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Five detection methods were comparatively tested on putative Phytophthora ramorum field samples from 41 wild plant spe-

cies. The tested methods included two culture-based assays, a DAS-ELISA-based polyclonal assay, a nested PCR-based

assay, and a TaqMan real-time PCR assay. Diagnostic values including sensitivity, specificity, positive predictive value and

negative predictive value were calculated for each method. The effects of host species, seasonality and host location were

analysed and compared between two laboratories. Significant effects of season, host species and laboratory were detected. It

is concluded that a combination of either culturing and molecular diagnosis or of two molecular assays is the most promising

approach to diagnose this pathogen. Based on the results of this and other studies, diagnosis should occur as much as possi-

ble during wet and warm periods favourable to the pathogen, and proficiency tests should be performed to compare results

obtained with molecular approaches in different laboratories. Furthermore, length of time lapsed between sample collection

and processing strongly affected the diagnostic sensitivity of culture-based methods, and therefore needs to be taken into

account when comparing results from different laboratories.
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Introduction

Phytophthora ramorum is the causal agent of a devastat-
ing disease of Californian oak species (Quercus agrifolia
and Q. kelloggii) and tanoak (Lithocarpus densiflorus).
The disease is commonly known as sudden oak death
(SOD) and causes high tree mortality in California and
Southern Oregon, on the west coast of the USA (Rizzo
et al., 2002). This pathogen is also frequently detected in
nurseries both in the USA and Europe, where it is reported
to cause a variety of symptoms, including leaf spots,
branch and twig dieback, and stem necrosis, on a wide
range of hosts (Davidson et al., 2003, Brasier et al., 2004).
Since its first detection in Europe (Werres & Marwitz,
1997; Werres et al., 2001) on Rhododendron and Vibur-
num, and in the USA on Q. agrifolia, Q. kelloggii and
L. densiflorus (Rizzo et al., 2002), the number of new
hosts and reports of P. ramorum has increased dramati-
cally in both continents, including a few reports of its
spread in European wild areas (Brasier et al., 2004;
De Gruyter & Steeghs, 2006). Quarantine regulations
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have been issued in Europe and the USA to control move-
ment of the pathogen (Anonymous, 2000, 2002);
however, the effectiveness of these regulations depends
on an exhaustive knowledge of host range and accurate
and sensitive detection methods. Several studies have
been carried out and others are still ongoing in order to
assess the potential host range of P. ramorum (http://
rapra.csl.gov.uk). Even excluding hosts exclusively lim-
ited to the ornamental trade, the list of natural hosts
already includes more than 72 species (Anonymous,
2008) and is far from being complete because of the high
number of new hosts that are continually reported. Identi-
fication of P. ramorum based upon symptom recognition
may not be accurate since the symptoms this pathogen
causes are highly variable and overlap with similar symp-
toms caused by other pathogens and physiological condi-
tions (Davidson et al., 2003). A number of diagnostic
methods are routinely used to detect P. ramorum from
diseased tissues, including classical biological detection,
polyclonal antibody assays based on serological tech-
niques, and conventional and real-time PCR techniques
(MacDonald et al., 1990; Bilodeau et al., 2003, 2007;
Martin et al., 2004; Hughes et al., 2005, 2006a,b; Hayden
et al., 2006; Schena et al., 2006; Tooley et al., 2006; Kox
et al., 2007; Tomlinson et al., 2007). None of the methods
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are optimal, but all incur errors of incorrect identification
of the pathogen where it is not present (false positive) or
failed identification of the pathogen where it is present
(false negative). In an attempt to minimize false negative
and false positive diagnoses, the US Animal and Plant
Health Inspection Service (USDA-APHIS) and the Euro-
pean Plant Protection Organization (EPPO) have issued
diagnostic protocols for P. ramorum that use a serological
pre-screening followed by an analysis based on a biologi-
cal and ⁄ or molecular method (Anonymous, 2004, 2006).

A comparison of accuracy among detection methods
can be made by evaluating their diagnostic values, namely
sensitivity, specificity, predictive positive value and pre-
dictive negative value (Alberg et al., 2004). Currently,
comparative information among methods regarding
diagnostic values of assays is available for only a few
ornamental host plants, including Rhododendron,
Viburnum, Camellia and Pieris (Hughes et al., 2006a,b;
Lane et al., 2006; Kox et al., 2007), whilst such informa-
tion is basically missing for natural hosts in forest
settings. Furthermore, a thorough analysis of the compar-
ative efficacy of different detection methods performed
by different laboratories on a range of hosts collected in
different periods from different areas is still lacking. The
aim of the present study was to compare diagnostic values
of culture-based, serological and molecular P. ramorum
detection methods on plant material with symptoms
sampled from a range of plant species at two different
times in multiple field sites, and processed in two different
laboratories in the USA.
Materials and methods

A woodland survey was conducted in 2005 in Marin,
Monterey and St Cruz counties in California. A total of
seven sites (Big Sur, Angel Island, China Camp, Bolinas
Ridge, Samuel P. Taylor, St Cruz-Harpin and St Cruz
Bean Creek) were investigated for the presence of
P. ramorum in the late spring (June) and in early autumn
(September). At least 30 samples showing symptoms
characteristic of P. ramorum infection were collected
along four 100-m transects at each site. Symptoms
included foliar necrosis, twig dieback and seeping trunk
lesions. In June, all sampled plants were identified, tagged
and mapped with a GPS unit (Trimble Corp.) in order to
be re-sampled in September. Five leaves with symptoms
were arbitrarily collected per tree from hosts showing
symptoms, while 3 cm2 of necrotic tissue were collected
from L. densiflorus trunk lesions. A total of 428 plants
with symptoms were sampled each in the spring and
autumn surveys, including leaf samples from 233
Umbellularia californica trees, 175 leaf samples from
39 other host species, and trunk tissue samples from 20
L. densiflora trunk lesions.

