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ABSTRACT

In order to determine if living fungi of phytosanitary concern are present in wood or to evaluate
the efficacy of treatments, the method of choice is to grow microbes in petri dishes for subsequent
identification. However, some fungi are difficult or impossible to grow in cultures, and thus, to validate
the effectiveness of existing and emerging wood treatments, a molecular methodology that can detect
living fungi and fungus-like organisms is required. RNA-based molecular diagnostic assays were
developed to detect the presence of living fungi and fungi-like organisms of phytosanitary concern.
Since RNA represents the transcription of genes and can therefore only be produced by living organisms,
it provides a marker to determine if an organism is alive. The assays were designed to target genes that
are essential to vital processes, then used to assess their presence and abundance through real-time
reverse transcription polymerase chain reaction (PCR). A stability analysis was conducted by comparing
the RNA to DNA ratio over treatment time. The results illustrated that for treated samples, DNA
remained stable over a period of 10 days post treatment, whereas RNA could not be detected after 24
hours for Phytophthora ramorum or 96 hours for Grosmannia clavigera. Therefore, this method
provides a reliable way to evaluate viability of organisms following treatments and can have profound

impacts on assessing both timber and non-timber forest products of commercial value.
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INTRODUCTION

The introduction of invasive forest pathogens into new ecosystems can have significant
ecological and economic impacts (Loo, 2009; Mitchell and Power 2003). Trade is an important factor in
the spread of invasive species. Canada has 348 million hectares of forestland, representing 9% of the
world’s forests (NRCan, 2016a; Canadian Food Inspection Agency [CFIA], 2014). Canada is an important
trading nation and exports by the forestry sector contribute $17.1 billion in net trade (NRCan, 2015).
Additionally, Canada imports a large volume of manufactured products. But one negative impact of
trade is that it can contribute to the risk of pest movement globally. The shipping industry uses wood to
make crates and as a packing material. Several insects and some pathogens are known to spread via the
wood used for shipping. To counter this threat, regulations such as the International Standard of
Phytosanitary Measures no. 15 (ISPM15) have been developed to treat wood packing material and
ensure that they are free of organisms that could present threats to Canadian forests (Food and
Agriculture Organization [FAQO], 2016). Although those treatments have been tested and proved
efficacious for insects, their efficacy for pathogens has not been fully demonstrated. It is therefore
crucial to assess the efficacy of such treatments to ensure that imported and exported wood products

and wood packing material are pathogen-free.

Pathogens are difficult to detect in woody tissues and this complicates the assessment of
treatment efficacy. Detection usually requires isolating and culturing the organisms on artificial media in
Petri plates, followed by morphological identification. New methods that rely on detection of pathogen
DNA directly from samples are promising and can uncover a minute amount of pathogens in a variety of
material. Although this approach is very sensitive to detect the presence of a pathogen’s DNA, it does
not allow the differentiation of living and dead organisms because DNA can remain detectable even
after a lethal treatment of microorganisms. This is an important criterion in assessing the efficacy of

treatment and therefore a new method is required.

In my project, | used genomics to generate a novel approach to determine the presence of
microbes and fungi in wood products and to assess their viability. | developed a method based on the

knowledge that messenger RNA (the gene transcript) is more labile than the gene itself (within the



genomic DNA) and will degrade rapidly following cell death. By measuring the ratio of RNA:DNA, | can
then assess the presence and viability of the targeted microorganisms. To develop the method, |
targeted the amplification of genes that are common to all microorganisms and are expressed under any
conditions and designed probes that can differentiate between the genes and their RNA transcripts. |
demonstrate the development and efficacy of this method on two organisms that encompass the sub-
Kingdoms Dikaria (the fungal associate of the mountain pine beetle Grosmannia clavigera) and
Stramenopiles (the oomycete plant pathogen Phytophthora ramorum). Both of these organisms have
the capacity to grow within woody tissues and therefore have the potential to be transmitted in
untreated wood packing material or in woody products. This methodology will be invaluable to the
industry and the regulators to evaluate the efficacy of forest product treatments to eliminate fungi and

other microbes that can be found in wood products.



LITERATURE REVIEW

Detection of microorganisms using molecular methods

To evaluate the efficacy of treatments and assess the presence of living microorganisms in wood
products, culture-based approaches are generally used. This requires isolating microorganisms and
growing them in pure cultures on artificial media. This method has been used for several decades and
has the advantage of only detecting living microorganisms; it is therefore ideally suited to assess and
evaluate the effect of treatments applied to wood products. 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 (Pace, 1997; Rappe and Giovannoni, 2003). This
methodological limitation probably results in a large number of false negatives. Particularly, this is a
problem when testing a treatment applied to wood: the same experimental outcome, i.e. absence of
growth on a Petri dish, would be expected for an efficacious treatment and a false negative caused by
the presence of an uncultured microorganism, creating a confounding experimental effect. In addition,
some fungi have slow growing behaviour and rely on a complex nutrient requirement. This is the case of
myco-heterotrophic fungi that are outcompeted by fast growing saprophytic species (Taylor et al, 2002).
This causes another level of difficulty in interpreting results. An additional challenge of identification of
microorganisms based solely on morphological characteristics is that the paucity of morphological traits
often does not provide reliable identification and can lack the level of precision to distinguish closely

related species (Chimento et al, 2011; Osterbauer and Trippe, 2005).

The use of molecular methods, in particular DNA amplification of universal genes using the
Polymerase Chain Reaction (PCR), followed by amplicon sequencing and DNA barcoding (matching the
unknown sequence by homology using public databases to provide identity), have become the standard
in identification of fungi and oomycetes (Hamelin et al, 1996; Hamelin et al, 2000; Schoch et al, 2012).
Once a species’ DNA sequence is known, it becomes possible to generate specific assays for detection
using PCR. Real-time-PCR, a method that uses fluorochromes for detection of target DNA during the
amplification process has increasingly replaced conventional PCR as it generates highly specific assays

and allows quantification of target DNA. Protocols have been developed and applied to detect several



tree pathogens, including P. ramorum (Bilodeau et al, 2006; Bodles et al, 2005; Hayden et al, 2006;
McCartney et al, 2003; Osman and Rowhani, 2005).

Detection and quantification of RNA by real-time reverse-transcription PCR

Most molecular detection methods for plant pathogens are aimed at detecting the presence,
but not the viability, of pathogens and are based on detection of the pathogen DNA. Since DNA is stable
and does not rapidly degrade following cell death, these assays are not useful to assess viability of the
targeted organisms and thus do not help in determining the efficacy of a treatment. The development of
real-time reverse-transcription PCR has revolutionized the analysis of gene expression in living
organisms. This method generates reverse complementary DNA (cDNA) from the RNA of targeted genes.
The cDNA can then be quantified by using standard curves and can therefore measure the gene
expression level. This method has been extremely useful in plant pathology by allowing investigators to
assess pathogen gene expression during its interaction with the host. Real-time reverse-transcription
PCR has the advantage of having higher sensitivity and specificity compared to conventional reverse-

transcription PCR and can provide precise quantification (Bustin, 2002; Gachon et al, 2004).

RNA represents the transcription product of genes and it is only produced when the organism is alive
(White, 2009). RNA, unlike DNA, is labile and degrades rapidly in dead cells (Abassi et al, 2013; Pozhitkov
et al, 2016). To amplify RNA, it is necessary to provide cDNA, which is the double-stranded DNA
synthesized from a single stranded RNA (e.g., messenger RNA (mRNA) template in a reaction catalysed
by the enzyme reverse transcriptase. cDNA can be used to measure the expression of RNA and serve as
a marker of cell viability. cDNA can be differentiated from genomic DNA (gDNA) because genes in
eukaryotes comprise exons that code for amino acids and are transcribed into RNA, and introns (or
intervening sequences) that are spliced out in mature messenger RNA (mRNA) transcripts. Therefore,
the sequence of a cDNA representing a mature gene product differs from the sequence of that gene in
the genomic DNA (gDNA) by the absence of introns. An assay that differentiates the gene from the gene
transcript would be optimal for assessing viability of an organism since it would allow detection and

guantification of mMRNA without cross-amplification of the genomic gene copy.

One challenge of this approach is that not all genes are expressed all of the time. In order to

regulate and control a living organism, genes must interact with and respond to the organism’s



environment. Constitutive genes are expressed regardless of the environment while induced genes are
expressed under certain environmental or developmental conditions (White, 2009). Selected target
genes should be constitutively expressed and transcribed continually as opposed to those expressed
following an environment signal. This ensures that when no expression of a constitutive gene is
detected, it is due to the death of the organism instead of the gene being turned “off” by the
environment. Therefore, in order to develop markers indicative of cell viability, it is important to identify
genes that are present and expressed at every stage of the organism’s life cycle and under different
environmental conditions; genes involved in basic metabolic processes fulfill this criterion.
Housekeeping genes are responsible for basic cellular functions such as respiration, cell division or basic
metabolism (White, 2009). They are conserved components of eukaryotic genomes and they are
expected to be constantly expressed within living organisms, two important criteria in developing assays
to assess viability in eukaryotic organisms. The development of molecular assays that target
housekeeping genes in the mitochondrial genome was effective for detecting P. ramorum (Dheda et al,
2004; Jain et al, 2006; Martin et al, 2004). Molecular methods based on RNA were also used as a tool to
test for viability in Xanthomonas citri (Golmohammadi et al, 2012), P. ramorum (Chimento et al, 2011)
and the pinewood nematode, Bursaphelenchus xylophilus (Leal et al, 2013). RNA expression could not be
detected after a pathogen had been dead for an extended period of time, while the detection of DNA

was still possible (Chimento et al, 2011; Leal et al, 2013).

