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Potato cyst nematodes (PCN) are serious pests in commercial potato production, causing yield losses valued
at approximately $300 million in the European Community. The nematophagous fungus Plectosphaerella
cucumerina has demonstrated its potential as a biological control agent against PCN populations by reducing
field populations by up to 60% in trials. The use of biological control agents in the field requires the develop-
ment of specific techniques to monitor the release, population size, spread or decline, and pathogenicity against
its host. A range of methods have therefore been developed to monitor P. cucumerina. A species-specific PCR
primer set (PcCF1-PcCR1) was designed that was able to detect the presence of P. cucumerina in soil, root, and
nematode samples. PCR was combined with a bait method to identify P. cucumerina from infected nematode
eggs, confirming the parasitic ability of the fungus. A selective medium was adapted to isolate the fungus from
root and soil samples and was used to quantify the fungus from field sites. A second P. cucumerina-specific
primer set (PcRTF1-PcRTR1) and a Tagman probe (PcRTP1) were designed for real-time PCR quantification
of the fungus and provided a very sensitive means of detecting the fungus from soil. PCR, bait, and culture
methods were combined to investigate the presence and abundance of P. cucumerina from two field sites in the
United Kingdom where PCN populations were naturally declining. All methods enabled differences in the
activity of P. cucumerina to be detected, and the results demonstrated the importance of using a combination
of methods to investigate population size and activity of fungi.

The potato cyst nematodes (PCN) Globodera rostochiensis
(Wollenweber) and Globodera pallida (Stone) are serious pests
in commercial potato production, causing yield losses valued at
approximately $300 million in the European Community (20).
Growers are encouraged to adopt an integrated approach to
PCN management by using resistant cultivars and nematicides
in addition to crop rotation (13). Biological control and other
management methods may become more important as alter-
natives to the use of some nematicides in such integrated
control strategies.

The nematophagous fungus Plectosphaerella cucumerina
(Lindfors) Gams (22) was isolated from Meloidogyne hapla egg
masses from tomato crops in Belgium (27), and recent work
has demonstrated that P. cucumerina has potential as a bio-
logical control agent against PCN, reducing field populations
by up to 60% after incorporation into alginate pellets (15).

Understanding the factors that cause inconsistencies in the
biological control of nematodes by nematophagous fungi has
been hampered by a lack of useful techniques to determine the
presence, abundance, and pathogenicity of these fungi in the
rhizosphere and soil. Also, it is important for regulatory pur-
poses to develop methods to monitor the specific fungal bio-
logical control agents after their release (4). PCR-based meth-
ods to detect mycorrhizal and pathogenic fungi in plant roots
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have been reported (11, 18). These have relied on primers to
recognize specific sequences within the mitochondrial genome
or the transcribed (ITS) and nontranscribed (IGS) spacers within
the ribosomal DNA genes (25). Recently, PCR detection of a fun-
gus with established nematode biological control potential, Po-
chonia chlamydosporia (Goddard) Zare and Gams, was achieved
by using primers based on the B-tubulin gene (14). In this paper,
the design and use of two sets of primers that recognize the ITS
region of P. cucumerina are described, one set designed for
conventional PCR, and the other set combined with a fluoro-
genic probe, for real-time PCR quantification.

Although dilution plate methods have significant limitations,
the use of selective media that enable the estimation of relative
changes in abundance have greatly increased understanding of
the ecology of selected nematophagous fungi in soil (16). The
use of a selective medium for P. cucumerina, described below,
was considered a key step in understanding the dynamics of
this fungus in the soil and rhizosphere.

