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Specific detection of Phytophthora cactorum in diseased
strawberry plants using nested polymerase chain reaction
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Validated protocols for DNA purification and PCR amplification are reported for detection of Phytophthora cactorum in

diseased strawberry plants. To remove PCR inhibitors, necrotic strawberry tissues were soaked in 5% alconox solution for

>12 h before DNA extraction, and the extracted genomic DNA was embedded in an agarose gel chamber and subjected to

electrophoresis. The purified DNA was amplified reliably by PCR. Nested PCR was used to detect a portion of the rRNA

gene of P. cactorum in samples. In the first round of PCR, primers ITS1 and ITS4 amplified fragments of varying sizes from

total genomic DNA from diseased strawberry plants. In the second round of PCR, a 1:25 dilution of the first-round PCR

products was used as template with two P. cactorum-specific primer pairs (BPhycacL87FRG and BPhycacR87RRG, which

amplified a 340-bp fragment and a 480-bp fragment from the rRNA gene; and BPhycacL89FRG and BPhycacR176RRG,

which amplified a 431-bp fragment). Validation tests using culture-based isolations as a standard for comparison indicated

that the DNA purification and PCR primers and amplification protocols were reliable and specifically amplified a portion

of the rRNA gene of P. cactorum from necrotic root, crown and petiole tissues of strawberry naturally infected by the

pathogen.
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Introduction

Phytophthora cactorum can infect the roots, crowns and
fruits of strawberry plants and is among the most serious
soilborne pathogens affecting the crop worldwide (Maas,
1998; Strand, 1994). In California, P. cactorum has
caused serious yield losses through plant stunting and
collapse, especially on susceptible cultivars such as
Diamante and Ventana (G. T. Browne & R. G. Bhat,
unpublished data). Although it often causes extensive
necrosis in infected plant parts, P. cactorum can be car-
ried on or in planting stock without obvious symptoms of
disease (G. T. Browne & R. G. Bhat, unpublished data).
Strawberry nurserymen use diagnostic services in their
efforts to insure that their stock is free from pathogens,
while strawberry fruit growers rely on diagnostics to dis-
criminate among causes of soilborne diseases with similar
symptoms so that appropriate management steps can be
taken promptly. Symptoms of disease caused by P. cacto-
rum can be confused with those caused by P. fragariae
var. fragariae, P. citricola, Colletotrichum acutatum and
Verticillium dahliae, which also are important causes of
strawberry plant collapse in California and worldwide.
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Culture-based isolation approaches are still widely
used for detection of P. cactorum in strawberry, but, with
appropriate optimization and validations, PCR may offer
important advantages over culturing and other
approaches available for monitoring this pathogen. Cul-
ture-based detection of Phytophthora species requires
approximately 1 week and specialized mycological skills,
whereas PCR-based detection, including DNA extrac-
tion, generally requires 2–3 days and general training in
molecular biology. Enzyme-linked immunological tests
are available for detection of Phytophthora spp., but they
are not reliably species-specific (Amouzou-Alladaye
et al., 1988; MacDonald et al., 1990; Olsson, 1995).
Recently, an antibody-based lateral flow device (LFD)
was validated for quick in situ field detection of P. kerno-
viae and P. ramorum in foliage of their hosts (Lane et al.,
2007).

Diagnostic PCR methods and primers have been devel-
oped for Phytophthora species that infect strawberry,
including P. cactorum (Lacourt et al., 1997; Causin et al.,
2005; Schena et al., 2008) and P. fragariae var. fragariae
(Bonants et al., 1997, 2004; Lacourt et al., 1997;
Hughes et al., 1998; Ioos et al., 2006). Nested PCR
primers ADF1 and ADR1 were reported to amplify
a 520-bp DNA fragment from the ITS regions of
the rRNA gene of P. cactorum in root samples of
strawberry (Lacourt et al., 1997). The PCR primers
PC1 ⁄ PC2, designed as SCAR markers from a specific
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random amplified polymorphic DNA fragment to
amplify a PCR product of approximately 450 bp,
were reported to be specific, sensitive and robust for
detecting P. cactorum in several host plants includ-
ing strawberry (Causin et al., 2005). Recently,
primers Ycac1F and Ycac2R, that amplify a 192-bp
portion of the ras-related protein gene, Ypt1, were
reported to be specific for P. cactorum (Schena
et al., 2008). At the time of this research project,
primer pairs PC1 ⁄ PC2 and Ycac1F ⁄ Ycac2R were not
available for testing, but primers ADF1 and ADR1
were examined in this study as described below.

