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Abstract

Wood and wood products can harbor microorganisms that can raise phytosanitary concerns
in countries importing or exporting these products. To evaluate the efficacy of wood treat-
ment on the survival of microorganisms of phytosanitary concern the method of choice is to
grow microbes in petri dishes for subsequent identification. However, some plant pathogens
are difficult or impossible to grow in axenic cultures. A molecular methodology capable of
detecting living fungi and fungus-like organisms in situ can provide a solution. RNA repre-
sents the transcription of genes and can become rapidly unstable after cell death, providing
a proxy measure of viability. We designed and used RNA-based molecular diagnostic
assays targeting genes essential to vital processes and assessed their presence in wood
colonized by fungi and oomycetes through reverse transcription and real-time polymerase
chain reaction (PCR). A stability analysis was conducted by comparing the ratio of mRNA to
gDNA over time following heat treatment of mycelial cultures of the Oomycete Phytophthora
ramorum and the fungus Grosmannia clavigera. The real-time PCR results indicated that
the DNA remained stable over a period of 10 days post treatment in heat-treated samples,
whereas mRNA could not be detected after 24 hours for P. ramorum or 96 hours for G. clavi-
gera. Therefore, this method provides a reliable way to evaluate the viability of these patho-
gens and offers a potential way to assess the effectiveness of existing and emerging wood
treatments. This can have important phytosanitary impacts on assessing both timber and
non-timber forest products of commercial value in international wood trade.

Introduction

Wood and wood products can harbor microorganisms that can raise phytosanitary concerns
in countries importing or exporting these products [1-3]. Various treatments have been devel-
oped and can be applied to eliminate organisms present in wood [3]. The two most widely
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used methods are heat treatment and fumigation of timber and wood products performed
according to international phytosanitary standards ISPM 15 and ISPM 39 [4]. These methods
are efficient for the elimination of insects but their efficacy in eliminating microorganisms can
vary and is not always well documented. To evaluate the efficacy of these treatments the presence
of microorganisms must be assessed following treatment of the wood products, generally using
approaches based on the isolation and cultures of the microorganisms. However, culture-based
methods have limitations as it is now estimated that only a small fraction of the microorganisms
present in natural environments can be grown on artificial media [5,6]. In addition, some fungi
grow slowly and rely on complex nutrient requirements. This is the case of certain fungi that are
outcompeted by fast-growing saprophytic species [7]. These short-comings could generate false
negatives, i.e. the failure to detect microorganisms that are still viable following a treatment that
is inefficient. An additional challenge is that the paucity and sometimes inadequacy of distin-
guishing morphological traits complicates the identification of microorganisms [8].

The use of molecular methods, in particular amplification of conserved genes from geno-
mic DNA (gDNA), followed by amplicon sequencing and DNA barcoding (matching the
unknown sequence by homology in public sequence databases to provide identity), have
become the standard in identification of fungi and oomycetes [9,10]. Quantitative real-time
PCR (qPCR), a method that uses fluorescent dyes for detection of target DNA molecules/
nucleic acids during the amplification process has increasingly replaced conventional PCR
[11,12]. However, molecular detection methods are generally based on the detection of patho-
gen gDNA and therefore aim at detecting the presence, but not the viability, of the organism.
Since DNA is stable and does not rapidly degrade following cell death, these assays are not use-
ful to assess the viability of the targeted organisms and thus cannot help in determining the
efficacy of a phytosanitary treatment. In contrast, messenger RNA (mRNA) degrades more
rapidly after cell death[13-15], and is only produced by metabolically active cells, making it
suitable to specifically detect living microorganisms [16].

To develop qPCR assays that can detect and quantify pathogen mRNA as an indicator of
viability, it is necessary to produce complementary DNA (cDNA), which is the double-
stranded DNA synthesized from a single stranded RNA (e.g., mRNA template in a reaction
catalyzed by the reverse transcriptase enzyme). Complementary DNA amplified by PCR can
then be used to measure the expression of mRNA and serve as a marker of cell viability in
eukaryotes. Because introns are spliced out in mature mRNA, transcripts can be distinguished
from gDNA. It is therefore possible to design assays utilizing a probe or primer that spans the
exon-exon junction so that it can anneal to mRNA but not gDNA. This allows detection and
quantification of mRNA without cross-amplification of the gDNA [17,18].

Herein, we report the design and validation of assays that amplify and provide a relative
quantification of the mRNA over gDNA of two eukaryotic microorganisms that can colonize
wood cambium: the oomycete Phytophthora ramorum, causal agent of sudden oak death and
sudden larch death [19,20], and the blue stain ascomycete fungus Grosmannia clavigera, an
important symbiont of the mountain pine beetle [21,22]. Since these two organisms belong to
different kingdoms we are using them as a case-study for the development of a method that
will be used to assess the viability of infectious microorganisms following wood treatments
and evaluate the efficacy of such treatments.

Materials and methods
Design of assays

The program “PHYLORPH” (PHYLogenetic markers for ORPHans) was used to reconstruct
the gene alignments with intron/exons junctions for P. ramorum (Pr-102 [ATCC MYA-2949];
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[23]) and other closely related species [24]. Two hundred and twenty eight conserved proteins
for P. ramorum were identified by performing a BLAST (Basic Local Alignment Search Tool)
search with the CEGMA (Core Eukaryotic Genes Mapping Approach) protein database [25]
against the genome sequences of P. lateralis (GCA_000500205.2), P. hibernalis, P. foliorum, P.
syringuae and P. brassicae [26] (Brett Tyler, Oregon State University, Personal communica-
tion). Based on their putative function related to basic metabolic processes and their high
expression levels in transcriptome analyses [27-30], these genes are expected to be expressed
under various conditions in living organisms, an important criterion in developing assays to
assess viability. A total of 43 candidate gene alignments were obtained from which seven
primer pairs targeting P. ramorum were designed, on two adjacent exons separated by a short
intron sequence (<95 bp in length.), using Geneious (v8.1.6). Primer pairs were screened for
specificity using PCR with electrophoresis on gDNA extracted from cultures of 10 Phy-
tophthora species from clade 8 (P. ramorum, P. lateralis, P. brassicae, P. cryptogea, P. drechsleri,
P. foliorum, P. hibernalis, P. porri, P. primulae and P. syringae) which are all closely related
[31].

The same procedure was performed on the G. clavigera genome (isolate kw1407;[27]) using
the FUNYBASE protein database [32] against the genomes of Leptographium longiclavatum,
Neurospora crassa (GCA_000182925), Ophiostoma montium, O. piceae (GCA_000410735), O.
novo-ulmi (GCA_000317715) and Sporothrix schenkii (GCA_000474925) [33-35]. The search
returned 158 candidate alignments from which primer pairs targeting G. clavigera were
designed and tested on gDNA from cultures of G. clavigera and its the sister species L. longicla-
vatum, L. terebrantis, L. wingfieldi and O. montium.

For candidate alignments that successfully passed PCR specificity testing, two real-time
TagMan PCR probes were designed as follows: a probe used for the detection of gDNA was
designed within the intron sequence located between the two primer pairs, whereas a probe
targeting the cDNA was designed to span the exon-exon junction (Fig 1A and 1B). Primers
were then optimized as recommended in Feau et al. [11]. To determine the real-time PCR effi-
ciency for each primer pair and probe a five-point standard curve was developed over a range
of 10-fold dilutions from 10ng/ul to 1pg/pl of gDNA.

Wood inoculation

Eight isolates of P. ramorum (two from each phylogenetic lineage i.e. EU1, EU2, NA1 and
NA2, [36]; Appendix 1) and one G. clavigera isolate were used for the wood inoculations. They
were obtained from long term storage, plated on carrot agar [37] and 2% malt extract agar
(MEA), and sub-cultured to fresh plates 10 days prior to inoculation. In order to simulate live
infection on the host, living trees were freshly felled and prepared for the artificial inoculation.
Three tree species were used for the P. ramorum inoculations: Douglas fir (Pseudotsuga men-
ziesii), Japanese larch (Larix kaempferi) and Western hemlock (Tsuga heterophylla). Lodgepole
pine (Pinus contorta) was used for G. clavigera inoculation. Logs (~12cm or greater in dbh)
were brushed to get rid of excess debris, rinsed with water, cut into 0.5 m long bolts and inocu-
lated with P. ramorum, G. clavigera or a blank agar plug used as a negative control as described
in [36]. Inoculated bolts were misted with water and placed in plastic bags for 28 days.

