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Early detection provides the best way to prevent introduction and establishment of alien plant pathogens. Amplification

of DNA by PCR has revolutionized the detection and monitoring of plant pathogens. Most of those assays rely on the

amplification of a fraction of the genome of the targeted species. With the availability of whole genomes for a growing

number of fungi and oomycetes it is becoming possible to compare genomes and discover regions that are unique to a

target organism. This study has applied this pipeline to develop a set of hierarchical TaqMan real-time PCR detection

assays targeting DNA of all four Phytophthora ramorum lineages, and a closely related species, P. lateralis. Nine assays

were generated: three targeting DNA of all P. ramorum lineages, one for each lineage of P. ramorum, one for P. later-

alis and one targeting DNA of P. ramorum and P. lateralis. These assays were very accurate and sensitive, ranging

from 98.7% to 100% detection accuracy of 2–10 gene copies of the targeted taxa from pure cultures or inoculated tis-

sues. This level of sensitivity is within the lowest theoretical limit of detection of DNA. It is expected that these assays

will be useful because of their high level of specificity and the ease with which they can be multiplexed because of the

inherent flexibility in primer and probe design afforded by their lack of conservation in non-target species.
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Introduction

Human-mediated movement of plants and plant products
is undoubtedly recognized as one of the major forces driv-
ing the spread of invasive plant pathogens, threatening the
health and sustainability of ecosystems and causing serious
economic and social costs (Chapman et al., 2017). Mem-
bers of the Phytophthora genus (Oomycete, Stra-
menopiles) are pathogens that commonly spread through
the transport of plants and plant products via the plant-
for-planting trade (Jung et al., 2016). For example, the
nursery and ornamental plant trade has played a key role

in spreading Phytophthora ramorum, causing outbreaks
of sudden oak death in North America and sudden larch
death in the UK, and Phytophthora lateralis, the causal
agent of Port Orford cedar root disease in western USA,
UK and continental Europe (Brasier & Webber, 2010;
Robin et al., 2011; Gr€unwald et al., 2012).
Phytophthora ramorum emerged in the early 1990s in

Europe and on the West Coast of North America and
has since expanded to a large number of hosts and
ecosystems (Gr€unwald et al., 2012). Four genetically dis-
tinct clonal lineages are currently recognized within
P. ramorum. These lineages are believed to have
diverged prior to the current outbreak and have probably
emerged in their current range as a result of distinct
migration events (Ivors et al., 2006). Lineages NA1 and
NA2 have an exclusive distribution in North America
(Ivors et al., 2006) while EU1 is found throughout
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Europe, in the Pacific Northwest of the USA and in Bri-
tish Columbia, Canada (Ivors et al., 2006; Schenck
et al., 2018); EU2 has so far only been reported in the
UK (Van Poucke et al., 2012). Lineage frequency varies
according to geography. Lineage NA2 is generally more
abundant in Canada, while NA1 is most abundant in
California and EU1 is most frequent in Europe. The EU1
lineage has been found on Douglas fir and grand fir in
Oregon forests and its frequency has been increasing in
Canada since 2013 (LeBoldus et al., 2018; Shamoun
et al., 2018). As the lineages have different phenotypic
characteristics, with NA2 and EU1 being more aggressive
than NA1, lineage identity is important when conducting
surveys and monitoring the pathogen (Elliott et al.,
2011). Phytophthora lateralis is closely related to
P. ramorum and is an invasive pathogen causing mortal-
ity of Port Orford cedar (Chamaecyparis lawsoniana).
Since its first report in the 1920s on nursery stock near
Seattle, WA (USA), the pathogen continues to spread
throughout the natural range of Port Orford cedar, mak-
ing this tree species no longer an important part of the
nursery trade and wood export market in North Amer-
ica. Outbreaks of P. lateralis have been recently reported
in Europe, probably resulting from further nursery stock
movement (Robin et al., 2011; Green et al., 2012).
As P. ramorum is a regulated pathogen in North Amer-

ica, Europe and Asia, a variety of molecular markers have
been developed to improve its detection and monitoring,
including conventional and nested PCR, real-time PCR
(qPCR), molecular beacons and isothermal amplification
(e.g. Cooke et al., 2007; Miles et al., 2015). Real-time
PCR using TaqMan probes constitutes the most sensitive,
specific and rapid method (Martinelli et al., 2015). Phy-
tophthora ramorum-specific TaqMan assays have been
designed targeting several genes or genome regions includ-
ing the internal transcribed spacers (ITS) of the nuclear
ribosomal DNA (rDNA) (Hayden et al., 2006; Hughes
et al., 2006; Bilodeau et al., 2007a), b-tubulin and elicitin
(Hayden et al., 2006; Bilodeau et al., 2009) and mito-
chondrial genes, such as coxI (Tooley et al., 2006) and the
atp9-nad9 gene region (Tooley et al., 2006; Miles et al.,
2017). Discrimination among the four lineages has also
been achieved through a variety of molecular markers
including conventional Sanger sequencing of mitochon-
drial and nuclear DNA (Martin, 2008), AFLPs (Ivors
et al., 2004), PCR-RFLP (Martin, 2008; Elliott et al.,
2011; Van Poucke et al., 2012), microsatellites (Ivors
et al., 2006; Gagnon et al., 2017) and allele-specific
oligonucleotide-PCR (ASP-PCR) (Bilodeau et al., 2007b).
The approaches mentioned above use only a small num-

ber of conserved genes or genome regions and assay speci-
ficity is achieved by designing primer and probes that target
polymorphic sites (as single nucleotide polymorphisms,
SNPs) within these gene regions, which allows discrimina-
tion between the target lineages and taxa. However, target-
ing SNPs solely in conserved gene regions makes it difficult
to find discriminant fixed SNPs to design assays for closely
related species and increases the risk of obtaining false posi-
tives. For example, there are only nine SNPs between the

