PII, the transformants of A. niger were
grown for 48 h at 30°C (200 rpm) in minimal growth medium (2) supplemented
with 5% maltodextrin.

Peptide sequencing and protease assays. Proteases were purified from the
culture filtrates of 4. oligospora and A. niger by high-performance liquid chro-
matography (HPLC) (27). Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed using a MiniProtean II electrophoresis
cell (Bio-Rad). Gels were stained with Coomassie brilliant blue. Before peptide
sequencing, the protease activity was inhibited by adding phenylmethylsulfonyl
fluoride (PMSF; 1 mM). The N-terminal region was analyzed by Edman degra-
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dation using an ABI 476A protein sequenator. The hydrolytic activity of PII was
measured using the peptide substrate benzoyl (Bz)-Phe-Val-Arg-nitroanilide
(NA) and the chromogenic protein substrate Azocoll (Sigma) (27). The substrate
specificity, the effects of inhibitors, and the pH dependency of the recombinant
PII were examined as previously described (27).

Hydrolysis of nematode cuticle and tissues. The cuticle of P. redivivus was
isolated according to the protocol of Cox et al. (7). Briefly, nematodes were
sonicated in a Tris buffer (10 mM Tris-HCI, pH 7.4), the samples were centri-
fuged, and the supernatant was collected (intracellular fraction). The pellet was
treated with an SDS-containing buffer (7) and, following centrifugation, the
supernatant was collected (cuticle-SDS fraction). The pellet was washed with the
Tris buffer, lyophilized, and resuspended to give a concentration of 1.0 mg/ml
(cuticle-fragment fraction). Before being used in the assays, the intracellular
fraction was filtered (0.2-pm pore size), and the cuticle-SDS fraction was de-
salted using a PD-10 column (Pharmacia) equilibrated with the Tris buffer. Ten
microliters of recombinant PII, proteinase K, or trypsin (1.0 X 1072 proteolytic
units [PU]; 0.3 to 0.8 pg of protein) was mixed with 300 wl of the intracellular
fraction (total protein content, 18 mg/ml), cuticle-SDS fraction (0.12 mg/ml), and
the cuticle-fragments fraction (1.0 mg/ml), and incubated at 37°C for 2 h. Sam-
ples were centrifuged and the products of protease hydrolysis were assayed by
HPLC using a size-exclusion column (Superdex PC 3.2/30) connected to a
SMART system (Pharmacia). The buffer was 10 mM Tris (pH 7.4) containing
0.15 M NaCl. Following the subtraction of a chromatogram (280 nm) obtained
from a sample incubated in buffer only, the areas of low-molecular-weight peaks
(less than ca. 13 kDa) were integrated using the SMART software. The proteo-
Iytic activity is given as area counts per minute.

Southern analysis and RNA dot blots. Genomic DNA was isolated (28),
digested, separated on a 0.8% agarose gel, and transferred to a Hybond-N"
membrane (Amersham).

RNA was isolated from liquid-grown mycelia using the RNeasy Plant Mini Kit
(Qiagen) and quantified by measuring the absorbance at 260 nm. The RNA
samples were blotted on a Hybond-N membrane (Amersham) using a Bio-Dot
microfiltration apparatus (Bio-Rad). The amount of applied RNA was approx-
imately 1.0 g as determined by absorbance at 260 nm.

The probes were labeled with [a-*?P]dCTP (=~3,000 Ci mmol ') using the
random-primed DNA method (rediPrime DNA labeling kit; Amersham).

RESULTS

PII is expressed during the colonization and digestion of the
nematode. The PII transcript was not detected (<0.001 amole)
during the early stages of the infection, including the phase of
adhesion (ca. 0 to 12 h of incubation) (Fig. 1). However, the
PIT mRNA was detected 24 h after adding the nematodes. At
this time, the fungus had penetrated and killed ca. 70% of the
added nematodes, and fungal hyphae were growing inside the
infected nematodes. No PII transcript was detected after 5
days of incubation, by which time all of the added nematodes
had been killed and completely degraded.