Samples were taken to the Forest Pathology and
Mycology Laboratory at the University of California,
Berkeley (UCB). Each of the five samples from each host
were split in half using a sterilized scalpel so that each half
contained equal amounts of material with symptoms.
The 10 segments were then mixed together and randomly
divided into two equal sets. One set was shipped to the
laboratory of Plant Pathology and Microbiology at the
University of Texas (TAMU), whilst the other was imme-
diately processed at UCB. The former samples were
shipped to TAMU using a 3-day service in an insulated
container with ice-packs, stored at 4�C immediately upon
arrival and processed within 24 h of receipt. As a conse-
quence, samples were processed at TAMU approximately
4 days later than at UCB. Within each laboratory, the
sample fragments were randomly assigned to individual
diagnostic methods, including two direct plating assays,
one immunological assay and two PCR assays. PCR
assays were performed on the same extract, allowing the
use of the fifth sample as a spare.
Diagnostic methods

Five distinct methods were employed for the diagnosis of
P. ramorum, including direct plating on two semi-selec-
tive media, one immunological and two PCR-based
molecular methods. Infected tissue was randomly
assigned to each method.

Culturing
Leaf and bark tissues (approximately 0Æ1 cm2) were
transferred to either V8-PARP (vegetable juice 50 mL;
CaCO 3Æ5 g; agar 15 g L)1) or PARP (17 g corn meal
agar L)1), amended with 5 mg pimaricin, 250 mg ampi-
cillin, 10 mg rifampicin and 50 mg pentachloronitroben-
zene L)1 (Anonymous, 2004). Samples were incubated in
the dark at room temperature (20–22�C) for 10 days.
Agar plates were checked for growth of P. ramorum after
7–10 days of incubation and P. ramorum was identified
by microscopic examination (Werres et al., 2001).

DAS-ELISA
Serological assays were carried out using the Pathoscreen
kit for Phytophthora (Agdia). This kit is based on
DAS-ELISA technology and on polyclonal antibodies
developed for the Phytophthora genus. Samples were
processed according to the manufacturer’s protocol and
as follows. Each sample was placed in a 2-mL microcen-
trifuge tube and a similar volume of sterile 0Æ5-mm glass
beads (BioSpec Products Inc.) was added, along with gen-
eral extraction buffer (GEB2-Agdia) at a sample-to-buf-
fer ratio of 1:10 (g mL)1). The microfuge tubes were then
sealed with a screw-cap lid containing an O-ring, and
shaken in a MiniBeadbeater-8 homogenizer (BioSpec
Products Inc.) for 3 min on quarter power in order to
macerate the sample. Each tissue sample was assayed in
duplicate. In each assay, positive controls from the Agdia
kit, and negative controls comprised of 100 lL extraction
buffer were used.

Molecular analyses
Prior to DNA extraction, all plant material was processed
and stored as previously described by Hayden et al.
(2004). Briefly, the plant tissue was lyophilized for 48 h,
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pulverized with glass beads and the DNA extracted using
a cetyltrimethylammonium bromide (CTAB) extraction
protocol (Hayden et al., 2004). Wood and bark samples
were processed using a QIAmp DNA stool mini kit (Qia-
gen Inc.) according to the manufacturer’s instructions.
For each sample, DNA concentration and quality were
determined with a NanoDrop ND-1000 spectrophotom-
eter (NanoDrop Technologies) and all samples were
stored neat at )20�C prior to testing. All tissue samples
were tested in duplicate by performing two DNA extrac-
tions.

The nested SYBR-green (SYBR) (Hayden et al., 2004)
and the CSL TaqMan real-time assays (Hayden et al.,
2006; Hughes et al., 2006 a,b) were performed using the
same DNA extract. The nested SYBR-green assay con-
sisted of two rounds of PCR. The first round amplifica-
tion was a conventional PCR reaction using the primer
set Phyto1 ⁄ Phyto4 and the second round of amplification
used a SYBR-Green PCR kit (Applied Biosystems) with
the primer set Phyto2 ⁄ Phyto3. These primers are
designed to specifically amplify a fragment of the
P. ramorum nuclear ribosomal RNA gene. Reaction
parameters and reagents for both the first and second
rounds of amplification were as described by Hayden et
al. (2004). The CSL TaqMan real-time PCR assay for spe-
cific amplification of P. ramorum DNA was performed
using primers Pram114Fc ⁄ Pram-190R and a TaqMan
real-time probe (Pram probe) designed to amplify a frag-
ment of the ITS1 region of the nuclear ribosomal RNA
gene. The CSL TaqMan real-time assays were performed
in a multiplex fashion by including control primers
(COX-F and COX-RW) and probe (cox), designed to
detect the plant cythocrome oxidase (COX) gene. Ampli-
fication conditions using the TaqMan real-time Universal
PCR master mix Kit (Applied Biosystems) were as
described by Hughes et al. (2006a & b).

