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1 INTRODUCTION
With the widespread availability of genomics data as well as multiple platforms for running
molecular assays, there are now many tools available for plant pest or pathogen detection and
identification. Some of these tools can be used in the field providing nearly instantaneous
results. This has provided scientists and regulators with a powerful toolbox for pathogen
monitoring. However, this also raises questions about the efficacy and proper use of these tools
in traded wood and forest commodities. There are knowledge gaps around their efficacy in
different woody host tissues and species, regarding what are the most reliable or appropriate
techniques and tools for specific applications or commodities, and on how to appropriately use
the data in a regulatory setting. Understanding efficacy and the variables that influence
detection will help with interpretation of results, decision making, and pest management. It will
also help inform the best approach to pathogen detection and identification in scenarios where
results can have a big impact such as in trade or forest health. This has led to a need for more
information on the performance of different tools on complex substrates, especially before a
case is made for their implementation or standardization for use in screening import and export
products.
Increasing international trade raises the risk of transferring pest and pathogens. Alien invasive
species are no longer limited by natural dispersion barriers as they hitchhike to new habitats on
the cargo we move (Capinha et al. 2015, Santini et al. 2018). Not only can invasive species’
distributions be tracked to human movement, but levels of invasion are also strongly linked to
demographic and economic variables (Pyšek et al. 2010). Once invasive species are introduced
to naïve hosts they can have devastating impacts. Invasive Phytophthora species, such as those
responsible for sudden oak death, have highlighted the detrimental effects of novel
introductions on ecosystems as well as on economies (Hansen 2015). Phytophthora ramorum,
spread globally through the nursery trade, has had severe impacts on natural ecosystems in the
Pacific Northwest of North America as well as in Europe and has resulted in significant economic
losses and restrictions to trade (Brasier and Webber 2010, Grünwald et al. 2012, Grünwald et al.
2012). Phytophthora species have frequently been associated with the trade of live plant
material. In some cases, they are carried in asymptomatic plant tissues and other pathogen
propagules that may be hidden and transported through soil (Migliorini et al. 2015, Prigigallo et
al. 2016). Several Phytophthora species infect and cause cankers on trees. Although they were
originally thought to persist mostly in the phloem and cambium tissues, studies have shown that
several Phytophthora species can colonize well beyond phloem tissue into the xylem (Brown and
Brasier 2007, Davison et al. 2014). Furthermore, removal of diseased phloem tissue from living
trees does not kill the pathogen, so the pathogen is able to continue growing in the xylem to
initiate new cankers elsewhere in the tree (Brown and Brasier 2007). Results suggest that these
pathogens could be transported in wood products if diseased tissue is not fully removed or if the
wood is not properly disinfected.
Phytosanitary measures and processing reduce or eliminate the risk of commodities harboring
alien invasive species. Live plants or trees with roots and soil attached are high risk
commodities. Whereas, highly processed wood products such as kiln dried lumber, wood veneer
or engineered wood products have been subjected to high heat during processing which can
significantly reduce or kill pests and pathogens. Less processed, higher risk wood products can
3

be treated with phytosanitary measures such as heat treatment or fumigation to reduce or
eliminate the possibility of harboring pests (Hoover et al. 2010, Lazarescu et al. 2011, Uzunovic
et al. 2013, Allen et al. 2017). In the middle of this spectrum there may be scenarios where
pathogen risk is reduced but not eliminated, for instance bark removal is effective in removing
many pests which do not penetrate past the phloem tissue, but any pests beyond the phloem
would remain (Allen et al. 2017).
Currently, accurate detection of pathogens relies on isolation and growth in culture. Growth in
culture has the advantage of providing living proof of infection as well as information on vitality
of the infecting organism (Wong et al. 2020). However, it is not rapid, often taking days or weeks
to get results, not all organisms can be grown in culture, and in many cases symptoms may not
be present to alert inspectors or regulators that a pathogen is present. The ability to isolate
Phytophthora species in culture varies. In freshly felled symptomatic trees, successful isolation
of Phytophthora spp. ranged up to 81% (Brown and Brasier 2007). In a large study of symptom
development in living Douglas fir and grand fir trees in a Christmas tree farm in California
successful re-isolation of P. ramorum was below 2% (Chastagner et al. 2010). In a small study
looking at differences in aggressiveness between lineages of Phytophthora ramorum in
artificially infected Douglas fir and Japanese larch, re-isolation success was only 16% using
culture-based techniques, which dropped even lower over time, in contrast to the 100%
detection rate using real time PCR detection assays (Sheppard 2015). High throughput detection
tools could greatly improve the screening process. Although there are several very sensitive
detection assays developed and tested for many invasive Phytophthoras, data is sparse on
performance in more complex substrates such as wood (Schena et al. 2007, Lamarche et al.
2015). Wong et al. (2020) developed RNA assays to detect living Phytophthora ramorum by real
time PCR. They successfully tested the assays on tissue from artificially inoculated logs of three
host species. RNA assays can be used to determine viability of the pathogen as only live
organisms produce RNA, which breaks down rapidly and does not persist for long periods of
time after a pathogen dies (Wong et al. 2020).
The goal of this project was to compare the detection efficacy of different methods (culturing
and molecular methods) on common export and import forest and wood products in a range of
states (live trees to green sawn lumber) and to get insight into how different levels of processing
influence pathogen detection.