Conventional PCR provides an accurate method for identi-
fication of the fungus, and when combined with methods such
as serial dilution plating on selective medium and baiting,
where it can identify the fungus from colonies or infected eggs,
it provides an accurate diagnostic method for the abundance
and biological control capability of the fungus (2). Conven-
tional PCR is unable to provide quantitative data on fungal
populations, but the development of competitive and real-time
PCR has enabled this important advance in molecular diag-
nostics. Although competitive PCR is quantitative, it requires
the construction of a competitor, optimization, and serial di-
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TABLE 1. P. cucumerina-specific PCR primers

Process and Sequence Target pSrch)(eh?cft
i DNA
primer(s) (bp)
Conventional PCR
PcCF1 GGAGGGATCATTACTGAG ITS1 440
TATAC
PcCR1 CAGGACGCCGAGGACTCC 1TS2
CAA
Real-time PCR
PcRtF1 GTGCCCGCCGGTCTC ITS1 72
PcRtR1 GACAGTTCGCTAAGAACA ITS1
CTCAGAAGT

TCAGAATCTCTGTTTTCGA ITS1
ACCCGACGA

Tagman probe,
PcRtP1

lutions of each sample to derive quantification and has been
superseded by real-time PCR. Real-time PCR relies on the
combination of a primer set and an additional dual-labeled
fluorogenic probe to allow continuous monitoring of amplicon
synthesis during thermocycling and requires no post-PCR han-
dling for target quantification (21). It has been used to suc-
cessfully determine the population levels of a number of fungal
species (5, 6, 8, 26). In this paper, the development of molec-
ular tools for the detection and quantification of P. cucumerina
is described, and they are compared to more conventional meth-
ods, such as soil baiting and serial dilution on a selective medium.

MATERIALS AND METHODS

P. cucumerina (isolate number 380408) was isolated from PCN cysts obtained
from infested soil in Jersey, United Kingdom. The culture was identified by
CABI Bioscience (Egham, Surrey, United Kingdom), referenced as described
above, and stored in their collection. A culture of the fungus was maintained on
potato-dextrose-agar (PDA) plates (Oxoid) at 25°C and stored at 4°C on PDA
plates or at —80°C in 15% glycerol stocks. Cultures were also grown in potato
dextrose broth (Oxoid) at 25°C in an orbital shaker at 130 rpm for 7 days. Fungal
isolates were taken as required from a culture collection maintained as above at
Rothamsted Research. P. cucumerina isolates 17748 and 17763 were supplied
from the CABI Bioscience culture collection. Isolates Pcl and Pc2 were isolated
from PCN-infected eggs taken from soil collected from a potato field in Spalding,
United Kingdom. They were identified by morphological comparison to isolate
380408 before being stored in the Rothamsted culture collection.

Development of selective medium. The selective medium for the isolation of
Paecilomyces lilacinus (19) from soil was modified for the enumeration of P. cu-
cumerina by decreasing the level of pentachloronitrobenzene (PCNB) to 37.5 mg
liter~!. The addition of PCNB and benomyl to the medium inhibited the growth
of Rhizoctonia sp. and Trichoderma spp. (19).

The selective medium contained 10 g of sodium chloride, 37.5 mg of PCNB
(active ingredient: pentachloronitrobenzol [99%]) (Aldrich), 50 mg of benomyl
(active ingredient: benlate [50% wt/wt]) (DuPont), 39 g of PDA (Oxoid), and
high-quality water (demineralized and deionized) to bring the volume to 1 liter.
After the medium was autoclaved for 15 min at 1.01 X 10° N/m? (15 Ib/in?) and
cooled to 45 to 50°C, 100 mg of streptomycin sulfate (Sigma), 50 mg of chlo-
rotetracycline hydrochloride (Sigma), and 1 ml of Tergitol NP 10 (Sigma) were
added.

Estimation of fungal densities in soil. The abundance of P. cucumerina in
different soils was quantified by assessing the numbers of CFU g~ ! of soil by
using the selective medium as previously described (9). Three different soils were
used: steam-sterilized sandy loam, commercial peat-based potting compost, and
a sandy loam soil collected from a field site at Rothamsted, United Kingdom. A
spore suspension of P. cucumerina, made by washing a cultured plate with 5 ml
of sterile water, was added to 20 g of soil. To reisolate the fungus from soil, 1 g
was suspended in 9 ml of sterilized 0.05% technical agar solution, and a serial
dilution was prepared. An aliquot (0.2 ml) of each suspension was plated onto
duplicate plates of the selective medium and incubated at 25°C for 7 days.

