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Abstract 

Large volumes of forest products are traded internationally. With this comes an increased 

risk of moving forest pathogens associated with these products. To protect both forest health 

and international trade, prevention or control of pest movement and establishment needs 

to be done using approaches which result in minimal trade interruption. Rapid, economical, 

and accurate detection, identification and risk assessment of pathogens is one of the key 

aspects of successful management. Significant developments in the last two decades in 

genomics has enabled more accurate and rapid detection of pathogens. However, many of 

these techniques have not been thoroughly tested in wood and lack associated standards 

governing their use in a regulatory setting. There are ongoing concerns that these new 

methods will add regulatory compliance costs to industry and other stakeholders, or that 

they will be used improperly and unduly limit market access. To address these concerns, it is 

critical that the capabilities and limits of these tools are well understood by both industry 

and international regulators, and that standards are developed to govern their use to help 

reduce the threat of pests while minimizing the impact to trade. This report summarizes 

current technologies and suggests ways forward.  

Project number: 301014139 
Technical Report TR 2021 N 31
ACKNOWLEDGEMENTS 

This project was financially supported by Natural 

Resources Canada.  FPInnovations would like to 

thank Drs. N. Feau (UBC), R. Hamelin (UBC) and 

Isabel Leal (CFS) for their invaluable discussion 

and contribution to this paper. 

APPROVER CONTACT INFORMATION 

Rod Stirling 

Manager, New Construction Materials 

Rod.Stirling@fpinnovations.ca  

REVIEWER 

Daniel Wong, Senior Technologist, New 

Construction Materials  

AUTHOR CONTACT INFORMATION 
Adnan Uzunovic 
Senior Scientist, New Construction Materials 
Adnan.Uzunovic@fpinnovations.ca  
(604) 222-5729

Disclaimer to any person or entity as to the accuracy, correctness, or completeness of the 

information, data, or any analysis thereof contained in this report, or any other 

recommendation, representation, or warranty whatsoever concerning this report. 

Follow us 

mailto:Rod.Stirling@fpinnovations.ca
mailto:Adnan.Uzunovic@fpinnovations.ca
https://ca.linkedin.com/company/fpinnovations?trk=guest_job_details_topcard_logo
https://twitter.com/fpinnovations
https://www.facebook.com/fpinnovations/


1 
 

Table of contents 
1 Introduction ............................................................................................................................. 2 

2 Trade Governance and IPPC standards ................................................................................... 3 

2.1 Types of Commodities being traded and associated risks .............................................. 5 

2.2 Biosurveillance tools ........................................................................................................ 5 

3 Molecular tools ........................................................................................................................ 7 

3.1 Key terminology and technologies .................................................................................. 7 

3.2 Recent relevant studies and initiatives focusing on molecular tools ............................ 10 

4 Practical use of technology.................................................................................................... 11 

5 Research gaps and needs ...................................................................................................... 19 

6 Conclusion ............................................................................................................................. 19 

7 Recommendations ................................................................................................................. 20 

8 References ............................................................................................................................. 20 

 

List of tables 
Table 1. Potential practical use of molecular technologies in regulatory setting ......................... 11 

Table 2. Potential uses and diagnostic needs for forests, forest plantations, nurseries for pest 

surveillance to support good pest management practices and establishment of pest free or low 

pest prevalence areas and for traded commodities that may or may not be subjected to a 

phytosanitary measures ................................................................................................................ 15 

 



2 
 

1 INTRODUCTION 
Within our global economy, increasingly large volumes of goods including forest products are 

being traded internationally. With this increase comes an increase in the potential movement of 

forest pests and pathogens. Recent studies have shown a correlation between trade networks, 

entry ports or volume of goods traded with the number of invasive plant pests and pathogens 

reported (Chapman et al. 2017, Aukema et al. 2010; Lovett et al., 2016). Detection, proper 

identification of pathogens, and the ability to assess risks associated with pests is key to successful 

control and prevention for protecting both forest health, and forest product exports. Significant 

developments in genomics and DNA sequencing have enabled more accurate taxonomic 

identification and phylogeny. This has enabled efficient diagnostics of pathogens from the 

environment.  