Inhibitors of PCR have been an important impediment
in development and application of reliable PCR diagnos-
tics for plant disease samples (Wilson, 1997; Watson &
Blackwell, 2000; Atkins & Clark, 2004). This was found
to be true for diseased tissues from strawberry plants
(R. G. Bhat & G. T. Browne, unpublished data).

The overall goal of this research was to develop practi-
cal PCR-based protocols for detection of P. cactorum in
strawberry plants by optimizing DNA extraction and
purification procedures and PCR conditions, designing
primers with improved specificity, and conducting vali-
Table 1 Isolates used for testing of PCR primers and protocols

Plant pathogen Isolatea

Phytophthora cactorum gb1750, gb2490Rts, gb2990a,

gb3656, gb4028,

Phytophthora cambivora gb3346

Phytophthora capsici gb3300

Phytophthora cinnamomi gb647

Phytophthora citricola skTri02-03-07

Phytophthora citrophthora sm3477

Phytophthora cryptogea gb343

Phytophthora drechsleri gb2065

Phytophthora fragariae P-3295

Phytophthora infestans R1-US6

Phytophthora lateralis sm3338

Phytophthora megasperma gb2658

Phytophthora nemorosa P-43

Phytophthora parasitica gb1970

Phytophthora ramorum Pr-104sz

Phytophthora syringae gb2007

Verticillium dahliae MBA10

Colletotrichum acutatum CacuSy

Macrophomina phaseolina Mpha01

aLetters ‘gb’ and ‘sm’ indicate isolates from G. T. Browne and S. M. Mirce

indicates an isolate from S. T. Koike, UCCE, Salinas; isolate P-3295 provid

R1-US6 by R. M. Bostock, University of California, Davis; Pr-104sz and P-

CacuSy and Mpha01 from authors of this work.
b),no DNA fragment amplified; +, expected DNA fragment amplified; NT,
cTemplate DNA was subjected to a first round of PCR using ITS1 and ITS

nested round of PCR using the primer pair ADF1 and ADR1 (Lacourt et a
dTemplate DNA was subjected to a first round of PCR using ITS1 and ITS

using the primer pair BPhycacL87FRG and BPhycacR87RRG, which amp

primer pair BPhycacL89FRG and BPhycacR176RRG, which amplified only
dations using field samples. A portion of this work was
reported previously (Bhat & Browne, 2007).
Materials and methods

Isolates of Phytophthora and fungi

DNA was extracted from mycelium of P. cactorum (five
isolates), 15 other species of Phytophthora, Verticillium
dahliae, Colletotrichum acutatum and Macrophomina
phaseolina for use in developing and evaluating PCR pro-
tocols for detection of P. cactorum in strawberry
(Table 1). The Phytophthora spp. were subcultured from
single-zoospore colonies and stored at 14�C under sterile
mineral oil on V8 juice agar (V8JA). The fungi were sub-
cultured from single-conidial colonies, grown on potato
dextrose agar (PDA) medium in vials, and stored on the
laboratory bench at 22�C.
DNA extraction and purification

Total genomic DNA was extracted from mycelia of the
Phytophthora spp. and fungi listed above after growth in
Host

PCR productb

Previously

reported

primersc

Primers

designed in

this studyd

Strawberry + +

Almond ) )
Tomato + )
Walnut ) )
Strawberry + )
Citrus + )
Carrot ) )
Almond + )
Raspberry ) )
Potato ) +

Unknown + )
Strawberry + )
Oak + )
Almond + )
Oak + )
Almond ) )
Strawberry ) )
Strawberry ) )
Strawberry NT )

tich, respectively, USDA-ARS, University of California, Davis; ‘sk’

ed by M. D. Coffey, University of California, Riverside; isolate

43 by D. M. Rizzo, University of California, Davis; isolates MBA10,

not tested.

4 primers (White et al., 1990), then diluted 1:100 before a second,

l., 1997), which amplified a 520-bp DNA fragment.

4 primers, then diluted 1:100 before a second, nested round of PCR

lified a robust 340-bp and a faint 480-bp DNA fragment, or the

a 431-bp fragment.
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sterile clarified V8 juice broth (200 mL V8 juice, 2 g
CaCO3, 800 mL deionized water) and sterile potato dex-
trose broth (24 g infusions from potatoes and glucose,
1000 mL deionized water), respectively. The cultures
were incubated for 4–6 days at 20–22�C before the DNA
was extracted from the mycelia (ca. 150 mg) using the
phenol-chloroform method of Lee & Taylor (1990).