Comparison of the growth of P. cucumerina on the selective medium devel-
oped for P. chlamydosporia (9) and P. cucumerina was performed by washing a
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culture plate of P. cucumerina and preparing a dilution series of the spores. An ali-
quot of each spore suspension was spread onto two sets of duplicate P. chlamydo-
sporia and P. cucumerina selective media plates and incubated at 25°C for 11 days.

Development of P. cucumerina selective primers. Primers (PcCF1-PcCR1)
(Table 1) were designed by the comparison of P. cucumerina isolate 380408 ITS
sequence submitted to the GenBank/EMBL database (accession no. AJ492873)
with other ITS sequences. The primers were compared to the database by using
FASTA and BLAST to confirm specificity. PCRs of 20 pl contained 0.1 uM each
primer, 2 pl of 10X PCR buffer (1.5 mM Mg?*) (Roche), 0.1 pM each dNTP,
1 U Tagq polymerase (Roche), and 1 ul of DNA (20 to 60 ng). PCR conditions
were optimized as follows: 95°C followed by 35 cycles of 94°C for 1 min, 60°C for
1 min, and 72°C for 1 min, with a final incubation at 72°C for 5 min. Positive
control DNA was prepared from pure culture DNA as described previously (1).
DNA was extracted from a range of soil fungi, namely, Pochonia chlamydosporia
isolate Vcl0, Paecilomyces lilacinus, Penicillium chrysogenum, Aspergillus niger,
Aspergillus nidulans, Pythium sp. isolate 31.5, Botrytis cinerea, Metarhizium aniso-
pliae, Verticillium dahliae, Fusarium avenaceum, and Gliocladium roseum, taken
from the Rothamsted culture collection. Cultures were incubated at 28°C in 100
ml of Czapek Dox liquid media (Oxoid) and shaken at 130 rpm for 1 week. DNA
was extracted as above and was also extracted from P. cucumerina cultures listed
in Table 2 and used in a PCR with the P. cucumerina-specific primers. A PCR
profile was determined for all the P. cucumerina isolates listed in Table 2 by using
ERIC primers as described previously (1).

Detection of P. cucumerina from plant roots. Moist Terra-green (Oil Dri
Corporation of America) was added to Magenta boxes (Sigma) and sterilized by
autoclaving for 15 min at 1.01 X 10° N/m? (15 Ib/in?). Potato chits (var. Maris Piper)
were added aseptically just below the surface of the Terra-green, above five 5-
mm agar plugs taken from the edge of a culture of P. cucumerina on a PDA plate.
The plants were incubated in a growth chamber at 15°C with 12-h light and dark
periods. After 3 weeks, the plants were inoculated with 1,000 G. pallida second-
stage juveniles. Control uninoculated potato plants and plants infected only with
PCN were included. Extraction of genomic DNA was performed 8 weeks after
planting. Plants were removed from pots, and the Terra-green was washed gently
from the roots with water. Roots were cut into 1-cm sections and pooled from
triplicate plants. DNA extraction was performed from 1 g of pooled roots with
the DNeasy Plant mini kit (Qiagen). DNA samples were stored at —20°C.

Detection of P. cucumerina in PCN-infested soils using selective media, bait-
ing, and conventional PCR. Soil was collected from two fields in the United
Kingdom reported to have PCN populations that are naturally declining. One
site was in Ely, Cambridgeshire, United Kingdom (A. D. Barker, personal com-
munication) and the other in Spalding, Lincolnshire, United Kingdom (7). Soil
was sieved through a 5-mm sieve, and 1 kg was put into a 12-cm-diameter pot for
each treatment. Treatments were duplicated. A serial dilution series was pre-
pared using 1 g of soil from a thoroughly mixed sample from each of the pots.
Aliquots (0.2 ml) of each suspension (1072 to 10~* dilutions) were spread onto
the selective medium for P. cucumerina. Ely and Spalding soils were baited with
25 G. pallida cysts. Baits were prepared by containing 25 G. pallida cysts in a
nylon mesh of 60-pum pore size (Lockertex) and held in place by a slide mount
(Gepe) as described previously (2, 23). The slide mounts were pushed just below
the surface of the soil, and the pots were incubated at 21°C for 2 weeks with light
watering every 2 days. Baits were collected, and the cysts were crushed with a
glass rod, and eggs were collected by standard techniques (7). Eggs were plated
out onto water agar containing antibiotics (0.5 g of technical agar, 50 mg of
streptomycin, 50 mg of chloramphenicol, and 50 mg of chlortetracycline per liter)
and incubated at 25°C for 2 days. A bait was added to sterilized sandy loam soil
and incubated as above as a control. This control provided the level of back-
ground infection in the cysts added as bait. Infected eggs were counted after 2
days, and the percentage of infection was calculated. The proportion of eggs
infected from each soil was compared to the control and analyzed by one-way
analysis of variance by using the Genstat program (12). Fifty infected eggs (in-