Construction of APII mutants. Twenty mutants of A. oligo-
spora transformed with the gene disruption vector pBHE were
examined for proteolytic activity when grown in soya peptone
medium. Five of them had significantly reduced proteolytic
activity. In Southern analysis, these mutants contained one
hybridizing fragment of ca. 4.5 kb (Fig. 2B, lanes 1 to 5) but not
the band of 3.2 kb present in the wild type (Fig. 2B, lane 7).
This pattern of hybridization is expected after homologous
integration of the Aph-disrupted PII gene (Fig. 2A). The other
15 mutants were shown to contain both the 3.2-kb as well as the
4.5-kb fragment (Fig. 2B, lane 6), which show the presence of
both the native PII gene as well as the disrupted PII gene.

The proteolytic activities of two of the replacement trans-
formants (TJADPIL2 and -3) were further examined and com-
pared with the activity of the wild-type strain by using BSA as
the inducing substrate (Fig. 2C and 3A). Under these condi-
tions, the proteolytic activities in TIJADPIL2 and -3 were ca.
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FIG. 1. Expression of the subtilisin PII during the infection of nem-
atodes. (A) Adhesion and killing of the nematode P. redivivus during
infection by the fungus A. oligospora. The numbers of adhered (cap-
tured) and killed (captured and not moving) nematodes were counted
using a microscope. (B) Results of analysis of transcript levels of PII
and fubA, using competitive reverse transcription-PCR. Tubulin was
used as a positive control gene fragment and for normalizing the data.
m, PII transcript level; [J, tubA transcript level; A, PII-tubA molar
ratio.

70% lower than in the wild-type strain (the maximum activity
in the wild type corresponding to 100% was 4.2 pmol of NA
ml~! min~' mg'). The serine protease inhibitor PMSF (1
mM) completely inhibited the residual activity against Bz-Phe-
Val-Arg-NA in both TTADPIL2 and -3. That the reduction of
proteolytic activity in the deletion mutants was due to the lack
of PII activity was further verified by partly purifying extracel-
lular proteases expressed by TIADPII.2 during growth in lig-
uid medium. Under these conditions, the wild-type strain pro-
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FIG. 2. Construction of APII mutants. (A) Gene disruption vec-
tor pPBHE constructed by inserting the hph gene (Escherichia coli
hygromycin B resistance gene, under the control of the #pC pro-
moter from A. nidulans) in the open reading frame of PII present in
the vector pUBH. fla, flanking region. Arrows indicate PCR primers
used for cloning (a; and a,) and for screening (b, and b,).
(B) Southern analysis of gene disruption mutants obtained using the
vector pBHE. Genomic DNA was digested with BamHI/HindII1
and probed with a *?P-labeled fragment of the PII gene (BamHI/
HindlIlI fragment excised from pUBH) (30). Lanes 1 to 5 are mu-
tants (designated TJADPIL2, -3, -4, -9, and -20) for which the
mutated PII gene has been homologously integrated into the ge-
nome. Lane 6 shows a mutant (TJADPILS8) containing nonhomolo-
gous integration of the mutated PII gene. Lane 7 is the wild type.
(C) Partial purification of the extracellular serine proteases pro-
duced by the wild type and the deletion mutant TJADPIIL.2 of A.
oligospora when grown in liquid medium that stimulated the forma-
tion of infection structures (traps). The extracts were applied on a
Mono Q column equilibrated with a Tris-HCI buffer (pH 7.5) and
eluted with a gradient of NaCl using a flow of 1 ml/min (27).
One-milliliter fractions were collected and assayed for protease
activity by using the chromogenic substrate Azocoll.
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duced two fractions of proteolytic activity designated FI and
FII, with the latter containing PII (27). In TJADPIL2, the
proteolytic activity in FII was almost completely absent (Fig.
2C). That A. oligospora contains several genes encoding serine
proteases of the subtilisin family has been indicated by South-
ern analyses (1).