ITS sequences of P. ramorum and P. lateralis over an 850
bp alignment. ITS-based assays targeting DNA of P. ramo-
rum are well known to cross amplify with DNA of P. later-
alis, particularly when used at high DNA concentrations
(Hughes et al., 2006; Bilodeau et al., 2007a).
The increase in genomic resources makes it possible to

mine entire genomes of pathogens and their close rela-
tives to identify genes or genomic regions of greater dis-
criminatory power that can be translated in real-time
PCR assays of high accuracy. This study used a pipeline
for genome-enhanced detection and identification (GEDI)
that identifies unique genes or genome regions in the tar-
get species by comparing available genomes of the target
and non-target species (Feau et al., 2018). Here, this gen-
ome comparison pipeline has been used to identify genes
and genome regions that are only found in the targeted
taxa at the desired hierarchical level (P. ramorum and
P. lateralis and each of the four lineages of P. ramorum)
and real-time PCR assays have been designed that dis-
criminate among species and lineages.

Materials and methods

In silico assay development

The GEDI pipeline described by Feau et al. (2018) was applied to

identify genes and genome regions that were only found at three

hierarchical levels: (i) group: genes conserved in the sister species

P. ramorum and P. lateralis but absent in other phytophthoras;
(ii) species: genes conserved in all lineages of P. ramorum but

absent in other phytophthoras (including P. lateralis) and genes

present in the North American lineage of P. lateralis but absent
from all other phytophthoras (including P. ramorum); and (iii)

lineages: unique genes found in each of the currently recognized

lineages of P. ramorum (NA1, NA2, EU1 and EU2).

Candidate genes targeting P. ramorum and P. lateralis were
obtained by Feau et al. (2018) as follows: the genomes of eight

Phytophthora species were compared (including species of the

same phylogenetic clade as P. ramorum and P. lateralis and spe-

cies with well-annotated genomes; Table S1) and clusters of
homologous genes (orthologues and paralogues) generated to

identify candidate clusters uniquely present in both P. ramorum
and P. lateralis (group level) and each of P. ramorum and

P. lateralis (species level) but absent in the other taxa (Feau
et al., 2018). The same approach was repeated in this study on

P. ramorum lineages using the genomes of 107 P. ramorum iso-

lates from all four lineages from North America and Europe (38
strains of NA1, 17 strains of NA2, 46 strains of EU1 and 6

strains of EU2; SRA accession PRJNA427329).

Primers and probes were designed as described by Feau et al.
(2018), manually inspected and further modified if required to
improve amplification yield and avoid selecting genome loca-

tions that comprise polymorphisms within the targeted taxa.

Modifications involved moving the primer location or changing

its size if, according to the sequences available, a more suitable
location was encountered in the gene region.

In vitro screening of real-time PCR assays

Specificity screening by conventional PCR
A first round of screening was conducted to eliminate candidate

primer pairs that proved to be nonspecific (i.e. generating a PCR
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product with DNA from a non-target taxon and/or not produc-

ing the expected PCR product with DNA from the target taxa).
Candidate primer pairs for group (P. ramorum + P. lateralis)
and species (P. ramorum or P. lateralis) assays were first

screened using a panel of 47 Phytophthora species distributed

among nine phylogenetic clades, as described by Feau et al.
(2018) (Table S2). Primer pairs targeting DNA from P. ramorum
lineages were screened for specificity using a panel of 17 individ-

uals from the four lineages. Total genomic DNA was extracted
from pure cultures by the CTAB (cetyl trimethylammonium bro-

mide) method (M€oller et al., 1992). DNA was eluted in TE

(Tris-EDTA) buffer (10 mM Tris-HCL, 0.1 mM EDTA, pH 8)

and used as template in conventional PCR and real-time PCR.
PCRs were performed in a total volume of 25 lL containing a

final concentration of 19 buffer (Invitrogen), 1.5 mM MgCl2,

0.2 mM each dNTP, 1 lM each primer and 2.2 ng DNA tem-

plate. All PCRs were performed with 0.2 U Platinum Taq DNA
polymerase (Invitrogen) using the following conditions: 95 °C
for 3 min; 30 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C
for 1 min; and a final extension step of 72 °C for 10 min.