2 OBJECTIVES
Produce wood substrates artificially inoculated with different Phytophthora pathogens and with
differing levels of risk for harboring live pathogens, including fresh live trees, logs with and without
bark, and processed wood to:
Test and compare the efficacy and suitability of different genomics-based plant pathogen
detection tools.
• Produce data on survival of live pathogens, cultures and DNA or RNA from a range of
wood products.
Produce data that can contribute to our understanding of molecular detection tool performance
and data interpretation in complex substrates such as wood.
•
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4 MATERIALS AND METHODS
Pilot Test
To choose a host species and Phytophthora pathogen for the experiment, a pilot study was
conducted to screen different species of each. Two saplings between 1.5 to 2 m high for coastal
hemlock and Douglas fir were obtained from Malcolm Knapp Research Forest (MKRF) on June
11, 2019. The saplings were first cut into 40 cm long segments and trimmed of branches. Eight
hemlock segments and eight Douglas fir segments were prepared for inoculations. The
segments were brushed clean and washed with a 10% bleach solution, rinsed with tap water
and allowed to dry for one hour. After drying, each segment was sealed at the exposed cut faces
with two coats of epoxy and left to dry overnight.
Four Phytophthora species were screened: P. cinnamomi, P. cambivora, P. cryptogea, and P.
cactorum (Table 1). Two isolates for each Phytophthora species were selected and inoculated
onto one sapling section in duplicate. The inoculation points were on the opposite ends and
opposite sides for each segment. This was repeated for all branch segments. For each
inoculation, a 5 mm cork borer was used to remove the bark to the cambium layer where an
agar plug with actively growing pathogen was placed with the mycelium facing down. A few
drops of sterile water were added to ensure enough moisture for the initiation of growth into
the stem tissue. The bark core was re-placed over the agar plug and a moistened cotton ball was
placed on top of the inoculation point. To prevent air-borne contamination during incubation,
aluminum foil was fastened with tape over each inoculation area. The samples were kept moist
by placing them on a metal tray with a moist paper lining and mesh spacers to prevent direct
contact with the moisture and covered with a plastic bag. To ensure air flow the bags were left
slightly open during incubation. The trays were placed in a growth chamber set to 20°C and 80%
RH. A full spectrum LED light was used to provide a 16 hour light period followed by an 8 hour
dark period. Inoculated stems were monitored for symptoms and after five weeks the pilot
experiment was stopped. For each sample the bark was cut away with a scalpel to just past the
cambium for the whole canker, the length from the middle of the inoculation point down the
length of the stem was recorded.
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Table 1. Phytophthora isolates used in the pilot test

Isolate
P. cryptogea BMV P2 RS-2006-soil-d8
P. cryptogea CBS 130886
P. cinnamomi 3766
P. cinnamomi CBS 270.55
P. cactorum 4368W
P. cactorum larch FF-42
P. cambivora 4502W*
P. cambivora BMV Quin 52-3A

Source
UBC
FPI
FPI
FPI
FPI
UBC
FPI
UBC

Growing Media
PARP-CMA
Carrot agar
Carrot agar
Carrot agar
Carrot agar
PARP-CMA
Carrot agar
PARP-CMA

*isolate later identified as Phytophthora plurivora

Log and Tree Inoculations
Phytophthora species were selected for the study based on their ability to produce cankers in
wood, availability of isolates and their history of causing forest disease or disease in trees.
Isolates were used for both log bolt and tree inoculations. Douglas fir was chosen as the test
host species based on availability, importance to the forest industry as well as the results from
the pilot study that showed it to be good host for all selected phytophthora species.
Three Douglas fir trees were felled and collected from MKRF on July 29th, 2019. On July 30th,
2019, these logs were cut into 100 cm bolt segments. Trees were labelled A-C and eight bolts
were prepared from each tree and labeled A1-A8, B1-B8 and C1-C8. Each bolt was washed in a
10% bleach solution, the dirt and debris scrubbed from the outer bark, and rinsed liberally with
tap water. The bolts were air dried for one hour and then the ends were sealed with paraffin
wax. The bolts were left over night and inoculations were initiated on July 31, 2019. Six bolts,
from each tree, were inoculated with a Phytophthora isolate as outlined in Table 2. One bolt
from each tree was kept as a control and inoculated with 1% malt extract agar (MEA). Two of
the remaining bolts were inoculated with all six Phytophthora isolates and used to confirm
infection, determine the length of time needed for canker development, and to determine the
initial sampling protocol.
Six Phytophthora isolates, five selected from the pilot test results plus one additional (P.
cambivora), were grown on 1% MEA one week prior to log inoculations (Table 2). Log bolts were
inoculated as described for the pilot study above, with a minimum of 16 inoculation points
around each bolt (Figure 1). Samples were bagged in clear plastic and moist paper towel was
placed inside each bag to ensure moisture present for incubation period. Sample bags were
checked periodically to confirm a small amount of condensation present as an indication of
sufficient moisture. The bags were closed but not sealed to allow airflow around bolts. Douglas
fir bolts were held for 7 weeks.
Twenty Douglas fir tree saplings were purchased from a local nursery and received at
FPInnovations on August 7th, 2019. Once received, the trees were watered to saturation and
left in the sun until inoculations the following day. Four inoculation points per tree were made:
two along the stem, one at the soil line and one mid height, and two on the foliage (Figure 2). To
inoculate the trees a small incision was made with a sterile scalpel at the inoculation site. Then a
small agar plug with one week old actively growing pathogen was placed with the mycelium face
6