Construction of overexpression mutants. In an initial screen,
100 of the mutants obtained after transformation using the
pUBH and pANT7-1 vectors and 50 mutants obtained using the
pCB1003-PII vector were analyzed for protease activity when
grown in soya peptone medium for 2 to 3 days. None of them
showed elevated levels of protease activity. However, Southern
analysis of randomly selected mutants indicated that several of
them contained additional copies of the PII gene. The induc-
tion of proteases in 45 of these mutants was analyzed in more
detail using BSA as carbon and nitrogen source. Notably, two
of the mutants (TJAMPIL1 and TATMPILD17) started to
secrete a protease activity more rapidly than the wild-type
strain (Fig. 3A). The integration of DNA in TJAMPII.1 (trans-
formed with the pUBH and pAN7-1 vectors) was analyzed by
Southern blotting. Genomic DNA was digested with BamHI
and Hindlll, and the membranes were hybridized to a BamHI/
HindIII gene fragment of the PII gene excised from pUBH.
Two fragments were visualized, one the size of the PII band in
the wild-type strain and one that was larger (data not shown).
As judged from the intensities of these bands, the TTAMPIL1
mutant contained one additional copy of the PII gene. How-
ever, the fact that multiple fragments were observed in the
Southern blots indicates that there were gene rearrangements
of the inserted DNA. Southern analysis of the TATMPIL.D17
mutant (transformed with the pCB1003-PII vector) by HindIII
digestion and hybridization, using the pCB1003 plasmid as
probe, showed three DNA fragments, with one the size of the
pCB1003-PII vector (8 kb). This suggests integration of a tan-
demly repeated array of at least two copies of the pCB1003-PII
vector (data not shown).

The variations in the level of PII mRNA followed approxi-
mately the changes in the activity of PII in the wild type, the
deletion mutant TJADPIL3, and the overexpression mutant
TATMPILD17 (Fig. 3B).

Pathogenicity of PII mutants. The pathogenicities of two
APIT mutants (TJADPIL2 and -3) and two overexpressing mu-
tants (TJAMPIL1 and TATMPIL.D17) were examined using a
bioassay with the nematode P. redivivus. The APII mutants had
a lower number of infection structures (traps) than the wild-
type strain (Table 2). However, disruption of PII had a limited
effect on the capture of nematodes, as significant differences
between the APII mutants and the wild type in the capture of
nematodes were only observed after 10 h of infection (Fig. 4A).
The overexpression mutants had a significantly higher number
of traps than the wild-type strain and had an increased speed of
capturing nematodes than the wild type (Table 2 and Fig. 4A).
The effect of the gene-disrupted and the overexpressing mu-
tants on the immobilization of captured nematodes was also
investigated. No significant difference in the immobilization of
nematodes was observed between the two APII mutants and
the wild-type strain (Fig. 4B). However, the percentage of
immobilized nematodes was higher in the overexpressing
strains than in the wild type; thus, the overexpressing mutants
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FIG. 3. Proteolytic activity and expression of mRNA in PII mutants
of A. oligospora. Mycelia were grown for 2 days in a nitrogen-limited
medium before being transferred to a medium containing albumin as
nitrogen and carbon source. (A) Proteolytic activity (in the culture
filtrates) as estimated by measuring hydrolysis of the peptide substrate
Bz-Phe-Val-Arg-NA. (B) Dot blot of total RNA hybridized with a
32P-labeled fragment of the PII gene (BamHI/HindIIl fragment ex-
cised from pUBH) (1) and tubA (EcoRI fragment excised from pAo-
tubF2) (cf. Table 1).

showed a more rapid killing of nematodes than the wild-type
strain.