Total DNA was extracted from ca. 150-mg samples
of strawberry tissues by several described methods,
including the following: phenol-chloroform (Lee &
Taylor, 1990), hexadecyltrimethyl-ammonium bromide
(CTAB) (Doyle & Doyle, 1987; Wangsomboondee &
Ristaino, 2002) and NaOH lysis (Xin et al., 2003). In
addition, several proprietary DNA extraction kits were
used according to the manufacturers’ instructions,
including the ChargeSwitch gDNA Mini Tissue Kit
(Invitrogen Life Technologies), the DNeasy Plant Mini
Kit (QIAGEN Inc.), the FastDNA Kit (Bio101), the
QIAamp DNA Stool Mini Kit (QIAGEN Inc.) and the
Ultraclean Plant DNA isolation Kit (MO BIO Labora-
tories Inc.). In addition to its use alone, the CTAB
extraction method was used in conjunction with pre-
and post-DNA-extraction steps designed in this study
to facilitate PCR with DNA from necrotic strawberry
tissues. The supplementary steps included (i) incubating
approximately 150 mg strawberry tissue in 1Æ5 mL 5%
alconox (Alconox Inc.) for 12–18 h prior to DNA
extraction and (ii) electrophoretic purification of the
extracted DNA using a modified agarose-embedded
technique (Moreira, 1998). For the latter, two 1-mL
pipette tips (USA Scientific, Inc.) were stacked vertically
and tightly, and the pointed end of the lower pipette tip
was sealed with parafilm. Agarose (2% in 0Æ5· TAE
buffer) was poured into the upper tip and filled the void
between the stacked tips before solidifying. Then the
upper pipette tip was removed and approximately 2 cm
of the pointed end was cut off. Fifty microlitres of
DNA solution were placed in the agarose-lined cavity
of the lower, uncut tip and the cut tip was stacked in
the original position. The joint of the two tips was
sealed with parafilm, and the assembly was immersed
in 0Æ5· TAE buffer and electrophoresed at 48 volts for
5 min in a gel box. The DNA suspension was then
removed from the cavity for PCR analyses.
Table 2 Primers used in this study

Target organism(s) Primer name Direction Primer sequen

Oomycetes and fungi ITS1 Forward TCCGTAGGTG

ITS4 Reverse TCCTCCGCTT

Bacteria 63f Forward CAGGCCTAA

R-1401 Reverse CGGTGTGTAC

Phytophthora cactorum ADF1 Forward TACTGTGGGG

ADR1 Reverse CCGATTCAAA

Phytophthora cactorum BPhycacL87FRG Forward CTTCGGCCTG

BPhycacR87RRG Reverse CAGTCGGTC

Phytophthora cactorum BPhycacL89FRG Forward GGCTTCGGC

BPhycacR176RRG Reverse CAACTTGCTA
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PCR conditions and primers

A nested PCR system targeting the ITS regions of the
rRNA gene of P. cactorum was tested for function and
specificity using genomic DNA extracted from mycelium
of Phytophthora spp., mycelium of fungi (Table 1) and
samples of diseased strawberry plants. The first-round
PCR in 25 lL included 1· reaction buffer (10 mM Tris-
HCl pH 8Æ0, 50 mM KCl, 1Æ5 mM MgCl2, 0Æ1% Triton
X-100), 1Æ5 mM MgCl2, 0Æ2 mM dNTPs mix, 0Æ2 lM

forward primer ITS1 (White et al. 1990), 0Æ2 lM reverse
primer ITS4 (White et al., 1990), 2% polyvinylpyrroli-
done (average molecular weight 40 000) (PVP40), 2Æ5 U
Taq polymerase (Gene Choice), ultrapure distilled water
(GIBCO, Invitrogen Corporation) to make up the reac-
tion volume to 25 lL, and 1–50 ng undiluted stock DNA
suspension. Amplifications were conducted in a Gene-
Amp PCR System 9700 (Applied Biosystems) thermal
cycler using the following parameters: initial denaturing
at 94�C for 5 min, then 35 cycles of 94�C for 1 min, 60�C
for 1 min, and 72�C for 1 min with a final extension at
72�C for 10 min, followed by cooling to 4�C. Ten micro-
litres of the first-round PCR amplicons were separated by
1Æ4% agarose gel electrophoresis in 0Æ5· TAE buffer, and
DNA bands were visualized by ethidium bromide (0Æ5 lg
mL)1) staining and UV illumination. A control reaction
was used to verify PCR-conducive conditions for each
genomic DNA sample used. The reaction conditions and
sample materials used for the control were the same as
those used to detect P. cactorum, except that for the con-
trol the bacterial-universal primers 63F (Marchesi et al.,
1998) and 1401R (Nubel et al., 1996) were substituted
for primers ITS1 and ITS4.