down over the incision. A small moist cotton ball was placed over the inoculation area and
parafilm was used to hold the inoculation point in place and prevent contamination. Three trees
were inoculated with each inoculation isolate, Table 2. Two trees were kept as control samples
and only inoculated with 1% MEA plugs. Clear bags were loosely placed over each tree to
safeguard the inoculation points as well as prevent cross contamination between trees while
still allowing airflow. After 2 weeks incubation, slits were made in the bags to release excess
moisture. Douglas fir tree saplings were held for 7 weeks.
Table 2. Inoculation Isolates and hosts for Douglas fir trees and bolts
Sample Collected
Inoculation
Segment a
Segment b
Segment c
Isolates (Collection
Bolt ID
Fresh Log
Debarked log
Processed
Source)
ID
ID
Wood ID
P. cambivora
A3
A3-a-e/m/a/s
A3-b-e/m/a/s
A3-c-W/B/T
Pfir S3A
B4
B4-a-e
B4-b-e
B4-c-W/B/T
(UBC)
C7
C7-a-e
C7-b-e
C7-c-W/B/T
P. cambivora
A5
A5-a-e
A5-b-e
A5-c-W/B/T
BMV Quin 52-3A
B6
B6-a-e
B6-b-e
B6-c-W/B/T
(UBC)
C3
C3-a-e
C3-b-e
C3-c-W/B/T
P. plurivora
A7
A7-a-e
A7-b-e
A7-c-W/B/T
4502W
B2
B2-a-e
B2-b-e
B2-c-W/B/T
(FPI)
C5
C5-a-e
C5-b-e
C5-c-W/B/T
P. cinnamomi
A4
A4-a-e/m/a/s
A4-b-e/m/a/s
A4-c-W/B/T
CBS 270.55
B7
B7-a-e
B7-b-e
B7-c-W/B/T
(FPI)
C2
C2-a-e
C2-b-e
C2-c-W/B/T
P. cinnamomi
A6
A6-b-e
A6-c-W/B/T
A6-a-e
P2860
B3
B3-b-e
B3-c-W/B/T
B3-a-e
(FPI)
C4
C4-a-e
C4-b-e
C4-cW/B/T
P. cryptogea
A2
A2-a-e/m/a/s
A2-b-e/m/a/s
A2-c-W/B/T
CBS 130886
B5
B5-a-e
B5-b-e
B5-c-W/B/T
(FPI)
C6
C6-a-e
C6-b-e
C6-c-W/B/T
1% MEA
A8
A8-a-e
A8-b-e
A8-c-W/B/T
B8
B8-a-e
B8-b-e
B8-c-W/B/T
C8
C8-a-e
C8-b-e
C8-c-W/B/T

Tree
ID

Sample ID

T7
T13
T19
T5
T10
T17
T4
T8
T15
T2
T9
T14
T6
T12
T16
T3
T11
T18
T1
T20
N/A

T7-S/B/R
T13-S/B/R
T19-S/B/R
T5-S/B/R
T10-S/B/R
T17-S/B/R
T4-S/B/R
T8-S/B/R
T15-S/B/R
T2-S/B/R
T9-S/B/R
T14-S/B/R
T6-S/B/R
T12-S/B/R
T16-S/B/R
T3-S/B/R
T11-S/B/R
T18-S/B/R
T1-S/B/R
T20-S/B/R
N/A

After inoculation, log bolts and trees were placed into a temperature and humidity controlled
chamber at 23oC and 80% relative humidity. In the chamber full spectrum LED lights, with a 16
hour light period followed by an 8 hour dark period, were used to mimic summer light exposure.
The logs were rotated periodically to ensure even light exposure while the trees were watered
and rotated every two weeks to ensure tree vitality and equal exposure to the light source.
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Figure 1. Inoculated Douglas fir bolt ready for incubation in growth chamber.

(a)

(b)

Figure 2. Photo (a) shows the inoculation of a Douglas fir sapling stem. Photo (b) shows the bagged
samples ready for incubation in the growth chamber.
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Sample Collection for Bolts and Trees
After 6 weeks incubation, the test sample bolts, inoculated with all six isolates, were inspected
for canker development and progression.
On September 20, 2019, after 7 weeks incubation, each bolt was cut with a chainsaw into two
portions, a 33 cm section representing a fresh log (Figure 3a) and a 65 cm segment. The
chainsaw was brushed of debris between each cut and sprayed with 70% ethanol to avoid cross
contamination between samples. The 65 cm segment was debarked leaving the majority of the
cambium/phloem still intact and left to air dry at room temperature and humidity for 4 weeks.
The bark was removed and samples collected from the fresh segments September 23-24, 2019.
On October 16, 2019, after 4 weeks of air drying, the 65 cm segment was cut by chainsaw, as
described above, into two equal segments. The first represented a debarked air-dried log (Figure
3b). Samples were collected from the debarked air-dried logs over the following 2-3 days after
cutting. The last segment was processed further on October 17, 2019, into two 2x4 samples cut
from either side of each bolt, leaving some wane on two of the top edges for each board (Figure
3c). These represented air-dried processed wood.
b

a
Canker edge

c

top

Canker edge
wane

Figure 3. Bolt sections cut from each inoculated log from left to right. Segment a (fresh log): sampled 7
weeks after artificial inoculation. Bark removed only at the time of sampling. Example of canker edge
shown where sample was taken between healthy and diseased tissue. Segment b (debarked log):
Debarked 7 weeks after artificial inoculation and left at room temperature to air-dry for an additional 4
weeks. Example of canker edge where sample was taken shown. Segment c (processed wood): Debarked
7 weeks after artificial inoculation, left at room temperature to air-dry for an additional 4 weeks, and cut
into 2x4 segments using a band saw. After processing, samples were taken at the wane and top of the 2x4
(shown) and on the bottom of the 2x4 or the side which would have been closest to the pith and furthest
from the bark and phloem (not shown).

For the fresh log samples, bark was removed from around the inoculation sites to find the edge
of each lesion at the time of sampling. For both the fresh and air-dried debarked logs, samples
were collected from the growing edge of one or two cankers (Figure 3a and 3b). Three bolts
infected with three different Phytophthora species were selected for more extensive sampling
for both the fresh and debarked air-dried logs. Two lesions from each bolt were sampled in the
center of the canker (m), outside of the lesion in the asymptomatic tissue (a), and under the
lesion in the sapwood(s) in addition to the samples taken from the lesion edge(e).
For the air-dried 2x4s, two samples each were taken from the wane (W) and the top (T) of the
boards closest to the bark and infected areas (Figure 3c), and two from the bottom (B) closest to
the pith and farthest from the inoculation point.
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Slivers of wood were plated directly in Phytophthora selective media (as described below) for
pathogen isolation; two sub samples of approximately one gram each of wood shavings were
collected with a scalpel and placed in 1.5 mL microcentrifuge tubes, one frozen in liquid nitrogen
and stored in -80 oC for RNA extraction, and the other stored in -20 oC for DNA extraction; a
section of wood approximately 2 x 2 x 1 cm deep was collected with a chisel and stored at 4 oC
for point of care detection.
On September 25th, 2019, after 7 weeks incubation, samples were collected from the infected
Douglas fir tree saplings. Two regions each from the roots (R), the infected stem (S), and the
infected foliage (F) were sampled, with samples taken and stored as above for pathogen
isolation in culture, DNA and RNA extraction and fresh point of care detection.