Design and testing of the TaqMan probes
A TaqMan probe was designed for each primer pair for group

and species assays that passed the first screen and tested on the

panel of Phytophthora species used in the previous screening,
expanded to include individuals from the four P. ramorum lin-

eages and four Pythium species. For the four P. ramorum lin-

eages, TaqMan probes and primers were tested on a DNA panel
of nine NA1, six NA2, three EU1 and four EU2 individuals and

two close relatives of P. ramorum within clade 8: P. lateralis
and P. hibernalis (Table S2). All qPCRs were performed individ-

ually (monoplex) with a final concentration of 19 QuantiTect
Multiplex PCR No ROX Master Mix (QIAGEN) and 0.4 lM of

each primer in a 10 lL reaction volume with the following con-

ditions: 95 °C, 15 min enzyme activation step, followed by 40

cycles of 95 °C for 15 s and 60 °C for 60 s. All TaqMan probes
were labelled with fluorescein (6-FAM) at the 50 end and with

the quencher Iowa Black FQ (ZEN-IBFQ) (Integrated DNA

Technologies) and used at a final concentration of 200 nM. Each

sample was run in duplicate using 2.2 ng DNA template.

Efficiency and limit of detection

The efficiency of the real-time PCR and the limit of detection

for each selected assay were determined using a series of 8–10
dilutions (1/5 dilution with a starting concentration of 2.2 ng)
of DNA from the targeted taxa. The performance of each dilu-

tion was evaluated with the same PCR conditions as those

described above and all reactions were run in triplicate. PCR

efficiency was calculated with the formula E = (10�1/

slope � 1) 9 100, where E is the amplification efficiency and the

slope is derived from the plot of the logarithm of template con-

centration and Ct (cycle threshold) value. The limit of detection
for each assay was assigned to the greatest dilution of the 8–10
dilution series for which each of the three replicates had a Ct

value <40.0. The DNA concentration of this dilution was trans-

lated to the equivalent number of genome copies as described by
Lamarche et al. (2015).

Validation with inoculated plant material

The real-time PCR assays were further tested on DNA from six

plant species inoculated with the four P. ramorum lineages (five
individuals per lineage) and eight plant species inoculated with

P. lateralis (three isolates; Table S3). These plants were selected

as representative of horticultural (Camellia sp., Vitis sp.), tree spe-
cies (Acer macrophyllum, Arbutus menziesii, Thuja occidentalis)
and understorey forest vegetation (Rhododendron sp., Gaultheria
shallon) of British Columbia (Canada). Phytophthora ramorum
isolates were inoculated onto detached leaves of potted Camellia
sp., A. macrophyllum, Rhododendron sp., G. shallon, A. men-
ziesii and Vitis sp. Phytophthora lateralis isolates were inoculated

on these six hosts and also Pieris sp. and T. occidentalis. Leaves
were surface-sterilized in 0.525% w/v sodium hypochlorite, rinsed

in sterile dH2O and dried briefly on paper towels, then wounded

by making three 1 mm wounds next to the midrib with a sterile

tool before inoculation. Inoculum plugs 7 mm in diameter were
taken from actively growing cultures of P. ramorum and placed

mycelium side down on the lower leaf surface. A plug of 15% V8

agar (V8A) was placed on control leaves. Samples were harvested

10 days after inoculations. DNA was extracted from 50 mg of
ground, infected tissues (after removing the mycelium plug) using

the CTAB protocol of Doyle & Doyle (1987). DNA was eluted in

100 lL TE buffer, incubated at 37 °C for 1 h with 5 lL RNAase

(10 mg mL�1) and then stored at �20 °C until utilization as tem-
plate in real-time PCR.

Results of these detections were then benchmarked with those

obtained with the ITS, b-tubulin and elicitin real-time PCR assays
that are used in the Canadian Food Inspection Agency Plant

Pathology Research Laboratory for detecting P. ramorum (Bilo-

deau et al., 2007a). These assays were tested on the same DNA by

using the qPCR protocol described above. Each qPCR assay was
tested separately on all DNA samples with two technical repli-

cates. For each inoculated sample, a real-time PCR assay targeting

the RuBisCO plant gene (ribulose-1,5-bisphosphate carboxylase/

oxygenase), was used as a positive control of the PCR reagents
and the DNA extraction (Bilodeau et al., 2009).

Bayesian interpretation

To estimate the accuracy of each assay in detecting DNA from
the target taxon, Ct values obtained in the previous experiments

with DNA from pure cultures and infected plant material were

interpreted using the na€ıve Bayes classifier described by Bergeron
et al. (2019). Briefly, the classifier is trained on Ct values

obtained from collections of ‘positive’ (i.e. DNA from target

taxa) and ‘negative’ (DNA from non-target taxa) samples to

provide a probability for an unknown sample of being positive
and negative (Bergeron et al., 2019). For each assay, 10 000

training sets were built by randomly picking 79 Ct values taken

(either from positive or negative samples) from the set of 158 Ct

values obtained with the qPCR tests made on DNA from cul-
tures and from infected plant material. Ct values from the 79

samples left were then used as a testing set and reassigned by

the na€ıve Bayes classifier as being either positive or negative.

True positives were DNA samples of the species targeted by the
assay identified as being positive with the classifier. True nega-

tives were DNA samples of non-targeted species identified as

being negative by the classifier. A false positive is a DNA sample
from non-targeted taxa that is positive with the classifier and a

false negative is a DNA sample from the targeted taxa that

returned a negative identification with the classifier. Accuracy of

the detection assay was defined as the rate of true positive and
true negative identification over all the identifications done. This

approach was applied only to the group and species-level assays,

i.e. targeting DNA from P. ramorum (Pram-C62, Pram-C1040,

Pram-C1162, ITS, b-tubulin and Elicitin), P. lateralis (Plat-C19)
or both species together (Pramlat-C11). For the lineage assays,
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the small number of true positive samples experimentally tested

(18 for PramEU1-C358 to 32 for PramEU2-C268) prevented
using the na€ıve Bayes classifier.