Heat treatment to determine mRNA stability

Pure cultures of P. ramorum and G. clavigera were subjected to two heat treatments: 1) a simu-
lated spruce-pine-fir (SPF) kiln-drying schedule (from 15°C to 70°C for 7 hours) used to treat
wood under the standards approved by the Canadian Food Inspection Agency (CFIA) [38];
and 2), exposure of the pathogens to 70°C for 1 hour [38] (Fig 2). Phytophthora ramorum
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Fig 1. Real-time PCR detection assays targeting Phytophthora ramorum (A) and Grosmannia clavigera (B) gDNA and cDNA
developed in this study.

https://doi.org/10.1371/journal.pone.0221742.9001

isolate PFC-5073 [lineage NA2] and G. clavigera isolate KW 1407 were grown on cellophane
on V8 [39] and 2% MEA media (three replicates per time point). For the SPF kiln-drying
schedule, mycelium was transferred from petri plates into 0.1mL PCR strip tubes and placed
into a thermocycler. In parallel, one 1.5ml Eppendorf tube containing 30 mg of mycelia was
immediately frozen to serve as a no-heat treatment control. The thermocycler was used to con-
duct a long heat treatment that simulated the kiln-drying schedule. Post-heat-treated samples
were maintained at room temperature until its designated collection time point. The mycelium
was sampled at 8 time points: 0, 6, 12, 24, 48, 96, 168 and 240 hours after the treatment. At

Short Heat Treatment Long Kiln Heat Treatment
Rep 1 Rep 2 Rep 3 Control Rep 1 Rep 2 Rep 3 Control
Q Q Q Q Plating of cultures Q Q Q Q Plating of cultures
3 biological replicate for each 3 biological replicate for each
sampling time point plus control sampling time point plus control

[= | ANIENPNENPNIENIPENIFY )
Short heat treatment in oven W T F rJ W T W W TG el i cadh

o (VAR VRV VIRY) plate to 0,5ml Thermo cycler
1 hour at 70°C o

Long kiln treatment in
thermcycler (~7hr)

All plates were removed and
kept at room temperature until
their designated sampling time

point

Removed and kept at room
temperature until sampling
time point

Sampling at 8 time

points
post heat treatment

L. i . .
| Sampling at 8 time points
Y post heat treatment

Fig 2. Work flow diagram of the short (left) and long kiln (right) heat treatments. Orange plates represent Phytophthora ramorum on
V8 agar, while yellow plates are Grosmannia clavigera on malt extract agar (MEA).

https://doi.org/10.1371/journal.pone.0221742.g002
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each time point two mycelial samples were collected: one was transferred into a 1.5 ml micro-
tube, submerged in liquid nitrogen and stored at -80°C for subsequent DNA and RNA extrac-
tions; the other one was plated on three clarified V8 (P. ramorum) or MEA (G. clavigera) agar
petri dishes and incubated in a dark growth chamber at room temperature for 28 days. For the
short heat treatment, a laboratory oven was preheated to 70°C to incubate 24 replicate plates of
the P. ramorum and G. clavigera isolates for 1 hour. After this treatment, all plates were
removed from the oven and placed at room temperature before collection at the time-points
mentioned above. Mycelial samples were collected and stored as previously described for the
SPF kiln-drying schedule.

Chlamydospores collection

For the P. ramorum chlamydospore testing qPCR of gDNA (100 ng/ul) and RT-qPCR of
cDNA (55ng/pl) were carried out for two different P. ramorum isolates (Pr-05-015 and
CBS101329, both isolated from Rhododendron sp.) in biological duplicates and sample tripli-
cates. Chlamydospores were harvested as described in Tsao [40] with the following modifica-
tions. Non-blended fungal mats were transferred onto a 75um cell filter in a 50ml conical
plastic centrifuge tube. Using sterile dH,O, these mats were rinsed while being patted with a
rubber policeman until the volume of water in the falcon tubes reached approximately 10-20
ml. This was repeated twice. The tubes were then centrifuged at 10,000 x g for 2 min, and the
supernatant was removed. The chlamydospore suspensions were then aliquoted into several
1.7 ml micro-tubes and centrifuged at 8000 x g for 5 min removing the supernatant. The pellets
were then resuspended, combined and centrifuged at 6,000 x g for 5 min and the supernatant
discarded. Final concentration of the spores was adjusted to 1x10° chlamydospore/ml using a
hemocytometer. The obtained spore suspension was centrifuged at 6000 x g for 5 min, discard-
ing the supernatant. The pellets were then suspended to a minimum volume (approximately
50ul). The chlamydospore suspension was transferred to a Lysing Matrix C grinding tube (MP
Biomedicals, Santa Ana, California, USA) followed by RNA/DNA extraction as it was done for
mycelia from pure cultures.

RNA and DNA extractions

Fifty to 80 mg of wood scrapings were collected at each inoculation point from eight logs of
four conifer species and used for the simultaneous extractions of gDNA and mRNA. Wood
samples inoculated with G. clavigera were placed in 15 ml vials with two 10 mm stainless steel
balls and were submerged in liquid nitrogen to keep the samples frozen. Vials were then placed
in the Geno/Grinder (SPEX SamplePrep 2010, Metuchen, New Jersey, USA) at 15,000 rpm for
30 seconds. Wood samples inoculated with P. ramorum were hand-ground using a mortar and
pestle. Mycelial samples were placed in Lysing Matrix C. All samples were flash-frozen in liq-
uid nitrogen, ground in a FastPrep-24 homogenizer (MPBiomedicals) at 5.5 rpm for 30 sec-
onds and re-submerged in liquid nitrogen. For G. clavigera, samples were removed from the
freezer and submerged in liquid nitrogen to inhibit RNA degradation. Samples were individu-
ally placed in a mortar, immersed in liquid nitrogen and ground up into fine powder.

Simultaneous extraction of gDNA and RNA was performed using the AllPrep DNA/RNA
Micro kit (QIAGEN Inc., Valencia, CA) following manufacturer instructions. Three extrac-
tions were performed for each as replicates. Genomic DNA concentration was measured using
the Qubit fluorometer and all culture samples were diluted down to 1ng/pl using nuclease-free
water. The concentration of RNA samples was measured using the NanoDrop 1000 spectro-
photometer before diluting down to 10ng/ul. RNA integrity was assessed by band fluorescence
using an agarose gel stained with ethidium bromide (EtBr).
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c¢DNA synthesis, QPCR and RT-qPCR

Using the diluted RNA, cDNA synthesis was performed using the QuantiTect Reverse Tran-
scription Kit (QIAGEN). Two pl of gDNA Wipeout buffer (7x), 10 ng of template RNA and a
variable volume of RNase-free water for a total of 14 pl was used in the first step. Then 1 pl of
Quantiscript Reverse Transcriptase, 4 pl of Quantiscript RT Buffer (5x) and 1 pl of RT primer
mix was added to the gDNA eliminated solution.

Two TagMan reactions per time point were performed for the measure of mRNA stability
post heat treatment. This allowed differentiation of either gDNA or cDNA with their corre-
sponding probes. Real-time PCR mix included 0.5X Quantifast Multiplex PCR MasterMix
(QIAGEN), 400 mM of each forward and reverse primer, 20 mM of TaqMan probe and 2.2 ng
of template (gDNA or cDNA) for a final volume of 10 pl. Thermal cycling parameters used
were 5 minutes at 95°C for enzyme activation, followed by 40 cycles of denaturation at 95°C
for 30 seconds and 60 seconds of annealing/extensions at 60°C. The threshold was automati-
cally set and generated with the Applied Biosystems StepOne'™ software; qPCR efficiency was
also calculated automatically through the standard curves tab.

Statistical analysis

The proportion of viable pathogen was estimated by using the ratio of mRNA over gDNA
quantity i.e. quantification cycle (Cq) ratio of the real-time PCR probe targeting cDNA over
Cq value of the probe targeting gDNA. This ratio was the unit of measurement used to com-
pare the efficacy of heat treatment. Using statistical analysis software (SAS 9.4), the significance
of the treatment values were tested using a two-factor ANOV A split plot, where factor A is
heat treatment and factor B is sampling time points after treatments.