Products of the first-round of PCR were diluted with
ultrapure distilled water 1:100 or 1:25 for mycelia or
necrotic strawberry samples, respectively, before use as
template in the second round of PCR. The second-round
reaction mixture was the same as the first, except that the
following were used: primers (0Æ2 lM each) intended to
be specific for P. cactorum (instead of primers ITS1 and
ITS4) (Table 2), 0Æ2% PVP40, 1Æ5 U Taq DNA poly-
merase, ultrapure distilled water to make up the reaction
volume to 24 lL, and 1Æ0 lL diluted template from
the first-round PCR. The second-round amplification
ce (5¢–3¢) Size of amplicon ⁄ s Reference

AACCTGCGG 830 to 870 bp for

Oomycetes and 500

to 600 bp for fungi

White et al., 1990

ATTGATATGC

CACATGCAAGTC 1340 bp Marchesi et al., 1998

AAGACCC Nubel et al., 1996

ACGAAAGTCCT 520 bp Lacourt et al., 1997

AGCCAAGCAACT

AGCTAGTAGCT 340 bp and 480 bp This study

CGAAAACCAG

CTGAGCTAGTAGCT 431 bp This study

CAATA
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conditions were the same as the first, except that an
annealing temperature of 65�C was used. Ten microlitres
of the second-round PCR products were separated by
1Æ4% gel electrophoresis in 0Æ5· TAE buffer, and DNA
bands were visualized by ethidium bromide staining and
UV illumination.

The second-round PCR primers were designed to be
specific for P. cactorum based on analysis of DNA
sequences of fragments amplified by ITS1 and ITS4 prim-
ers from genomic DNA of P. cactorum, P. citricola and
P. fragariae var. fragariae, as well as analysis of the
rRNA gene sequences available through the National
Center for Biotechnology Information (NCBI) for other
species of Phytophthora, Pythium species, C. acutatum,
V. dahliae and M. phaseolina. From each of three isolates
of P. cactorum, the first-round PCR products were cloned
(TOPO TA 2Æ1 Cloning Kit, Invitrogen) and at least two
clones from each isolate were sequenced in both direc-
tions (College of Biological Sciences, UCDNA Sequencing
Facility, University of California, Davis). Similarly, the
second-round nested PCR products were cloned and
sequenced. All of the sequences were aligned using
CLUSTALW, and the stretches of DNA sequences unique to
P. cactorum at the 5’ region of ITS1 and the 3’ region
of ITS2 were identified and used for designing specific
primers. The candidate primers were purchased (Operon
Biotechnologies Inc.) and tested in nested PCR, both as
single primers and in pairs of several combinations.
Validation of PCR protocols

Three sets of strawberry plants were used for PCR valida-
tions. The first set included potted strawberry plants of
cvs Diamante and Ventana inoculated with P. cactorum
in a greenhouse using methods described previously (Bhat
et al., 2006). One week after soil infestation and every
week thereafter, the inoculated and control plants were
subjected to soil flooding for 24 h. Between flooding peri-
ods, the plants were watered every 1–2 days, and the soil
was allowed to drain freely. All plants were washed free
of soil 8 weeks after inoculation, and the root systems
were used for culture-based isolations and DNA extrac-
tion. The second set included plants collected from three
commercial high-elevation nurseries in late October
2006. At each nursery, five strawberry plants of three dif-
ferent cultivars with symptoms of stunting, necrotic
lesions, wilting or die-back were sampled; each cultivar
was planted in a separate field area. The third set of test
samples included diseased strawberry plants sent by fruit
growers, nurserymen and farm advisors from commercial
fruit-production fields for diagnosis of disease. The plants
typically exhibited symptoms of stunting or plant decline
associated with crown and ⁄ or root rot.

For the plants in all three sets, tissue pieces (typically
necrotic and 1–2 mm in diameter) were cut from roots,
crown and petioles of each plant. The tissue pieces within
a given tissue source (i.e. from within a single plant and
tissue type) were pooled, mixed and then subdivided
randomly into two portions, one for immediate use in
culture-based isolations and the other for storage at
)20�C for subsequent DNA extraction. Five to 10 tissue
pieces from each pooled sample were cultured on the fol-
lowing isolation media: PARP (Kannwischer & Mitchell,
1978) for isolating Phytophthora and Pythium spp.; Col-
lPDA (Freeman & Katan, 1997) for isolating C. acuta-
tum, NP-10 (Kabir et al., 2004) for isolating V. dahliae;
and water agar with ampicillin (Mazzola, 1998) for isola-
tion of several other fungi including M. phaseolina. The
isolation plates were monitored for 1–3 weeks for inci-
dence of the pathogens. For PCR analysis, approximately
150 mg of the sample portions preserved at )20�C were
used for DNA extraction and purification as described
above.
Results