All of the methods, parameters, reagents and protocols
used at the UCB and TAMU laboratories were exactly the
same except for the thermalcyclers. The first round of the
nested SYBR-green assay was performed in an iCycler
thermalcycler (Biorad) at UCB and in a TC-412 Flexigene
thermalcycler Techne � Inc. at TAMU. Both the CSL
TaqMan real-time assay and the second round of the
nested SYBR-green assay were performed in an iCycler
IQ thermalcycler at UCB and in an ABI Prism 7700
Sequence Detection System (Applied Biosystems) at
TAMU. Each plant tissue sample was assayed in dupli-
cate. If a sample tested negative in either duplicate, then
the assay was repeated for both duplicates. For each PCR
run, DNA from lettuce leaves was extracted during DNA
extraction of field samples and served as negative con-
trols, following the assay design of Hayden et al. (2004).
Lettuce is not known as a host of P. ramorum and never
yielded positive indication of infection in any of the
assays associated with this study. As a positive control,
DNA from the reference strain of P. ramorum 418
(ATCC MYA-3676) was used to monitor the perfor-
mance of the PCR. Determinations of the threshold cycle
(Ct) were made using the ICYCLER image analysis program
Plant Pathology (2009)
(BioRad) at UCB, and the SEQUENCE DETECTION SOFTWARE

v.1Æ3Æ1 (Applied BioSystems) at TAMU. Samples with a
Ct < 36 were scored as positive.
Diagnostic values

Raw results from any diagnostic test can be interpreted as
an estimate of the apparent prevalence of a disease, but
do not equate to the actual level of infection in the analy-
sed set of samples. Better estimates of the true prevalence
of a pathogen can be made by taking into account test sen-
sitivity and specificity (Alberg et al., 2004). These values
provide information on the proportion of true positives
and true negatives identified by a diagnostic method.
Diagnostic sensitivity is the proportion of true positive
samples correctly identified by the test, while diagnostic
specificity is the proportion of true negative samples cor-
rectly identified by the test (Kox et al., 2007). Estimation
of the above diagnostic values thus requires the use of an
appropriate reference or ‘gold standard’ to determine
which samples can be considered true positives. A gold
standard test is the diagnostic method or combination of
methods that unambiguously determine whether a patho-
gen is present in any given sample (Kox et al., 2007; Gha-
rabaghi et al., 2008). According to the diagnostic
protocol of the EPPO (Anonymous, 2006) and USDA-
APHIS recommendations (Anonymous, 2004), positive
culture results combined with positive CSL TaqMan PCR
results may be considered to represent the range of sam-
ples actually infected by P. ramorum. The use of positive
results from both assays combined as ‘gold standard’
combines the high specificity of culturing (absence of false
positives) with the high sensitivity of the TaqMan assay
(reduced number of false negatives). A combined cultur-
ing–molecular gold standard is further necessary because
in the case of co-infection of P. ramorum with other Phy-
tophthora spp., culturing can fail to detect P. ramorum-
positive samples (Kox et al., 2007).

The accuracy of any diagnostic method can be deter-
mined by calculating its positive predictive value (PPV)
and its negative predictive value (NPV): PPV indicates the
probability that a positive test result correctly identifies
the presence of infection, while NPV indicates the proba-
bility that a negative test result correctly identifies the
absence of infection. Predictive values are functions of
prevalence (disease incidence based on the gold standard)
and of the sensitivity and specificity of each test. The
effect of prevalence on predictive values was calculated
according to Bayes’s theorem (Alberg et al., 2004),
using the following equations: PPV = diagnostic
sensitivity · prevalence ⁄ [(diagnostic sensitivity · preva-
lence)] + [(1 ) diagnostic specificity) · (1 ) prevalence)]
and NPV = diagnostic specificity · (1 ) prevalence) ⁄
[(1 ) diagnostic sensitivity) · prevalence] + [diagnostic
specificity · (1 ) prevalence)]. Differences in results
between tests were assessed using Fisher’s exact test
(Colin et al., 2001; Frenk et al., 2006; Smedley et al.,
2007). The confidence interval of the estimates was com-
puted using the ‘exact method’ developed by Clopper and
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Pearson (GRAPHPAD PRISM package 2Æ01; Graph-Pad).
Graphical presentation was performed using the
GRAPHPAD PRISM package 2Æ01.
Results

Comparison of diagnostic methods

During the June 2005 survey, 489 plants with symptoms
were identified as described above. In September 2005
each plant was revisited and tissue samples again col-
lected. However, some plants could not be re-sampled
because they had died, had been removed, or otherwise
could not be located. In total, tissue samples were col-
lected from 428 plants in both sampling seasons, repre-
senting 41 different species. Because of this difference,
and because of some missing or failed results in both labo-
ratories, different subsets of the entire collection were
used for different analyses (Table 1). Subsets were always
chosen so as to try to maximize the number of samples
fully processed either in the two seasons, or by the two
laboratories. Species, sampling sites and number of sam-
ples are reported in Table 2. Phytophthora ramorum was
detected at all sites in both sampling periods. In total, 25
of 41 species (60Æ1%) tested positive for P. ramorum in at
least one of the five assays during the June survey
(Table 3). Of those, 16 (43Æ9%) were already known as
hosts of P. ramorum in the USA and ⁄ or Europe (http://ra-
pra.csl.gov.uk). The remaining nine species, Artemisia
tridentata, Cryptacantha torreyana, Cytisus scoparius,
Lilium sp., Marah fabaceus, Oxalis sp., Populus delto-
ides, Rubus ursinus and Vinca sp., are reported for the
first time as putative hosts for P. ramorum. Among these
species Lilium sp., M. fabaceus and R. ursinus can be con-
sidered infected, according to the criteria used for the
gold standard. However, all putative host species need to
be confirmed as P. ramorum hosts by performing Koch’s
postulates.