Results
PCR assay design and performance

Five out of the six primer pairs targeting P. ramorum were eliminated because of the presence
of detectable amplification products on the agarose gel when tested with P. lateralis DNA. The
primer pair that was selected for the P. ramorum assay (PH178) targets portions of a gene (Pro-
tein ID 74159; [23]) encoding for a predicted SNARE associated Golgi protein (Fig 1A) and
yielded amplification products only with gDNA of P. ramorum. This gene was highly
expressed in two mRNA profiling experiments with mycelial colonies of P. ramorum growing
on agar media [28,29].

All 11 primer pairs designed to target G. clavigera amplified DNA from at least one non-tar-
get species. The primer pair targeting gene MS359 yielded a PCR product with all G. clavigera
isolates tested and the closely related species L. longiclavatum (99.7% similarity with G. clavi-
gera in the ribosomal internal transcribed spacer and 97.5% similarity at the genome level).
Since these sister species occupy a similar niche (mountain pine beetle galleries) and have simi-
lar biology [30], we selected the assay targeting this gene to develop the mRNA assay (Fig 1B).
MS359 (= G. clavigera GLEAN_5973; [27]) encodes for a putative NAD-dependent methylene-
tetrahydrafolate dehydrogenase that is involved in the glyoxylate and dicarboxylate metabo-
lism pathway. This gene is known to be expressed in growing mycelium and non-germinated
spores and showed stable expression levels in RNAseq experiments at 12 and 36 h post-inocu-
lation on media supplemented with host-defense metabolites and untreated control media
[27,41]. Both testing genes were chosen based on their assumed functions related to basic met-
abolic processes and their high expression levels in transcriptome analyses [27-30].
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We verified the presence of an intron in the gDNA samples by comparing the size of the
PCR products obtained by amplification of the gDNA and cDNA reverse-transcribed from
mRNA of the same samples. A smaller amplification product was obtained in the PCR of the
cDNA (84 bp) than the gDNA (157 bp) of gene PH178, confirming the presence of the intron
in the gDNA of P. ramorum (Fig 1A). Similarly, we observed a difference in amplicon product
sizes between cDNA (149 bp) and gDNA (199 bp) in MS359 of G. clavigera (Fig 1B).

TagMan probes were added to the two selected primer pairs to design real-time PCR assays
that were tested for amplification efficiency on serial dilutions of gDNA. For the assay PH178
targeting P. ramorum, the standard curve yielded a regression coefficient of 0.998 indicating
low variability between independent DNA isolations and an amplification efficiency of 92.3%
(Fig 3A). Efficiency of the MS359 assay targeting G. clavigera was higher (100.3%), and vari-
ability slightly lower with a regression coefficient of 0.981 (Fig 3B).

Assessing the performance of the detection assays in infected wood and
chlamydospores

For each combination of isolate x tree species tested a necrotic lesion was observed around the
point where the microorganism was inoculated, confirming the growth of these pathogens in
wood. No similar necrotic lesion was observed in the controls (Fig 4). Genomic-DNA and
cDNA obtained from these inoculated wood samples was successfully detected by their respec-
tive real-time PCR assay with Cq values ranging from 24.13 (G. clavigera inoculated on P. con-
torta) to 29.4 (P. ramorum inoculated on L. kampferi) for gDNAs (mean = 26.6 +2.21). The Cq
values obtained for the cDNAs were slightly higher, ranging from 27.4 (G. clavigera x P. con-
torta) to 33.4 (P. ramorum x L. kampferi) with an average of 31.2 (+2.77), indicating later
detections than for gDNA (Fig 4).

We tested the efficiency of the PH178 assay on nucleic acids extracted from P. ramorum
chlamydospores. The mean Cq was 25.45 for gDNA (+ 0.055) and 29.05 for cDNA (+0.038)
(data not shown). No amplification was observed with gDNA and cDNA from non-inoculated
wood samples as-well-as the no-template controls.

Use of molecular assays to assess viability of pathogens following heat
treatment

Ratio of mRNA over gDNA quantity as measured by C, values for cONA and gDNA were
compared following two heat treatments (SPF Kiln-drying and short heat treatment) applied
to mycelium of P. ramorum and G. clavigera. For both pathogens, we found a highly significant
effect of the heat treatment (F = 72.4, P < 0.0001 and F = 25.2, P < 0.0001 for P. ramorum and
G. clavigera, respectively) and an interaction between treatment and time point at which the
gDNA and mRNA samples were collected (F = 4.2, P < 0.001 for P. ramorum and F = 2.7,

P < 0.01 for G. clavigera). This likely resulted from the difference in cDNA detection as for
both species gDNA was amplified after each treatment with C, values similar or higher than
those obtained with the no-treatment control (e.g. C, distribution ranging from 24.0 to 34.0
for the two heat treatments versus 24.0 for the controls; Fig 5A, 5B, 5E and 5F). cDNA was
detected for either pathogen at the end of SPF kiln-drying schedule treatment (C, value equal
or above 40.0; Fig 5D and 5H), suggesting that this treatment efficiently killed the two patho-
gens. In contrast, the short heat treatment at 70°C for 1 hour seemed to be less efficient than
the longer kiln treatment, with clear evidence that the mRNA degraded at different rates for
the two organisms following treatment. For P. ramorum, cDNA of the targeted gene (PH178)
was detected after up to 24 hours post-treatment (mean Cq = 35.8 +4.82 for 0 to 24 hours post-
treatment; Fig 5C). Similarly, G. clavigera cDNA of gene MS359 was detected until 96 hours
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Fig 3. Log-transformed standard curve assessed with gDNA serial dilution (1:10) of (A) Phytophthora ramorum for
the TagMan probe PH178_EX (R* = 0.992 Eff% = 99.330) and (B) Grosmannia clavigera for the TagMan probe
MS359_EX. (R* = 0.981 Eff% = 100.303).

https://doi.org/10.1371/journal.pone.0221742.g003
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Fig 4. Wood inoculation with Phytophthora ramorum (EU2 isolate P2111) and Grosmannia clavigera (isolate
KW140) and corresponding real-time PCR amplification plots. For each wood inoculation sample, gDNA and
cDNA synthetized from mRNA extracted from a lesion 28 days post inoculation was tested in real-time PCR with
either the PH178 assay (targeting P. ramorum) or MS356 (G. clavigera). Quantification cycle (Cq) values for gDNA
(blue) and cDNA (red) are reported on each graph. Shaded area around the average line represents +SD.

https://doi.org/10.1371/journal.pone.0221742.g004
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Fig 5. Efficacy of the short heat and SPF kiln-drying treatment of Phytophthora ramorum (green) and Grosmania clavigera (blue).
Each graph represents distributions of cycle-threshold (C;) values obtained by real-time PCR with the PH178 assays (targeting P.
ramorum) or the MS356 assays (G. clavigera) for gDNA or cDNA extracted from cultures sampled from 0 to 240 hours after
treatment. Boxplot means sharing a letter are not significantly different (p > 0.05) according to a Tukey’s HSD test.

https://doi.org/10.1371/journal.pone.0221742.9005

after the short heat treatment (mean C, = 34.2 £3.75), suggesting incomplete degradation of
mRNA and/or non-lethality of this treatment during this time (Fig 5G).

Assessment of pathogen viability after heat treatments

Small samples of mycelia were collected at time point zero just after each heat treatment and
plated onto a sterile clarified-V8/MEA agar Petri dish and grown for 28 days. No growth was
observed from any of the cultures, suggesting that the two heat treatments had been lethal.

Discussion

Quantitative real-time PCR is increasingly becoming the method of choice for molecular
detection of microorganisms. Conventional methods used for assessing the efficacy of treat-
ment of wood products typically involve culturing the microorganisms. These methods have
the advantage of simultaneously assessing the presence of microorganisms and their viability,
but require days from initiation to result and can produce a high rate of false negatives. The
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present study was undertaken to evaluate the feasibility of developing a molecular method for
assessing the presence and viability of wood-colonizing pathogens. Using qPCR and RTqPCR
with TagMan probes that overlap the exon-intron and exon-exon junctions, it was possible to
distinguish the mRNA and the corresponding genomic gene copy (DNA). This allowed com-
parison of the kinetics of degradation of both molecules following heat treatments and pro-
vided a measure of the presence and absence of microorganisms as well as an assessment of
their viability.