Phytophthora ramorum, the causal agent of sudden oak death and sudden larch death

Background

Phytophthora ramorum is an aggressive plant pathogen that emerged in the mid-1990s
(Grunwald et al, 2012; Werres et al, 2001). It infects a broad range of hosts and causes a variety of
symptoms, including tip and leaf blight and cankers (Garbelotto et al, 2003; Swiecki and Bernhardt,
2005). This pathogen was observed on tanoak (Lithocarpus densiflorus) and coast live oak (Quercus
agrifolia), causing stem cankers that lead to mortality (Davidson et al, 2002; Garbelotto et al, 2003; Rizzo
et al, 2005). It has been detected in California, Oregon, Washington, parts of Europe as well as British
Columbia (Grunwald et al, 2012; Meentemeyer et al, 2004). The discovery of P. ramorum in North

American and European nurseries (Hayden et al, 2006), its ability to infect a broad range of host species

5



and be transmitted on horticultural plant material caused major concerns to the forest and horticultural

industries and to the regulatory authorities.

Symptoms

Unlike many other Phytophthora species that infect their host through the roots, P. ramorum
has the ability to infect its hosts through stems, leaves and needles (Davidson et al, 2003). As a result,
this pathogen causes two main aboveground symptoms: cankers and foliage dieback. Canker formation
is associated with sudden oak death and frequently results in host death, by girdling the tree stem,
damaging the phloem and causing severe canopy wilting (Rizzo et al, 2002; Rizzo et al, 2005; Swiecki &
Bernhardt, 2005). Other symptoms to the host foliage comprise shoot dieback and necrotic lesions on

the leaves, which results in disruption of the photosynthetic processes (Grunwald et al, 2008).

Life cycle

Phytophthora ramorum produces 3 spore types in nature: sporangia, chlamydospores, and
zoospores. The sexual spore stages, the oospores, have never been reported in nature. The production
of these spores depends on environmental factors such as temperature and moisture content (Werres
et al, 2001; Kliejuna, 2010). The sporangia are asexual propagules that assist in direct or indirect
dispersal of the pathogen and mainly produced on the host surface, especially foliage (Waterhouse
1983). Sporangia are caducous and can be easily dispersed by wind or water (Davidson et al, 2002;
Hansen, 2008; Judelson and Blanco, 2005). To infect the host directly, the sporangia germinate and
produce germ tubes and appressoria that attach to the host surface. The pathogen mycelium can
penetrate the host directly through the leaf surface by generating infection pegs that push through the
host epidermis. Alternatively, the sporangia can germinate and produce mycelium that penetrates
through the leaf stomates (Hardam and Hyde, 1997; Widmer, 2009). Indirect infections occur when the
sporangia release zoospores, which subsequently infect the host (Hardam and Hyde, 1997; Widmer,
2009). Zoospores are motile spores that use a flagellum to move through fluids and can target the host
by using chemical, electrical and physical recognition of the host (Tyler 2002; Widmer, 2009).
Chlamydospores are abundantly produced within infected hosts as well as the plant debris left on soil
surfaces and allow the pathogen to survive in unfavorable environmental conditions (Elliott et al, 2015;

Grunwald et al, 2012).



There are 4 known asexual lineages of P. ramorum each named after their primary location of
discovery: North American 1 (NA1), North American 2 (NA2), European 1 (EU1) and European 2 (EU2).
This pathogen is a generalist that has a high frequency of infecting ornamental species, allowing spread
through nursery trade (Davidson et al, 2002; Tooley, 2004). Recent discovery of the newest lineage
(EU2) after an epidemic of sudden larch death occurred in the United Kingdom, demonstrates that the
host range of this pathogen is very broad (Hyun and Choi, 2014; Pouke et al, 2012; Webber et al, 2010).
This outbreak highlights the destructive nature of the pathogen and consequences of introductions to

new ecological landscapes.

Prevention

In most countries, including Canada, where P. ramorum is not established in natural landscapes,
management and prevention of the disease relies upon inspection, early detection, and local
eradication. These actions are aiming to prevent the spread of the pathogen from nurseries, where the
pathogen can be contained and eradicated, to natural forests or plantations, where control and
management is very challenging. The outbreaks of P. ramorum in tanoak stands, nurseries and, more

recently, larch plantations have been economically and environmentally devastating.

Effective preventative measures are vital to contain the disease and limit infection. This relies
largely on early and accurate detection of the pathogen. Quarantine measures to restrict movement of
material infected by P. ramorum have been established to prevent invasion into disease-free areas
(Redlin et al, 2014). Nurseries undergo intensive monitoring for symptoms of the disease, followed by
testing to identify positives. Nurseries that test positive for P. ramorum must undergo intensive removal
of the plants in the affected areas (CFIA, 2014). Within the United States, the USDA has restricted
movement of nursery stock from Oregon, Washington and California to prevent further spread (APHIS,
2013). Despite government efforts, new invasions have occurred in the Pacific Northwest, through
nursery-to-nursery trade or naturally infected stands. In Canada, P. ramorum has been discovered in
nurseries every year since 2003 (BC Ministry of Agriculture, 2016). However, the pathogen has so far
failed to spread outside nurseries, thanks to aggressive eradication and nursery certification programs.

Although P. ramorum is known to grow within woody tissues, it is unknown whether it is capable of



spreading via wood products. However, this possibility has not been ruled out (Davidson et al, 2002;

Grunwald et al, 2012).

The Canadian Food Inspection Agency (CFIA) has assessed the risk of P. ramorum to Canada as
medium to low (CFIA 2012). However, due to the generalist nature of the pathogen, and its recent jump
to conifers in Great Britain (Lane et al, 2003), close monitoring of plant material entering or leaving
Canada is warranted to prevent accidental escape that could lead to serious economic and
environmental damage. One scenario of concern is that P. ramorum could escape from nurseries and
attack one of Canada’s tree species, which could affect that species’ health in planted and forested areas
and eventually negatively affect the export market, as well as having ecological consequences

(Grunwald et al, 2012).

Grosmannia clavigera, a fungal symbiont of the mountain pine beetle

Background

The symbiotic association of beetles and fungi have been one of the leading contributors to
forest devastation (Ayres and Lombarddero, 2000; Kirisits, 2004). In Canada alone, the mountain pine
beetle (MPB; Dendroctonus ponderosae) outbreak led to the infestation of over 18.3 million hectares of
forests (NRCan, 2016b). Grosmannia clavigera is an Ophiostomatoid fungal symbiont of the mountain
pine beetle that contributes to the beetle’s ability to attack trees and produce viable progenies. Tree
mortality is a result of the joint attack of the MPB and the fungi (Lee et al, 2006; Lieutier et al, 2009;
Robinson, 1962; Six, 2012; Wang et al, 2013). This fungus has a wide geographical range across western
Canada (British Columbia and Western Alberta) and the United States (Washington, Oregon and
California inlands to South Dakota, Colorado and New Mexico) where the main MPB hosts are found

(Lim et al, 2004; Six et al, 2003; Six and Paine, 1999; Zambino and Harrington, 1992).

Life cycle

G. clavigera and D. ponderosa establish a mutualistic relationship. The beetle serves as a vector
for the transportation of the fungal spores and provide a point of entry through the tree’s bark and into
the inner nutrient-rich tissue. In counterpart, the fungus aids the beetle to colonize the tree by providing

nutritional supplementation, detoxification of host defense compounds, and conditioning the host-tree



tissues to favor insect development (Benz and Six, 2006; Bleiker and Six, 2007; DiGuistini et al, 2011;
Paine et al, 1997; Six and Wingfield, 2011). This fungus has the ability to kill its host tree even in the
absence of beetles, when inoculated at a high density, making it a critical component of the MPB
epidemic (Lee et al, 2006). Though the exact mechanism of the fungi’s attack on its host is not well
understood, mortality is caused by nutrient blockage and the inability to allocate water within the tree.
The beetle-pathogen interaction has evolved specific mechanisms that allow the colonization of healthy
trees (Hesse-Orce et al, 2010; DiGuistini et al, 2011; Lah et al, 2013; Wang et al, 2013). Upon infection,
G. clavigera produces a melanin pigment that discolors the sapwood, staining it blue (Wang et al, 2010).
This alteration in color is an integral visual component of the invasion and remains in the host even after

the death of the pathogen.

Current phytosanitary actions/preventions

Though these pathogens do not have a negative influence on the mechanical properties of wood
(Lum et al, 2006), many countries are concerned about introducing non-native fungi. Treatment
requirements (ISPM No.15) are applied to all imported wood packaging products. Canadian legislation
requires wood exports to be treated to address phytosanitary concerns. ISPM15 addresses the
treatment needs for wood packaging material used for international trade (FAO, 2013). All wood
packaging material must be debarked to a specific size threshold and fumigated with methyl bromide
(MBr) or heat-treated with a specific time-temperature schedule that achieves a minimum of 56°C for a
minimum of 30 min (FAO, 2013). This minimum standard is the most common and well-accepted
approach (Uzunovic and Khadempour, 2007). This criterion was shown to be effective on a majority of

MPB-associated Ophiostomatoid fungi, including G. clavigera (Uzunovic and Khadempour, 2007).