Traditional Detection and identification
4.4.1 Pathogen Isolation
Several small slivers from all sampled cankers, and all tree sample types as described above
were plated on PARPH-CMA which is selective for Phytophthora species, (Kannwischer and
Mitchell 1978) containing 17 g/L cornmeal agar (Sigma-Aldrich, St. Louis, MO, USA), 10 mg
pimaricin preparation (SigmaAldrich, St. Louis, MO, USA), 250 mg ampicillin sodium salt (SigmaAldrich, St. Louis, MO, USA), 10 mg Rifamycin SV sodium salt (Sigma-Aldrich, St. Louis, MO, USA),
100 mg pentachloronitrobenzene 95% (Sigma-Aldrich, St. Louis, MO, USA), and 50 mg
hymexazol (Alfa Aesar, Haverhill MA, USA) in one liter water. Three to five slivers of wood were
plated for each sample and incubated at room temperature for 2 weeks. Plates were monitored
for growth from the slivers and any distinct emerging Phytophthora-like colonies (slow or
medium fast growing, flat and white) were sub-cultured individually onto a second PARPH-CMA
plate and incubated at room temperature. Subcultures were visually assessed after 2 weeks of
growth and grouped based on similar morphological characteristics. Mold species that could be
identified from these subcultures, based on colony morphology and light microscopy, such as
Trichoderma, and Penicillium were noted and removed from further analysis. All remaining
Phytophthora-like isolates were selected for DNA barcoding.

4.4.2 DNA Barcoding of Cultures
Ten to 30 mg of mycelium from pure subcultures was collected from both the isolates used to
inoculate the logs and trees as well those isolated from the infected samples (taken post
inoculation, incubation, and processing). DNA was extracted using the DNeasy Plant Minikit
(QIAGEN, Germany). DNA was eluted once in a final volume of 50 µl and stored at -20 °C. The
internal transcribed spacer regions (ITS) one and two of the ribosomal DNA were ampliﬁed by
polymerase chain reaction (PCR) using primers ITS6 (Cooke et al. 2000) or ITS1 and ITS4 (White
et al. 1990). Reactions contained 1X GoTaq PCR buffer (Promega Corporation, USA), 2.0 mM
magnesium chloride, 0.2 mM dNTPs, 0.5 µM of each primer, 0.7 units of GoTaq polymerase
(Promega Corporation, USA) approximately 20 to 200 ng of DNA. Reactions were run 95 °C for 2
minutes followed by a touchdown program for the first six cycles (denaturing step at 94 °C for
60 seconds, an annealing step starting at 58 °C and deceasing by 1 °C each cycle, followed by an
elongation step of 72 °C for 90 seconds) before continuing with 35 cycles using an annealing
temperature of 55 °C for 90 seconds, and ending with a 10 minute extension step at 72 °C. DNA
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was electrophoresed through a 1% agarose gel stained with GelRed (Biotium Inc. USA) and
visualized under UV light. PCR products were purified using glass fibre filtration on a Biomek Fx
(Beckman Coulter, USA) and sequenced on an ABI 3730xl DNA Analyzer (Applied Biosystems,
USA) at the Plateforme de Séquençage et de Génotypage des genomes, Centre de Recherche du
CHUL (Quebec, Canada).
Sequences were assembled with SeqTrace 0.9.0 (Stucky 2012). Ends were manually inspected
and trimmed and sequences were identified using BLAST searches against the Genbank
database (US National Center for Biotechnology Information) (Altschul et al. 1990).
Identification was based on the top sequence matches coming from cultures (type cultures,
vouchers and those available from culture collections) using a 99% or better similarity threshold
between the query sequence and the top matches.

In-situ Pathogen Detection and Identification using Real-time PCR
and Ampliseq
4.5.1 DNA Extractions from Wood Samples
Approximately 0.1 g per sample of diseased tissue was ground in liquid nitrogen with a mortar
and pestle and placed into a sterilized 1.5 microcentrifuge tube and stored at -20oC until further
processing. For wood samples from the debarked air-dried and the 2x4 samples, 100µl of
sterilized nuclease free water was added prior to grinding in liquid nitrogen to improve grinding
efficiency.
Two DNA extraction methods were compared on eight random samples to determine the best
extraction method to process all wood samples for downstream analysis. For the first method,
0.1 g of ground wood was placed into a 1.5mL tube and mixed with 800 μl 2% CTAB buffer
amended with 1% beta mercaptoethanol. The slurry was incubated for one hour at 65°C and
then centrifuged at 15000 x g for six minutes. The supernatant was cleaned using the Promega
Wizard SV genomic DNA purification kit following the manufacturer’s instructions. DNA was
eluted once in a final volume of 50 µl and stored at -20 °C.
The second extraction method tested was the DNeasy Plant Minikit (QIAGEN, Germany), 0.1 g of
ground material was extracted following the manufacturer’s instructions. DNA was eluted once
in a final volume of 50 µl and stored at -20°C. The DNeasy Plant Minikit was used to process all
remaining wood samples.