Accurate detection of invasive pathogens is a hallmark of efficient prevention and inte-
grated pest management programs [42,43]. In some instance assessing pathogen viability may
even be more crucial. This is particularly relevant in the context of plants, plant parts and
wood-material trade between countries [1-3]. RNA-based molecular assays have proven to be
successful in detecting a number of different pathogens and assess their viability. For example,
early studies have used levels of ribosomal RNA (rRNA) as a proxy of bacteria viability
involved in periprosthetic joint infections [44], human endophthalmitis [45] and clinical infec-
tious diseases [46]. Although all these studies reported correlation between rRNA detection
signal and cell death, rRNA half-life and inconsistent retention after cell death makes it some-
what less accurate, particularly for short term experimentation [46]. Because of its relatively
short half-life, mRNA has been used successfully as a viability indicator for a number of pro-
karyote [46-48] and eukaryote pathogens [49,50]. Another drawback of rRNA for assessing
cell viability is that it does not have spliced introns and therefore it cannot be used to differen-
tiate between RNA and gDNA templates, raising the possibility of false positive amplification
from accidental gDNA contamination. In this case, a complete elimination of DNA is required
prior performing RT-qPCR to ensure reliable use of rRNA as proxy of cell death. As an alter-
native method to differentiate between RNA and gDNA templates, Menzel et al. designed an
end-primer which spans on the exon-exon junction in mRNA, so that efficient primer-anneal-
ing and PCR-amplification is only possible after splicing the intron of the targeted gene during
the DNA-translation process [51]. Similarly, Leal et al. developed several reverse transcription
real time PCR assay to detect living the pinewood nematode Bursaphelenchus xylophilus in
wood by targeting the presence of mRNA [17,52]. These studies showed the potential of
mRNA for routine detection of living pinewood nematode in commercially manufactured
wood-pellets for living pinewood nematode [53].

Phytophthora ramorum causes sudden oak death in North-America and sudden larch death
in UK. Despite the regulations that are in place to prevent movement of this pathogen in
North America, Europe and Asia P. ramorum has spread into new areas through nursery stock
exchange [54]. Accurate and rapid detection methods are crucial for preventing new introduc-
tions of this pathogen and several molecular assays have been developed to improve its detec-
tion and monitoring [31,55-57]. Phytophthora ramorum is also considered as a wood-
colonizing pathogen as it can grow in xylem vessels underlying phloem lesions on several
woody-perennial species [58,59]. In this context, the ability to assess its viability in plants,
plant-parts and in wood-derived products following treatment may be necessary. Chimento
etal. [60] developed real-time PCR primers targeting the cytochrome oxidase subunit I (COX
1) gene to investigate the viability of P. ramorum mycelial cultures after different treatments
[60]. As COX1 is a mitochondrial gene that does not contain introns in Phytophthora spp.
[61], their real-time PCR assay does not discriminate the genomic of the transcribed gene cop-
ies. In this study the specificity of the assay to detect living P. ramorum was increased by ampli-
fying exclusively cDNA, ruling out potential false positives generated by gDNA contamination
of the RNA sample.

The second assay we developed targeted G. clavigera, one of the mountain pine beetle fun-
gal associate. This wood-colonizing organism was selected as a second case-study to
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demonstrate the efficiency of our approach in assessing the viability of an infectious fungus.
Due to the high sequence similarity between G. clavigera and the closely related species L. long-
iclavatum [62,63], the assay developed amplified mRNA and gDNA of both species. This could
be a positive attribute of this assay since both species are symbionts of the mountain pine bee-
tle and share a very similar ecological niche in pine trees [22]; in fact it is possible that these
fungi hybridize and the species limits are not clear (R. C. Hamelin and A. Capron, unpub-
lished). These fungi cause only a wood discoloration symptom (“blue stain”) and no structural
damage to the infected wood. The only issue with regard to the trade of wood products is
related to the risk of long distance spread and introduction of these fungi in areas where they
do not occur [3]. Since these fungi require bark beetles for dissemination, they pose a limited
threat.

Our aim was to use our gDNA and mRNA-targeted real-time PCR detection assays to
assess the viability of two wood-infecting microorganisms following lethal treatments to test
their efficacy. The underlying hypothesis tested was that viability is related to the expression of
specific genes. Therefore, monitoring specific P. ramorum and G. clavigera gene transcripts by
real-time PCR was expected to provide a simple proxy for viability of these two organisms.
The choice of transcript was an important consideration, not only for sensitivity but also for
its expression under a variety of conditions. Genes selected to assess viability should be consti-
tutively expressed regardless of the environmental conditions and the micro-organism life-
stage as opposed to those induced following a specific environment signal [64]. This ensures
that the lack of expression of a constitutive gene is due to the death of the organism instead of
the gene being turned “off” by a specific environmental factor. Therefore, in order to develop
markers as indicators of cell viability, it was important to identify transcripts that are present
and expressed at different stage of the organism’s life cycle and under different environmental
conditions. The transcripts retained for this study were chosen based on their putative func-
tion related to basic metabolic processes and their high expression levels in transcriptome
analyses [27-29,41]. In addition, we validated their expression in pure cultures and for myce-
lium growing in wood-logs. For P. ramorum we successfully conducted the viability assay on
chlamydospores, the asexual reproductive structures that are generally involved in long-term
survival under adverse conditions. Although there are no reports of chlamydospores surviving
in wood, they could be present in other tissues such as the bark, roots or soil associated with
roots or leaves [65].

Several studies showed that the ISPM No. 15 guidelines for treatment of wood packaging
material [4] were not always lethal for wood-colonizing pathogens. For example, the protocol
requiring exposure for 30 minutes at a temperature of 56°C was lethal for P. cinnamomi and
some other species, but not all the wood colonizing species tested [66]. No mycelial growth
was observed for P. ramorum in tanoak disks and boards after a heat treatment of 60°C for at
least one hour [67]. However, Chimento et al. demonstrated that a 60°C treatment for one
hour did not kill the pathogen but instead delayed its growth [60]. Based on these discrepan-
cies and since most kiln and heat treatments generate core temperatures in wood products
exceeding ISPM15 requirements (e.g. for SPF products, drying temperatures are usually in the
range of 70°C to 80°C; [68]), we applied on mycelial cultures a treatment of 70°C for a mini-
mum of one hour and the kiln-drying treatment that requires temperatures from 15 to 70°C
for 7 hours approved as a standard to treat SPF approved by the CFIA [38]. Accurate detection
of the cell viability is therefore crucial in investigating the efficacy of these heat treatments. We
used two different methods to assess cell viability. As each of these methods is based on criteria
that reflect different levels of cellular integrity or functionality their outcome in declaring cells
alive or dead can be different [48,69]. A classical view is to consider that viable cells still have
the potential to multiply under suitable condition [48]. This was assessed in our study through
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a culture-based method. Though this method has a high rate of false negatives [70,71] and sev-
eral studies have demonstrated that cells that have lost their “culturability” following a lethal-
treatment may still retain some of their physical integrity and functionality [69,72,73]. As a
second method, we assumed that the rapid degradation and synthesis inhibition of mRNA
might be a useful indicator of cell mortality [48]. However, because mRNA was still detected
by reverse transcriptase real-time PCR in P. ramorum and G. clavigera dead cells (as indicated
by the non-recovery of living cultures) several hours following a short heat treatment (70°C
for a minimum of one hour), we couldn’t conclude that mRNA provided an absolute indicator
of viability according to this assumption. Instead, we can consider that the kinetics of mRNA
disappearance is related to loss of cell viability: we observed that passed a certain time-point
after the heat treatment (i.e. 48 hours for P. ramorum and 168 hours for G. clavigera), mRNA
was no longer detected. Non-detection of mRNA just after the SPF kiln-drying schedule treat-
ment supports this hypothesis. Possibly, the longer time of exposure to lethal temperatures in
this schedule (7 hours) contributed to achieve full mRNA degradation for that treatment.

The approach presented in this study could be improved by technical improvements before
envisaging operational use. For each combination of pathogen x tree tested, detection of the
cDNA was always delayed comparatively to gDNA; in few cases we observed a substantial Cq
value difference between the gDNA and cDNA (e.g. P. menziesii and T. heterophylla; Fig 4).
Extraction of RNA from plant tissues is notoriously challenging. Particularly, yield and quality
of the RNA purified from wood, in particular from conifers, is limited by the high content in
polyphenols, polysaccharides and other secondary metabolites [74,75]. These compounds tend
to co-precipitate with the RNA in the presence of alcohols, thereby remaining in the final
extract, resulting in RNA instability and interfering with downstream enzymatic reactions
such as reverse transcription and cDNA synthesis [76,77]. Optimization of RNA-extraction
protocol should help improve cDNA synthesis and therefore sensitivity of the cDNA-assays.