Results

Identification of candidate genes and screening by
conventional PCR

After filtering for false positives, a total of 37 candidate
clusters of homologous genes were identified that were
present in the genomes of all four lineages of P. ramo-
rum and absent in those of other Phytophthora spp. used
for comparisons (Feau et al., 2018). A subset was
selected consisting of 28 primer pairs located on different
scaffolds in P. ramorum that were tested in a first round
of in vitro screening, to eliminate those that generated
amplicons with DNA from non-targeted species and/or
those that failed to generate an amplicon with DNA
from the targeted species. Five of those 28 primer pairs
(17.9%) were specific to P. ramorum, including those
targeting the multicopy candidate gene Pram-C62
(Fig. 1). One hundred and eighty unique candidate clus-
ters were identified for P. lateralis; six were retained for

their specificity out of the 16 tested, resulting in a success
rate twice as high as with P. ramorum (37.5%). At the
group level (i.e. P. ramorum + P. lateralis), five candi-
date clusters out of nine predicted and tested were
retained. A low number of unique candidate gene clus-
ters were found within the lineages of P. ramorum (17
for EU2 to five in NA1), probably due to low levels of
divergence between these lineages. Two to six candidate
clusters were tested for specificity, resulting in two candi-
dates retained for both NA1 and EU1, and three candi-
dates for NA2 and EU2 (Fig. 1). Overall, 28.6% of the
candidate clusters tested passed the specificity test; this
success rate rose to 55.8% when considering P. ramo-
rum lineages only.

Design and testing of the TaqMan probes

TaqMan probes were designed for the 16 candidate gene
clusters retained for P. ramorum (five clusters), P. lateralis
(six clusters) and P. ramorum + P. lateralis (five clusters)
and tested for specificity in real-time PCR (Fig. 2). Non-
specific detection with P. lateralis DNA was observed with
the Pram-C998 and Pram-158 assays targeting DNA from
P. ramorum, resulting in their rejection. Although Pram-

Figure 1 PCR screening of candidate gene clusters for specificity. For each group of species and lineage, the dot matrix represents the number of

candidate genes predicted by the GEDI pipeline (all circles), the proportion of candidates tested for specificity (orange + black + dotted black), the

number of candidates that passed the specificity test (black + dotted black) and those selected and validated as the final assays panel (dotted

black).
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C62 cross-amplified slightly with DNA of P. richardiae
and P. capitosa (Ct value of 38.2 and 37.2, respectively),
this assay was retained because of its high sensitivity in

detecting DNA from P. ramorum NA2 lineage (Ct of 23.7
versus 31.9–35.3 for the four other P. ramorum assays).
For P. lateralis, all assays but Plat-C19 were rejected at

Figure 2 Specificity of the real-time PCR assays targeting Phytophthora ramorum or P. lateralis and the group-specific assays targeting both

species. The NJ phylogenetic tree represents evolutionary relationships among Phytophthora and Pythium species inferred from an alignment of b-

tubulin sequences. Only Ct values below 40.0 are represented. Real-time PCR assays highlighted in red are those that were selected and validated

as the final assays panel; DNA sample 9 primers/probe combinations not tested are noted ‘nd’. Samples labelled ‘leaf’ were obtained from

inoculated Rhododendron leaves.
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this step due to some nonspecific amplification with DNA
of P. ramorum and P. richardiae (Plat-C60) and P. hiber-
nalis (Plat-C1) and their lower performance in detecting
DNA from the target species, particularly on infected
plant material (Fig. 2). At the group level, only Pramlat-
C11 was retained as this assay showed a better specificity
than Pramlat-C12, Pramlat-C23 and Pramlat-C27 (which
cross-reacted with P. cambivora and P. capitosa and/or P.
kernoviae), and usually earlier Ct values than Pramlat-C34
with 8 out of the 11 P. ramorum and P. lateralis DNA
samples tested (Fig. 2).
TaqMan probes were designed for the 10 P. ramorum

lineage-specific genes retained in the previous screening
step and tested on a DNA panel of 22 P. ramorum, one
P. lateralis and one P. hibernalis individuals. Two of
these assays were eliminated due to cross reactions with
DNA from non-target lineages (Pram-NA2-355 with
P2111 and Pram-EU1-352 with PR-10-4389a and
P2111); Pram-NA1-835 was also rejected as this assay
failed to detect DNA of the P5010 individual of the
NA1 lineage (false negative; Fig. 3). All other assays
were specific to their respective lineage, with the excep-
tion of Pram-NA1_399 that generated a late Ct value on
P5010 (38.0) and P5009 (33.8) indicating that this assay
could be subjected to lower specificity for some NA1 iso-
lates (Fig. 3). The most sensitive assays (i.e. showing the
lowest Ct on DNA from targeted individuals) were
retained for the next steps for NA2 (NA2-353 and NA2-
356) and EU2 (Pram_EU2_268; Fig. 3).