Current protocols to detect Phytophthora ramorum and Grosmannia clavigera

There has been a need to develop DNA-based detection approaches for both pathogens under
study in this project. DNA-based detection is part of the regulatory agency protocols for identification of
P. ramorum (Bilodeau et al, 2006; Cook et al, 2000; Hayden et al, 2004; Hayden et al, 2006; Martin et al,
2004). DNA-based approaches are used to identify closely related species Ohiostomatoid fungi, including

G. clavigera, that are transported by the MPB and that co-infect pines (Khadempour et al, 2010;



Khadempour et al, 2012; Roe et al, 2010; Tsui et al, 2012). However, none of those methods can be used

to test viability.

Interest in assays for viability in P. ramorum has led to development of a method based on real-
time RT-PCR using SYBR-Green, a stain (Chimento et al, 2011; Orlando et al, 1998). However, this
method has some shortcomings. The use of a stain instead of an internal probe reduces its specificity. In
addition, the published assay targeted a mitochondrial cytochrome oxidase subunit | (COX 1) gene. This
gene does not contain introns and therefore it is impossible to discriminate between the DNA and RNA
amplification products. Although the samples were treated with an RNase free DNase solution for the
purification of samples and removal of genomic DNA, even a small amount of gDNA contamination

could result in a false positive (Leal et al, 2013).

Objectives

The objective of my research was to develop molecular assays that can assess the abundance
and viability of a fungus and an oomycete in wood products. | designed assays and conducted
experiments to amplify constitutive genes and target sequence regions that comprise introns to
differentiate between RNA and DNA. By measuring the abundance of RNA of constitutive genes using
real-time reverse transcription PCR and calculating the ratio of RNA:DNA of these constitutive genes, |
assessed pathogen viability in order to assess the efficacy of treatments designed to kill these
microorganisms. | verified the usefulness of this approach by testing the viability of P. ramorum and G.

clavigera following various heat treatments.
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MATERIALS & METHODS

Design of Assays

The program named “PHYLORPH” (PHYLogenetic markers for ORPHans) was used to reconstruct
the gene alignhments with intron/exons junction for P. ramorum, G. clavigera and other closely related
species (Feau et al, 2011). Conserved proteins for P. ramorum were identified by performing a BLAST
(Basic Local Alignment Search Tool) search with a protein database (CEGMA) against several known
target genomes. CEGMA (Core Eukaryotic Genes Mapping approach) is built using National Center for
Biotechnology Information (NCBI) eukaryotic clusters of orthologous groups (Parra et al, 2007). The
same procedure was performed on the G. clavigera genome using a separate protein database
(FUNYBASE) against several known fungal genomes. FUNYBASE (Fungal Phylogenomic Database) is a
protein database dedicated to the analysis of fungal single copy genes classified into orthologs. A total of
119 and 80 candidate genes, from P. ramorum and G. clavigera, respectively, were identified from
PHYLORPH before narrowing down (Appendix A) to our single target gene through another software,

Geneious.

Diagnostic assays involve the design of a DNA oligonucleotide primer pair and two
corresponding probes (Table 1). Primers are used to differentiate between species while probes add
another level of specificity to distinguish between gDNA and messenger RNA (mRNA). An example of the
physical structure of the genes, indicating the location of the primers and probes can be found in Figure
1. The placement of the probe on the specific locations along the genetic sequence allows
differentiation between gDNA and mRNA samples. The chosen nuclear gene sequence contains an
intron, which is present in gDNA but is excised by splicing in the mature mRNA. The internal probes used
for the detection of gDNA bind within the intron, whereas the probes used to detect the mRNA were
designed to span the exon-to-exon junction and therefore should not bind the gDNA but only the cDNA.
This probe, EX, was designed to anneal to the exon splice in order to ensure the exclusive amplification
of reverse transcribed mRNA through the amplification of complementary DNA (cDNA; i.e. double-

stranded DNA synthesized from messenger RNA) and rule out the possibility of gDNA being amplified.
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Table 1: Genes and assay sequences used for detection of Phytophthora ramorum and Grosmannia clavigera. Probe modification includes 5’ 6-FAM™ and 3’
lowa Black® FQ quencher and fluorophore.

Species Gene Function Assay name?®? Sequence 5’ -3’
targeted
PH178 F TTTAGTCGGCTCTTATCCGGCATG
PH178 Predicted membrane PH178 R CAGCAAGTAATAGAACAGGTTCCCCT
protein T3 _PH178_EX GCTTCAAGGAGAAAATTGCTCAGAACCA
P ramorum PH178 P TCAGCTGGAGGATGGAGTTGACCCATGTT
T2 PH218 3F ACCGGATCAACATCAACGATCAAATCA
PH218 Chorismate mutase PH218 3R ACTTGCCGAAATGGATACGCTTACT
T3 PH218 3EX ATGACACCGCGTATGGCTCTACGG
T2 _PH218 3P CTGCGCAGTTGTTGCTCACTTGGGGGA
MS359 F AACAATGACCCTGCCGCA
NAD-dependent 510- -

G. clavigera MS359 methylene’fetra hydrafolate MS359_R CGTCAATCGAGTCGTCGTTATTG
dehydrogenase MS359 EX CTGCCAAGAGAATGGCTTCGCCTTC
MS359 P CTATGGTCAATTGGCTCTATGACTCGTGA

1 Assay names ending with “_F” and “_R” refers to the direction of the oligonucleotides
2 Assay names ending with “_EX” and “_P” refers to the probe sequences



Genomic DNA

_FPRIMER i RPRIMER
EXON INTRON EXON
PROBE
FPRIMER EX  RPRIMER
EXON EXON

¢DNA (mRNA)

Figure 1: Molecular assay design to differentiate genomic DNA (gDNA) and complementary DNA (cDNA). Primers
are homologous to sequences in the exons while “Probe” and “Probe EX” are designed to anneal to the intron and
the exon-to-exon junction, respectively.

Using Geneious (v8.1.6) sequences from closely related species were compared. Within
Phytophthora spp., members of clade 8 were compared: Phytophthora lateralis, P. hibernalis, P.
foliorum, P. syringae, and P. brassicae. Assays for Grosmannia clavigera were designed by comparing the
known transcription sequence of Neurospora with other closely related species: Leptographium spp.,
Sporothrix schenckii, Ophiostoma montium, O. ulmi, and O. picea. Following standard criteria (SIGMA,
2015), optimal alignment that yields high levels of accuracy and sensitivity for our assays was
determined. Optimal alignments containing introns no smaller than 40 base pairs (BP) or larger than
100BP in length as well as high levels of polymorphism between species were analyzed. Total size of the
amplicon for gDNA must be less than 300bp due to limitations of the real time PCR’s sensitivity
(Saunders and Lee, 2013). Candidate genes selected for P. ramorum are PH179 (Predicted membrane
protein) and PH218 (Chorismate mutase), while the gene selected for G. clavigera is MS359 (NAD-

dependent 510-methylenetetrahydrafolate dehydrogenase).

Polymerase Chain Reaction
PCR was used to multiply target DNA fragments flanked by the forward and reverse primers for
preliminary testing of primer specificity. The amplification products were observed by gel

electrophoresis. This screening was conducted to determine if the primer pairs amplified only P.
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ramorum and G. clavigera. Duplicates of gDNA from the 4 P. ramorum lineages and G. clavigera were
compared with closely related species. P. ramorum was compared against 9 species within clade 8: P.
brassicae, P. cryptogea, P. drechsleri, P. foliorum, P. hibernalis, P. lateralis, P. porri, P. primulae and P.
syringae. Duplicate samples within the bluestain group were used for the G. clavigera comparisons:
Grosmannia aurea, L. longiclavatum, L. terebrantis, L. wingfieldi and Ophiostoma monitum. The protocol
for each reaction can be found in Appendix C. One percent (1%) agarose gels were used as medium for
electrophoresis to separate DNA and cDNA, amplification products based on size. For identification of
the PCR product, 4pul of the PCR product was mixed with 1ul of Safe Green dye for a final volume of 5ul
then inserted into separate wells via dry/wet loading. The agarose gel was run with 1% TBE for 30min at
100V. Quantitative PCR was not used for the initial testing of primer specificity in order to conserve the
cost of developing corresponding probes for non-specific primer sequences. After verification of primer

specificity, corresponding TagMan probes were ordered to use in stability analysis.

Wood Inoculation

Two isolates were selected from each of the four lineages of P. ramorum for the wood
inoculation experiment (Appendix B). One isolate of G. clavigera was used since there is no divergent
lineage in this species. All isolates of P. ramorum and G. clavigera were obtained from long term
storage, plated on carrot and malt extract (MEA) media, respectively and sub-cultured to fresh plates 10

days prior to treatments. This protocol alleviates the storage lethargy effect that is often observed.

In order to stimulate live infection on the host, living trees were freshly felled and prepared for
the artificial inoculation. Three different species of trees were felled on April 14™, 2015 at UBC’s
Malcolm Knapp Research Forest in Maple Ridge, BC: Douglas fir (Pseudotsuga menziesii), Japanese larch
(Larix kaempferi) and Western hemlock (Tsuga heterophylla). We selected trees with a minimum
diameter at breast height (DBH) of 12cm. One log of lodgepole pine (Pinus contorta) with the same DBH
requirements was felled May 2015 near Nelson, BC. Each tree was then divided into two 1 meter-long
logs and wrapped with a garbage bag at both ends to prevent drying out before transporting to FP
innovation’s research lab, Vancouver, BC. The lodgepole pine logs were transported and handled at the
Centre of Advanced Wood Processing (CAWP), Vancouver, BC. Logs were cleaned with a wire brush to

remove excess bark, moss and dirt. Each log was cut into 0.5m long bolts, resulting in 2 bolts
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representing each tree species. Bolts were hosed with water and were labeled as “species-biological
replicate” (eg. Douglas fir, rep 1 = D1). One isolate from each lineage of P. ramorum was used in
duplicate to inoculate one bolt, while the second set of isolates was used on the second bolt (Appendix
B). Only one isolate, KW1407, of G. clavigera was used. A blank agar plug was placed on each bolt as a

negative control.