With the rapid increase in genomic data, novel research is being done comparing the genomes of 

pathogenic and non-pathogenic species, or invasive versus benign species to try to predict 

invasiveness and pathogenicity based on an organism’s gene content or other genomic 

characteristics such as size or adaptability. If we could accurately predict these traits based on a 

genome, we could use the genome to assess risk of invasion in a previously unknown pest or 

pathogen or in an introduced species coming from another region. Coupled with the advances 

made in metagenomics, where we have moved from simply being able to characterize the 

biodiversity in environmental samples to being able to predict and compare the functions of 

different microbial communities originating from different environmental samples, it becomes 

tempting to envision a time where the forest pathologist could predict the risk of incoming 

materials harboring unknown, invasive organisms based solely on the DNA they carry with them, 

without ever having to isolate a single organism.   

With these advances, many questions have emerged regarding the impact of data based only on 

genomics and the effect on current quarantine approaches and measures. For example, how do 

we react to novel taxa when we do not understand their biology, ecological needs, or their ability 

to survive and spread in a new environment? In many cases, we may not even know the natural 

range of a newly discovered species and whether they are introduced or native. How many 

individuals or how much inoculum is required for an organism to establish and does a pathway to 

spread exist? What is the potential impact of genomic data, how can we be confident in the data, 

are there quality assurance or quality control measures needed while data are being collected, 

processed, and interpreted? Can genomic data alone support regulatory decision making? There 

is a clear need to understand how these tools can be implemented and used as well as the 

conditions for employment that can best protect the health of the world’s forests while 

minimizing economic and trade impacts. This report summarizes key developments and identifies 

knowledge gaps. The primary goal is to provide direction for the possible development and 

regulatory use of molecular based diagnostic tools in the forest sector. 
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2 TRADE GOVERNANCE AND IPPC 

STANDARDS 

Various types of forest commodities are being traded across borders worldwide. Increases in 

export volumes and frequency combined with an expansion in trade destinations increases the 

potential of carrying invasive alien plant pests such as insects, fungi and other microscopic 

pathogens into new locations where they can establish, spread, and cause damage or disease. 

Invasive pests and diseases that impact natural forests can have wide ranging and significant 

effects on ecosystem functions, natural landscapes, the supply of forest products harvested from 

them, the livelihood of people and communities that depend on them, international trade, and 

the economies of both import and export countries utilizing the affected resources. Prevention, 

preparedness, and early intervention are key to a successful and cost-effective approach with pest 

management. Prevention is based on proper inspections as well as having the right detection tools 

and risk mitigation procedures in place. Effective and reliable detection methods as well as 

information on invasiveness and pathogenicity of pest organisms is needed to prioritize and 

inform the actions to be taken when managing the trade of forest commodities. 

The International Plant Protection Convention (IPPC) was created with the aim of protecting the 

world’s plant resources by limiting introduction and spread of pests while promoting the safe 

trade of commodities (FAO, 2016a). One of the main activities of the IPPC is the creation of 

International Standards for Phytosanitary Measures (ISPMs) which address phytosanitary 

regulations, requirements, and accepted methods or protocols. ISPMs are developed and 

approved through an international consultative process. IPPC is recognized by the World Trade 

Organization (WTO) as the relevant organization for setting standards for plant health. ISPMs are 

understood to be effective in managing pest risk and allowing safe trade. IPPC’s mandate is to 

facilitate trade and avoid the use of unjustifiable measures as barriers to trade. Countries must 

ensure that their actions and import requirements are based on science, proportional to pest risk 

and have minimal impact on trade.  

Over 180 counties (contracting parties) have signed onto the treaty, making it a truly global effort. 

Under IPPC, governments of contracting parties have designated National Plant Protection 

Organizations (NPPO) that oversee and participate in this collaboration. In Canada, this is the 

Canadian Food Inspection Agency. They are responsible for issuing phytosanitary certificates for 

exported goods, for surveillance, reporting and controlling pests or outbreaks on plants, for the 

inspection of plants, plant products and other regulated goods being imported and exported and 

for conducting pest risk analyses for determining phytosanitary import requirements 

(https://www.canada.ca/en/environment-climate-change/corporate/international-

affairs/partnerships-organizations/international-plant-protection-convention.html; accessed Feb 

11, 2021). NPPOs also communicate information on pests and cooperate in the development and 

implementation strategies of ISPMs. 