Assay efficiency and limit of detection

Ten assays were retained and tested for efficiency and
sensitivity. For eight assays, efficiency was over 85% with
values from 88% (P. ramorum EU1 lineage Pram-EU1-

C358) to 113% (Pramlat-C11; Table 1), with an average
of 99.0% � 9.0. All assays reached the detection level of
2 to 10 DNA copies of the target DNA sample, corre-
sponding to a range of 141–704 fg DNA (Table 1). The
last assay, NA2-353, showed a PCR efficiency under 80%
and was consequently discarded from the assay panel.

Assay performance with infected plant material

For the five assays targeting group and species (i.e.
P. ramorum, P. lateralis and P. lateralis + P. ramorum)
Ct values obtained with DNA from pure cultures were
lower than those obtained with DNA extracted from
infected plant material; this trend was statistically signifi-
cant for all the assays, but Pram-C62 (Fig. S1). Neither
false positive nor false negative was generated on this
panel test with the group and species-level assays
(Fig. 4a; Table S4). In contrast, specificity of the ITS
assay targeting P. ramorum DNA (tested with the same
PCR parameters as those used for the assays developed
in this study) generated a high number of false positives
with DNA from plant material inoculated with P. later-
alis (Fig. 4a; Table S4).
True positives were detected for the P. ramorum lin-

eage assays, with average Ct values ranging between 24.8
(PramEU1-C358) and 29.3 (PramNA1-C399) (under the
experimental conditions here). However, few false posi-
tives were observed with the P. ramorum lineage assays,
but usually with late Ct values (Fig. 4a). The assays tar-
geting DNA of NA1 and NA2 cross-amplified with DNA
from the same sample of G. shallon infected by the EU1
individual P5039 with Ct values of 36.8 and 33.3,
respectively (Table S4). Similarly, the EU1 assay returned
a Ct value of 35.9 on a DNA sample of G. shallon
infected with the NA2 individual P5073 (Table S4).

Figure 3 Specificity of the real-time PCR assays targeting the four Phytophthora ramorum lineages. Only Ct values below 40.0 are represented.

Real-time PCR assays highlighted in red are those that were selected and validated as the final assays panel; DNA sample 9 primer/probe

combinations not tested are noted ‘nd’.
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Using a Ct value cut-off of 35.0 (with the same qPCR
experimental conditions) to declare a positive reaction
would prevent the generation of the false positives
observed with the NA1 and EU1 assays (Fig. 4b;
Table S4), but might also have the adverse effect of
affecting the detection of some true positives with
Pram_NA1_399 (e.g. P5010; see Fig. 3). For the NA2
assay the cross-reaction with an EU1 isolate inoculated
on G. shallon suggests that this cut-off should be
brought down to 33.0, to reduce the risk of false
positives with this lineage (Fig. 4b; Table S4). Only three
false negatives were observed with the lineage assays: the
NA1 assay on DNA from Camellia sp. infected by
P5046 (Ct 39.2), and the EU2 assay on DNA from
Rhododendron sp. samples infected with P2111 (Ct ≥
40.0) and P2566 (Ct 36.6) (Fig. 4a; Table S4). Applying
a Ct cut-off equal to or above 37.0 would prevent the
generation of the second false negative obtained with the
EU2 assay, as DNA from isolate P2561 infecting Rhodo-
dendron sp. resulted in a Ct of 36.6 (Fig. 4b; Table S4).

Accuracy of the assays

A na€ıve Bayes classifier was used, to avoid using an arbi-
trary Ct value threshold to declare a positive reaction.
The classifier was trained on a set of Ct values obtained

from positive and negative samples and assigned random
samples of this training set as positive or negative to
obtain an evaluation of the performance (TP and FP
rates, accuracy) of each assay; this procedure was
repeated 10 000 times, by generating each time a new
random training set (from experimental Ct values
obtained from infected tissues). For the five assays target-
ing DNA of P. ramorum and/or P. lateralis an accuracy
in detection of 100% was obtained, whereas accuracy of
these assays averaged 98.6% and 99.7% with arbitrary
Ct cut-offs of 40.0 and 36.0, respectively (Fig. S2). Anal-
ysis of sensitivity and accuracy of the ITS and b-tubulin
assays was increased by using the na€ıve Bayes classifier
but remained slightly below the optimal value of 100%
due to the presence of false negatives for the ITS assay
and some false positives for the b-tubulin one (Fig. S2).

Discussion

Amplification of DNA by PCR has revolutionized the
detection and monitoring of plant pathogens causing tree
and crop diseases (Martinelli et al., 2015). Most of the
DNA-based detection assays developed to date rely on
the amplification of a fraction of the genome of the tar-
geted species, usually one to three genes. The most
widely used genes or genome regions such as the internal

Figure 4 Real-time PCR assays testing on infected plant material. (a) Ct values (presented in Table S4) on DNA from inoculated material and

cultures for the GEDI assays targeting Phytophthora ramorum, P. lateralis and P. ramorum + P. lateralis and three control assays (i.e. b-

tubulin = Phy_ram482U_LNA_F/Phy_ram_653L_LNA_R, Elicitin = Prameli 102U_F/Prameli259L_R and ITS = ITSPrimer622U_F/ITSPrimer755L_R;