TABLE 2. Origins of P. cucumerina isolates

Isolate « Isolated
Source

Location
code from:

380408 Rothamsted Research PCN eggs Jersey, United Kingdom
360147 CABI Bioscience Soil United Kingdom

358508 CABI Bioscience Work surface United Kingdom

Pcl Rothamsted Research PCN eggs Spalding, United Kingdom
Pc2 Rothamsted Research PCN eggs Spalding, United Kingdom

“ CABI, Commonwealth Agricultural Bureau Institute.
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TABLE 3. Recovery of P. cucumerina after addition
to different soils
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TABLE 4. Mean P. cucumerina CFU counts on P. cucumerina
and P. chlamydosporia selective media (n = 4)¢

CFU g soil ! in:

Treatment
P. cucumerina-seeded soil* Control
Steam sterilization 1.04 X 10° ab <10?
Composting 1.33 X 10°a <10?
None 1.97 X 10°b <10?

¢ In each column, values followed by the same letter do not differ significantly
according to Tukey’s test (P < 0.05).

fected eggs were classified as eggs with mycelia growing from them) were taken
from each bait experiment, and individual eggs were added to 10 ml of Czapek
Dox liquid medium and incubated at 25°C for 2 weeks. DNA was extracted from
the fungal culture that developed from each infected egg by an alkaline lysis
method (17) and subjected to PCR amplification with the P. cucumerina-specific
primers PcCF1 and PcCR1. DNA was also extracted from four replicate 0.25-g
sieved soil samples from both field sites by using a soil DNA extraction kit
(MoBio Laboratories, Solana Beach, Calif.), and an aliquot (20 ng) from each
was used in a PCR containing the P. cucumerina primer set PcCF1-PcCRI1.

Real-time PCR quantification of P. cucumerina from field sites. The Primer
Express software (PE Applied Biosystems) was used to design primers and
Tagman probes (PcRtP1) based on the original ITS sequence to develop real-
time quantitative PCR. A series of primer and probe sets was compared to DNA
databases and alignments of fungal ITS sequences to identify the most specific
set for P. cucumerina. The original primers (PcCF1-PcCR1) developed were not
used because real-time PCR requires small amplicons of 50 to 100 bp in length
to yield consistent results (PE Applied Biosystems). The fluorogenic probe
(PcRtP1) was labeled at the 5" end with the fluorescent reporter dye FAM (6-
carboxy-fluorescein), and the 3’ end was modified with the quencher dye
TAMRA (6-carboxy-tetramethylrhodamine) (PE Applied Biosystems). Primer
and probe sequences are described in Table 1.

Inoculation of soil for standard curve analysis for real-time PCR. An aliquot
of sandy loam soil (10 g) was inoculated with 10® conidiospores of P. cucume-
rina. The fungus had not been detected in the soil by using selective media or
PCR methods prior to inoculation. DNA was extracted from the 10-g sample
with a mega soil DNA extraction kit (MoBio). The resulting DNA preparation
represented 107 P. cucumerina conidiospores per g of soil. Triplicate serial
dilutions were prepared in ultrapure dH,O (high-performance liquid chroma-
tography grade; Sigma) so that 1 pl represented 1 X 10,5 X 10°, 1 X 10°, and
5 X 10* spores g~ ! soil to a final dilution of 5 spores g soil~'. DNA prepared
from the uninoculated soil was used as the negative control.