The results of the June survey were used to compare the
accuracy of each assay method. During the June survey,
356 (83Æ2%) samples tested positive in at least one assay,
including 241 samples (56Æ3%) that tested positive in
all assays, whilst 72 (16Æ8%) were negative in all tests.
The culture-based assays had the lowest proportions of
Statistical analysis

UCB T

June September J

Total number of collected plants 489 428

Sensitivity and specificity of each

assay method

428

Effect of different plant taxa on

accuracy of tests

428

Effect of sampling period and site

on accuracy of tests

346 346

Collection site effect on the efficacy

of each assay

233

Effect of laboratories on accuracy of tests 135 135 1
P. ramorum-positive samples (65%). No significant dif-
ference was found between the proportion of positive
samples detected by plating on V8-PARP and on PARP
(Fisher’s exact test; P > 0Æ05), so all further analyses were
performed using only the V8-PARP assay results. Phy-
tophthora ramorum was detected in 75Æ4, 69Æ6 and
73Æ8% of the samples tested by the DAS-ELISA, TaqMan
and SYBR assays, respectively. The accuracy of each test
was evaluated for 428 samples, analysed in June at the
UCB laboratory, by calculating diagnostic sensitivity,
diagnostic specificity, PPV and NPV (Table 4) in relation
to the gold standard. The diagnostic sensitivity of the cul-
turing assay was the lowest (86Æ7%), and in pairwise
comparisons it was significantly lower than all the other
methods (Fisher’s exact test, P < 0Æ05). The diagnostic
specificity value of DAS-ELISA was not significantly dif-
ferent from that of SYBR PCR (Fisher’s exact test,
P > 0Æ05). The diagnostic specificity values of both DAS-
ELISA and SYBR PCR were significantly lower than the
corresponding values of culturing and TaqMan assays
(Fisher’s exact test, P < 0Æ05). PPVs and NPVs valid for
this experimental population characterized by a preva-
lence of 75% are shown in Table 4. Since PPV and NPV
are dependent on disease prevalence, they were compared
over a range of hypothetical prevalence values (Table 5).
Results indicated that overall as prevalence increases,
PPVs also increase, whilst NPVs decrease; rates of
increase ⁄ decrease differed with method (Table 4).
Effect of plant taxa on accuracy of tests

For this analysis, a total of 233 samples from U. californica
and 195 samples from other hosts were analysed accord-
ing to UCB results. The frequency of P. ramorum detec-
tion in the U. californica samples was higher than for the
other hosts with all the methods used (Fisher’s exact test,
P < 0Æ0001) (Fig. 1). Accuracy of diagnostic methods var-
ied by host. Diagnostic sensitivity of molecular and
immunological assays was higher for U. californica than
for other hosts (Fisher’s exact test, P < 0Æ0001,
P < 0Æ0001 and P < 0Æ005 for TaqMan, SYBR and DAS-
ELISA, respectively). Conversely, the diagnostic sensitiv-
ity of the culture-based assay did not differ between
U. californica and other hosts (Table 6) (Fisher’s exact
Table 1 Number of plant samples used for

statistical analyses of Phytophthora ramorum

assay accuracy

AMU

une September

35 135
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Table 2 Plant samples showing characteristic symptoms of Phytophthora ramorum infection collected both in June (n = 428) and September (n = 428)

2005, by host species, source and site

Species Source No. samples

Sitea

A BC BO CH D DG H

Acer macrophyllum leaf 10 4 2 4

Adiantum jordanii leaf 1 1

Aesculus californica leaf 3 1 2

Arbutus menziesii leaf 13 2 1 6 1 3

Arctostaphylos sp. leaf 1 1

Artemisia tridentata leaf 1 1

Baccharis pilularis var.

consanguinea

leaf 2 1 1

Corylus cornuta leaf 19 6 3 6 1 2 1

Cryptantha torreyana leaf 1 1

Cytisus scoparius leaf 2 1 1

Eucalyptus sp. leaf 2 2

Fragaria vesca ssp. californica leaf 1 1

Grass (unidentified) leaf 1 1

Heteromeles arbutifolia leaf 15 1 3 6 3 2

Juglans californica var. californica leaf 1 1

Lilium sp. leaf 5 5

Lithocarpus densiflorus leaf 29 10 2 15 2

Lithocarpus densiflorus canker 20 9 9 2

Lonicera hispidula leaf 4 2 2

Marah fabaceus leaf 4 1 2 1

Melilotus sp. leaf 1 1

Mimulus guttatus leaf 2 1 1

Oxalis sp. leaf 1 1

Pinus muricata leaf 1 1

Polystichum munitum leaf 1 1

Populus deltoides leaf 1 1

Pseudotsuga menziesii leaf 3 2 1

Quercus agrifolia leaf 3 2 1

Quercus chrysolepis leaf 1 1

Rhamnus purshiana leaf 6 2 4

Rhododendron sp. leaf 1 1

Ribes californicum leaf 1 1

Rosa californica leaf 6 1 1 2 2

Rubus ursinus leaf 3 1 2

Salix caprea leaf 5 1 4

Sambucus callicarpa leaf 1 1

Sequoia sempervirens leaf 17 3 1 8 2 3

Smilacina racemosa leaf 1 1

Symphoricarpos sp. leaf 2 2

Umbellularia californica leaf 233 33 27 29 36 44 29 35

Vaccinium ovatum leaf 2 1 1

Vinca sp. leaf 1 1

Total 428 70 54 49 59 81 65 54

aA = Angel’s Island, BC = St Cruz Bean Creek, BO = Bolinas Bridge Road, CH = China Camp, D = Big Sur, DG = Samuel,

H = St Cruz-Harpin.
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test, P > 0Æ05). Diagnostic specificity did not differ signifi-
cantly among assays (Fisher’s exact test, P > 0Æ05).
Effects of sampling period and site on accuracy of tests

A total of 692 samples were analysed at UCB to study the
effect of sampling time and location on the accuracy of
each assay. These 692 samples represented those that
were tested using all four diagnostic assays both in June
Plant Pathology (2009)
(346 samples) and September (346 samples). The diag-
nostic values of different assays performed in two sam-
pling periods were analysed using a ‘spring gold standard’
for June samples based on combined culturing and CSL
TaqMan data of the June samples, whilst the results of the
September samples were analysed using an ‘autumn gold
standard’ based on combined culturing and CSL TaqMan
data of the September samples. Using two standards
ensured the results were not prejudiced by new infections