(Bilodeau et al., 2007a)). (b) Number of false positives (top) and false negatives (bottom) generated at different Ct cut-offs ranging from 33.0 to

40.0.
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transcribed spacer of the ribosomal cluster (ITS rDNA),
the intergenic spacer region (IGS) and the b-tubulin gene
are usually conserved in all eukaryotes. This has been a
useful feature because universal primers can be designed
to obtain the DNA sequence of those genes and to design
assays that target discriminant SNPs (Martinelli et al.,
2015). However, this approach has limitations when
applied to taxa that diverged recently or to distinguish
taxonomic subgroups such as clonal lineages within a
species. Distinguishing lineages of plant pathogens such
as P. ramorum can be critical because they have different
phenotypic characteristics, including host range and
aggressiveness, and some have opposite mating types
(Elliott et al., 2011). This is the case in Oregon, where
the EU1 P. ramorum lineage was found for the first time
in forest stands on grand fir (Abies grandis) and Douglas
fir (Pseudotsuga menzeii) (LeBoldus et al., 2018) and
requires a management approach distinct from the previ-
ously established NA1 lineage.
With the increasing availability of whole genome

sequences for some of the most important crop and tree
pathogens, it becomes feasible to search for genome
regions that are unique to a target organism or highly
discriminant amongst closely related non-target species
(Feau et al., 2018). The genomes of more than 100
P. ramorum individuals have been resequenced from all
four known lineages from Europe and North America
and de novo genome assemblies generated of an addi-
tional six Phytophthora species, including close relatives,
and a pipeline built that can be used to discover unique
genome regions and develop DNA-based assays (Feau
et al., 2016, 2018). In the present study, this pipeline
was applied to develop a set of real-time PCR detection
assays targeting three hierarchical taxonomic levels,
including P. ramorum and the sister species P. lateralis
and all four currently recognized lineages of P. ramorum.
This novel approach generated highly specific assays, as
unique genome regions present only in the targeted taxa
were identified. These assays were very accurate and sen-
sitive, ranging from 98.7% to 100% detection of 2–10
gene copies of the targeted taxa. This level of sensitivity
is within the lowest theoretical limit of detection of
DNA (Bustin et al., 2009).
By using the common approach of setting an arbitrary

threshold Ct value to declare a positive reaction (Ct value
cut-off of 36.0 in this study), all P. ramorum and P. lat-
eralis assays yielded an accuracy of 100%, whereas false
positives were obtained with the ITS and b-tubulin
assays under the same real-time PCR conditions. A
machine learning model using a na€ıve Bayes classifier
was also developed, that trains on prior distributions of
Ct values obtained on DNA from true positive and true
negative samples to determine the probability that an
unknown sample is a positive. Using this classifier, the
accuracy of the less well performing assays (ITS and b-
tubulin) was improved, indicating that alternate
approaches to Ct value threshold like a simple machine
learning model may help improve precision in declaring
true positive samples. However, although relatively

simple to implement, such an approach still requires
some investment in testing DNA from true positive and
false positive samples to build prior distributions of Ct

values.
Mining Phytophthora genomic resources for the devel-

opment of diagnostic and detection assays is promising;
whole mitochondrial genomes of Phytophthora species
have been compared to identify variable sequences
within conserved regions where primers can be designed
(Miles et al., 2017). By targeting genome regions
uniquely found in the targeted species, the present
approach promises to reduce the likelihood of false posi-
tives, in particular those caused by close relatives.
Indeed, previous assays aimed at amplifying the ITS
region of P. ramorum have shown cross-reactivity with
DNA of P. lateralis (Hayden et al., 2006; Belbahri et al.,
2007; this study), especially at high DNA concentrations
of the target and non-target species (Hughes et al., 2006;
Bilodeau et al., 2007a). Similar nonspecific DNA amplifi-
cations potentially yielding false positives were reported
for assays developed on other conserved genes such as b-
tubulin and elicitin (Bilodeau et al., 2009).
Given its high copy number, which translates into

highly sensitive assays, with a limit of detection (LOD)
ranging from 12.9 to 100 fg (Hayden et al., 2006;
Hughes et al., 2006), the ITS region is the most com-
monly targeted gene for detection assay development. In-
house testing using similar real-time PCR conditions and
isolates (data not shown) yields LOD an order of magni-
tude lower for the ITS (Bilodeau et al., 2007a) compared
to mitochondrial genes (Tooley et al., 2006), b-tubulin,
elicitin or single copy genes (Bilodeau et al., 2009) and
the genome-derived assays from this study. There is
always a compromise between sensitivity and specificity
when developing detection assays and these factors must
be balanced. The methods developed here achieved this
balance by generating a rate of 100% accuracy for the
group and species-specific assays. Highly sensitive multi-
copy (e.g. targeting the ITS) and specific (e.g. those
reported here) assays could be combined, either in paral-
lel in an array format or in a multiplex real-time PCR
that would combine high sensitivity and specificity. One
of the benefits of targeting unique regions of about 200–
500 bp is that there is virtually no limitation in designing
assays that can meet criteria of temperature conditions.
This allows performing parallel runs in high-throughput
formats (96 or 384) of the same samples with multiple
assays in singleplex reactions targeting species and lin-
eages, or to incorporate these assays in multiplex combi-
nations.
One of the challenges of developing assays with pri-