DNA extraction and purification

The DNA suspensions extracted from mycelia of 16
species of Phytophthora and three species of fungi by the
phenol-chloroform and CTAB methods had acceptable
concentrations (50–150 lg mL)1 TE buffer) and absor-
bance ratios (A260 ⁄ A280 ratios of 1Æ75–2Æ0). In contrast,
the suspensions extracted from necrotic strawberry tis-
sues by the phenol chloroform, CTAB or NaOH
methods, or by the proprietary DNA extraction kits, had
poor absorbance ratios (A260 ⁄ A280 ratios of 0Æ8–1Æ10). In
addition, when several samples extracted from the dis-
eased plants were subjected to analysis at A220 to A600,
the results suggested that much of the A260 was from com-
pounds other than DNA. Pre-DNA-extraction tissue
incubation in alconox solution and electrophoretic purifi-
cation in agarose were effective in combination with the
CTAB protocol for DNA extraction, yielding acceptable
DNA concentrations (15–250 lg mL)1 TE buffer) and
absorbance ratios (A260 ⁄ A280 ratios of 1Æ4–1Æ6) of DNA.
Nested PCR for specific detection of P. cactorum

In the first round of PCR, using the standard specified
reaction conditions, primers ITS1 and ITS4 amplified
expected DNA fragments from genomic DNA extracted
from mycelia of Phytophthora spp. and fungi (Fig. 1a).
However, the same reaction conditions and primers did
not amplify fragments detectably from total DNA
extracted from healthy and diseased strawberry plants
using the described methods (i.e. phenol-chloroform,
CTAB and NaOH methods and proprietary kits) (data
not shown). Furthermore, the control PCR reactions with
universal bacterial primers failed to amplify products de-
tectably from genomic DNA of healthy and diseased
strawberry plants.

Incubation of the strawberry tissue samples in alconox
solution before DNA extraction by the CTAB method,
followed by further purification of the extracted DNA
using the modified agarose-embedded technique, over-
came the apparent PCR inhibition in DNA extracts
from strawberry. Although DNA samples extracted and
Plant Pathology (2010) 59, 121–129



(a)
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1 2 3 4 5 6 7 8 9 10 13 14 15 16 17 18 19 2011 12Figure 1 (a) DNA banding patterns after first-

round amplification of ITS regions of rRNA

gene of 16 Phytophthora species, Verticillium

dahliae and Colletotrichum acutatum using

primers ITS1 and ITS4. Fragment sizes from

530 to 870 bp were amplified. (b) DNA

banding patterns after nested PCR for

amplicons of the first-round PCR using

primers designed for P. cactorum (Lacourt

et al., 1997), ADF1 and ADR1. Amplified

DNA fragment from the first-round PCR was

diluted 1:100, and 1 lL used as template

DNA in the nested PCR. For both (a) and (b):

lanes 1 and 20, 1-kb plus DNA ladder; lane

2, P. cactorum; lane 3, P. cambivora; lane 4,

P. capsici; lane 5, P. cinnamomi; lane 6,

P. citricola; lane 7, P. citrophthora; lane 8,

P. cryptogea; lane 9, P. drechsleri; lane 10,

P. fragariae var. fragariae; lane 11,

P. infestans; lane 12, P. lateralis; lane 13,

P. megasperma; lane 14, P. nemorosa; lane

15, P. parasitica; lane 16, P. ramorum; lane

17, P. syringae; lane 18, V. dahliae; and lane

19, C. acutatum.
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purified in this manner from diseased strawberry plants
did not always yield a visible product from the first round
PCR with primers ITS1 an ITS4 (Fig. 2a), they consis-
tently yielded a DNA fragment of 1340 bp following the
control PCR with the bacterial-universal primers
(Fig. 2b).

In the evaluations of primers for the second round of
nested PCR using genomic DNA from mycelia, primers
ADR1 and ADF1 did not amplify DNA visibly from
C. acutatum or V. dahliae, but they amplified DNA
fragments of 520 bp and other sizes non-specifically
from P. cactorum and 15 other species of Phytophthora
(Table 1, Fig. 1B). Similarly, most of the primers designed
and tested in this study for the specific detection of
P. cactorum were not specific for the pathogen when used
either singly or in pairs in nested PCR (data not shown).
1
(a)

(b)

2 3 4Figure 2 Representative DNA banding

patterns after DNA extraction by the

improved protocol (i.e. including tissue pre-

soak in detergent and the agarose

electrophoresis purification) and first-round

amplification of (a) ITS regions of the rRNA

gene using primers ITS1 and ITS4 and (b)

bacterial conserved 16S region of the rRNA

gene using primers 63F and 1401R. A 1340-

bp DNA fragment was amplified by the latter

primers as an indicator that the DNA

preparations were free from PCR inhibitors.