In addition, a Two-step RT-qPCR was used for these experiments, as we thought this
approach would be more convenient for a proof-of-concept study with cDNA detection.
Although this approach provides more flexibility and control than a one-step RT-qPCR, it
takes more time to implement and can introduce more errors. A one-step RT-qPCR involves
the reverse transcription and the PCR reaction within one single tube and would be more ideal
for high throughput screening. However, this method also requires careful evaluation of the
conditions for both the cDNA and PCR steps that may not be optimal for either reaction.
Downstream optimization of the current assays using a one-step approach should be consid-
ered but was beyond the focus of the current experiment. Another consideration would be the
use of the DNA-binding photoreactive dye Propodium monoazide (PMA) that enables to dis-
tinguish between dead and living cells [78]. However, despite the ease and success in use with
some organisms, the greatest concern is its limitation in technical use on environmental sam-
ples [79].

The Food and Agriculture Organization (FAO) often revises the list of suggested treatments
for wood packaging material, emphasizing the importance of reducing the risk of quarantine
pests associated with wood exports [4]. The present research acts as a proof-of-concept to
enhance future molecular detection methods of invasive and native pathogens of phytosanitary
concern. Our mRNA/gDNA detection method differentiated between dead and alive patho-
gens using reverse transcriptase and real-time PCR assays and was validated in pathogen-
infected wood samples. These assays should provide a novel way to evaluate and compare the
efficacy of wood treatments to eliminate microorganisms that are difficult to detect. Further
investigation of the timing and pattern of mRNA degradation in wood and other plant tissues
such as leaves and bark should be conducted using this method.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221742  February 5, 2020 13/18


https://doi.org/10.1371/journal.pone.0221742

@ PLOS|ONE

Detecting the presence and viability of plant pathogens

Acknowledgments

The authors would like to acknowledge the technical help of Brett Ford and Julie Sheppard.
Logs for the inoculations were provided by The University of British Columbia Malcolm
Knapp Research Forest.

Author Contributions

Conceptualization: Barbara Wong, Isabel Leal, Nicolas Feau, Angela Dale, Adnan Uzunovic,
Richard C. Hamelin.

Formal analysis: Barbara Wong, Isabel Leal, Nicolas Feau, Angela Dale.

Funding acquisition: Isabel Leal, Adnan Uzunovic, Richard C. Hamelin.

Methodology: Barbara Wong, Isabel Leal, Richard C. Hamelin.

Supervision: Isabel Leal, Nicolas Feau, Angela Dale, Adnan Uzunovic, Richard C. Hamelin.
Visualization: Nicolas Feau.

Writing - original draft: Barbara Wong, Isabel Leal, Nicolas Feau, Richard C. Hamelin.

Writing - review & editing: Barbara Wong, Isabel Leal, Nicolas Feau, Angela Dale, Adnan
Uzunovic, Richard C. Hamelin.

References

1. Humble LM, Allen EA. Forest biosecurity: Alien invasive species and vectored organisms. Can J Plant
Pathol. 2006; 28: S256—-S269.

2. Leall, Allen E, Humble L, Sela S, Uzunovic A. Phytosanitary risks associated with the global movement
of forest products: A commodity-based approach. Victoria, BC; 2010.

3. Allen E, Noseworthy M, Ormsby M. Phytosanitary measures to reduce the movement of forest pests
with the international trade of wood products. Biol Invasions. 2017; 19: 3365-3376.

FAO. Regulation of wood packaging material in international trade. Rome, Italy; 2017.

5. Pace NR. A molecular view of microbial diversity and the biosphere. Science. 1997; 276: 734—740.
https://doi.org/10.1126/science.276.5313.734 PMID: 9115194

6. Rappé MS, Giovannoni SJ. The uncultured microbial majority. Annu Rev Microbiol. 2003; 57: 369-394.
https://doi.org/10.1146/annurev.micro.57.030502.090759 PMID: 14527284

7. Taylor DL, Bruns TD, Leake JR, Read DJ. Mycorrhizal specificity and function in myco-heterotrophic
plants. In: van der Heijden MGA, Sanders IR, editors. Mycorrhizal Ecology. Berlin, Heidelberg:
Springer Berlin Heidelberg; 2003. pp. 375—-413.

8. Taylor JW, Jacobson DJ, Kroken S, Kasuga T, Geiser DM, Hibbett DS, et al. Phylogenetic species rec-
ognition and species concepts in fungi. Fungal Genet Biol. United States; 2000; 31: 21-32. https://doi.
org/10.1006/fgbi.2000.1228 PMID: 11118132

9. Feau N, Beauseigle S, Bergeron M, Guillaume J, Birol |, Cervantes-arango S, et al. Genome-Enhanced
Detection and Identification (GEDI) of plant pathogens. Peerd. 2018; 1-24. https://doi.org/10.7717/
peerj.4392 PMID: 29492338

10. Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA, et al. Nuclear ribosomal inter-
nal transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi. Proc Natl Acad Sci.
2012; 109: 6241 LP-6246. https://doi.org/10.1073/pnas.1117018109 PMID: 22454494

11. Feau N, Beauseigle S, Bergeron M-J, Bilodeau GJ, Birol I, Cervantes-Arango S, et al. Genome-
enhanced detection and identification (GEDI) of plant pathogens. Peerd. 2018; 6: e4392. https://doi.org/
10.7717/peerj.4392 PMID: 29492338

12. Martin RR, James D, Lévesque CA. Impacts of molecular diagnostic technologies on plant disease
management. Annu Rev Phytopathol. 2000; 38: 207—239. https://doi.org/10.1146/annurev.phyto.38.1.
207 PMID: 11701842

13. Alifano P, Bruni CB, Carlomagno MS. Control of mRNA processing and decay in prokaryotes. Genetica.
1994; 94: 157-172. https://doi.org/10.1007/bf01443430 PMID: 7534739

14. Ross J. mRNA stability in mammalian cells. Microbiol Rev. 1995; 59: 423—450. PMID: 7565413

PLOS ONE | https://doi.org/10.1371/journal.pone.0221742  February 5, 2020 14/18


https://doi.org/10.1126/science.276.5313.734
http://www.ncbi.nlm.nih.gov/pubmed/9115194
https://doi.org/10.1146/annurev.micro.57.030502.090759
http://www.ncbi.nlm.nih.gov/pubmed/14527284
https://doi.org/10.1006/fgbi.2000.1228
https://doi.org/10.1006/fgbi.2000.1228
http://www.ncbi.nlm.nih.gov/pubmed/11118132
https://doi.org/10.7717/peerj.4392
https://doi.org/10.7717/peerj.4392
http://www.ncbi.nlm.nih.gov/pubmed/29492338
https://doi.org/10.1073/pnas.1117018109
http://www.ncbi.nlm.nih.gov/pubmed/22454494
https://doi.org/10.7717/peerj.4392
https://doi.org/10.7717/peerj.4392
http://www.ncbi.nlm.nih.gov/pubmed/29492338
https://doi.org/10.1146/annurev.phyto.38.1.207
https://doi.org/10.1146/annurev.phyto.38.1.207
http://www.ncbi.nlm.nih.gov/pubmed/11701842
https://doi.org/10.1007/bf01443430
http://www.ncbi.nlm.nih.gov/pubmed/7534739
http://www.ncbi.nlm.nih.gov/pubmed/7565413
https://doi.org/10.1371/journal.pone.0221742

@ PLOS|ONE

Detecting the presence and viability of plant pathogens

15.
16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Dickson AM, Wilusz CJ, Wilusz J. mMRNA Turnover. eL.S. 2009.

Bleve G, Rizzotti L, Dellaglio F, Torriani S. Development of reverse transcription (RT)-PCR and real-

time RT-PCR assays for rapid detection and quantification of viable yeasts and molds contaminating

yogurts and pasteurized food products. Appl Environ Microbiol. 2003; 69: 4116—4122. https://doi.org/
10.1128/AEM.69.7.4116-4122.2003 PMID: 12839789

Leal |, Foord B, Allen E, Campion C, Rott M, Green M. Development of two reverse transcription-PCR
methods to detect living pinewood nematode, Bursaphelenchus xylophilus, in wood. For Pathol. 2013;
43: 104-114.