mers and probes targeting conserved gene regions is the
paucity of variable regions among closely related species.
This limitation has been reported in Pseudogymnoascus
(Shuey et al., 2014) and Phytophthora kernoviae
(Lamarche et al., 2015), where the genes and genome
regions commonly used for assay development did not
possess sufficient variation to discriminate between the
target species and its close relative. Discriminating
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among lineages of P. ramorum was even more challeng-
ing as polymorphisms were rare in the ITS (Kroon et al.,
2004), b-tubulin and CBEL (Bilodeau et al., 2007b) and
the cytochrome c oxidase subunit 1 (Cox 1) gene (Kroon
et al., 2004). Currently, the discrimination of the
P. ramorum lineages is based on the use of markers that
require large amounts of high quality DNA and/or rela-
tively longer protocols that are more complex to analyse
(AFLPs, ISSR-PCR, microsatellites or Sanger sequencing),
or on the combination of several allele-specific oligonu-
cleotide-PCR assays (Gagnon et al., 2017).
In conclusion, a set of novel highly accurate and sensi-

tive real-time assays have been developed from unique
genome regions at two hierarchical levels (species-specific
and lineage-specific) for P. ramorum, as well as from its
closely related species P. lateralis. These accurate and
sensitive assays represent an improvement in the detec-
tion of P. ramorum and could either replace or comple-
ment assays developed from conserved gene regions.

Acknowledgements

This work was supported by Genome Canada’s Large-
Scale Applied Research Program (LSARP projects #2112
and 10106) and Genome Canada’s Genomic Application
Partnership Program (GAPP 6102) with additional
funding from Genome B.C., Genome Quebec, Canadian
Food Inspection Agency, Natural Resources Canada and
FPInnovations. The authors declare no conflict of
interest.

References

Belbahri L, Calmin G, Wagner S, Moralejo E, Woodward S, Lefort F,

2007. Specific hybridization real-time PCR probes for Phytophthora

ramorum detection and diagnosis. Forest Pathology 37, 403–8.

Bergeron M-J, Feau N, Stewart D, Tanguay P, Hamelin RC, 2019.

Genome-enhanced detection and identification of fungal pathogens

responsible for pine and poplar rust diseases. PLoS ONE 14, e0210952.

Bilodeau GJ, L�evesque CA, de Cock AWAM et al., 2007a. Molecular

detection of Phytophthora ramorum by real-time polymerase chain

reaction using TaqMan, SYBR Green, and molecular beacons.

Phytopathology 97, 632–42.

Bilodeau GJ, L�evesque CA, de Cock AWAM, Bri�ere SC, Hamelin RC,

2007b. Differentiation of European and North American genotypes of

Phytophthora ramorum by real-time polymerase chain reaction primer

extension. Canadian Journal of Plant Pathology 29, 408–20.

Bilodeau G, Pelletier G, Pelletier F, Hamelin RC, L�evesque CA, 2009.

Multiplex real-time polymerase chain reaction (PCR) for detection of

Phytophthora ramorum, the causal agent of sudden oak death.

Canadian Journal of Plant Pathology 31, 195–210.

Brasier C, Webber J, 2010. Sudden larch death. Science 329, 824–5.

Bustin SA, Benes V, Garson JA et al., 2009. The MIQE Guidelines:

minimum information for publication of quantitative real-time PCR

experiments. Clinical Chemistry 55, 611–22.

Chapman D, Purse BV, Roy HE, Bullock JM, 2017. Global trade

networks determine the distribution of invasive non-native species.

Global Ecology and Biogeography 26, 907–17.

Cooke DEL, Schena L, Cacciola SO, 2007. Tools to detect, identify and

monitor Phytophthora species in natural ecosystems. Journal of Plant

Pathology 89, 13–28.

Doyle JJ, Doyle JL, 1987. CTAB DNA extraction in plants.

Phytochemical Bulletin 19, 11–5.

Elliott M, Sumampong G, Varga A et al., 2011. Phenotypic differences

among three clonal lineages of Phytophthora ramorum. Forest

Pathology 41, 7–14.

Feau N, Taylor G, Dale AL et al., 2016. Genome sequences of six

Phytophthora species threatening forest ecosystems. Genomics Data

10, 85–8.

Feau N, Beauseigle S, Bergeron M et al., 2018. Genome-enhanced detection

and identification (GEDI) of plant pathogens. PeerJ 6, e4392.

Gagnon M, Feau N, Dale AL et al., 2017. Development and validation

of polymorphic microsatellite loci for the NA2 lineage of

Phytophthora ramorum from whole genome sequence data. Plant

Disease 101, 666–73.

Green S, Brasier C, Schlenzig A et al., 2012. The destructive invasive

pathogen Phytophthora lateralis found on Chamaecyparis lawsoniana

across the UK. Forest Pathology 43, 19–28.

Gr€unwald NJ, Garbelotto M, Goss EM, Heungens K, Prospero S, 2012.

Emergence of the sudden oak death pathogen Phytophthora ramorum.

Trends in Microbiology 20, 131–8.

Hayden K, Ivors K, Wilkinson C, Garbelotto M, 2006. TaqMan

chemistry for Phytophthora ramorum detection and quantification,

with a comparison of diagnostic methods. Phytopathology 96, 846–54.