Heterologous expression of PII. The expression vector pASP
was constructed by cloning the open reading frame of PII in

TABLE 2. Development of infection structures in various mutants
of A. oligospora“

—2
Strain Traps (cm )

(mean [SD])
WILd EYPEC..ecviiiiiiiiiiciccc e 81 (36)
TIADPILL ..o essesseesessoenssnnees 51 (20)
TIADPIL3 .... 41(19)
TIAMPILI.... . 202 (67)
TATMPILDIT e 229 (72)

“ The fungus was grown on dialysis membranes for 3 d, whereupon nematodes
were added to induce trap formation. After another 7 to 10 days, the numbers of
traps were counted using a microscope. n = 10.
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FIG. 4. Infection of nematodes by various mutants of 4. oligospora.
(A) Adhesion of nematodes; (B) immobilization of captured nema-
todes. Indicated significance levels are from x tests (df = 1) compar-
ing the frequencies of captured and free nematodes (A) or mobile and
immobile nematodes (B) in the mutant strains versus the wild type. NS,
not significant.

front of the glaA (glucoamylase) promoter in A. niger. Twenty-
eight transformants (19 from strain AB1.13pclA and 9 from
ABL1.18) of A. niger that showed extensive growth on the se-
lective acetamide-acrylamide medium were isolated. When
grown in liquid medium after induction of the gla4 promoter
with dextrin, all of these transformants had an increased pro-
tease activity compared to the nontransformed control. South-
ern analysis of genomic DNA from nine different transfor-
mants digested with BamHI/HindIII showed three or more
bands hybridizing to a probe of the PII gene (data not shown).
Since these enzymes do not cut in the inserted PII gene frag-
ment, these data indicate that the transformants contained
three or more copies of the PII gene.

The proteolytic activities of the 10 AB1.13pclA and 7
ABL1.18 transformants showing the highest levels of extracel-
lular protease expression were purified by HPLC. The protease
activity of all AB1.13pclA transformants was eluted in one
peak by using a size-exclusion column (Fig. 5). Furthermore,
the AB1.18 transformants had an additional peak, with activity
eluting in a fraction corresponding to protein(s) with a higher
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FIG. 5. Heterologous expression of PII and purification of heterologous PII from A. niger strain AB1.13pclA:3. Extracellular proteases were
purified by anion-exchange, hydrophobic-interaction, and size-exclusion chromatography (shown). Protease activities in the different fractions
(every minute) were analyzed using the peptide substrate Bz-Phe-Val-Arg-NA. The arrow indicates major PII activity. Inserted is an SDS-PAGE

of fraction 23-25.

molecular weight than the protease expressed in the
ABL1.13pclA transformants. The ABI1.13pclA transformant
showing the highest proteolytic activity (designated
ABL1.13pclA:3) was chosen for further studies. SDS-PAGE
analysis of the HPLC fractions with the highest activity against
Bz-Phe-Val-Arg-NA revealed a polypeptide of approximately
48 kDa in mass (Fig. 5, insert). The N-terminal sequence of
this polypeptide was XEQTDSTWGLDRISHEDYSA, with X
denoting an unidentified residue. Previous peptide sequencing
of PII from A. oligospora indicated a blocked N terminus (27).
However, based on the alignment of the deduced amino acid
sequence of PII with other subtilisin-related fungal serine pro-
teases, it was predicted that the mature PII protease has an
N-terminal sequence of TYAEQTDSTWGL (27), which con-
tains two additional residues compared to that of the recom-
binant PII. The difference observed between the molecular
mass of the recombinant PII (48 kDa when using SDS-PAGE)
and the native enzyme (40 kDa) (27) could be explained by
differences in glycosylation. An alteration in the pattern of
glycosylation has been observed for many heterologously pro-
duced proteins in Aspergillus, including a Rhizomucor miehi
aspartic proteinase (6).