For both (a) and (b): lanes 1 and 15, 1-kb

plus DNA ladder; lane 2, negative control (no

DNA); lanes 3–14: total DNA from crown

tissue pieces of diseased strawberry plants

from commercial fruiting fields.
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However, the primers BPhycacL87FRG and BPhycac-
R87RRG (Table 2), specifically amplified a robust frag-
ment of 340 bp and a second fragment of approximately
480 bp (Table 1, Fig. 3a). Cloning and sequencing con-
firmed that the 340- and 480-bp fragment sequences
resided in the ITS1-5Æ8S-ITS2 region of P. cactorum.
Primers BPhycacL87FRG and BPhycacR87RRG ampli-
fied faint bands of 340 and 480 bp from genomic DNA of
P. infestans, but they did not amplify DNA of the other
Phytophthora spp. or the fungi (Table 1). The second set
of primers developed in this study, BPhycacL89FRG and
BPhycacR176RRG (Table 2), amplified only one DNA
band centered at 431 bp from P. cactorum (Fig. 3b), and
cloning and sequencing confirmed that the band was
amplified from the ITS1-5Æ8S-ITS2 region of P. cactorum.
Primers BPhycacL89FRG and BPhycacR176RRG also
5 6 121110987 13 14 15
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(a)

(b)

2 3 4 5 6 7 8 9 10 11 12 1513 14

Figure 3 DNA banding patterns of nested PCR for specific detection of Phytophthora cactorum using two primer pairs. (a) Nested primers

BPhycacL87FRG and BPhycacR87RRG amplified two fragments of 340 and 480 bp from amplicons of the ITS1-5Æ8S-ITS2 region of

P. cactorum, and (b) nested primers BPhycacL89FRG and BPhycacR176RRG amplified a diagnostic fragment of 431 bp. For both (a) and

(b): ITS regions of the rRNA gene were amplified in the first round PCR using primers ITS1 and ITS4. Lanes 1 and 15, 1-kb plus DNA ladder;

lane 2, DNA from healthy strawberry crown; lanes 3–4, DNA from plants inoculated with P. cactorum; lanes 5–6, DNA from plants infected by

Colletotrichum acutatum; lanes 7–8, DNA from plants infected by Verticillium dahliae; lanes 9–10, DNA from plants infected by Macrophomina

phaseolina; lane 11, DNA from P. cactorum; lane 12, DNA from P. citricola; lane13, DNA from V. dahliae; lane 14, DNA from C. acutatum.
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amplified a faint 431-bp band from P. infestans, but they
did not amplify DNA from the other Phytophthora spp.
or the fungi (Table 1). In the evaluations of primer pairs
using total DNA samples extracted from diseased straw-
berry plants, the primers ADR1 and ADF1 amplified a
520-bp DNA fragment from samples that culture-based
isolations indicated were not infected with P. cactorum
(data not shown). In contrast, the primer pairs BPhy-
cacL87FRG ⁄ BPhycacR87RRG and BPhycacL89FRG ⁄
BPhycacR176RRG amplified in agreement with results
of culture-based isolations; i.e. the DNA fragment sizes
described for these primer sets were amplified from
strawberry root, crown and petiole samples confirmed by
culturing to be infected with P. cactorum, and no DNA
fragments were amplified visibly from samples that failed
to yield P. cactorum in culture. Furthermore, the agree-
ment between culture-based results and PCR-based
results held when non-target fungi (i.e. C. acutatum,
V. dahliae, M. phaseolina, species of Alternaria, Aspergil-
lus, Botrytis, Cylindrocarpon, Fusarium, Mortierella,
Penicillium, Pythium, Trichoderma and others) were
detected in the samples by culturing; i.e. the expected
nested PCR products with primer sets BPhycacL87FRG ⁄
BPhycacR87RRG or BPhycacL89FRG ⁄ BPhycacR176
RRG were produced from strawberry tissue samples
when P. cactorum was cultured, but the products were
not produced when P. cactorum was not isolated, regard-
less of the culture-indicated presence of the non-target
pathogenic and saprophytic fungi.
Diagnostic validation of PCR protocols