4.5.2 Real-time PCR
DNA was amplified using real-time polymerase chain reaction (qPCR) following the method in
Capron et al. (2020) at the University of British Columbia Forest Pathology Laboratory using the
mitochondrial TrnM assay developed for genus level identification of Phytophthora (Bilodeau et
al. 2014). Samples that were inoculated with P. cinnamomi or P. cryptogea were also run with
species specific Taqman assays developed at the Forest Pathology Laboratory at the University
of British Columbia.
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4.5.3 Ampliseq
The DNA extracted from wood was amplified and sequenced using a custom ampliseq panel
developed for detection and identification of Phytophthora species (Radhamony et al. 2020).
Reactions were run at the Institute of integrative biology and systems (IBIS) at Université Laval.
Sequences were identified using a custom analysis pipeline developed at the Forest Pathology
Laboratory at the University of British Columbia.

Assessing Pathogen Vitality using Genomics Tools
Pathogen vitality was determined using molecular assays developed to detect the presence of
messenger RNA produced from live pathogens (Wong et al. 2020). Infected wood tissue, stored
at -80°C from a subset of 46 samples that had been infected with P. cinnamomi, were extracted
using the AllPrep DNA/RNA Mini kit (QIAGEN Inc. Germany) according to the manufacturer’s
instructions using manual disruption with a mortar and pestle and homogenization through a
QIAshredder spin column. Concentration of RNA was measured with an Eppendorf
biophotometer and samples were diluted in nuclease free water to 10 ng/µl. Ten nanograms of
RNA was reverse transcribed to generate cDNA using the QuantiTect® Reverse Transcription kit
(QIAGEN Inc. Germany). The cDNA samples were amplified following the method of Wong et al.
(2020) with Taqman probes developed for detection of Phytophthora cinnamomi mRNA
provided by Dr. Isabel Leal (Pacific Forestry Centre, Canadian Forest Service).

Point of use Real Time PCR Detection
Point of care or point of use detection was performed using the in situ processing and efficient
environmental detection (iSPEED) method described in Capron et al. (2020). A subset of ten
samples were tested including fresh and dried samples, six that had returned a positive real time
PCR result and four that were negative, and two controls samples that had been inoculated with
blank malt extract agar plugs. DNA from the cultures were included as positive controls in each
reaction set as well as nuclease free water for negative controls. Wood samples had been stored
at 4oC for 18 months prior to analysis. At the time of analysis, the sample was aseptically split or
the surface was removed with a scalpel to remove any contaminating organisms, and
approximately 2mg of wood shavings were aseptically removed with a scalpel from the freshly
exposed surface and placed into 100 ul tubes. Samples were extracted using the simplified field
method for Phytophthora ramorum as described in Capron et al. (2020). Prior to incubation,
buffer was added to the wood samples and then crushed/mixed with modified micro pestle
attached to a cordless drill. DNA amplification procedures followed the protocols in Capron et al.
(2020) using the premade lyophilized PCR strips with the TrnM mitochondrial primer for
Phytophthora spp. (Bilodeau et al. 2014). Samples were run in duplicate on the Franklin portable
real-time PCR instrument (Biomeme Inc. USA) using the threshold automatically generated by
the software.
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5 RESULTS AND DISCUSSION
The accuracy and applicability of the findings should be considered within the limitations of the
methods and procedures applied in the project. Results apply only to specimens tested.

Pilot Study
After 5 weeks, cankers had formed on all inoculated stems except for one isolate of P.
cinnamomi (3766) on Douglas fir. Canker length ranged from 4.5 cm for P. cinnamomi 3766 to
14.5 cm for P. cinnamomi CBS 270.55 on the hemlock. For the Douglas fir stems the smallest
canker was 3.2 cm (P. cactorum larch-FF42) while P. cambivora BMV Quin 52-3A and P.
cinnamomi CBS 270.55 covered the entire stem length and averaged 20 cm per stem (Figure 4).
Isolates inoculated on Douglas fir produced larger cankers than those found on the hemlock
stems. Although the pilot experiment was successful with both hosts, and both are important
species in the forest industry, we proceeded with Douglas fir for the remainder of the
experiment as there are concerns regarding susceptibility to other Phytophthoras such as
Phytophthora ramorum. Isolates were chosen based on access to pure cultures which appeared
healthy and had the expected morphological characteristics for the species.

Figure 4. Measuring the canker length of Douglas fir samples after 5 weeks incubation.
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Disease Development on Trees and Logs
After four weeks of incubation, cankers were observed on all log bolts except for the controls
which had been inoculated with blank MEA plugs. Cankers were only observed after removing
bark from logs. Sometimes logs had a slightly sunken or discoloured area around the canker
prior to debarking, but in many cases no symptoms were observed prior to removing the bark to
exposed dark lesion in phloem. After seven weeks incubation, the trees all showed signs of
disease with dead needles around the inoculation points and cankers on the stem. Roots of the
trees also showed signs of disease.

Traditional Detection and Identification
5.3.1 Pathogen Isolation and Identification
Traditional detection and identification of Phytophthora from trees, logs and green sawn wood
yielded a low positive detection rate. Although all trees and logs had visual symptoms and
pathogens were still likely alive, once the bark was removed the results obtained through
isolation suggested a low infection rate. This has also been noted by other researchers
(Chastagner et al. 2010). Twenty-three Phytophthora-like cultures grew from approximately 63
samples plated from the infected tree samples and six Phytophthora-like culture grew from the
slivers plated from 123 log samples. However, DNA barcoding results showed that only ten of
the 23 cultures matched the inoculation species applied to tree samples while only four of the
six cultures recovered from log samples matched the inoculation isolate (Figure 5).
Phytophthora isolation was most successful from the stem of live saplings with 39% of the
samples yielding a Phytophthora culture.
Only two samples from fresh logs yielded a Phytophthora culture, while debarked and airdried
logs yielded no Phytophthora cultures. Interestingly, two of the sawn 2x4 samples yielded
Phytophthora. One was obtained from the wane, where some phloem and bark tissue may have
been present. The second was isolated from the top of the board which would have been well
into the sapwood of the board. These results may suggest that the pathogen was able to grow
beyond the bark tissue into the sapwood and can be isolated from asymptomatic wood after
exposure to air for several weeks and after processing with a bandsaw. Further studies are
needed to confirm this.
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Figure 5. Comparison of the success rate of traditional isolation techniques from different wood products
for detection and identification of Phytophthora infection.All samples except the sawn 2x4 samples had
cankers or were symptomatic for disease based on a visual assessment. Phytophthora culture identity was
confirmed by DNA barcoding using the ITS 1 and 2.