Heat treatment

Two heat treatments were conducted on pure cultures of P. ramorum and G. clavigera. The first
heat treatment simulates an SPF kiln-drying schedule (8 hours), while the second exposes the pathogen
to a high temperature for a short period of time (56°C for 30 min for G. clavigera; 70°C for 1 hour for P.
ramorum). Temperatures of 56°C for 30 min are suggested by ISPM15 (FAO, 2016) and have been shown
to be lethal in previous studies (Uzunovic and Khadempour, 2007). Due to the discrepancy of different
lethal treatment temperatures of pure P. ramorum cultures (Chimento et al, 2011; Tubajika et al,
2007b), a higher temperature of 70°C for 1 hour was also added to ensure that | had a lethal treatment

in my experiments.

Cultures prepared for heat treatments were grown on cellophane for efficient removal while
samples used for wood inoculations were grown directly in suitable agar media (clarified V8 and MEA,
respectively). | prepared three petri dishes, each containing one inoculum plug for each of the 9 heat
treatment time points. For the time-course study, 1.5 ml Eppendorf tubed containing 30 mg of mycelia
each were collected from pure cultures of P. ramorum (PFC-5073 (NA2) and G. clavigera (KW1407). One

tube was immediately frozen to serve as the no heat treatment control.

SPF Kiln-Drying schedule

Mycelia samples were first transferred from petri plates into 0.1mL strip tubes and placed into a
thermocycler. The thermocycler was used to conduct the long heat treatment to simulate the kiln-drying
schedule used to treat wood under the standards used by the CFIA (Cai and Oliveira, 2011). The
schedule (Figure 2) brings the samples to 70°C for a minimum duration of 60 minutes. The mycelium was
sampled at 0, 6, 12, 24, 48, 96, 168 and 240 hours after treatment. Samples were transferred into 1.5 ml

microtubes, submerged in liquid nitrogen then stored at -80°C.
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Figure 2: Thermocycler schedule for heat treatment of pure cultures of Phytophthora ramorum isolate 5073, and
Grosmannia clavigera, isolate KW1407, to simulate a kiln-drying schedule. The schedule includes a minimum of
56°C for 30min as required by ISPM15.

Short heat treatment

A laboratory oven was preheated to 70°C to incubate 24 replicate plates of P. ramorum isolate
5073 and of G. clavigera isolate KW1407 for 1 hour. After the hour-long treatment, all plates were
removed from the oven and set aside at room temperature before collection. Another short treatment
of 56°C for 30 min was performed for G. clavigera on another set of 24 pure cultures of isolate KW1407.

Post-treatment sampling time points were the same than for the SPF kiln-drying.

Re-isolation of pathogen

For each treatment and time point, starting at O hr after treatment, mycelia were taken and re-
isolated on three clarified V8/MEA agar plate. The remaining samples were collected at designated time
points and stored for subsequent DNA and RNA extractions. Re-isolated plates were incubated in a dark

growth chamber at room temperature for 28 days.
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RNA and DNA extractions

Wood samples

Inoculated P. ramorum and G. clavigera wood samples were collected, immediately submerged
in liquid nitrogen, and stored at -80°C. G. clavigera wood samples were placed in 15 ml vials with two 10
mm stainless steel balls and were again submerged in liquid nitrogen to keep all samples frozen. Vials of
G. clavigera infected wood samples were placed in the Geno/Grinder (SPEX SamplePrep 2010) at 15,000
rpm for 30 seconds then immediately submerged back in liquid nitrogen. This process was repeated to
ensure wood samples were ground into powder form. P. ramorum wood samples were hand-ground
using a mortar and pestle. All grinding instruments and the lab bench were wiped with RNase Away to
remove potential contamination. Individually, samples were placed in the mortar, immersed in liquid
nitrogen then ground up into powder. All ground wood samples were then transferred into 1.5 mL

microcentrifuge tubes and submerged in liquid nitrogen, and stored at -80°C until further needed.

Pure cultures

Mycelial samples of P. ramorum were placed in lysing matrix C (MPBiomedicals Santa Ana, CA).
This lysing matrix consists of a 2 mL tube containing 1 mm silica spheres. All samples were flash frozen in
liquid nitrogen before placing in a FastPrep-24 homogenizer (MPBiomedicals) at 5.5 rpm for 30 seconds
for grinding then re-submerged in liquid nitrogen. This process was repeated to ensure mycelial samples
were ground into powder form. For G. clavigera samples, mortar, pestles and lab bench were first wiped
with RNase Away to remove potential RNA contamination. Samples were removed from the freezer and
submerged in liquid nitrogen to inhibit RNA degradation. Individually, samples were placed in the
mortar, immersed in liquid nitrogen then ground up into fine powder. Ground fungal samples were then

transferred into 1.5 mL microcentrifuge tubes and submerged into a fresh container of liquid nitrogen.

Following the grinding of samples, the simultaneous extraction of DNA and RNA was preformed
using the AllPrep DNA/RNA Micro kit® (QIAGEN Inc., Valencia, CA). It is important to obtain both the DNA
and RNA from the same sample in order to accurately investigate degradation over time. Samples were

analyzed using a NanoDrop spectrophotometer to test the quality and quantity of the extraction. Using

3 https://www.giagen.com/ca/resources/resourcedetailid=379f613c-98fa-4116-a2d5-b8e7a3239b29&lang=en
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the quality RNA, a cDNA synthesis was performed using the QuantiTect Reverse Transcription Kit*
(QIAGEN). The ratio of the RNA to DNA quantity for the targeted genes was calculated to assess the
proportion of viable pathogen. For long-term storage, extracted DNA and RNA were stored in -80°C

freezers. During short-term storage, DNA and cDNA samples were stored in -20°C freezers.

Quantitative Polymerase Chain Reaction

Using the TagMan Assays, expressions of treated and untreated samples were investigated to
show the assays ability to differentiate between living and dead pathogens. RT-gPCR reactions were
performed in MicroAmp Optical 96-well plates. Each of the reaction was set as described in Appendix C.
Two different reactions per time point were performed, differentiating in template (gDNA and cDNA)
with their corresponding probes (targeting each template respectively). Samples ran under technical
duplicates and biological triplicates in the same 96-well plate. 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.

Statistical Analysis

The cDNA expression is evaluated by the cycle threshold (Cr), a value that reflects the
fluorescence signals significantly above the background, with the threshold set when a detectable
amount of amplicon has been produced. The lower the Cy, the earlier the amplicon product is detected
and the more target was present at the beginning of the reaction; a final Cr value of 40 indicates that
there was no detectable target in the initial reaction. The C; values of the RT-gPCR were exported to an

Excel file for statistical analysis.

Using statistical analysis software (SAS 9.4), the significance of the treatment values were tested
using a 2 factor split plot, where factor A is heat treatment and factor B is time after the treatment. The
two main objectives of this analysis were to determine whether there was an effect of treatment and an

interaction of treatment and time. In order to address both objectives, samples were measured and

4 https://www.giagen.com/ca/resources/resourcedetail ?id=f0de5533-3dd1-4835-8820-1f5c088dd800&lang=en
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tested for the following attributes:

® Crvalue of gDNA
e Crvalue of cDNA
e Ratio: Crvalue of cDNA/Cr value of gDNA
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RESULTS

Specificity of the PCR assays

To test the specificity of the oligonucleotide primers | conducted PCR using gDNA from pure
cultures and detected the amplified DNA by electrophoresis on agarose gels. The first level of screening
of the P. ramorum assays was conducted on P. ramorum and P. lateralis because they are the most
closely related, possessing 91.4% genome identity at the nucleotide level (N. Feau, personal
communication). To assess technical variation, duplicates of gDNA from P. ramorum and P. lateralis PCR
samples were compared. Five out of the seven assays targeting different genes yielded amplification
products detectable on the agarose gel for P. lateralis and were eliminated because they failed the
specificity criterion. The remaining two assays, targeting gene PH178, a predicted membrane protein
and PH218, a Chorismate mutase homolog were deemed specific towards P. ramorum. The second level
of screening involved an additional eight species within the phylogenetic clade 8, to which P. ramorum
belongs: P. brassicae, P. cryptogea, P. drechsleri, P. foliorum, P. hibernalis, P. porri, P. primulae and P.
syringae. These species are considered the closest relatives of P. ramorum, after P. lateralis.
Amplification occurred only for P. ramorum DNA, confirming that these two assays are specific to P.

ramorum (Figure 3).