Table 3 Detection of Phytopthora ramorum in field plant samples using culture-based, DAS-ELISA, TaqMan and SYBR-green assays. Species already

reported as P. ramorum hosts are indicated with an ‘x’. Data are from samples obtained during the June survey and were processed at UCB

Host Species Source

No. samples

testeda

Assay

Culture-based DAS-ELISA TaqMan SYBR

x Acer macrophyllum leaf 10 5 6 4 5

x Adiantum jordanii leaf 1 1 1 1 1

x Aesculus californica leaf 3 2 2 0 1

x Arbutus menziesii leaf 13 7 8 1 1

x Arctostaphylos sp. leaf 1 0 0 0 0

Artemisia tridentata leaf 1 0 1 0 0

Baccharis pilularis var.

consanguinea

leaf 2 0 0 0 0

x Corylus cornuta leaf 19 5 10 2 6

Cryptantha torrreyana leaf 1 0 0 0 1

Cytisus scoparius leaf 2 0 0 0 2

x Eucalyptus sp. leaf 2 0 0 0 0

Fragaria vesca ssp.

californica

leaf 1 0 0 0 0

Grass (unidentified) leaf 1 0 0 0 0

x Heteromeles arbutifolia leaf 15 5 8 3 6

Juglans californica var.

californica

leaf 1 0 0 0 0

Lilium sp. leaf 5 2 1 2 1

x Lithocarpus densiflorus leaf 29 21 26 23 23

x Lithocarpus densiflorus canker 20 4 16 16 13

x Lonicera hispidula leaf 4 1 1 0 2

Marah fabaceus leaf 4 1 3 3 3

Melilotus sp. leaf 1 0 0 0 0

Mimulus guttatus leaf 2 0 0 0 0

Oxalis sp. leaf 1 0 1 0 0

Pinus muricata leaf 1 0 0 0 0

Polystichum munitum leaf 1 0 0 0 0

Populus deltoides leaf 1 0 1 0 0

x Pseudotsuga menziesii leaf 3 2 2 2 2

x Quercus agrifolia leaf 3 3 3 2 2

x Quercus chrysolepis leaf 1 0 0 0 0

x Rhamnus purshiana leaf 6 3 3 3 4

x Rhododendron sp. leaf 1 0 0 0 0

Ribes californicum leaf 1 0 0 0 0

x Rosa californica leaf 6 3 2 2 4

Rubus ursinus leaf 3 1 3 0 3

x Salix caprea leaf 5 0 0 0 0

Sambucus callicarpa leaf 1 0 0 0 0

x Sequoia sempervirens leaf 17 6 6 4 6

x Smilacina racemosa leaf 1 0 0 1 1

Symphoricarpos sp. leaf 2 1 0 1 1

x Umbellularia californica leaf 233 207 218 228 228

x Vaccinium ovatum leaf 2 0 0 0 0

Vinca sp. leaf 1 0 1 0 0

Total 428 280 323 298 316

aNumber of positive samples detected in PARP or V8-PARP assay.
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occurring in between the two sampling periods or by local
extinction of spring infections. Diagnostic values of
methods were calculated using the actual disease preva-
lence measured at each sampling time. The percentage of
positive samples significantly decreased from June to Sep-
tember both for culturing and TaqMan assays (Fischer’s
exact test; P < 0Æ0001), but remained unchanged for the
other techniques. Diagnostic sensitivity, but not diagnos-
tic specificity, of culturing was significantly affected by
sampling period (Fisher’s exact test, P £ 0Æ01, data not
shown), but no effect of seasonality was detected on the
diagnostic sensitivity of the other molecular and immuno-
logical assays (Fisher’s exact test, P > 0Æ05).

The effect of the samples’ provenance on the efficacy
of each assay was investigated using only collections of
U. californica. This was done because this host was the
Plant Pathology (2009)



Table 5 Positive predictive values (PPVs) and negative predictive values (NPVs) of culturing, enzyme-linked immunosorbent assay (DAS-ELISA), TaqMan

assay (TAQ) and SYBR-green assay (SYBR) for Phytophthora ramorum detection in wild plant samples at different disease prevalences

Prevalence

Positive predictive values Negative predictive values

Culturing ELISA TAQ SYBR Culturing ELISA TAQ SYBR

0Æ01 1Æ00 0Æ04 1Æ00 0Æ07 1Æ00 1Æ00 1Æ00 1Æ00

0Æ05 1Æ00 0Æ17 1Æ00 0Æ27 0Æ99 0Æ99 1Æ00 1Æ00

0Æ10 1Æ00 0Æ30 1Æ00 0Æ44 0Æ99 0Æ99 0Æ99 0Æ99

0Æ20 1Æ00 0Æ49 1Æ00 0Æ64 0Æ97 0Æ97 0Æ98 0Æ98

0Æ40 1Æ00 0Æ72 1Æ00 0Æ83 0Æ92 0Æ93 0Æ95 0Æ96

0Æ60 1Æ00 0Æ85 1Æ00 0Æ92 0Æ84 0Æ86 0Æ89 0Æ91

0Æ80 1Æ00 0Æ94 1Æ00 0Æ97 0Æ66 0Æ70 0Æ76 0Æ78

0Æ90 1Æ00 0Æ97 1Æ00 0Æ98 0Æ46 0Æ51 0Æ58 0Æ62

PPV = the probability that a positive test result correctly identifies the presence of infection; NPV = the probability that a negative test result

correctly identifies the absence of infection.