Hughes KJD, Tomlinson JA, Griffin RL, Boonham N, Inman AJ, Lane

CR, 2006. Development of a one-step real-time polymerase chain

reaction assay for diagnosis of Phytophthora ramorum.

Phytopathology 96, 975–81.

Ivors KL, Hayden KJ, Bonants PJM, Rizzo DM, Garbelotto M, 2004. AFLP

and phylogenetic analyses of North American and European populations

of Phytophthora ramorum.Mycological Research 108, 378–92.

Ivors K, Garbelotto M, Vries IDE et al., 2006. Microsatellite markers

identify three lineages of Phytophthora ramorum in US nurseries, yet

single lineages in US forest and European nursery populations.

Molecular Ecology 15, 1493–505.

Jung T, Orlikowski L, Henricot B et al., 2016. Widespread Phytophthora

infestations in European nurseries put forest, semi-natural and

horticultural ecosystems at high risk of Phytophthora diseases. Forest

Pathology 46, 134–63.

Kroon LPNM, Verstappen ECP, Kox LFF, Flier WG, Bonants PJM, 2004.

A rapid diagnostic test to distinguish between American and European

populations of Phytophthora ramorum. Phytopathology 94, 613–20.

Lamarche J, Potvin A, Pelletier G et al., 2015. Molecular detection of 10

of the most unwanted alien forest pathogens in Canada using real-time

PCR. PLoS ONE 10, e0134265.

LeBoldus JM, Sondreli KL, Sutton W et al., 2018. First report of

Phytophthora ramorum lineage EU1 infecting Douglas fir and grand fir

in Oregon. Plant Disease 102, 455.

Martin FN, 2008. Mitochondrial haplotype determination in the oomycete

plant pathogen Phytophthora ramorum. Current Genetics 54, 23–34.

Martinelli F, Scalenghe R, Davino S et al., 2015. Advanced methods of

plant disease detection. A review. Agronomy for Sustainable

Development 35, 1–25.

Miles TD, Martin FN, Coffey MD, 2015. Development of rapid

isothermal amplification assays for detection of Phytophthora spp. in

plant tissue. Phytopathology 105, 265–78.

Miles TD, Martin FN, Robideau GP, Bilodeau GJ, Coffey MD, 2017.

Systematic development of Phytophthora species-specific mitochondrial

diagnostic markers for economically important members of the genus.

Plant Disease 101, 1162–70.

M€oller EM, Bahnweg G, Sandermann H, Geiger HH, 1992. A simple

and efficient protocol for isolation of high molecular weight DNA

from filamentous fungi, fruit bodies, and infected plant tissues. Nucleic

Acids Research 20, 6115–6.

Robin C, Piou D, Feau N, Douzon G, Schenck N, Hansen EM, 2011.

Root and aerial infections of Chamaecyparis lawsoniana by

Phytophthora lateralis: a new threat for European countries. Forest

Pathology 41, 417–24.

Schenck N, Saurat C, Guinet C et al., 2018. First report of Phytophthora

ramorum causing Japanese larch dieback in France. Plant Disease 102,

2045.

Plant Pathology (2019) 68, 878–888

Genome-based detection of SOD 887



Shamoun SF, Rioux D, Callan B et al., 2018. An overview of Canadian

research activities on diseases caused by Phytophthora ramorum:

results, progress, and challenges. Plant Disease 102, 1218–33.

Shuey MM, Drees KP, Lindner DL, Keim P, Foster JT, 2014. Highly

sensitive quantitative PCR for the detection and differentiation of

Pseudogymnoascus destructans and other Pseudogymnoascus species.

Applied and Environmental Microbiology 80, 1726–31.

Tooley PW, Martin FN, Carras MM, Frederick RD, 2006. Real-time

fluorescent polymerase chain reaction detection of Phytophthora

ramorum and Phytophthora pseudosyringae using mitochondrial gene

regions. Phytopathology 96, 336–45.

Van Poucke K, Franceschini S, Webber JF et al., 2012. Discovery of a

fourth evolutionary lineage of Phytophthora ramorum: EU2. Fungal

Biology 116, 1178–91.

Supporting Information

Additional Supporting Information may be found in the online version of

this article at the publisher’s web-site.

Figure S1. Distribution of Ct values obtained for the Phytophthora

ramorum (Pram-C62, Pram-C1040 and Pram-C1162), P. lateralis (Plat-

C19) and P. ramorum + P. lateralis (Pramlat-C11) assays on cultures

and environmental samples. t-test comparison of means: ns, not signifi-

cant; *P < 0.05; **P < 0.01; ***P < 0.001.

Figure S2. Performance of the group and species-specific assays target-

ing Phytophthora ramorum and P. lateralis. Performance is expressed in

term of false positive rate (top graph), false negative rate (middle) and

accuracy (bottom) and was measured depending on two manual Ct cut-

offs (36.0 and 40.0) and by using a na€ıve Bayes classifier.

Table S1. Phytophthora genome sequences used in this study.

Table S2. Phytophthora isolates tested in this study.

Table S3. Plant material inoculated with Phytophthora ramorum and

P. lateralis and used as DNA template for the validation step.

Table S4. Ct values obtained with DNA templates from infected plant

material for the nine TaqMan assays developed in this study and three

controls.
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