The first level of screening of the G. clavigera assays was conducted on G. clavigera and its
closest relative, L. longiclavatum (a sister species with 97.5% identity with G. clavigera at the genome
level; N. Feau, personal communication) and with other members of the same clade: L. terebrantis, L.
wingfieldi and O. montium. All 12 assays produced amplification of non-target products detectable on
the agarose gel, but the assay targeting gene MS359, encoding a NAD-dependent 510-
methylenetetrahydrafolate dehydrogenase, was specific to the two sister species, G. clavigera and L.
longiclavatum (Figure 4). Since these two sister species occupy a similar niche (mountain pine beetle
galleries) and have similar biology, we decided to select the assay targeting this gene to develop the

RNA assay.
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Figure 3: Electrophoresis gel comparing species specificity of Phytophthora ramorum against closely related species
of clade 8 using primers targeting gene, PH178. No amplification product was observed for closely related species
of P. brassicae (lane 1 & 2), P. cryptogea (lane 3 & 4), P. drechsleri (lane 5 & 6), P. foliorum (lane 7 & 8), P.
hibernalis (lane 9 & 10), P. porri (lane 11 & 12), P. primulae (lane 13 & 14) and P. syringae (lane 14 & 16). P.
ramorum isolate 5073 (lane 17) DNA was used as a positive control.
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Figure 4: Electrophoresis gel comparing species specificity of Grosmannia clavigera against closely related species
using primers targeting gene, MS359. No amplification product was observed for closely related species of G.
aurea (lane 1 & 2), L. wingfieldi (lane 5 & 6, L. terebrantis (lane 9 & 10), and Ophiostoma montium (lane 11 & 12).
Amplification visible for L. longiclavatum (lane 7 & 8) and G. clavigera (lane 3 & 4).

We verified the presence of an intron in the DNA samples by comparing the size of the PCR
products obtained by amplification of the gDNA and cDNA of the same samples. For gene PH178 a
smaller amplification product was seen in the cDNA than in the gDNA, confirming the presence of the
intron in the gDNA (Figure 5). No variation was observed in the size of the amplification product of P.

ramorum (Figure 5).
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Figure 5: Electrophoresis gel of primer pairs targeting gene PH178 to differentiate between gDNA and cDNA based
on amplicon size difference in base pairs using Phytophthora ramorum pure cultures. P. ramorum, isolate 5073
(NA2) gDNA amplified in duplicate (lane 1 & 2); isolate 05-16848 (NA2) (lane 3, 4 & 5) cDNA and isolate 5073 (lane
6, 7 & 8) cDNA amplified in triplicate.

Since the size difference confirmed the presence of the intron, | proceeded to design Tagman
probes that encompass the exon to intron junction (for gDNA) or the exon-to-exon junction for cDNA
(Figure 6). To select one of the two assays that passed the screens for P. ramorum, | assessed assay
efficiency, the ability to amplify products relative to the concentration of target samples by conducting a
series of dilutions and producing a sensitivity standard curve (Appendix F). Based on this analysis, |
selected the gene PH178 in P. ramorum, the assays with a better efficiency. Two TagMan probes, one
targeting gDNA and the other one cDNA for the gene PH178 in P. ramorum and for MS359 in G.

clavigera was used for subsequent experiments.
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Figure 6: Amplification plot of Phytophthora ramorum, isolate PFC-5073 gDNA and Grosmannia clavigera, isolate
KW1407 gDNA using target primer pairs and TagMan probes. a) Amplification (yellow line) of P. ramorum gDNA
using gDNA specific TagMan probe, PH178_P; b) amplification (green line) of G. clavigera gDNA using gDNA
specific TagMan probe, MS359_P; c) no amplification (light green line) of P. ramorum gDNA using cDNA specific
TagMan probe, T3_PH178_EX; d) no amplification (red line) of G. clavigera cDNA using cDNA specific TagMan
probe, MS359_EX.

Analysis of gene expression in infected tissues

Detection of Phytophthora ramorum and Grosmannia clavigera in inoculated wood

In order to validate that the genes developed in our assays were expressed by the pathogens
while growing within wood tissues conifer logs were inoculated with P. ramorum and G. clavigera and
incubated during 28 days to allow development of the pathogens. Lesions were observed around all
points where the microorganisms were inoculated (Figure 7 & 8) but not in the blank control. Fifty to 80
mg of wood scrapings were collected at each inoculation point from 8 logs of 4 conifer species and used
for both DNA and RNA extractions. | conducted qPCR assays targeting gene PH178 for P. ramorum and
and gene MS359 for G. clavigera. Cr values lower than 35, indicating presence of a PCR product, were
detected for both cDNA and gDNA from all inoculated samples (Figure 9), but not for the control. There

was no significant difference in Cr values when comparing the cDNA of wood and pure culture samples
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of P. ramorum (a=0.05, P=0.421), but a significant difference was observed for G. clavigera (a=0.05,

P<0.001). | found higher gene expression in the wood compared to pure cultures in this fungus.

J R i g
guuer>s doyst @

Figure 7: Phytophthora ramorum lesions on artificial wood inoculation samples using isolate

P2111 (EU2); a) 28 days lesion observed on Japanese larch log; b) 28 day lesion found on Douglas
fir log; c) 28 day lesion found on Western hemlock log.

Figure 8: Grosmannia clavigera lesions on artificial wood inoculation samples using isolate

KW1407; a) 28-day lesion found on Lodgepole pine log #1; b) 28-day lesion found on Lodgepole
pine log #2.
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Figure 9: Amplification plot of infected lodgepole pine with Grosmannia clavigera, isolate KW1407, using target
primer pairs and TagMan probes. a) Amplification (pink line) of G. clabigera gDNA using gDNA specific TagMan
probe, MS359_P; b) Amplification (pink line) of G. clavigera cDNA using cDNA specific TagMan probe, MS359_EX;
c) No amplification (green line) of G. clavigera gDNA using cDNA specific TagMan probe, MS359_EX

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

To further evaluate mRNA stability over time and the reliability of my approach to measure
viability, | conducted experiments with pure cultures so that | could artificially induce lethal conditions. |
assessed viability by measuring and comparing the mRNA to gDNA Cr value ratio as a measure of
degradation that could provide an indicator of survival following treatment. Residuals plots of P.
ramorum indicated that the relationship between the treatment and time variables was linear and data
followed the normal distribution required before performing an ANOVA analysis (Appendix E). G.

clavigera samples also met most of the assumptions required for the statistical test (Appendix E).

A significant effect of heat treatment, time points and their interaction on cRNA/gDNA ratios
was revealed by the ANOVA for P. ramorum (Table 2). Treatment was also significant for G. clavigera but
there was no significant change over time (a=0.05, P = 0.079) (Table 3). There was an interaction

between treatment and time for this pathogen (a=0.05, P < 0.01). In P. ramorum, there was no
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significant difference between the biological replicates (a=0.05, P = 0.785) while replicates were

significantly different for G. clavigera (a=0.05, P < 0.05).

Table 2: Phytophthora ramorum ANOVA output of the heat treatment experiment analyzed as a 2-factor split plot
using the RNA/DNA ratio. Treatment represents the non-treated pure culture samples, the “kiln” treated samples
and the “short” (1 hr @ 70°C) samples. Samples were collected at various time points (0, 6, 12, 24, 48, 96, 168 and
240 hrs).

Source DF Type Il SS Mean Square F Value Pr>F
Treatment 2 1.443 0.721 72.38 ;O'OOO
Rep 2 0.004 0.002 0.24 0.784
Treatment*Rep 4 0.023 0.005 0.59 0.674
Time Point 7 0.330 0.047 473 0.0006
Time Point* Treatment 13 0.542 0.041 4.19 0.0002

Table 3: Grosmannia clavigera ANOVA output of the heat treatment experiment analyzed as a 2-factor split plot
using the RNA/DNA ratio. Treatment represents the non-treated pure culture samples, the “kiln” treated samples
and the “short” (1 hr @ 70°C) samples. Samples were collected at various time points (0, 6, 12, 24, 48, 96, 168 and
240 hrs).

Source DF Type llI SS Mean Square F value Pr>F
Treatment 2 18.24 9.12 25.22 <0.0001
Rep 2 2.71 1.35 3.74 0.032
Treatment*Rep 4 13.89 3.47 9.60 <0.0001
Time Point 7 5.04 0.72 1.99 0.079
Time Point* Treatment 14 13.66 0.98 2.70 0.007

To demonstrate that the molecular assays developed can differentiate between dead and live P.
ramorum and G. clavigera, | conducted two heat treatments on a pure culture of isolate 5072 (NA2
lineage) grown in clarified V8 and isolate KW1407 grown in MEA media, respectively. The first treatment
simulates an SPF kiln-drying schedule, while the second exposes the pathogen to a lethal temperature
for a short period of time (70°C for 1 hour). The mycelia were sampled at 0, 6, 12, 24, 48, 96, 168 and
240 hours after treatment and their RNA and DNA were extracted and used in qPCR experiments with

the same gDNA and cDNA assays used for the inoculated wood. Amplification of gene PH178 gDNA was
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observed in all heat-treated samples of P. ramorum while amplification of cDNA was observed only in
the control and in all samples up to 24 hrs post heat-treatment (Figure 10). No amplification of cDNA of
gene PH178 was observed 24 hrs post-treatment. Similarly, amplification of gene MS359 DNA was
observed in all heat-treated samples of G. clavigera while no amplification was observed after 96 hrs
(Figure 11). Amplification of cDNA was not observed at any time point for kiln-treated samples (Figure
12 & 13). Clearly, DNA remained stable after heat treatment for both species, but RNA degrades at
different rates following treatment for these two organisms (Figure 10 & 11). The Cy values of DNA and
RNA were compared with each treatment; no significant changes in DNA content of the pathogen were
observed over a period of 240 hrs but significant changes in cDNA (mRNA) content following both
treatments. cDNA content did not change significantly over the course of 240 hrs for untreated samples,
whereas for “kiln” and “short” (1 hr @ 70°C) heat treated samples of both P. ramorum and G. clavigera,

cDNA was not detected after 24 hrs and 96 hrs, respectively (Figure 12 & 13).
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Figure 10: Real-time PCR amplification plots of 24 samples of the pure culture PFC-5073 of Phytophthora ramorum
(NA2) after heat-treatment at 70°C for 1 hr. Plots show amplification of gene PH178 using primers targeting
genomic DNA (gDNA) and complementary DNA (cDNA) and sampled at various time points following treatment.
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Figure 11: Real-time PCR amplification plots of 24 samples of pure culture KW1407 of Grosmannia clavigera,
isolate, after a heat-treatment at 70°C for 1 hr. Plots show amplification of gene MS359 using primers targeting
genomic DNA (gDNA) and complementary DNA (cDNA) and sampled at various time points following treatment.