Real-time quantification PCR was performed in MicroAmp optical 96-well
plates with the automated ABI Prism 7700 sequence detector (PE Applied Bio-
systems). Reaction components were made to 25 pl from the Tagman universal
PCR master mix (PE Applied Biosystems). Primer and probe concentrations
were optimized previously according to the manufacturer’s guide. Primers PcRtF1
and PcRtR1 were included at a final concentration of 900 and 300 nM, respec-
tively, and the Tagman probe (PcRtP1) was used at 225 nM. The manufacturer’s
recommended universal thermal cycle protocol (PE Applied Biosystems) was
used for PCR amplification: stage 1, 50°C for 5 s; stage 2, 95°C for 10 min (ac-
tivation of Tag DNA polymerase); and stage 3, 50 cycles of 95°C for 15 s and
60°C for 1 min. Reactions were performed in triplicate. An aliquot (1 pl) from
each spore dilution was used to calculate the standard curve. Aliquots (20 ng) of
DNA were used from each of the soil DNA preparations taken from the field
sites at Spalding and Ely. The CT (cycle threshold) value (defined as the cycle
number at which a statistically significant increase in the reporter fluorescence
can be detected) for each PCR was automatically calculated and analyzed by the
ABI Prism sequence detection software (version 1.5). To determine if the PCR
was affected by soil type, a serial dilution of P. chlamydosporia DNA was added
to DNA extracted from the two field sites. This fungus had not been detected at
either field site. The presence of P. chlamydosporia was detected by PCR with the
specific primers designed by Hirsch et al. (14). To compare the conventional
PCR primers to the real-time primers, a conventional PCR was performed with
the soil DNA extractions as described above.

RESULTS

Enumeration of P. cucumerina on selective media. P. cu-
cumerina was reisolated from all inoculated soil types investi-

P. cucumerina selective P. chlamydosporia selective

medium medium
Dilution Mean CFU * SE Dilution Mean CFU * SE
0 898 * 28 0 318 £3
107! 85 =10 107! 63 £8
1072 23+13 1072 10+0
1073 3+3 1073 55

“ Significant differences at the 5% level of significance were recorded between
the two media at the undiluted state (F pr, 0.033; standard errors of the differ-
ences, = 30) when analyzed by analysis of variance.

gated (Table 3) using the selective medium. No P. cucumerina
was recovered from the control soils. The fungus grew on both
selective media tested, but significantly more colonies grew on
the P. cucumerina selective medium than on the P. chlamydo-
sporia selective medium (Table 4).

Specificity of P. cucumerina primers for conventional PCR.
The primer set PcCF1-PcCR1, specific for P. cucumerina, gen-
erated a single PCR product of 440 bp specific to DNA ex-
tracted from P. cucumerina and did not generate any products
from DNA extracted from other fungal isolates. This 440-bp
product was seen with all the P. cucumerina isolates tested
(Table 2). Enterobacterial repetitive intergenic consensus PCR
fingerprints differentiated four of the five P. cucumerina iso-
lates listed in Table 2 and showed that Pcl and Pc2 were the
same isolate (gel not shown).

Detection of P. cucumerina from plant roots by conventional
PCR. A single band of the same size as the control of P. cu-
cumerina DNA was generated from potato roots inoculated
with P. cucumerina, and no product was generated when PCR
was performed with DNA extracted from potato roots alone or
potato roots infected only with PCN, using primer set PcCF1-
PcCR1 (gel not shown).

Detection of P. cucumerina in PCN-infected soil. The primer
set PcCF1-PcCR1 was able to detect P. cucumerina in all four
of the soil samples taken from the Spalding field and in two of
the four samples taken from the Ely site. The presence of
P. chlamydosporia was detected in the DNA-seeded soil extrac-
tions from both sites but not from the unseeded controls.
Detection was not observed after a 1,000-fold dilution of the
DNA at either site. This demonstrated that the PCR was not
affected by the soil type. The number of fungal CFU in the
Spalding soil was estimated to be 700 CFU g soil ~!, whereas no
colonies were detected on the selective medium from plates
inoculated with soil from Ely, suggesting population densities
lower than 10> CFU g soil ' (Table 5). The baits provided a