In-situ Detection from Wood Samples
Detection using real-time PCR was very sensitive with the TrnM genus assay for amplifying
Phytophthora spp. Tissue or wood type was an important factor in the efficacy of the assays.
There was a 100% positive detection rate in stem tissue from live trees (Figure 6). The assays
worked with similar efficacy in root samples, however foliage tissue did not yield a high rate of
positive results (19% of samples). This could be due to compounds in the foliage inhibiting the
reaction, or the pathogen may have preferentially grown into woody tissue and not the foliage.
Cell death in the woody tissues of the branches and twigs could lead to foliar death and needle
drop. One of the difficulties associated with detecting microorganisms is that the infected area
may not be where the symptoms are most prominent. Often, detection using both DNA or
isolation methods rely on small amounts of tissue and therefore easily missing the pathogen
when sampling.
Similarly, in log samples, condition of the wood affected detection efficacy. Dry wood was easier
to detect the pathogen than fresh wood (Figure 6). Surprisingly, pathogen DNA was detected in
100% of the top samples taken from sawn 2x4 boards versus only 67% of the samples taken
from the wane. It is possible that the process of sawing the wood spreads pathogen DNA, or
that stacking 2x4 samples allows for pathogen or DNA transfer. The Phytophthora DNA found in
the control samples could support either of these theories. In the bottom of the 2x4 samples,
which are closer to the centre of the log, 50% of the samples were positive for Phytophthora
DNA and this also could be due to spread of pathogen DNA through sawing. Given that two live
cultures were isolated from the 2x4 samples that match inoculated species, this indicates some
of these samples are carrying live pathogen which cannot be visually detected. These results
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suggest that simply debarking, airdrying or even sawing infected wood may not be enough to kill
the pathogen and that an effective phytosanitary measure may be needed to prevent spreading
these invasive pathogens.
Several of the samples inoculated with blank MEA plugs returned a positive result (one of the
samples from a fresh log, two from debarked airdried samples and two from sawn 2x4 samples).
Further analysis needs to be done using sequences of the PCR products to determine if these
results are due to cross contamination during the experiment or from contaminating organisms
from the environment. The high frequency of false or unexpected positives in the controls
highlights the need for a second method of detection or identification before confirming the
presence of a pathogen, in particular a quarantine pathogen.

Percent of positve samples

100%
90%
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70%
60%
50%
40%
30%
20%
10%
0%

live tree

Control

fresh log

Control
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airdried
log

Control sawn 2x4 - Control
Top

Figure 6. Real time PCR results for detection of Phytophthora spp. using the TrnM assay for genus level
detection for four forest commodity types.Results are shown for samples taken from the canker edge on
the stem of live trees, from the canker edge on both fresh logs and debarked-airdried logs and from the
top of the 2x4 samples.

Similar results were found with the species-specific detection assays for the real time PCR. Fresh
logs were difficult to detect the pathogen using real time PCR, whereas live tree stems, and
dried logs or sawn 2x4s were much easier to amplify from (Figure 7). For the point of care
detection, the results were the same as what was obtained with the real time PCR: four samples
positive with real time PCR were positive with the point of care method, two samples that were
negative with real time PCR were also negative with the point of care method and two controls
that were negative with real time PCR were also negative with the point of care method. More
testing will need to be done using the point of care field method, however the same results
obtained with both methods increases the confidence in the techniques and results. Two
independent samples of symptomatic material were collected from the same location on the
canker, however two different extraction protocols were used in the two detection methods
both returning the same result. Interestingly, the point of care samples had been left at 4C for
an extended period of time and some had become contaminated with mold. However, the
efficacy of the technique did not seem to be affected. This does raise the question on why some
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symptomatic material is negative, and highlights the need for more in depth testing to
determine the best locations around symptomatic tissue for pathogen detection.
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Figure 7. Real time PCR results for detection of Phytophthora cinnamomi and Phytophthora cryptogea
using species specific Taqman probes. Results are shown for samples taken from the canker edge on the
stem of live trees, from the canker edge on both fresh logs and debarked-airdried logs and from the top of
the 2x4 samples.

Overall, ampliseq returned a lower overall positive detection rate than real time PCR with 40%
positive versus 65% with real time PCR. However, there was a strong influence of tissue type or
wood condition on the results (Figure 8). For live trees, 69% of the samples were positive and
assigned to the species that was used to inoculate the samples. All samples taken from foliage
were negative, which was similar to results of other detection methods suggesting that infection
is likely localized to twig, branch and stem regions while dead tissue below effects foliage. Only
one sample taken from the roots of infected trees was positive. This is in contrast to the real
time PCR results. It is likely that soil inhibits one or more of the steps in the sample preparation
for ampliseq.
Although less sensitive, ampliseq was more informative. As the ampliseq results are dependant
on sequences, the results from a species panel can be used to detect positive samples, the
identity of the pathogen and in some cases, individual differences. For P. cambivora, samples
grouped into two distinct clades consistent with the two isolates that were used for inoculation,
Pfir S3-A and Quin S2-3A (Figure 9). Interestingly, some samples infected with P. cinnamomi
clustered outside of both the P. cinnamomi and P. cambivora clades, which would suggest they
were a different species. Samples from the same log which had been inoculated with the same
culture were identified as P. cinnamomi suggesting this may be an artifact of the analysis.
Further investigation of these samples will need to be done in order to rule out outside
contamination or other reasons for the discrepancy.