For the short heat treatment, P. ramorum cDNA Cr values of less than 40 were detected up to 24
hrs with a Cr value of 29, but no amplification was detected 48 hrs post treatment (Figure 12). C; values
of less than 40 were detected for cDNA of G. clavigera samples up until 96 hrs post short treatment
(Figure 13) with a Cy value of 32. This outcome indicates that the RNA of the targeted genes is likely
degraded and thus not detectable 24 (P. ramorum) and 96 (G. clavigera) hours after treatment while

DNA integrity is preserved making it still detectable by qPCR.
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Figure 12: Boxplot of Phytophthora ramorum cDNA Cr values over time after, targeting gene PH178; a) “Kiln”
heating schedule treatment with control; b) Short heat treatment (1 hr at 70°C) with control. No amplification was
observed at any time point for the “Kiln” treated samples, while some amplification was observed for the “short”
heat-treated samples up until 24 hrs.
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Figure 13: Boxplot of Grosmannia clavigera cDNA Cr values over time, targeting gene MS359 a) “Kiln” heating
schedule treatment with control b) Short heat treatment (1 hr at 70°C) with control. “Kiln” treated samples show
no amplification at any time point, while “short” heat-treated samples show amplification up to 96 hrs after
treatment.

Re-isolation of Pure Cultures

Small samples of mycelia were collected after each of the heat treatments at time point 0 and

plated onto a sterile clarified-V8/MEA agar Petri dish to verify whether or not the heat treatments had
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been lethal. No growth was observed from any of the cultures that had been exposed to kiln and 70°C

for both microorganisms 28 days post treatment (Figure 14 & 15).

Figure 14: Growth-test of Phytophthora ramorum isolate 5073 after kiln and heat treatments. a) No growth visible
on re-isolation 28 days after kiln schedule treatment; b) No growth visible on re-isolation 28 days after short (1hr
at 709C) heat treatment.

Initially, 56°C for 30 min was used as the short heat treatment for G. clavigera but from the re-
isolation results (Figure 15), a new heat treatment (70°C for 1 hr) was used instead. The mycelium of all
plates that contained re-isolated G. clavigera following the 56°C treatment was black coloured and
covered the entire plate after a 28-day growth period (Figure 15). Scrapings from the plate were
collected for DNA extractions and PCR identification confirmed the black fungal growth to be G.
clavigera. However, 3/3 replicates of cultures from post kiln and 3/3 replicates of cultures from post

70°C treatment failed to yield colonies.
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Figure 15: Growth-test of Grosmania clavigera isolate KW1407after kiln and heat treatments. a) No visible growth
following attempted re-isolation 28 days after kiln schedule treatment; b) Re-isolation and growth 28 days after
short (30 min at 562C) heat treatment; ¢ No visible growth 28 days after short (1hr at 702C) heat treatment.
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DISCUSSION

Detection of wood-invading microorganisms using RNA and DNA

Real-time PCR is increasingly becoming the method of choice for molecular detection of
microorganisms and for high-throughput gene expression analysis. Currently the method used for
assessing the efficacy of treatment of wood products is to culture microorganisms (Tubajika et al,
2007a). This method has the advantage of simultaneously assessing the presence of microorganisms and
their viability. But it has the disadvantage of producing a high rate of false negative. This is due to the
fact that some microorganisms are difficult to isolate in pure cultures (Kaeberlein et al, 2002; Nichols et
al, 2008; Puspita et al, 2012). The present study was undertaken to evaluate the feasibility to develop a
method that would address the weakness of the culture method by assessing the presence and viability
of tree-colonizing microorganisms using a molecular detection tool. | was able to successfully meet the
research objective for P. ramorum and G. clavigera by showing that RNA and the RNA/DNA ratio

decreased significantly following treatments that are lethal to the microorganisms.

By designing assays with probes that overlap the exon-intron and exon-exon junctions, it was
possible to differentiate between the RNA and the corresponding genomic gene copy. This allowed the
calculation of the ratio of mMRNA to DNA and provides a measure the presence and abundance of the
microorganisms (Marter and Vivanco, 2007), as well as assess their viability. RNA-based molecular
assays have proven to be successful in detecting different pathogens. For example, Aarthi et al (2012)
have used assays to detect infectious bacterial endophthalmitis in humans. However, their study did not
target mRNA, but instead the ribosomal RNA (rRNA), 165rRNA gene, which is a multicopy locus typically
used in phylogenetic studies. Bergin et al (2010) studied the detection of periprosthetic bacterial
infections and found a strong correlation between rRNA signal and cell death. Though effective in
identifying viable bacterial genomes, a drawback is rRNA do not have spliced introns and therefore this
approach cannot differentiate the RNA samples from DNA. Menzel et al (2002), designed an end-primer
sitting on the exon-exon junction in order to differentiate between mRNA and DNA. However, though
effective as an internal control of amplifying only RNA, the assay was designed to target a gene within

the host mitochondrial DNA (nad5; NADH dehydrogenase subunit 5) instead of the virus of interest.
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The most closely related detection study of P. ramorum investigated the viability of P. ramorum
using mycelial cultures grown in broth following a rapid lyophilisation treatment to cause cell death
(Chimento et al, 2011). These investigators designed qPCR primers to amplify the cytochrome oxidase
subunit | (COX 1) gene, a mitochondrial gene that does not contain introns (Martin et al, 2007).
Consequently, the qPCR assay developed in this study could not differentiate between the
mitochondrial and the transcribed gene copies. This raises the possibility of false positive amplification
from accidental mitochondrial DNA contamination. The present study increased the specificity of the
test by developing assays including a probe that binds the exon junction, allowing only the amplification
of the transcript product (RNA) previously converted into cDNA. This generates a more accurate
detection and eliminates potential false-positives due to DNA contamination in the RNA sample.
Furthermore, the use of one primer that does not differentiate between RNA and DNA as done in
Chimento et al (2011) is less species-specific compared to the current technique that uses a probe that

binds to the exon junction.

Assessing viability of pathogens following treatment

In order to test whether or not the assays | developed were efficient to assess viability, it was
important to determine the RNA/DNA ratios following treatments that are lethal to the pathogens.
Based on the literature and some preliminary experiments, | decided to conduct heat treatments at 70°C
to kill the pathogens. Other authors have used lower temperatures and reported conflicting results.
Harnik et al (2004) showed that infected leaves treated for 22 hr at 55°C killed P. ramorum by their
inability to recover the pathogen through plating. Tubajika et al (2007b) observed no growth after a heat
treatment of 60°C or 65°C for 1 hr but Chimento et al (2011) states that the treatment (60°C for 1 hr) did
not kill the pathogen but instead delayed its growth. Because of these discrepancies regarding the lethal
temperature and duration required to kill this pathogen, | selected the treatment of 70°C for a minimum
of one hour. Clearly, this temperature treatment was lethal to P. ramorum and G. clavigera as re-
isolations of the microorganisms failed to produce living cultures and | conclude that these pathogens

do not survive a treatment at 70°C for 1 h.

However, the temperature recommended to exporters (ISPM15) is much lower (56°C) and the
time of exposure is much shorter (30 min). Treatment of 56°C for 30 min was only applied to G.
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clavigera because of its ineffectiveness as a lethal temperature for P. ramorum (Chimento et al, 2011;
Tubajika et al, 2007b). However, when | replicated this treatment for G. clavigera, the fungus was still
able to grow on a Petri plate 28 days after re-isolation. Therefore, the 56°C for 30 min heat treatment
was not lethal to the pathogen and could jeopardize the efficacy of this treatment in killing
Ophiostomatoid fungi and Phytophthora species. Uzunovic and Khadempour (2007) stated that that this
temperature-time of 56°C for 30min was sufficient to kill the majority of blue stain fungi belonging to
the Ophiostomatoid group. No survival of G. clavigera was found on both wood and agar samples after
56°C for 30 min but a slight resistance was found in 0. montium, as four out of six replicates survived
this treatment (Uzunovic and Khadempour, 2007). Most kiln and heat treatment on wood products will
have the core temperature exceed the ISPM15 requirement. For SPF wood products, core temperature
can rise up to at least 80°C, with the majority of the schedule exceeding 56°C (Cai and Olivera, 2011).
The ISPM15 standard of 56°C for 30min was not effective in killing the G. clavigera but proven successful
in other studies. Potential pitfalls of this experiment could be the lethal temperature not reaching the
mycelia for the minimum duration, a discrepancy between the temperature inside the oven and the

temperature of the mycelia or difficulty with the delivery of the heat treatment.