Historically, the major focus of activities in the forest sector have been on the detection and 

prevention of insect pests that are readily observable. Outbreaks, such as those experienced in 

https://www.canada.ca/en/environment-climate-change/corporate/international-affairs/partnerships-organizations/international-plant-protection-convention.html
https://www.canada.ca/en/environment-climate-change/corporate/international-affairs/partnerships-organizations/international-plant-protection-convention.html
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the Republic of Korea where more than 10 million trees were infected and died due to a pinewood 

nematode (Bursaphelenchus xylophilus) introduction through packaging materials, has turned the 

focus to microscopic organisms in traded wood (Han et al. 2010; Mota et al. 1999; 

https://www.cabi.org/isc/datasheet/10448 (accessed March 22, 2021). Other examples of 

surveillance organisms include plant pathogens, especially with the emergence and significant 

economic effect of several devastating tree pathogens causing diseases such as Chestnut blight, 

Dutch elm disease and sudden oak death (Leal et al. 2011). Diseases such as these have raised 

questions on how to control the movement of devastating microscopic organisms while 

distinguishing them from those that are not of quarantine concern (mould fungi, staining fungi, 

saprophytic fungi, or other contaminant pests).  

The balance between trade facilitation and plant protection is an important challenge to address 

when dealing with microscopic pathogens. Overly stringent treatment requirements can hinder 

trade by increasing the time required from production to export, raising the cost associated with 

production and potentially negatively impacting the quality of the product. Furthermore, overly 

stringent treatment requirements may exclude some trading countries if the costs of treatment 

are too high, or the technology needed to treat the product is not readily available. At the same 

time, inadequate protection measures increase the risk of introducing invasive organisms and 

causing devastating disease outbreaks. As it currently stands in ARTICLE VI of the IPPC, 

phytosanitary measures can be required for quarantine pests and regulated non-quarantine 

pests, but not for non-regulated pests. ARTICLE VII addresses the issue of interference with 

international trade and in order to minimize it, states that parties may only require phytosanitary 

measures that are considered technically justified, consistent with the pest risk, and must 

represent the least restrictive measures available resulting in the minimum impediment to the 

international movement of people, commodities and conveyances (FAO 2016a; FAO2016b). 

The widespread acceptance of new detection methods will require that they meet IPPC standards. 

The use of detection tools based on the presence of DNA raises some concerns in this regard. 

Many of these techniques are very sensitive and have the potential to detect very small amounts 

(traces) of DNA in environmental substrates such as soil or wood, from regulated pests whose 

biological viability are not proven. In some cases, DNA may be detected for organisms we know 

very little about including how they are spread and the risk of establishment. Any action may be 

very difficult to technically justify, particularly if one cannot conduct a pest risk analysis. There is 

an ongoing debate on how to address the potential of import and emergence of unknown species 

with pathogenic traits. Historically the most devastating impact has been done by pests that were 

unknown at the time. With the rapid evolution of genomics, our ability to detect and characterize 

unknown potentially serious pathogens is increasing. However, the use of molecular tools in this 

context would contravene current IPPC roles and regulations.   

 

https://www.cabi.org/isc/datasheet/10448
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2.1 Types of Commodities being traded and associated 

risks 

A wide range of organisms are associated with forest commodities and only a portion of these are 

of quarantine significance. Examples of forest commodities can include seeds, plants for planting, 

cut branches for floristry, cut trees without roots and soil (e.g. Christmas trees), raw logs with and 

without bark, green and dried lumber, large timbers, fire wood, harvesting residues, landscape 

bark, wood chips, and sawdust. ISPM 39 discusses various pests and risks associated with different 

commodities, their associated risk and potential management practices (Leal et al. 2011, FAO 

2017, FAO 2011).  

Live potted plants and trees are perceived as one of the highest risk commodities as they comprise 

the whole plant and can carry pathogens in asymptomatic tissue in any of these parts as well as 

in accompanying soil or planting mix (Liebhold et al. 2012). ISPM 36 addresses the trade of plants 

for planting and indicates that pathogen detection will play an important role in mitigating risk 

(FAO, 2019b).  

Untreated wood packaging, especially dunnage, has traditionally been made from low-quality 

wood often with bark still attached, and has also been recognised as a high-risk pathway for many 

significant forest pests (Allen and Humble, 2002). This has led to development of standard ISPM 

15 that requires wood packaging to be debarked and treated by either heat or fumigation under 

specific conditions (FAO, 2019a).  