Overbergh L, Giulietti A, Valckx D, Decallonne R, Bouillon R, Mathieu C. The use of real-time reverse
transcriptase PCR for the quantification of cytokine gene expression. J Biomol Tech. 2003; 14: 33—43.
PMID: 12901609

Brasier C, Webber J. Sudden larch death. Science. 2010; 329: 824—825. https://doi.org/10.1126/
science.1190482

Rizzo DM, Garbelotto M, Hansen EM. Phytophthora ramorum: integrative research and management
of an emerging pathogen in California and Oregon forests. Annu Rev Phytopathol. 2005; 43: 309—-335.
https://doi.org/10.1146/annurev.phyto.42.040803.140418 PMID: 16078887

Six DL, Wingfield MJ. The role of phytopathogenicity in bark beetle-fungus symbioses: a challenge to
the classic paradigm. Annu Rev Entomol. 2011; 56: 255-272. https://doi.org/10.1146/annurev-ento-
120709-144839 PMID: 20822444

Ojeda Alayon DI, Tsui CKM, Feau N, Capron A, Dhillon B, Zhang Y, et al. Genetic and genomic evi-
dence of niche partitioning and adaptive radiation in mountain pine beetle fungal symbionts. Mol Ecol.
2017; 26: 2077-2091. https://doi.org/10.1111/mec.14074 PMID: 28231417

Tyler BM, Tripathy S, Zhang X, Dehal P, Jiang RHY, Aerts A, et al. Phytophthora genome sequences
uncover evolutionary origins and mechanisms of pathogenesis. Science. 2006; 313: 1261-1266.
https://doi.org/10.1126/science.1128796 PMID: 16946064

Feau N, Decourcelle T, Husson C, Desprez-Loustau M-L, Dutech C. Finding single copy genes out of
sequenced genomes for multilocus phylogenetics in non-model fungi. PLoS One. 2011; 6: e18803.
https://doi.org/10.1371/journal.pone.0018803 PMID: 21533204

Parra G, Bradnam K, Ning Z, Keane T, Korf |. Assessing the gene space in draft genomes. Nucleic
Acids Res. 2009; 37: 289-97. https://doi.org/10.1093/nar/gkn916 PMID: 19042974

Feau N, Taylor G, Dale AL, Dhillon B, Bilodeau GJ, Birol I, et al. Genome sequences of six Phy-
tophthora species threatening forest ecosystems. Genomics Data. 2016; 10: 85-88. https://doi.org/10.
1016/j.gdata.2016.09.013 PMID: 27752469

DiGuistini S, Wang Y, Liao NY, Taylor G, Tanguay P, Feau N, et al. Genome and transcriptome analy-
ses of the mountain pine beetle-fungal symbiont Grosmannia clavigera, a lodgepole pine pathogen.
Proc Natl Acad Sci U S A. 2011;108.

Kasuga T, Kozanitas M, Bui M, Huberli D, Rizzo DM, Garbelotto M. Phenotypic diversification is associ-
ated with host-induced transposon derepression in the Sudden Oak Death pathogen Phytophthora
ramorum. PLoS One. 2012; 7: e34728. https://doi.org/10.1371/journal.pone.0034728 PMID: 22529930

Kasuga T, Bui M, Bernhardt E, Swiecki T, Aram K, Cano LM, et al. Host-induced aneuploidy and pheno-
typic diversification in the Sudden Oak Death pathogen Phytophthora ramorum. BMC Genomics. BMC
Genomics; 2016; 17: 1-17. https://doi.org/10.1186/s12864-015-2294-6

Alamouti SM, Wang V, Diguistini S, Six DL, Bohimann J, Hamelin RC, et al. Gene genealogies reveal
cryptic species and host preferences for the pine fungal pathogen Grosmannia clavigera. Mol Ecol.
2011; 20: 2581-602. https://doi.org/10.1111/].1365-294X.2011.05109.x PMID: 21557782

Feau N, Ojeda DI, Beauseigle S, Bilodeau GJ, Brar A, Cervantes-arango S, et al. Improved detection
and identification of the sudden oak death pathogen Phytophthora ramorum and the Port Orford cedar
root pathogen Phytophthora lateralis. Plant Pathol. 2019; 68: 878—888.

Marthey S, Aguileta G, Rodolphe F, Gendrault A, Giraud T, Fournier E, et al. FUNYBASE: a FUNgal
phYlogenomic dataBASE. BMC Bioinformatics. 2008; 9: 456. https://doi.org/10.1186/1471-2105-9-456
PMID: 18954438

Forgetta V, Leveque G, Dias J, Grove D, Lyons R Jr, Genik S, et al. Sequencing of the Dutch elm dis-
ease fungus genome using the Roche/454 GS-FLX Titanium System in a comparison of multiple geno-
mics core facilities. J Biomol Tech. 2013; 24: 39—49. https://doi.org/10.7171/jbt.12-2401-005 PMID:
23542132

Haridas S, Wang Y, Lim L, Massoumi Alamouti S, Jackman S, Docking R, et al. The genome and tran-
scriptome of the pine saprophyte Ophiostoma piceae, and a comparison with the bark beetle-associ-
ated pine pathogen Grosmannia clavigera. BMC Genomics. 2013; 14: 373. https://doi.org/10.1186/
1471-2164-14-373 PMID: 23725015

PLOS ONE | https://doi.org/10.1371/journal.pone.0221742  February 5, 2020 15/18


https://doi.org/10.1128/AEM.69.7.4116-4122.2003
https://doi.org/10.1128/AEM.69.7.4116-4122.2003
http://www.ncbi.nlm.nih.gov/pubmed/12839789
http://www.ncbi.nlm.nih.gov/pubmed/12901609
https://doi.org/10.1126/science.1190482
https://doi.org/10.1126/science.1190482
https://doi.org/10.1146/annurev.phyto.42.040803.140418
http://www.ncbi.nlm.nih.gov/pubmed/16078887
https://doi.org/10.1146/annurev-ento-120709-144839
https://doi.org/10.1146/annurev-ento-120709-144839
http://www.ncbi.nlm.nih.gov/pubmed/20822444
https://doi.org/10.1111/mec.14074
http://www.ncbi.nlm.nih.gov/pubmed/28231417
https://doi.org/10.1126/science.1128796
http://www.ncbi.nlm.nih.gov/pubmed/16946064
https://doi.org/10.1371/journal.pone.0018803
http://www.ncbi.nlm.nih.gov/pubmed/21533204
https://doi.org/10.1093/nar/gkn916
http://www.ncbi.nlm.nih.gov/pubmed/19042974
https://doi.org/10.1016/j.gdata.2016.09.013
https://doi.org/10.1016/j.gdata.2016.09.013
http://www.ncbi.nlm.nih.gov/pubmed/27752469
https://doi.org/10.1371/journal.pone.0034728
http://www.ncbi.nlm.nih.gov/pubmed/22529930
https://doi.org/10.1186/s12864-015-2294-6
https://doi.org/10.1111/j.1365-294X.2011.05109.x
http://www.ncbi.nlm.nih.gov/pubmed/21557782
https://doi.org/10.1186/1471-2105-9-456
http://www.ncbi.nlm.nih.gov/pubmed/18954438
https://doi.org/10.7171/jbt.12-2401-005
http://www.ncbi.nlm.nih.gov/pubmed/23542132
https://doi.org/10.1186/1471-2164-14-373
https://doi.org/10.1186/1471-2164-14-373
http://www.ncbi.nlm.nih.gov/pubmed/23725015
https://doi.org/10.1371/journal.pone.0221742

@ PLOS|ONE

Detecting the presence and viability of plant pathogens

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Cuomo CA, Rodriguez-Del Valle N, Perez-Sanchez L, Abouelleil A, Goldberg J, Young S, et al.
Genome sequence of the pathogenic fungus Sporothrix schenckii (ATCC 58251). Genome Announc.
2014; 2: e00446—14. https://doi.org/10.1128/genomeA.00446-14 PMID: 24855299

Dale AL, Feau N, Everhart SE, Dhillon B, Wong B, Sheppard J, et al. Mitotic recombination and rapid
genome evolution in the invasive forest pathogen Phytophthora ramorum. MBio. 2019; 10: e02452-18.
https://doi.org/10.1128/mBio0.02452-18 PMID: 30862749

Coffey M. PROTOCOL 07-283.1: Carrot agar (CA) or broth. In: Coffey M, editor. Laboratory Protocols
for Phytophthora Species. The American Phytopathological Society; 2015. p. 1. https://doi.org/10.
1094/9780890544969.07.23.1

Cail, Oliveira LC. Evaluating the use of humidification systems during heat treatment of MPB lumber.
Dry Technol. 2011; 29: 729-734.