In spite of the reduction in RNA following treatments, the RNA/DNA ratio is not an exact
predictor of viability. Even 24 h (for P. ramorum) or 96 h (for G. clavigera) following the short heat
treatments, | detected some RNA. However, | did not recover living cultures at any time point following
this heat treatment. It is possible that the RNA is less labile than anticipated in culture and that RNA
degradation takes longer than expected. All my tests were performed in Petri plates, an environment
where RNA degradation could be slowed down. It is intriguing that no RNA was detected following the
SPF-Kiln treatment. Possibly, the longer time of exposure (8 hr) contributes to RNA degradation for that
treatment. Subsequent work should aim to determine if RNA/DNA ratios decrease faster within the

wood substrate.

Detection of pathogen in Wood

DNA and RNA extraction from wood can be challenging (Asif and Cannon, 2005; Rachmayanti et
al, 2006). In addition, my assays rely on the expression of genes that can be affected by environmental
conditions. Therefore, following the testing of my method using pure cultures, | aimed to verify that my
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assays worked when the microorganisms were present within woody tissues. Wood has a high content
in phenolic compounds, polysaccharides and metabolites, raising some technical challenge when
extracting DNA and RNA (MacRae, 2007). In my study, DNA and RNA was extracted and amplified from
wood samples that were artificially inoculated with the microorganisms. The RNA, following
transformation to cDNA, was successfully amplified with the assays developed in this study, confirming

that the target genes of these microorganisms are expressed and can be detected in woody tissues.

Nevertheless, there were some quantitative differences in abundance (as measured by Cr
values) of RNA and DNA in wood compared to pure cultures. This could be due to the stability of gene
expression causing fluctuations. Gene expression can differ according to experimental conditions,
including that of the host (Jain et al, 2006). By comparing the expression of genes under different
conditions, then the ideal control gene should have similar expression regardless of experimental
conditions, including different cell types, developmental stages, and/or sample treatment. However, no
one gene has a stable expression under every experimental condition, as numerous studies reported
that expression of housekeeping genes can also vary considerably with experimental conditions (Jain et
al, 2006). Consequently, in order to compare gene expression, it is necessary to validate expression
stability of a control gene under specific experimental conditions prior to its use for normalization. In
spite of this, the present study investigates viability through the RNA to DNA Cr ratio. Since the ratio is
similar within the wood and pure culture samples it provides the most reliable measure of viability. By
validating the assays developed using RNA extracted directly from wood samples, | was able to
demonstrate successful detection of the pathogen with the material for which these assays will be

applied.
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CONCLUSION

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 (FAO, 2013). Also, lists of microorganisms indicate species that can be of
concern for phytosanitary regulators (FAO, 2006). P. ramorum and G. clavigera are microorganisms of
phytosanitary concern in several countries that regulate them (i.e. Australia [Phytophthora], China,
France, UK, etc.). The present research acts as a proof-of-concept to enhance future molecular detection
methods of invasive and native pathogens of phytosanitary concern. Through this experiment | was able
to verify two outcomes. First, | developed a method that can differentiate between dead and alive
pathogens using gPCR assays. The location of specific probes that encompass the exon-exon junction
effectively detects only the cDNA of the targeted genes, eliminating potential effects of contamination
with DNA during extraction. Second, | successfully applied this approach in detecting gene expression
within infected wood samples. The use of this application can evaluate efficacy more accurately for
different wood treatments by directly extracting nucleic acid from treated and untreated wood. Finally,
housekeeping genes were not detected by real-time reverse transcription PCR between 2-3 days after
the death of P. ramorum and G. clavigera. These assays therefore provide a powerful tool to assess
treatment efficacy in eliminating these microorganisms. Further investigation on a more elaborate and
stringent time course should be conducted to properly monitor the RNA degradation, in particular in
wood. The ability to simultaneously detect pathogens within wood samples and to test for their viability
is beneficial for future commercial use as a standard for evaluating exports and imports and to assess
treatment efficacy. | tested my method with infected wood samples, an important validation step that
demonstrates it can be transferred outside of a laboratory setting. This will make it possible to test the
efficacy of treatment of wood products and assess their impact of viability of microorganisms. Overall,
this approach of RNA-based molecular assays was successful and can be adopted for the detection for

viability of other pathogens of phytosanitary concern.
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APPENDICES

Appendix A: Geneious assay development criteria

vk wNeE

Intron size: Between 40-100 base pairs (BP)

High levels of single nucleotide polymorphisms (SNP)

Increase difference and variation between sequences

Amplicon size (final product) of DNA fragment shorter than 210 BP

Tm of the probes should be 8°C-10°C higher than associated primer pairs

51



Appendix B: List of Isolates

Table 4: Isolates of Phytophthora ramorum from each of the 4 lineages used in inoculation and heat treatment

experiment
Lineage Isolate Origin Year Collected Source
NA 1 PR_01_004 OR, USA 2001 FPInnovations
NA 1 Pram_04_2231 BC, Canada 2004 FPInnovations
NA 2 Pram_05_16845 BC, Canada 2005 FPInnovations
NA 2 Pram_07_17204 BC, Canada 2007 FPInnovations
NA 2 PFC_5073 CA, USA 2005 Pacific Forestry Center
EU1 Pram_07_13013 BC, Canada 2007 FPInnovations
EU1 PR_09_106 OR, USA 2009 FPInnovations
EU 2 Pram_P2111 North Ireland 2007 FPInnovations
EU 2 Pram_P2460 North Ireland 2010 FPInnovations
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Appendix C: Recipes

Table 5: Mastermix recipe for polymerase chain reaction

Per Reaction (ul) Concentration
10x Buffer 2.5 1X
dNTP 0.5 200 uM
MgCl, 0.75 150 uM
Primer (Forward) 2.5 1uM
Primer (Reverse) 2.5 1uM
Template 1.0 1ng
Taq polymerase 0.2
Distilled Water 15.05
Total Volume 25.0

Table 6: QuantiTect Reverse Transcription kit (QIAGEN; gDNA wipeout during cDNA synthesis)

Per Reaction (ul)

gDNA Wipeout Buffer, 7x 2.0
Template RNA Variable (up to 1 ug)
RNase-free water Variable

Total Volume 14.0




Table 7: QuantiTect Reverse Transcription kit (QIAGEN; cDNA synthesis)

Per Reaction (pl)

Quantiscript Reverse-transcriptase 1.0
Quantiscript RT Buffer, 5x 4.0
RT Primer Mix 1.0
Template RNA (gDNA elimination reaction) 14.0
Total Volume 20.0

Table 8: RT-gPCR recipe using treatment samples

1 Reaction (ul) Concentration
2X Master Mix 5.0 1X
Primer (Forward) 0.4 400 nM
Primer (Reverse) 0.4 400 nM
Tagman Probe 2.0 200 nM
cDNA Template 2.2 2.2ng
Total Volume 10.0
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Appendix D: SAS script

* change DATAFILE to the location of desired dataset;

PROC IMPORT out=salix
DATAFILE="E:\sas pr mar28.xlsx"
DBMS=EXCEL REPLACE;
SHEET="Sheetl$";
GETNAMES=YES;

MIXED=NO;

SCANTEXT=YES;

USEDATA=YES;

SCANTIME=YES;

run;

options 1s=70 ps=50 pageno=1;

DATA salix2;
SET salix;
* set up labels for treatments for plotting;

IF (Treatment ='control') AND (Time ='0")
THEN treatment='control-0"';

IF (Treatment ='control') AND (Time_
THEN treatment=' control -6';

IF (Treatment ='control') AND (Time ='12")
THEN treatment=' control -12"';

IF (Treatment ='control') AND (Time ='24")
THEN treatment=' control -24';

IF (Treatment ='control') AND (Time ='48")
THEN treatment=' control -48"';

IF (Treatment ='control') AND (Time_
THEN treatment=' control -96';

IF (Treatment ='Hshort') AND (Time ='168")
THEN treatment=' control -168'";

IF (Treatment ='Hshort') AND (Time
THEN treatment=' control -240"';

IF (Treatment ='Hshort') AND (Time ='0")
THEN treatment=' Hshort -0';

IF (Treatment ='Hshort') AND (Time ='6")
THEN treatment=' Hshort -6';

IF (Treatment ='Hshort') AND (Time ='12")
THEN treatment=' Hshort -12';

IF (Treatment ='Hshort') AND (Time ='24")
THEN treatment=' Hshort -24';

IF (Treatment ='Hshort') AND (Time ='48")
THEN treatment=' Hshort -48'";

IF (Treatment ='Hshort') AND (Time ='96")
THEN treatment=' Hshort -96';

IF (Treatment ='Hshort') AND (Time ='168")

'6')

'96')

'240")



THEN treatment=' Hshort -168"';

IF (Treatment ='Hshort') AND (Time ='240")
THEN treatment='Hshort -240';

IF (Treatment ='Hkiln') AND (Time ='0")
THEN treatment='Hkiln-0"';

IF (Treatment ='Hkiln') AND (Time ='6")
THEN treatment='Hkiln-6"';

IF (Treatment ='Hkiln') AND (Time ='12")
THEN treatment='Hkiln-12"';

IF (Treatment ='Hkiln') AND (Time ='24")
THEN treatment='Hkiln-24"';

IF (Treatment ='Hkiln') AND (Time ='48")
THEN treatment='Hkiln-48';

IF (Treatment ='Hkiln') AND (Time ='96")
THEN treatment='Hkiln-96"';

IF (Treatment ='Hkiln') AND (Time ='168")
THEN treatment='Hkiln-168";

IF (Treatment ='Hkiln') AND (Time ='240")
THEN treatment='Hkiln-240"';