TABLE 5. Quantification of P. cucumerina by serial plate dilution
and real-time PCR in field samples taken from Ely and Spalding

Results of quantification by:

Field site Plate dilution Real-time PCR

(CFU g soil™") (no. of target sequences g soil ~!)*
Ely <100 17,513 = 5,908
Spalding 700 283,581 *+ 49,954

“ Mean = standard error from triplicate replicate of three samples taken from
each site.
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Cycle Number

FIG. 1. Real-time amplification plot of P. cucumerina ITS DNA from serially diluted sandy loam soil gDNA (10 g) inoculated with 10® coni-
diospores of. P. cucumerina-specific ITS real-time primers PcRtF1 and PcRtR1 and probe PcRtP1.

means of isolating from soil fungi that could attack cyst nem-
atodes. Serial plate dilution provides information on the num-
ber of viable propagules of P. cucumerina in the soil but does
not provide information on how their presence can affect the
PCN population, data which were provided here by the level of
infection in the baits. When the baiting technique was com-
bined with PCR with selective primers, the level of infection of
the eggs by P. cucumerina could be assessed. The proportion of
infected eggs in cysts incubated in the soil from Ely was 15%
(£1.9) (n = 8), and in the soil from Spalding, the level of
infection of the encysted eggs added as a bait was similar, at
14% (= 1.6) (n = 8). Both these results were significantly
greater than the 9% (= 1.09) (n = 6) infection of eggs ob-
served in the control (the probability value corresponding to
the variance ration [F pr] was 0.015 [standard errors of differ-
ences, 2.7] at Ely and 0.021 [standard errors of differences,
2.74] at Spalding). This is assumed to represent a background
level of fungal infection in the cysts used for the assays. Of the
50 infected eggs taken from the Ely baits, four colonies (8%)
were identified by PCR as P. cucumerina, whereas 14 colonies
(28%) were identified as P. cucumerina from the Spalding soil.

Real-time quantification of P. cucumerina from field sites.
The primers PCTRF1 and PcCRTR1 generated a PCR product
of 72 bp. No fluorescent signal was recorded from negative
controls or from unseeded soil-extracted DNA samples. The
CT was 0.1, measuring amplification during the logarithmic
phase of the PCR (Fig. 1). A standard curve for P. cucumerina
was generated by using data derived from the serial dilution of

P. cucumerina spores in soil (Fig. 2). The linear correlation
coefficient of the standard curve was r* = 0.981, demonstrating
the accuracy of the PCR-based quantification. Based on three
sample replications, the ABI Prism fluorescence detection sys-
tem automatically calculated the starting concentrations of
P. cucumerina DNA by a comparison of the CT values from the
unknown samples with those of the standard curve (Fig. 2). By
using this method, it was possible to consistently detect popu-
lations as low as 5 spores g soil '. The conventional PCR
primers could detect the presence of P. cucumerina in soils
inoculated with 50 spores g soil ' and above. Below this level
the fungus was not detected. P. cucumerina was detected in two
of the three samples taken from Ely and in all three of the
samples from Spalding. The CT values from the Ely samples
were lower than those from Spalding, indicating that the fungal
population was smaller at Ely (Fig. 2). To determine the exact
level of P. cucumerina target ITS sequences in each soil sam-
ple, the CT value was compared to the standard curve and then
adjusted to determine P. cucumerina target sequences per
gram of soil (Table 5). This level was recorded as the number
of fungal target sequences per gram of soil or as the number of
ITS repeats per genome or per nucleus; whether the target
sequence occurred in uninucleate spores or multinucleate my-
celia is unknown.

DISCUSSION

This paper clearly demonstrates the effective use of a variety
of methods used to determine the presence, viability, popula-
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FIG. 2. Real-time quantification of P. cucumerina from Ely and Spalding by plotting CT values against the P. cucumerina calibration curve.

tion size, and pathogenicity of a nematophagous fungus, P.
cucumerina, a potential biological control agent against PCN.
It also demonstrates the necessity for a range of techniques to
be developed to assess fungal biocontrol agents in the environ-
ment.