The yield of PII obtained from AB1.13pclA:3 was 120 pg/
liter, which is significantly higher than the production by A.
oligospora (0.7 wg/liter) (27). The specific activity of the het-
erologous PII was 0.8 PU/mg of protein, which is lower than
that of PII from A. oligospora (1.9 PU/mg) (27). There were no
significant differences between the recombinant and native PII
with regard to the effects of various inhibitors, pH optimum,
and hydrolysis of synthetic peptide substrates (data not
shown). Thus, both enzymes were inhibited by PMSF, chymo-
statin, and antipain, both had a broad pH optimum in the

alkaline range (approximately 7 to 9), and their preferred pep-
tide substrate was Bz-Phe-Val-Arg-NA (27).

Hydrolytic and nematotoxic activity of recombinant PII. Re-
combinant PII showed high hydrolytic activity against an intra-
cellular fraction of proteins isolated from the nematode P.
redivivus (Fig. 6). Some activity was observed against proteins
present in the cuticle-SDS fraction, which is supposed to con-
tain muscle fragments and the tissue remains of the cuticle wall

16

&

Proteolytic activity (area counts/min)

Intracellular Cuticle/SDS  Cuticle/fragments

FIG. 6. Hydrolysis of nematode cuticle and tissues by various serine
proteases. The nematode P. redivivus was sonicated and separated into
three fractions. Heterologous-produced PII, proteinase K (PK), or
trypsin (Try) were added to the fractions and incubated at 37°C for 2 h.
The amount of released peptides was assayed by using HPLC.
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FIG. 7. Nematotoxic activity of heterologous PII. The proteases
were incubated with the nematode P. redivivus in microtiter wells.
After 20 to 22 h the number of mobile and immobile (i.e., with arrested
movements) nematodes were counted in a light microscope. Indicated
significance levels are from x? tests (df = 1) comparing the frequencies
of mobilized and immobilized nematodes in treated versus control
samples (without enzymes). NS, not significant. PII, PII produced in A4.
niger; PII*, boiled PII (10 min); PK, proteinase K; Try, trypsin; C,
control (buffer). The proteolytic activities of the added enzymes, as
measured by using the substrate Azocoll, are indicated.

(7). The activity against the purified cuticle fragments was very
low. Trypsin had a pattern of hydrolytic activity against the
various cellular fractions similar to that of PII. Proteinase K
degraded proteins present in all three fractions, including the
cuticle fragments.

When added to free-living nematodes, the heterologous-
produced PII had a nematotoxic activity, i.e., the nematodes
were arrested in their movements (Fig. 7). The effect was not
observed after boiling the preparation, indicating that it was
due to the presence of protease activity in PII. No toxic effect
was observed after adding a similar level of proteolytic activity
of two other commercially available serine proteases, the fun-
gal subtilisin proteinase K and trypsin. At least 10 times higher
proteolytic activity was needed for these enzymes to immobi-
lize nematodes at a level corresponding to that of PII (Fig. 7).

The concentration of heterologous PII that immobilized ca.
50% of the nematodes in the microwell assay (Fig. 7) was
calculated to be 13 pg/ml (2.7 X 10~® M). Using the same
microwell plate assay, linoleic acid and ivermectin immobilized
ca. 50% of the nematodes at 100 pg/ml (3.6 X 10~* M) and 0.5
pg/ml (5.7 X 10”7 M), respectively. Linoleic acid is the only
nematotoxic compound that so far has been isolated from A.
oligospora (22). Ivermectin is a macrocyclic lactone and be-
longs to the avermectin group of antihelminthics and insecti-
cides (4).
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DISCUSSION

A deletion of the PII gene in A. oligospora by homologous
recombination had only a limited effect on the capture and
infection of nematodes. This could be explained by the pres-
ence of a significant residual proteolytic activity in the APII
mutants. However, the role of PII in virulence was demon-
strated by analyzing mutants containing additional copies of
PII. Two of these mutants showed an increased speed in cap-
turing nematodes compared to the wild type.