RUN;

* get boxplots and means by site;
PROC SORT data=salix?2;

BY treatment;

RUN;

PROC MEANS data=salix2;

VAR Ratio ;

BY treatment;

RUN;

PROC BOXPLOT data=salix2;

PLOT Ratio *Treatment / boxstyle = schematic;

LABEL Ratio = 'Ratio ';
LABEL Treatment = 'Treatment ';
RUN; QUIT;

* get boxplots and means by treatment;
PROC SORT data=salix?2;

BY Treatment ;

RUN;

PROC MEANS data=salix2;

VAR Ratio ;

BY Treatment ;

RUN;

PROC BOXPLOT data=salix2;

PLOT Ratio *treatment / boxstyle = schematic;
LABEL Ratio_ = 'Ratio ';

LABEL Treatment = 'treatment';

RUN; QUIT;
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* original biomass data;

PROC GLM data=salix2;

TITLE 'Ratio ';

CLASS Treatment Rep Time ;

MODEL Ratio =Treatment Rep Treatment *Rep
Time Time *Treatment ;

RANDOM Treatment Treatment *Rep ;

TEST h=Treatment e=Time *Treatment ;

LSMEANS Time Time *Treatment /tdiff pdiff;

LSMEANS Treatment /e=Time *Treatment tdiff pdiff;

OUTPUT OUT=glmoutl PREDICTED=predictl RESIDUAL=residl;

RUN; QUIT;

* residual plot;

AXIS1 LABEL = ('Residuals');

AXIS2 LABEL = ('Predicted Biomass');
PROC GPLOT data=glmoutl;

PLOT residl*predictl / vaxis=axisl haxis=axis2 vref=0;

RUN;

* normality tests and normal probability plots;
PROC UNIVARIATE data=glmoutl plot normal;

VAR residl;

LABEL residl = 'Residual';

RUN;
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Appendix E: Statistical analysis

The residual plots of P. ramorum indicated that the relationship between the treatment and
time variables was linear; the residuals were balanced between the negative and positive values along
the x-axis (Figure 16). The assumption of equal variance appears to be met, as the width of values
scattered is fairly consistent across the x-axis (Figure 16). It is worth noting that the scatter is slightly
sparser within the middle third of the diagram (x-axis), indicating that there may be some variability in
the residuals for different values of x. The assumption of normal distribution is also met, as the plotted
values on the normality plot (Figure 17) appears to be closely following the hypothetical line. Values
from the normality test (Table 9) show that all p-values to be greater than an alpha of 0.05 which

accepts the H, of the residuals being normally distributed.

Residuals
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Figure 16: Phytophthora ramorum residual distribution generated from SAS 9.4 using RNA/DNA Cr ratios against all
treatments (control, kiln, short). The plot shows a fairly equal distribution

58



Residual

-3 -2 -1 0 1 2 3
Mormal Quantiles
Figure 17: Distribution and normality plot for residuals for Phytophthora ramorum

Table 9: Phytophthora ramorum test of normality using RNA/DNA Cr ratio data set of all treatments (control, kiln,
short). All p-values are greater than the alpha of 0.05- indicating residuals are normally distributed

Test Statistic P-value
Shapiro-Wilk W | 0.986205 Pr<w 0.6483
Esqli':’:f:m‘" D| 0063744 | Pr>D | >0.1500
Cramer-von Mises W-Sq | 0.042096 | Pr>W-Sq | >0.2500
Anderson-Darling A-Sq | 0.270798 | Pr>A-Sq | >0.2500

For the coefficient of multiple determination, R?, the value is 0.8546, meaning that 85.4% of the
variation in the C; ratios were accounted for by the regression. This indicated a moderately good fit. An
F-test of the model indicated that the model is significant. The calculated F-test of 8.40 has a p-value of

less than 0.0001, further validating the significance of the model (Table 10).
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Table 10: Phytophthora ramorum ANOVA using RNA/DNA Cr ratio data set of all treatments (control, kiln, short)-
testing the treatment model's significance

Source DF SS MS F Value | P-value
Model 28 2.34393108 0.08371182 8.40 | <0.0001
Error 40 0.39878929 0.00996973
Corrected Total 68 2.74272037

The statistical analysis of G. clavigera was not optimal and did not show a normal distribution
with the data both from the residual plot (Figure 18) and the tests of normality (Table 11). The data
points did not accurately align with the curve of predicted values and there appears to be a horizontal
plateau of values across the middle (Figure 18). The curve begins at below the normal line, bends to
vaguely follow it, then end above indicates long tails- suggesting there are more variance that expected
in a normal distribution. Looking at the normality tests (Table 11), none of the p-values were greater
than the alpha of 0.05, failing to reject the H, and indicating the residuals are not normally distributed.
However, when looking at the histogram of residuals generated a bell-shaped curve is produced, with a

fairly balanced taper on either sides (Figure 18). This shape illustrates a “normal” distribution. The
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associated box and whisker plot (Figure 18), showed outliers at the upper and lower limits which could

potentially be the reason for the increase in variance of the data.
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Figure 18: Normality plot of Grosmannia clavigera using RNA/DNA Cr ratio data set of all treatments (control, kiln,
short) with histogram and boxplot.

Table 11: Grosmannia clavigera tests of normality using RNA/DNA Cr ratio data set of all treatments (control, kiln,

short).

Test Statistic P-value
Shapiro-Wilk W | 0.986205 Pr<wW 0.0025
Eﬂ?:f\f’mv' D| 0.063744 Pr>D | <0.0100
Cramer-von Mises W-Sq | 0.042096 Pr>W-Sq | <0.0050
Anderson-Darling A-Sq | 0.270798 Pr>A-Sq | <0.0050
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The residual distribution of G. clavigera (Figure 19), illustrated a relatively linear relationship of
treatment and time, as the residuals are balanced between the negative and positive values along the x-
axis. The scatter width of the values appear was fairly consistent across the x-axis (Figure 19) and there
does not appear to be taper or skew in any direction. Though not all assumptions were met for the
statistical analysis, it was very close to the favourable condition and therefore, the output was still
analyzed to investigate potential trends. The model is significant with a calculated F-value of 5.10 and a
p-value of <0.0001 (Table 12). For the coefficient of multiple determination, R?, the value is 0.778952,
meaning that 77.9% of the variation in the Cr ratios were accounted for by the regression. This indicated

a moderately good fit.
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Figure 19: Grosmannia clavigera plot of residual distribution using RNA/DNA CT ratio data set of all treatments
(control, kiln, short). Plot shows points scattered fairly equal along the x-axis- indicating a relatively equal
distribution of residuals.
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Table 12: Grosmannia clavigera ANOVA using RNA/DNA CT ratio data set of all treatments (control, kiln, short)-
testing the treatment model's significance.

Source DF SS MS F Value P-value
Model 29 53.53939768 1.84618613 5.10 | <0.0001
Error 42 15.19322318 0.36174341

Corrected Total 71 68.73262085

Statistical Improvement

The G. clavigera dataset of RNA to DNA Cr ratios was not able to perfectly fit the requirements
of normal distribution in order to perform an analysis of variance (ANOVA). The residual plots and
normality tests failed to show a linear relationship between the treatment and time variables, but met
all other assumptions. Though the histogram of residuals followed a symmetrical bell-shape, the residual
plot showed a plateau in the middle before bending to follow (Figure 17). This suggests more variance
than expected in the normal distribution. The test most likely picked up the little variance of some
samples and the great difference between that and other treatments. Seeing that the sample size is
small, the test for goodness of fit is more likely to fail to reject when it matters. The ratio shows large
variation in values for both Kiln and short treatment, but little fluctuation with the control samples was
observed (Figure 20). If the sample size is increased, there will be a decrease in variation; however,

processing an increased amount of samples will involve substantially more time and resources.
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Figure 20: Boxplot of Grosmannia clavigera cDNA/gDNA ratio by treatment (Control, Kiln, short 1hr at 70°C)

The experiment illustrated a significant effect of treatment on samples as well as a significant
treatment-time interaction. When looking to investigate the interaction of treatment at each time point,
it was difficult to find significant values. The statistical analysis could be improved on with a larger
sample size. The present study has 3 biological replicates within each treatment-time point to compare,
decreasing the power of the test. The F-value of treatment is 72.38 for P. ramorum and 25.22 for G.
clavigera, while the F-value of time is 4.73 and 1.99, respectively. When comparing that to the
treatment-time interaction F-values of 4.19 and 2.70, there is a noticeably lower value, indicating a
weaker interaction. Though the time points have a significant interaction on expression, it is
comparatively lower than treatment. The sample size must be increased in order to improve power and
show the specific interactions between different treatments and time points. An improvement involves
increasing the number of RNA samples extracted for each biological replicate. Though having screened
and quantified the quality and quantity of the extraction, the use of a single RNA extraction as a
representation of the entire biological replicate can mask potential contamination and technical errors,
alongside decreasing the soundness of statistical analyses. This fault is further enhanced by only using 3
samples per treatment-time. By increasing the sampling size and replicates, there is a better insurance

of reliable data.
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Appendix F: Sensitivity standard curve
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Figure 21: Standard curve produced by serial dilution (1:10) of Phytophthora ramorum, isolate 5073 using Tagman

probe, PH178_EX R*=0.998 Eff%= 92.332
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Figure 22: Standard curve produced by serial dilution (1:10) of Grosmannia clavigera, isolate KW1407 using
Tagman probe, MS359_EX. R?= 0.981 Eff%= 100.303
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