Table 4 Diagnostic values of culturing, enzyme-linked immunosorbent assay (DAS-ELISA), TaqMan assay and SYBR-green assay for Phytophthora

ramorum detection in 428 plant field samples (prevalence 75%)

Method

Positive Negative
Fisher

P-valuea

Diagnostic valueb

True False False True Se % (CI) Sp % (CI) PPV % (CI) NPV % (CI)

Culturing 280 0 43 105 <0Æ0001 86Æ7 (82Æ4–90Æ2) 100 100 70Æ9 (62Æ9–78Æ1)

DAS-ELISA 298 25 25 80 <0Æ0001 92Æ3 (88Æ7–94Æ9) 76Æ2 (66Æ8–83Æ9) 92Æ3 (88Æ7–94Æ9) 76Æ2 (66Æ8–83Æ9)

TaqMan 298 0 25 105 <0Æ0001 92Æ3 (88Æ7–94Æ9) 100 100 80Æ8 (72Æ9–87Æ1)

SYBR-green 302 14 21 91 <0Æ0001 93Æ5 (90Æ2–95Æ9) 86Æ7 (78Æ6–92Æ5) 95Æ6 (92Æ6–97Æ5) 81Æ3 (72Æ8–88Æ0)

aFisher’s P-value of interaction of each method with the gold standard.
bSe, diagnostic sensitivity; Sp, diagnostic specificity; PPV, predictive positive value; NPV, predictive negative value; CI = 95% confidence

interval.

Gold standard = those samples that tested positive in both the culture assay and the CSL TaqMan PCR assay.
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only one present in significant numbers at all study sites.
For all assays, diagnostic accuracy was not affected by the
collection site of the samples (Fisher’s exact test,
P > 0Æ05).
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Figure 1 Frequency of Phytophthora ramorum detection in samples

of Umbellularia californica (white bars) and other species (black

bars), through culturing, enzyme-linked immunosorbent assay

(DAS-ELISA), TaqMan and SYBR-green assays. All samples were

collected in June and processed at the University of California,

Berkeley (UCB).
Effect of laboratory on accuracy of tests

Although all samples were processed in both laborato-
ries, results for one assay were not available for a cer-
tain number of samples processed at TAMU. A total
of 135 samples (115 foliar and 20 bark samples) were
processed both at the TAMU and UCB laboratories
using all five assays and thus were considered for this
analysis. When comparisons were made among those
assays employed on the entire sample size, results did
not change. Diagnostic values of culturing, ELISA,
TaqMan and SYBR-green analysis from June and Sep-
tember were evaluated for both laboratories using a
spring gold standard (based on the combined culturing
and TaqMan results of spring samples tested at UCB)
and an autumn gold standard (based on the combined
culturing and TaqMan results of autumn samples
tested at UCB), respectively. The choice of UCB for
the determination of the gold standard for both labo-
ratories was necessary because of the loss in viability
of samples shipped to TAMU (see below).
Plant Pathology (2009)
The percentage of positive samples detected by cultur-
ing at TAMU was significantly lower than that detected
at UCB both in June (Fisher’s exact test, P < 0Æ004)



Table 6 Diagnostic sensitivity and specificity values of culturing, enzyme-linked immunosorbent assay (DAS-ELISA), TaqMan assay and SYBR-green assay

for Phytophthora ramorum detection in 233 Umbellularia californica samples and 195 samples from other plant species

Samples

Culturing DAS-ELISA TaqMan SYBR-green

Se % (CI) Sp % (CI) Se % (CI) Sp % (CI) Se % (CI) Sp % (CI) Se % (CI) Sp % (CI)

U. californica 90Æ8

(86Æ3–94Æ2)

100 95Æ2

(91Æ5–97Æ6)

80

(28Æ4–99Æ5)

100 100 100 100

Other species 90Æ1

(82Æ0–95Æ3)

96Æ1 85Æ3

(76Æ5–91Æ7)

76

(66Æ4–83Æ9)

73Æ7

(63Æ6–82Æ2)

100 77Æ9

(68Æ2–85Æ7)

86Æ6

(77Æ6–92Æ1)

Se = diagnostic sensitivity; CI = 95% confidence interval; Sp = diagnostic specificity.
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(Fig. 2) and September (Fisher’s exact test, P < 0Æ002)
(Fig. 3), whilst the percentage of positive samples
detected by TaqMan was lower at UCB in September
(Fisher’s exact test, P < 0Æ02) (Fig. 3). However, only the
diagnostic sensitivity of culturing was significantly differ-
ent between UCB and TAMU, both in June and Septem-
ber for foliar and bark samples (Fig. 4).
Discussion

Diagnostic values have been calculated for diagnostic
assays specifically designed for P. ramorum, and have
been used either for the comparison of two such assays on
a few host species (Hughes et al., 2006a,b; Lane et al.,
2006; Tomlinson et al., 2007), or for the comparison of
multiple methods on a single host species (Kox et al.,
2007). The present study used diagnostic values from two
laboratories to compare culturing, molecular and immu-
nological methods for in planta detection of P. ramorum
in 41 different plant taxa sampled in two seasons from
seven non-cultivated sites in California. The results pre-
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Figure 2 Percentage of Phytophthora ramorum-positive foliar

samples (collected from woodland plant species in California)

detected by culturing, ELISA, TaqMan and SYBR-green at the

University of California, Berkeley (UCB) (white bars) and Texas A&M

University (TAMU) (grey bars) in June. Bars capped with the same

letter within a specific method are not significantly different

according to Fisher’exact test (P < 0Æ05).
sented here provide new information on the application
and accuracy of diagnostic methods for the detection of
P. ramorum in natural environments at the host commu-
nity level.