In validation assays using the improved DNA extraction
and purification protocols and nested PCR with primers
BPhycacL87FRG and BPhycacR87RRG, the results of
PCR and culture-based isolations were in general agree-
ment. In the first assay, which involved plants of straw-
berry cvs Diamante and Ventana inoculated with
P. cactorum and non-inoculated controls in a green-
house, the PCR-based detections of P. cactorum matched
with culture-based detections of the pathogen (Table 3).
Using both detection methods, the pathogen was detected
in all inoculated plants and not in controls. In the second
validation assay, which involved 45 plants from three
commercial nurseries, both PCR and culture isolations
detected P. cactorum only in plants of cv. Diamante from
nursery 2 (Table 4). Plants of other cultivars (Camino
Real and Sabrosa) from the same nursery did not yield
P. cactorum. Similarly, P. cactorum was absent in all
plants of the five cultivars from nurseries 1 and 3, except
in two plants from nursery 3, in which PCR detected
P. cactorum in DNA from root and petiole tissue in cvs
Albion and Camarosa, respectively (Table 4). Culture-
based isolations did not detect P. cactorum in the latter
two plants. In the third validation assay, P. cactorum
was detected in 26 of 98 diseased plants by culturing and
25 of 98 diseased plants by PCR (Table 4). Occasionally,
both conventional plating assays and nested PCR
detected P. cactorum in only certain parts of the diseased
strawberry plants.

Valiadations also were completed as described above
for the second set of nested primers, BPhycacL89FRG
and BPhycacR176RRG, except that only a subset of 90
samples from those described above were used. The sub-
set included four negative and six positive samples from
the greenhouse inoculation study as well as 74 negative
and six positive samples from the nursery and fruit-pro-
duction field assay. For these samples the results with
Plant Pathology (2010) 59, 121–129



Table 4 Comparative detection of Phytophthora cactorum using culture-based assays and nested PCR with samples of declining strawberry plants from

commercial sources

Cultivar No. of plants

Number of P. cactorum-positive plants

Root Crown Petiole

Platinga PCRb Plating PCR Plating PCR

Commercial nurseries

Camino Real (nursery 1) 5 0 0 0 0 0 0

Diamante (nursery 1) 5 0 0 0 0 0 0

Ventana (nursery 1) 5 0 0 0 0 0 0

Camino Real (nursery 2) 5 0 0 0 0 0 0

Diamante (nursery 2) 5 3 4 4 5 2 2

Sabrosa (nursery 2) 5 0 0 0 0 0 0

Albion (nursery 3) 5 0 1 0 0 0 0

Camarosa (nursery 3) 5 0 0 0 0 0 1

Ventana (nursery 3) 5 0 0 0 0 0 0

Fruit-production fields

Albion 18 0 0 0 0 0 0

Aromas 1 0 0 1 1 0 0

Camarosa 21 NTd NT 0 0 NT NT

CG-5 1 0 0 0 0 0 0

CG-6 8 0 0 0 0 0 0

Diamante 20 10 9 16 15 NT NT

Unknown 4 2 2 4 4 2 2

Ventana 25 NT NT 5 5 5 5

aIsolation medium for plating assays was PARP for Phytophthora cactorum.
bDNA from strawberry tissue was subjected to first-round PCR using ITS1 and ITS4 primers, then diluted 1:25 before a second round of PCR

with the P. cactorum-specific nested primers, BPhycacL87FRG and BPhycacR87RRG, to amplify DNA fragments of 340 and 480 bp.

Table 3 Comparative detection of Phytophthora cactorum using culture-based assays and nested PCR with samples of strawberry plants from a

greenhouse experiment

Treatmenta Cultivar No. of plants

Number of plants determined to be infected by P. cactorum

Root Crown Petiole

Platingb PCRc Plating PCR Plating PCR

Control Diamante 3 0 0 0 0 0 0

Ventana 3 0 0 0 0 0 0

P. cactorum Diamante 5 5 5 5 5 5 5

Ventana 3 3 3 3 3 3 3

aUniversity of California (UC) mix soil infested with or without P. cactorum.
bIsolation medium used for plating assays was PARP for Phytophthora cactorum.
cDNA from strawberry tissue was subjected to first-round PCR using ITS1 and ITS4 primers, then diluted 1:25 before a second round of PCR

with the P. cactorum-specific nested primers, BPhycacL87FRG and BPhycacR87RRG, to amplify DNA fragments of 340 and 480 bp.