17

100%

Percent of samples

90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Live tree stems

Negative

fresh logs

Incorrect assigned

debarked airdried
logs canker

sawn 2x4 tops

Correctly assigned

Figure 8. Percentage of samples detected and correctly assigned using an ampliseq targeted sequencing
panel designed to identify Phytophthora species. Four forest commodity types were artificially infected
and detection results compared: live Douglas fir seedlings, fresh logs with bark on, debarked and airdried
logs and green 2x4 boards which had been cut from debarked and airdried logs. Samples for 2x4 were
taken from the top sapwood face.
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Figure 9. Neighbor-joining tree using 378 single nucleotide polymorphisms (SNPs) generated from an
ampliseq panel designed to identify Phytophthora species. Bootstrap values are shown in red. Highlighted
samples are those in disagreement with the identity of the isolate used to infect the samples.

Sequencing based approaches may alleviate some concerns with false positives, which may be a
problem with environmental materials due to contaminating organisms. Several of the test
samples that were inoculated with blank agar plugs returned positive results in the real time
PCR tests. Follow up will need to be done by sequencing the PCR product to determine the
potential source of the contaminants. Genome sequencing is becoming more accessible due to
the availability of portable devices and the lower cost of next generation sequencing
technologies. Given the amount of information gained through sequencing and that you do not
need to have a prior knowledge on the infecting agent or pre-developed assays, this may be a
stronger method for identifying pathogens and risk.
Pathogen persistence in the 2x4 samples, although surprising, is not impossible, and the
molecular results suggest that these pathogens can penetrate far into the sapwood of a log in a
relatively short time. The work by Brown and Brasier (2007) showed that several Phytophthora
species can be found in the xylem of trees at depths of up to 25 mm and can persist in living
trees for over two years even after removal of the phloem tissue. The pathway and the risk of
disease spread from Phytophthora infected lumber is unknown. Hood et al. (2014) found low
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rates of survival for Phytophthora kernoviae on the bark of logs which oospores (sexual
reproduction spores) had been applied to. In addition, survival decreased over time. No survival
was found for Phytophthora pluvialis when tested in the same manner. Neither pathogen could
be isolated from wood or bark around locations treated with spores. Their results suggest that
the risk of spread, establishment and infection of local hosts through transporting logs is likely
low (Hood et al. 2014). Although the risk is low, research should be done to investigate the
pathways through which pathogen escape and infection could occur.

6 CONCLUSIONS
Real time PCR was the most sensitive technique for pathogen detection; however several
positives were obtained for control samples, resulting in a need for follow-up. In a regulatory
setting, this type of testing would be appropriate for screening, but it would be important to
follow up with identification testing once screening results were obtained. Traditional isolation
was the least successful method of detection. Used alone, this method may result in many false
negatives, particularly for asymptomatic commodities. Ampliseq was less sensitive than real
time PCR but the use of sequence data resulted in more information for identification and
confirmation. Furthermore, it can identify more species in a single run and with the higher
number of target sequences used there is a higher confidence in the results.
Tissue type and condition were important variables affecting the success of detection in all
methods, including traditional culture-based isolation. For live trees, detection was most
efficient in infected stem tissue. This may be an effect of the pathogens used, or the host. More
work would be required to resolve that. Sampling the wrong tissue may result in up to 100%
false negatives depending on the detection method used. This further highlights the strength of
redundancy in sampling and the use of more than one detection technique.

7 REFERENCES
Allen, E., Noseworthy, M. & Ormsby, M. Phytosanitary measures to reduce the movement of
forest pests with the international trade of wood products. Biol Invasions 19, 3365–3376
(2017). https://doi.org/10.1007/s10530-017-1515-0
Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. (1990). Basic local alignment
search tool. Journal of molecular biology, 215(3), 403–410.
https://doi.org/10.1016/S0022-2836(05)80360-2
Bilodeau, G. J., Martin, F. N., Coffey, M. D., & Blomquist, C. L. (2014). Development of a
multiplex assay for genus- and species-specific detection of Phytophthora based on
differences in mitochondrial gene order. Phytopathology, 104(7), 733–748.
https://doi.org/10.1094/PHYTO-09-13-0263-R
Brown, A.V. and Brasier, C.M. (2007), Colonization of tree xylem by Phytophthora ramorum, P.
kernoviae and other Phytophthora species. Plant Pathology, 56: 227-241.
https://doi.org/10.1111/j.1365-3059.2006.01511.x