The choice of the most effective diagnostic approach
for the detection of P. ramorum, including the combina-
tion of more than one diagnostic assay when necessary, is
relevant to properly enforce quarantines and to provide
the best tools for epidemiological studies. Proper diagno-
sis of P. ramorum can be problematic because of its wide
host range, the variability of symptoms it may cause on
different hosts, and its cyclical life cycle. In the present
study, 25 plant taxa were found to harbour P. ramorum.
Nine plant species were reported as potential hosts of
P. ramorm for the first time (Anonymous, 2008), even if
their susceptibility needs to be further confirmed through
the completion of Koch’s postulates. Umbellularia cali-
fornica was the prevalent co-dominant and understory
tree species at all of the study sites; hence it is not surpris-
ing that the bulk of the samples that tested positive for
P. ramorum were of this host species.
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Figure 3 Percentage of Phytophthora ramorum-positive foliar

samples (collected from woodland plant species in California)

detected by culturing, ELISA, TaqMan and SYBR-green at the

University of California, Berkeley (UCB) (white bars) and Texas A&M

University (TAMU) (grey bars) in September. Bars capped with the

same letter within a specific method are not significantly different

according to Fisher’exact test (P < 0Æ05).
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Figure 4 Sensitivity values for diagnosis of Phytophthora ramorum

of culturing at the University of California, Berkeley (UCB) (white

bars) and Texas A&M University (TAMU) (grey bars), in June and

September, for foliar (plain bars) and bark samples (dashed bars)

collected from woodland plant species in California.
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Overall, about 63 and 43% of field samples with symp-
toms were infected with P. ramorum in June and Septem-
ber, respectively, based on culturing results. These values
are higher than those previously reported in literature.
Hayden et al. (2004) reported the detection of P. ramo-
rum in 36% of samples taken from different hosts with
symptoms with molecular and culture-based methods,
whilst assays from the Central Science Laboratory (UK)
did not exceed a 30% level of detection (Lane et al.,
2006). The high proportion of positive samples reported
in the present study is probably the result of the increased
knowledge regarding appearance of symptoms caused by
P. ramorum in California and by the favourable wet
weather conditions during spring and autumn 2005. The
proportion of positive samples does not provide a mea-
sure of accuracy of a detection assay, since false positives
and negatives are not considered. Instead, values of diag-
nostic sensitivity and specificity need to be used to esti-
mate the validity of any given method. Values of
diagnostic sensitivity and specificity of molecular (sensi-
tivity: TaqMan = 92Æ3; SYBR-green = 93Æ5; specificity:
TaqMan = 100 and SYBR-green = 86Æ7) and immuno-
logical methods (sensitivity: DAS-ELISA = 92Æ3; specific-
ity: DAS-ELISA = 76Æ2) calculated using the total
number of samples were high and comparable with those
reported by Kox et al. (2007) (sensitivity ⁄ specificity:
DAS-ELISA = 91Æ2 ⁄ 77Æ5 and TaqMan = 83Æ8 ⁄ 100) for
Rhododendron samples. The DAS-ELISA and SYBR-
green had lower diagnostic specificity than TaqMan and
are therefore more likely to result in false positive results
(Lane et al., 2007). Diagnostic sensitivity of the culture-
based assays was significantly lower than that of molecu-
lar and immunological methods, as already reported for
leaf samples by Kox et al. (2007). Success of culturing can
be affected, as discussed below, by the amount of time
that has lapsed between sample collection and culturing,
by sample handling resulting in desiccation or deteriora-
tion of the sample, and also by the physiological state of
the pathogen at the time of sampling. For instance, it has
been hypothesized that lower culturing success in the
Plant Pathology (2009)
autumn may be caused in part by a dormant state of the
overwintering pathogen, and in part by its death from
desiccation (Hayden et al., 2004). Diagnostic values of
culture-based assays did not significantly differ between
U. californica and other hosts, suggesting that the accu-
racy of currently accepted isolation methods in profes-
sional pathology laboratories is independent of host,
although some hosts may be recalcitrant to culturing and
may require some modification of isolation techniques.
Conversely, diagnostic sensitivity of the molecular and
immunological methods reached 100 and 95Æ2% respec-
tively, when applied to U. californica, but resulted in
lower values for other species. The pooling of non-U. cali-
fornica hosts does not allow for exact identification of
those responding differently to the DNA-based assay.
Nonetheless, the presence of significant differences
between U. californica and other hosts, in spite of oppo-
site and potentially neutralizing responses of individual
hosts, is a strong indication that there are differences in
the results driven by host species.

The data support the hypothesis that the type of host
tissue being sampled is a critical issue for pathogen detec-
tion when using molecular and immunological methods.
This effect may be caused by the varying intensity of path-
ogen colonization in plant tissue from different hosts,
and ⁄ or by a reduction in the efficacy of molecular assays
caused by the presence of inhibitors. The effect of PCR
inhibitors has been previously documented by showing
that the addition of plant DNA extracts can dramatically
reduce the sensitivity of PCR-based assays for P. ramo-
rum (Martin et al., 2004; Hayden et al., 2006). Likewise,
interaction between plant and pathogen proteins has
been reported to affect the sensitivity of viral detection on
hibiscus (Kamenova & Adkins, 2004).

The effect of seasonality on the proportion of samples
positively detected with culture-based and TaqMan
assays mirrors data in the literature. Hayden et al. (2004)
reported the decreasing efficacy of a nested PCR assay
from spring to winter on canker exudates from oak spe-
cies and leaf samples from different hosts. Similarly, a
seasonal effect on isolation of P. ramorum from U. cali-
fornica leaves was reported by Davidson et al. (2003),
with a reduction in isolation success from 90% in June to
25% in October. In the present study, the reduction of the
proportion of positive samples between the June and Sep-
tember surveys was less marked but still significant. The
drop in number of positive samples between seasons may
be explained in two ways, probably not mutually exclu-
sive, but both affecting pathogen viability: (i) the infec-
tion on some plants may die out because of unfavourable
environmental conditions and, (ii) the pathogen may be
dormant but still alive on some plants because of unfa-
vourable environmental conditions. Unfortunately,
because diagnostic values are calculated against a gold
standard based on methods that may be highly suscepti-
ble to seasonality, this and other similar studies cannot
fully resolve the issue. One solution would be to deter-
mine the infection status of the same plant hosts a third
time when environmental conditions become favourable
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once again during a wet spring, but somehow excluding
the pathogen from re-infecting the same host. Based on
the assumptions above, the significant drop in number of
positive samples detected when employing the CSL Taq-
man assay may either signify that a number of infections
died out in between the two samplings, or, alternatively,
that this assay may not be optimal to detect small
amounts of target DNA, such as those expected for a dor-
mant live pathogen embedded in host tissue. It should be
noted that although there was a significant reduction in
the percentage of positive samples detected by the Taq-
man assay between June and September, the diagnostic
sensitivity of the assay was not statistically different in
the two sampling periods.