Specific detection of Phytophthora cactorum 127
BPhycacL89FRG and BPhycacR176RRG were identical
to those with BPhycacL87FRG and BPhycacR87RRG,
except that the former primer pair amplified one 431-bp
band from P. cactorum instead of the 340- and 480-bp
bands.
Discussion

Novel DNA purification steps and pathogen-specific
primers for detection of P. cactorum in root, crown and
petiole tissues of strawberry plants from commercial
nurseries and fruiting fields were developed and vali-
dated. The DNA purification steps should prove valuable
for investigators and diagnosticians attempting to over-
Plant Pathology (2010) 59, 121–129
come PCR inhibition in necrotic strawberry tissues. The
primer sets developed in this study, BPhycacL87FRG and
BPhycacR87RRG, and BPhycacL89FRG and BPhy-
cacR176RRG, were each validated using controlled,
inoculated samples, as well as a large number of diseased
commercial strawberry plants, and therefore they may be
valuable additions to the few primer sets currently avail-
able for P. cactorum (Lacourt et al., 1997; Causin et al.,
2005; Schena et al., 2008).

The specific compounds responsible for the PCR inhi-
bition that the novel DNA purification steps overcame
are unknown, but it has been shown that plant polyphe-
nols and polysaccharides, which are present in abun-
dance in necrotic plant tissues, can act as PCR inhibitors
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(Wilson, 1997; Watson & Blackwell, 2000). Difficulties
in obtaining inhibitor-free DNA from Phytophthora-
infected plants by using different DNA extraction proce-
dures and kits have been discussed previously (Grote
et al., 2002).

Although the first nested primer pair, BPhycacL87FRG
and BPhycacR87RRG, was designed to amplify only one
fragment of 340 bp based on the sequence of the ITS1-
5Æ8S-ITS2 region of P. cactorum, it always produced two
fragments of 340 and 480 bp. When several fragments of
each size were cloned and sequenced, the sequences sug-
gested that the longer fragment had resulted from one of
the following: priming at a non-intended target of similar
sequence, sequence variation among copies of the rRNA
gene of P. cactorum, or primer concatenations or frag-
ment chimeras. When several fragments were cloned and
sequenced from the 431-bp band produced by primers
BPhycacL89FRG and BPhycacR176RRG, all of the frag-
ments shared homology with the intended target region,
but sequence variation in the priming regions suggested
that imperfect priming had occurred for some fragments.
The imperfect priming may have resulted from sequence
variations among rRNA gene copies and ⁄ or from PCR
thermodynamics. An essential point concerning the
amplification of double bands and variation in priming
sites is that neither prevented the primer sets developed in
this study from being specific for P. cactorum in straw-
berry. The fact that both of the primer pairs developed in
this study amplified faint bands from DNA of P. infestans
is not considered to be a major problem because the path-
ogen is not known to affect strawberry and would not be
expected to occur on strawberry except as an unlikely sur-
face contaminant.

Nested PCR was used to detect P. cactorum in diseased
strawberry plants because of its sensitivity and flexibility.
It was reported that nested PCR increased the sensitivity
of detection for P. melonis 1000-fold, compared to a sin-
gle-round, non-nested PCR (Wang et al., 2007). Nesting
also facilitates use of relatively non-specific PCR primers
in the first round of PCR for amplification of multiple
pathogens, followed by use of pathogen-specific primers
in the second round of PCR. This two-step PCR strategy
has been used for the detection of P. fragariae var. fraga-
riae, C. acutatum, V. dahliae and M. phaseolina affecting
strawberry (R. G. Bhat & G. T. Browne, unpublished
data). A disadvantage of nested PCR is that it is not useful
for quantifying target DNA concentrations. Also, nested
PCR can be sensitive to DNA contaminants, so appropri-
ate precautions (Coleman & Tsongalis, 1997) should be
taken. Although culture-based isolations and a PCR-
based system detected P. cactorum with nearly identical
sensitivity in the validation assays in this study, the PCR
method offers many advantages over culturing for rou-
tine diagnosis. Compared to culturing, the PCR methods
developed here are much more rapid and easy to use for
individuals without specialized mycological training.
The time required for the PCR assay of 12 samples by a
single operator is estimated to be approximately 12 h dis-
tributed over 2 days, compared with a similar amount of
time distributed over 10 days for culturing. Finally, DNA
extracted from diseased strawberry plants is useful for
PCR assays for multiple pathogens, which offers addi-
tional but harder-to-measure savings in time.

Results indicate that the DNA-purification and PCR-
detection systems developed here are robust and worthy
of secondary evaluations in commercial and research
applications. The three sets of strawberry samples used in
diagnostic validations harboured various fungi, bacteria
and other microflora in necrotic tissues of several differ-
ent strawberry cultivars in various states of decline, yet
DNA was consistently and specifically amplified from the
target pathogen, P. cactorum. Although not attempted in
this study, the methods, primers and reaction conditions
reported here may be adaptable for real-time PCR.
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