Jeffers S. PROTOCOL 07-11.1: V8 agar (V8A) or broth. In: Jeffers S, editor. Laboratory Protocols for
Phytophthora Species. The American Phytopathological Society; 2015. pp. 1-2. https://doi.org/10.
1094/9780890544969.07.11.1

Tsao P. Chlamydospore formation in sporangium-free liquid cultures of Phytophthora parasitica. Phyto-
pathology. 1971; 61: 1412—-1413.

Hesse-Orce U, DiGuistini S, Keeling Cl, Wang Y, Li M, Henderson H, et al. Gene discovery for the bark
beetle-vectored fungal tree pathogen Grosmannia clavigera. BMC Genomics. 2010; 11: 536. https:/
doi.org/10.1186/1471-2164-11-536 PMID: 20920358

Bilodeau P, Roe AD, Bilodeau G, Blackburn GS, Cui M, Cusson M, et al. Biosurveillance of forest
insects: part Il—adoption of genomic tools by end user communities and barriers to integration. J Pest
Sci (2004). 2019; 92: 71-82.

Roe AD, Torson AS, Bilodeau G, Bilodeau P, Blackburn GS, Cui M, et al. Biosurveillance of forest
insects: part I—integration and application of genomic tools to the surveillance of non-native forest
insects. J Pest Sci (2004). 2019; 92: 51-70.

Bergin PF, Doppelt JD, Hamilton WG, Mirick GE, Jones AE, Sritulanondha S, et al. Detection of peri-
prosthetic infections with use of ribosomal RNA-based polymerase chain reaction. J Bone Joint Surg
Am. 2010; 92: 654—663. https://doi.org/10.2106/JBJS.1.00400 PMID: 20194324

Aarthi P, Bagyalakshmi R, Therese KL, Malathi J, Mahalakshmi B, Madhavan HNR. Optimization and
application of a reverse transcriptase polymerase chain reaction to determine the bacterial viability in
infectious endophthalmitis. Curr Eye Res. 2012; 37: 1114-1120. https://doi.org/10.3109/02713683.
2012.704476 PMID: 22757687

Davis GL, Ray NA, Lahiri R, Gillis TP, Krahenbuhl JL, Williams DL, et al. Molecular Assays for Deter-
mining Mycobacterium leprae Viability in Tissues of Experimentally Infected Mice. PLoS Negl Trop Dis.
2013; 7: e2404. https://doi.org/10.1371/journal.pntd.0002404 PMID: 24179562

Hellyer TJ, DesJardin LE, Hehman GL, Cave MD, Eisenach KD. Quantitative analysis of mMRNA as a
marker for viability of Mycobacterium tuberculosis. J Clin Microbiol. 1999; 37: 290-295. PMID: 9889206

Sheridan GE, Masters ClI, Shallcross JA, MacKey BM. Detection of mRNA by reverse transcription-
PCR as an indicator of viability in Escherichia colicells. Appl Environ Microbiol. 1998; 64: 1313—-1318.
PMID: 9546166

Alum A, Sbai B, Asaad H, Rubino JR, Khalid ljaz M. ECC-RT-PCR: a new method to determine the via-
bility and infectivity of Giardia cysts. Int J Infect Dis. 2012; 16: e350-e353. https://doi.org/10.1016/}.ijid.
2012.01.004 PMID: 22390842

Baque RH, Gilliam AO, Robles LD, Jakubowski W, Slifko TR. A real-time RT-PCR method to detect via-
ble Giardia lamblia cysts in environmental waters. Water Res. 2011; 45: 3175-3184. https://doi.org/10.
1016/j.watres.2011.03.032 PMID: 21501854

Menzel W, Jelkmann W, Maiss E. Detection of four apple viruses by multiplex RT-PCR assays with
coamplification of plant mRNA as internal control. J Virol Methods. 2002; 99: 81-92. https://doi.org/10.
1016/s0166-0934(01)00381-0 PMID: 11684306

Leall, Allen E, Foord B, Anema J, Reisle C, Uzunovic A, et al. Detection of living Bursaphelenchus xylo-
philus in wood, using reverse transcriptase loop-mediated isothermal amplification (RT-LAMP). For
Pathol. 2015; 45: 134—148.

Callan BE, Leal |, Islam A, Foord B. Analysis of Canadian wood pellets for the presence of living phyto-
pathogenic fungi and pinewood nematode. EPPO Bull. 2018; 48: 245-253.

Grunwald NJ, Garbelotto M, Goss EM, Heungens K, Prospero S. Emergence of the sudden oak death
pathogen Phytophthora ramorum. Trends Microbiol. 2012; 20: 131-138. https://doi.org/10.1016/j.tim.
2011.12.006 PMID: 22326131

Bilodeau GJ, Lévesque CA, de Cock AWAM, Duchaine C, Briére S, Uribe P, et al. Molecular detection
of Phytophthora ramorum by real-time polymerase chain reaction using TagMan, SYBR Green, and

PLOS ONE | https://doi.org/10.1371/journal.pone.0221742  February 5, 2020 16/18


https://doi.org/10.1128/genomeA.00446-14
http://www.ncbi.nlm.nih.gov/pubmed/24855299
https://doi.org/10.1128/mBio.02452-18
http://www.ncbi.nlm.nih.gov/pubmed/30862749
https://doi.org/10.1094/9780890544969.07.23.1
https://doi.org/10.1094/9780890544969.07.23.1
https://doi.org/10.1094/9780890544969.07.11.1
https://doi.org/10.1094/9780890544969.07.11.1
https://doi.org/10.1186/1471-2164-11-536
https://doi.org/10.1186/1471-2164-11-536
http://www.ncbi.nlm.nih.gov/pubmed/20920358
https://doi.org/10.2106/JBJS.I.00400
http://www.ncbi.nlm.nih.gov/pubmed/20194324
https://doi.org/10.3109/02713683.2012.704476
https://doi.org/10.3109/02713683.2012.704476
http://www.ncbi.nlm.nih.gov/pubmed/22757687
https://doi.org/10.1371/journal.pntd.0002404
http://www.ncbi.nlm.nih.gov/pubmed/24179562
http://www.ncbi.nlm.nih.gov/pubmed/9889206
http://www.ncbi.nlm.nih.gov/pubmed/9546166
https://doi.org/10.1016/j.ijid.2012.01.004
https://doi.org/10.1016/j.ijid.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22390842
https://doi.org/10.1016/j.watres.2011.03.032
https://doi.org/10.1016/j.watres.2011.03.032
http://www.ncbi.nlm.nih.gov/pubmed/21501854
https://doi.org/10.1016/s0166-0934(01)00381-0
https://doi.org/10.1016/s0166-0934(01)00381-0
http://www.ncbi.nlm.nih.gov/pubmed/11684306
https://doi.org/10.1016/j.tim.2011.12.006
https://doi.org/10.1016/j.tim.2011.12.006
http://www.ncbi.nlm.nih.gov/pubmed/22326131
https://doi.org/10.1371/journal.pone.0221742

@ PLOS|ONE

Detecting the presence and viability of plant pathogens

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

molecular beacons. Phytopathology. 2007; 97: 632—642. https://doi.org/10.1094/PHYTO-97-5-0632
PMID: 18943583

Miles TD, Martin FN, Robideau GP, Bilodeau GJ, Coffey MD. Systematic development of Phytophthora
species-specific mitochondrial diagnostic markers for economically important members of the genus.
Plant Dis. 2017; 101: 1162—1170. https://doi.org/10.1094/PDIS-09-16-1224-RE PMID: 30682972

Tooley PW, Martin FN, Carras MM, Frederick RD. Real-time fluorescent polymerase chain reaction
detection of Phytophthora ramorum and Phytophthora pseudosyringae using mitochondrial gene
regions. Phytopathology. 2006; 96: 336—345. https://doi.org/10.1094/PHYTO-96-0336 PMID:
18943415

Parke JL, Oh E, Voelker S, Hansen EM, Buckles G, Lachenbruch B. Phytophthora ramorum colonizes
tanoak xylem and is associated with reduced stem water transport. Phytopathology. 2007; 97: 1558—
1567. https://doi.org/10.1094/PHYTO-97-12-1558 PMID: 18943716

Brown AV, Brasier CM. Colonization of tree xylem by Phytophthora ramorum, P. kernoviae and other
Phytophthora species. Plant Pathol. 2007; 56: 227-241.