The lower number of positive samples detected by cul-
turing in the TAMU laboratory can be explained by the
delay in processing as a result of shipping. Variation in
lag times between sample collection and processing in the
laboratory is an inevitable consequence intrinsically asso-
ciated with the regulatory diagnostic process at the
national or even state level. These results are an indica-
tion that culturing may not be a diagnostic assay which
produce results that can be easily compared among labo-
ratories, even when technical proficiency is optimal and
identical among them. The results, in terms of positive
detection and diagnostic sensitivity, of both SYBR-green
and DAS-ELISA, were identical in the two laboratories,
indicating that these techniques are robust and can be eas-
ily used among different operators providing identical
results. Both techniques displayed lower specificity than
the other assays tested. The lower specificity of the DAS-
ELISA assay used is not surprising because the polyclonal
antibodies currently available cross-react with a number
of Phytophthora and Pythium spp. (MacDonald et al.,
1990; Themann & Werres, 1997). Surprisingly, a lower
number of positive samples was obtained by CSL Taq-
man at UCB than at TAMU, even though there were no
statistically significant differences in diagnostic sensitiv-
ity between the two laboratories using this assay. The dif-
ferences in the number of positive samples may have been
caused either by operator error or by the use of different
equipment in the two laboratories. In either case, the
results are indicative that CSL Taqman may be more sen-
sitive to operator and ⁄ or machinery differences than
other diagnostic assays, thus reinforcing the need to peri-
odically compare results from different laboratories
through proficiency panels. As a future direction, the
optimization of molecular protocols to a wide range of
hosts and tissue types, and assays producing identical
results in different laboratories, may reduce the use of cul-
ture-based assays, and therefore reduce the time and cost
of analysis.

This study provides useful comparative information on
the most commonly used detection methods for P. ramo-
rum and puts forth several questions regarding how com-
parable these methods may actually be. In particular, the
current study allows for a true analysis of the effect of sea-
son and of provenance of samples on diagnostic assays.
These two effects cannot be properly studied in plant
nurseries because of the artificial environmental condi-
tions imposed by horticultural practices, and because of
trading of plants among facilities. Significant effects of
seasonality and of time between collection of samples and
isolations on culture-based assays are reported here, indi-
cating that culturing should not be used in surveys that
are carried out in different seasons, or when lag time
between collection and plating cannot be standardized.
Conversely, when frequency of infection needs to be anal-
ysed among different plant taxa and if host-specific base-
line data on sensitivity of molecular methods is missing,
the culture-based assay may be the best choice in order to
avoid unreliable estimations of disease abundance caused
by the presence of inhibitors. Provenance of samples did
not seem to affect any of the tested assays, indicating that
once parameters are defined for a host species, these may
be used without excessive concerns regarding within-spe-
cies variation. This observation may be extremely rele-
vant, not only for surveys of natural ecosystems on a large
geographic scale, but also for the regulation of the trade
of ornamental plants on a planetary scale.

Overall, the data presented here indicate that optimal
detection of P. ramorum will occur when sampling is per-
formed in wet and warm periods: operators should be
aware that the efficiency of all techniques will decrease
significantly when surveying in dry conditions. Because
of the marked effect of seasonality, it may be inappropri-
ate to compare infection levels among seasons or even
among years characterized by different amounts of rain-
fall without correcting for the effect of seasonality.

Considering the advantages and disadvantages of each
method, the application of more than one assay appears
to guarantee the best accuracy in P. ramorum detection.
Although current regulations recommend the use of cul-
turing and of a molecular assay less prone to produce false
negatives, this study shows that outcomes will vary
depending on the molecular assay employed. Significant
changes in numbers of samples positively detected by an
assay when performed in different laboratories or at dif-
ferent sampling times warrant further research, even if no
significant differences in sensitivity and or specificity were
found among assays. In fact, significant differences in
numbers of samples positive for P. ramorum obtained by
different assays may be indicative of intrinsic properties
of the tested assays, and failure to detect significant
changes in sensitivity and specificity may be linked to the
inevitably limited sampling size of most studies. Further-
more, lack of statistical significance when comparing
assays could be a consequence of the current choice of
gold standard, heavily relying on culturing success.
Because the purpose of using molecular techniques is not
only to make results more comparable through time and
space, but also to improve the detection rates obtained by
culturing, the selection of a molecular assay that is com-
parable in sensitivity to culturing is clearly not fully justi-
fiable. For instance, this study shows that in absolute
terms, the DAS-ELISA and SYBR assays surpass CSL
TaqMan in sensitivity. Although more research is needed
to differentiate between false negatives and true positives
Plant Pathology (2009)
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when using high-sensitivity methods, and to design new
assays that will increase both sensitivity and specificity,
an effort towards increasing the sensitivity of assays
should be pursued

Finally, it should be noted that the choice of a method
or of a combination of methods also depends on the prev-
alence of the disease in host populations. The data indi-
cate that as prevalence increases, the rate at which PPV
increases or NPV decreases varies by method: whilst at
low prevalence, there are no differences in predictive val-
ues among methods, at high prevalence, values obtained
by molecular methods appear to be more accurate. This
information may be important in directing a different
choice of diagnostic assays during outbreaks vs. periods
of low disease spread.
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