20

Brasier, Clive & Webber, Joan. (2010). Plant pathology: Sudden Larch death. Nature. 466. 824-5.
10.1038/466824a.
Capinha, C., Essl, F., Seebens, H., Moser, D., & Pereira, H. M. (2015). The dispersal of alien
species redefines biogeography in the Anthropocene. Science, 348(6240), 1248-1251.
Capron A, Stewart D, Hrywkiw K, Allen K, Feau N, Bilodeau G, et al. (2020) In Situ Processing and
Efficient Environmental Detection (iSPEED) of tree pests and pathogens using point-ofuse real-time PCR. PLoS ONE 15(4): e0226863.
https://doi.org/10.1371/journal.pone.0226863
Chastagner, Gary; Riley, Kathy; Coats, Katie; Elliott, Marianne; DeBauw, Annie; Dart,Norm.
2010.Symptoms associated with inoculation of stems on living Douglas-fir and Grand Fir
Trees with Phytophthora ramorum. In: Frankel, Susan J.; Kliejunas, John T.; Palmieri,
Katharine M. 2010. Proceedings of the Sudden Oak Death Fourth Science Symposium.
Gen. Tech. Rep. PSW-GTR-229. Albany, CA: U.S. Department of Agriculture, Forest
Service, Pacific Southwest Research Station. pp. 85-86Cooke, D. & Drenth, Andre &
Duncan, J & Wagels, G & Brasier, Clive. (2000). A Molecular Phylogeny of Phytophthora
and Related Oomycetes. Fungal genetics and biology : FG & B. 30. 17-32.
10.1006/fgbi.2000.1202.
Davison, E.M., Speijers, E.J. & Tay, F.C.S. Comparison of sapwood invasion by three
Phytophthora spp. in different hosts. Australasian Plant Pathol. 43, 487–493 (2014).
doi.org/10.1007/s13313-014-0287-6
Grünwald, N.J., Garbelotto, M., Goss, E.M., Heungens, K. and Prospero, S. (2012). Emergence of
the sudden oak death pathogen Phytophthora ramorum. Trends in Microbiology. 20:
131-138. doi.org/10.1016/j.tim.2011.12.006.
Grünwald, N.J., LeBoldus, J.M., Hamelin, R.C. (2019). Ecology and Evolution of the Sudden Oak
Death Pathogen Phytophthora ramorum. Annual Review of Phytopathology 57: 301-321.
Hood, I. A., Williams, N. M., Dick, M. A., Arhipova, N., Kimberley, M. O., Scott, P. M., & Gardner,
J. F. (2014). Decline in vitality of propagules of Phytophthora pluvialis and Phytophthora
kernoviae and their inability to contaminate or colonise bark and sapwood in Pinus
radiata export log simulation studies. New Zealand Journal of Forestry Science, 44(1), 113.
Hoover, K., Uzunovic, A., Gething, B., Dale, A., Leung, K., Ostiguy, N., & Janowiak, J. J. (2010).
Lethal temperature for pinewood nematode, Bursaphelenchus xylophilus, in infested
wood using microwave energy. Journal of Nematology, 42(2), 101.
Kannwischer, M. E., & Mitchell, D. J. (1978). The influence of a fungicide on the epidemiology of
black shank of tobacco. Phytopathology, 68(12), 1760-1765.
Lamarche, J., Potvin, A., Pelletier, G., Stewart, D., Feau, N., Alayon, D. I., ... & Tanguay, P. (2015).
Molecular detection of 10 of the most unwanted alien forest pathogens in Canada using
real-time PCR. PLoS One, 10(8), e0134265.

21

Lazarescu, C., Dale, A., Uzunovic, A., Breuil, C., & Avramidis, S. (2011). Radio frequency heating
pasteurization of pine wood nematode (Bursaphelenchus xylophilus) infected
wood. European Journal of Wood and Wood Products, 69(4), 573-578.
Migliorini, D., Ghelardini, L., Tondini, E., Luchi, N., & Santini, A. (2015). The potential of
symptomless potted plants for carrying invasive soilborne plant pathogens. Diversity and
Distributions, 21(10), 1218-1229.
Prigigallo, M. I., Abdelfattah, A., Cacciola, S. O., Faedda, R., Sanzani, S. M., Cooke, D. E., &
Schena, L. (2016). Metabarcoding analysis of Phytophthora diversity using genus-specific
primers and 454 pyrosequencing. Phytopathology, 106(3), 305-313.
Pyšek, P., Jarošík, V., Hulme, P.E., Kühn, I., Wild, J., Arianoutsou, M., Bacher, S., Chiron, F.,
Didžiulis, V., Essl, F., Genovesi, P., Gherardi, F., Hejda, M., Kark, S., Lambdon, P.W.,
Desprez-Loustau, M.L., Nentwig, W., Pergl, J., Poboljšaj, K., Rabitsch, W., Roques, A.,
Roy, D.B., Shirley, S., Solarz, W., Vilà, M., Winter M. (2010) Disentangling the role of
environmental and human pressures on biological invasions across Europe. Proceedings
of the National Academy of Sciences. 107: 12157-12162; DOI:
10.1073/pnas.1002314107
Radhamony, R., Capron, A., Feau, N., Hamelin, R., & Dale, A. (2020). A high throughput DNA
fingerprinting tool for biosurveillance of the sudden oak death pathogen Phytophthora
ramorum.
Santini, A., Liebhold, A., Migliorini, D., & Woodward, S. (2018). Tracing the role of human
civilization in the globalization of plant pathogens. The ISME journal, 12(3), 647-652.
Stucky, B. J. (2012). SeqTrace: a graphical tool for rapidly processing DNA sequencing
chromatograms. Journal of biomolecular techniques: JBT, 23(3), 90.
Sheppard, J. (2015, April 30). Artificial inoculation of Phytophthora ramorum on Pseudotsuga
menziesii and Larix kamperfi bolts to assess lineage aggression, survival and detection
methods [G]. http://dx.doi.org/10.14288/1.0075645
Schena, L., Duncan, J.M. and Cooke, D.E.L. (2008), Development and application of a PCR‐based
‘molecular tool box’ for the identification of Phytophthora species damaging forests and
natural ecosystems. Plant Pathology, 57: 64-75.
Uzunovic, A., Gething, B., Coelho, A., Dale, A., Janowiak, J. J., Mack, R., & Hoover, K. (2013).
Lethal temperature for pinewood nematode, Bursaphelenchus xylophilus, in infested
wood using radio frequency (RF) energy. Journal of wood science, 59(2), 160-170.
White, T. J., Bruns, T., Lee, S. J. W. T., & Taylor, J. (1990). Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. PCR protocols: a guide to methods and
applications, 18(1), 315-322.
Wong, B., Leal, I., Feau, N., Dale, A., Uzunovic, A., & Hamelin, R. C. (2020). Molecular assays to
detect the presence and viability of Phytophthora ramorum and Grosmannia
clavigera. PloS one, 15(2), e0221742.

22

info@fpinnovations.ca
www.fpinnovations.ca

OUR OFFICES
Pointe-Claire
570 Saint-Jean Blvd.
Pointe-Claire, QC
Canada H9R 3J9
(514) 630-4100

Vancouver
2665 East Mall
Vancouver, BC
Canada V6T 1Z4
(604) 224-3221

Québec
1055 rue du P.E.P.S.
Québec, QC
Canada G1V 4C7
(418) 659-2647
23