Chimento BA, Cacciola SO, Garbelotto M. Detection of mRNA by reverse-transcription PCR as an indi-
cator of viability in Phytophthora ramorum. For Pathol. 2012; 42: 14-21.

Martin FN, Bensasson D, Tyler BM, Boore JL. Mitochondrial genome sequences and comparative
genomics of Phytophthora ramorum and P. sojae. Curr Genet. 2007; 51: 285-296. https://doi.org/10.
1007/s00294-007-0121-6 PMID: 17310332

Lee S, Kim JJ, Breuil C. Leptographium longiclavatum sp. nov., a new species associated with the
mountain pine beetle, Dendroctonus ponderosae. Mycol Res. 2005; 109: 1162—1170. https://doi.org/
10.1017/s0953756205003588 PMID: 16279410

Lim YW, Alamouti SM, Kim J-J, Lee S, Breuil C. Multigene phylogenies of Ophiostoma clavigerum and
closely related species from bark beetle-attacked Pinus in North America. FEMS Microbiol Lett.
England; 2004; 237: 89-96. https://doi.org/10.1016/j.femsle.2004.06.020 PMID: 15268942

White R. Gene transcription: Mechanisms and control. Oxford, UK: lackwell Scientific Ltd.; 2000.

Parke J, Lucas S. Sudden oak death and ramorum blight. In: The Plant Health Instructor. [Internet].
2008 p. PHI-I-2008-0227-01. Available: https://www.apsnet.org/edcenter/disandpath/oomycete/
pdlessons/Pages/SuddenOakDeath.aspx

Ramsfield TD, Ball RD, Gardner JF, Dick MA. Temperature and time combinations required to cause
mortality of a range of fungi colonizing wood. Can J Plant Pathol. 2010; 32: 368—-375.

Tubajika KM, Singh R, Shelly JR. Preliminary observations of heat treatment to control Phytophthora
ramorum in infected wood species: An extended abstract. Proceedings of the Sudden Oak Death Third
Science Symposium. 2007. pp. 477-480.

Oliveira L, Elustondo D, Mujundar A, Ananias R. Canadian developments in kiln drying. Dry Technol.
2012; 30: 1792-1799.

Villarino A, Rager M-N, Grimont PAD, Bouvet OMM. Are UV-induced nonculturable Escherichia coliK-
12 cells alive or dead? Eur J Biochem. 2003; 270: 2689—2695. https://doi.org/10.1046/j.1432-1033.
2003.03652.x PMID: 12787036

Puspita ID, Kamagata Y, Tanaka M, Asano K, Nakatsu CH. Are uncultivated bacteria really uncultiva-
ble? Microbes Environ. 2012; 27: 356—-366. https://doi.org/10.1264/jsme2.ME12092 PMID: 23059723

Kaeberlein T, Lewis K, Epstein SS. Isolating “uncultivable” microorganisms in pure culture in a simu-
lated natural environment. Science. 2002; 296: 1127—-1129. https://doi.org/10.1126/science.1070633
PMID: 12004133

Caro A, Got P, Lesne J, Binard S, Baleux B. Viability and virulence of experimentally stressed noncultur-
able Salmonella typhimurium. Appl Environ Microbiol. 1999; 65: 3229-3232. PMID: 10388726

Li L, Mendis N, Trigui H, Oliver JD, Faucher SP. The importance of the viable but non-culturable state in
human bacterial pathogens. Front Microbiol. 2014; 5: 258. https://doi.org/10.3389/fmicb.2014.00258
PMID: 24917854

le Provost G, Herrera R, Paiva JA, Chaumeil P, Salin F, Plomion C. A micromethod for high throughput
RNA extraction in forest trees. Biol Res. England; 2007; 40: 291-297. S0716-97602007000400003
https://doi.org//S0716-97602007000400003 PMID: 18449457

Schneiderbauer A, Sandermann HJ, Ernst D. Isolation of functional RNA from plant tissues rich in phe-
nolic compounds. Anal Biochem. United States; 1991; 197: 91-95. https://doi.org/10.1016/0003-2697
(91)90360-6 PMID: 1719845

Kiefer E, Heller W, Ernst D. A simple and efficient protocol for isolation of functional RNA from plant tis-
sues rich in secondary metabolites. Plant Mol Biol Report. 2000; 18: 33-39. https://doi.org/10.1007/
BF02825291

PLOS ONE | https://doi.org/10.1371/journal.pone.0221742  February 5, 2020 17/18


https://doi.org/10.1094/PHYTO-97-5-0632
http://www.ncbi.nlm.nih.gov/pubmed/18943583
https://doi.org/10.1094/PDIS-09-16-1224-RE
http://www.ncbi.nlm.nih.gov/pubmed/30682972
https://doi.org/10.1094/PHYTO-96-0336
http://www.ncbi.nlm.nih.gov/pubmed/18943415
https://doi.org/10.1094/PHYTO-97-12-1558
http://www.ncbi.nlm.nih.gov/pubmed/18943716
https://doi.org/10.1007/s00294-007-0121-6
https://doi.org/10.1007/s00294-007-0121-6
http://www.ncbi.nlm.nih.gov/pubmed/17310332
https://doi.org/10.1017/s0953756205003588
https://doi.org/10.1017/s0953756205003588
http://www.ncbi.nlm.nih.gov/pubmed/16279410
https://doi.org/10.1016/j.femsle.2004.06.020
http://www.ncbi.nlm.nih.gov/pubmed/15268942
https://www.apsnet.org/edcenter/disandpath/oomycete/pdlessons/Pages/SuddenOakDeath.aspx
https://www.apsnet.org/edcenter/disandpath/oomycete/pdlessons/Pages/SuddenOakDeath.aspx
https://doi.org/10.1046/j.1432-1033.2003.03652.x
https://doi.org/10.1046/j.1432-1033.2003.03652.x
http://www.ncbi.nlm.nih.gov/pubmed/12787036
https://doi.org/10.1264/jsme2.ME12092
http://www.ncbi.nlm.nih.gov/pubmed/23059723
https://doi.org/10.1126/science.1070633
http://www.ncbi.nlm.nih.gov/pubmed/12004133
http://www.ncbi.nlm.nih.gov/pubmed/10388726
https://doi.org/10.3389/fmicb.2014.00258
http://www.ncbi.nlm.nih.gov/pubmed/24917854
https://doi.org//S0716-97602007000400003
http://www.ncbi.nlm.nih.gov/pubmed/18449457
https://doi.org/10.1016/0003-2697(91)90360-6
https://doi.org/10.1016/0003-2697(91)90360-6
http://www.ncbi.nlm.nih.gov/pubmed/1719845
https://doi.org/10.1007/BF02825291
https://doi.org/10.1007/BF02825291
https://doi.org/10.1371/journal.pone.0221742

@ PLOS | O N E Detecting the presence and viability of plant pathogens

77. Salzman RA, Fujita T, Zhu-Salzman K, Hasegawa PM, Bressan RA. An Improved RNA Isolation
Method for Plant Tissues Containing High Levels of Phenolic Compounds or Carbohydrates. Plant Mol
Biol Report. 1999; 17: 11-17. hitps://doi.org/10.1023/A:1007520314478

78. Heise J, Nega M, Alawi M, Wagner D. Propidium monoazide treatment to distinguish between live and
dead methanogens in pure cultures and environmental samples. J Microbiol Methods. 2016; 121: 11—
23. https://doi.org/10.1016/j.mimet.2015.12.002 PMID: 26656002

79. Fittipaldi M, Nocker A, Codony F. Progress in understanding preferential detection of live cells using via-
bility dyes in combination with DNA amplification. J Microbiol Methods. 2012; 91: 276-289. https://doi.
org/10.1016/j.mimet.2012.08.007 PMID: 22940102

PLOS ONE | https://doi.org/10.1371/journal.pone.0221742  February 5, 2020 18/18


https://doi.org/10.1023/A:1007520314478
https://doi.org/10.1016/j.mimet.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26656002
https://doi.org/10.1016/j.mimet.2012.08.007
https://doi.org/10.1016/j.mimet.2012.08.007
http://www.ncbi.nlm.nih.gov/pubmed/22940102
https://doi.org/10.1371/journal.pone.0221742