That the activity of PII has a role in the initiation or devel-
opment of traps in A. oligospora was indicated by the fact that
the deletion mutants had a lower number and the multicopy
mutants a larger number of traps compared to the wild type. It
is well documented that the formation of traps in A. oligospora
and several other nematode-trapping fungi is stimulated by
peptides released from the nematode host (8). Proteases se-
creted by the fungi could have a role in the generation of such
peptides by degrading and solubilizing proteins of the host
cuticle. The chymoelastase serine protease Prl in Metarhizium
anisopliae is induced by peptides from the insect cuticle pro-
duced by the basal activity of Prl and Pr2 (trypsin-like serine
protease) (17). An alternative explanation for the stimulation
of trap formation by the PII mutants is that they more rapidly
digested the tissues of the infected nematodes, thus making
nutrients available for the development of infection structures.
Whether the activity of PII could affect the adhesion of nem-
atodes to the traps of A. oligospora is difficult to evaluate, since
the ratio of added nematodes to trap numbers varied between
the various strains tested. However, that the PII transcript was
not detected during adhesion (Fig. 1) and that treatment of 4.
oligospora with inhibitors against serine proteases did not affect
the capture of nematodes (26) make it unlikely that PII has a
role in adhesion.

The factor(s) that contributes to the comparable rapid kill-
ing of nematodes captured by nematophagous fungi has in-
trigued scientists for a long time. Early studies indicated that
toxic fungal metabolites might be involved in the immobiliza-
tion of nematodes by A. oligospora (16). Based on experiments
demonstrating that only extracts from nematodes infected by
the fungus, but not extracts from the fungus or nematodes
alone, were toxic to nematodes, it was proposed that A. oligo-
spora secretes a nematotoxic substance which paralyzes nem-
atodes following the capture and penetration of them (16).
This earlier paper stimulated a number of studies attempting
to isolate and identify nematotoxic compounds from nemato-
phagous fungi. Despite extensive efforts from a number of
different laboratories, the results have been confusing (11).
The only nematotoxic compounds identified so far from nema-
tophagous fungi are fatty acids, including linoleic acid (12, 22).
The observations that recombinant PII immobilized free-living
nematodes in vitro indicate that PII can function as a nema-
totoxic compound. In agreement with the observations by
Olthof and Estey (16), this toxic activity is produced after the
nematodes are caught by the adhesive trapping nets (Fig. 1).
Notably, the toxic activity of PII was significantly higher than
that of two other commercially available serine proteases. The
difference in nematotoxic activity between the enzymes was
apparently not related to their hydrolytic activity on purified
cuticle fragments, since proteinase K had a significantly higher
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enzymatic activity on cuticle fragments but lower nematicidal
activity than PII. In combination with the observation that PII
is mainly degrading proteins in the intracellular fraction, we
propose that the added recombinant PII may be transported
inside the nematode and display an intracellular, not-yet-char-
acterized cytotoxic effect.

This is the first report demonstrating that genetic engineer-
ing can be used to improve the virulence of a nematophagous
fungus. In contrast to some other fungi, including the myco-
parasite Trichoderma harzianum (9), it appeared to be difficult
to insert a large number of copies of PII into the genome of A4.
oligospora. Previous studies of integration patterns of transfor-
mants generated by using the pAN7-1 vector also indicated a
low frequency of multiple and tandem-repeated integrations in
A. oligospora (28). Furthermore, the Southern analysis of gen-
erated mutants indicated a high frequency of rearrangements
of the inserted DNA. Alternatively, the expression levels of PII
could be modified or elevated by using a constitutive promoter.
This approach was recently successfully used in the ento-
mopathogen M. anisopliae (25). In the future it should be
possible to express recombinant subtilisins with nematicidal
activity in other organisms that are present in the habitat of
parasitic nematodes (e.g., host plant).
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