The baiting method demonstrated that P. cucumerina in the
soil was viable and able to parasitize cysts. When combined
with PCR, this technique provided a method for direct iden-
tification of the fungus from infected nematode eggs.

Both PCR primer sets designed in this study have been
shown to be species specific for P. cucumerina and were able to
detect the fungus at low population levels, indicating the sen-
sitivity of PCR-based methods. Real-time PCR provided a
sensitive method for the quantification of P. cucumerina in soil,
being able to detect 5 spores g soil !, whereas the conventional
PCR method was less sensitive, detecting only populations
10-fold greater. Both methods were more sensitive than serial
plating of soil onto selective media, as they were able to detect
the presence of P. cucumerina in soil from Ely when it was not
isolated on the selective plates. As shown in other studies (8),
the presence of multiple copies of the ITS region in the ge-
nome allows for detection of low concentrations of target
DNA, providing a very sensitive diagnostic method.

Real-time PCR provides a method for determining the pop-
ulation of the fungus in the soil, whereas conventional PCR is
able only to determine the presence or absence of the fungus
and relies on information from serial dilutions on selective
media to provide an estimate of the population size. In studies
where the ITS copy number has been determined in fungi (10,

24), it has been around 100 per haploid genome; therefore, the
estimate of the population size in both soils by real-time PCR
could be 100-fold more than the number of nuclei, bringing the
number of propagules closer to the CFU levels reported in
Table 5. Further work is necessary to determine the copy
number of the ITS gene in P. cucumerina to prove this assump-
tion. Real-time PCR will provide a valuable tool in monitoring
fungal fluctuations over time in response to exogenous inputs,
including changes in crops, farm practices, chemical inputs,
and the presence of nematodes on roots and in soil. This will
provide a more accurate picture of the influence of the envi-
ronment on the activity of a biological control agent. Although
real-time PCR provides a quantitative estimate, enabling com-
parisons of the fungal population at the two soil sites, it was not
possible to directly relate the value to the numbers of fungal
propagules. PCR will amplify DNA from both nonviable as
well as viable propagules, and therefore quantification is more
closely related to number of fungal nuclei per g of soil than to
the number of viable propagules, which, therefore, may be
overestimated. The extraction of RNA from soil, combined
with real-time PCR quantification, would provide a more
meaningful assessment of cellular viability in the soil, and fur-
ther work is necessary to develop the protocols necessary for
this process. Nevertheless, real-time PCR provided a more
sensitive method of quantification than that provided by serial
dilution on selective media and was able to detect P. cucume-
rina organisms in Ely soils which were nondetectable using
plating methods.

The selective medium developed for the isolation of P. cu-
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cumerina was significantly better at isolating the fungus than
the medium developed for the isolation of P. chlamydosporia,
particularly with greater populations of the fungus (Table 4).
The selective medium allowed quantification of viable prop-
agules of the fungus in the soil, which was not provided by the
other methods detailed in the paper. Although dilution plate
methods have significant limitations (16), the use of selective
media that enable the estimation of relative changes in abun-
dance have greatly increased our understanding of the ecology
of selected fungi in soil. The development of a selective me-
dium for P. cucumerina is a significant advance in the under-
standing of the ecology of this fungus.

The combination of baiting, plate dilution on selective me-
dium, and PCR identification and quantification are powerful
tools in the monitoring, detection, and quantification of P. cu-
cumerina.

The fungus was detected and isolated from two sites in the
United Kingdom where PCN populations have been shown to
be on the decline. The causative agents for this PCN decline
have not been established in either of the two field sites tested,
and the role that P. cucumerina may play in the regulation of
populations of this nematode pest needs further investigation.
P. cucumerina has, however, been shown in previous studies to
have potential as a biological control agent against a broad
range of nematode species, including PCN (3, 15), and has also
been isolated from other nematode hosts (27). Therefore, the
methods outlined in this paper for the monitoring of P. cu-
cumerina are applicable to further investigations into the po-
tential of this fungal species for biological control of several
nematode pests.
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