2.2 Biosurveillance tools 

Plant pathogen detection and inspection processes currently include visual inspection, isolating, 

culturing the pathogen, and identification using DNA barcoding or species-specific DNA detection 

assays, and other diagnostic tools to confirm the identity of what was collected. For example, DNA 

culture-based barcoding can distinguish between closely related species that cannot be 

differentiated using traditional methods. Once identified, regulation status can be confirmed. 

Traditionally, detection has been focused on insects but there is a growing need to detect and 

identify other pests such as pathogenic nematodes, fungi, oomycetes, bacteria, viruses, and 

mycoplasmas. More recently there have been attempts to develop and integrate molecular 

methods to identify regulated organisms directly from the plant tissue, reducing the need to 

culture an organism first. The aim is to make screening efforts more efficient by increasing both 

speed and accuracy of detection.  

The impacts of DNA sequencing on fungal taxonomy and detection over the past few decades 

have been significant, leading to much more accurate classification. Sexual and numerous asexual 

states of fungi and fungal like organisms, originally put into different genera, are now connected 

as the same species and follow the one-fungus-one name concept. Furthermore, closely related 

and morphologically indistinguishable, or cryptic species, traditionally grouped as one, can now 

be distinguished and their geographic areas or niche differences defined. Most species do not 
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naturally have a global distribution. Managing cryptic species from different geographic sources 

as one can have negative consequences. Hosts may not be adapted to other species in the 

complex if they are introduced, or new pathogens can emerge through mechanisms such as 

hybridization between cryptic species. Correct identification is important for practical 

management of organisms.  

With advances in genome sequencing technology such as the ability to sequence whole genomes 

at a fraction of what it originally cost and the ability to generate longer and more accurate 

sequence reads, DNA sequencing has the potential to help identify other essential information. 

For example, by using genome wide data on invasive pathogen populations, we can infer 

information such as origin and pathways of invasions. Genomics have even been used to predict 

adaptability and invasiveness (Chown et al. 2015). It is hypothesized that there is a genetic 

architecture of invasiveness that can be discovered through genome sequencing that could be 

used to identify pests that have the profile of an invader. The ability to assess risk based on 

genomic profiles could have a large impact on the regulatory world (Richard Hamelin, UBC, 

personal communication). 

Biosurveillance is an important part of pest management that includes gathering, integrating, 

interpreting, and communicating essential information about pests. Key elements include 

confirmation of the presence of a pest and its spread, its identity as an invasive pest (species and 

population), invasion source, pathway, traits that determine the probability of establishment, 

adaptability, and potential modes of spread as well as any history of invasions. Genomics based 

biosurveillance has been considered to have great potential to deliver fast and accurate 

information about the identity, arrival, presence or spread of pests to aid in the assessment of 

pests and their movement that in turn is used to inform the risk assessment process allowing for 

tailored responses (Bilodeau et al. 2018; Roe et al. 2018). 

One other potential advantage of molecular tools could be to provide verification on the efficacy 

of phytosanitary measures used to treat commodities for import or export (Wong et al. 2020). 

Messenger RNA (mRNA) is produced by living organisms during gene expression. Once an 

organism dies, mRNA will no longer be produced and the existing mRNA breaks down rapidly, 

whereas the DNA can persist for long periods of time. Detection assays are designed to detect the 

presence of mRNA which provides information on the viability of an organism making it suitable 

for assessing the success of a phytosanitary treatment (Wong et al. 2020). Work is currently 

ongoing to understand these tools and their potential uses.  

Despite significant advancements in genomic research and genomic based biosurveillance tool 

development, there is limited acceptance on the international level under IPPC (FAO, 2016c). 

Some countries use these tools on a national level and have successfully integrated some 

developed molecular tools. For example, Canadian and USA plant protection organizations are 

using molecular tools to detect Phytophthora ramorum or in Europe, for detection of fungal 

pathogens in woody plants (Bilodeau et al. 2007; Luchi et al. 2020)  

(https://www.aphis.usda.gov/plant_health/plant_pest_info/pram/downloads/pdf_files/Diagnos

ticsTable.pdf; https://www.aphis.usda.gov/aphis/ourfocus/planthealth/plant-pest-and-disease-

programs/pests-and-diseases/phytophthora-ramorum/protocols). Key obstacles to wider 

https://www.aphis.usda.gov/plant_health/plant_pest_info/pram/downloads/pdf_files/DiagnosticsTable.pdf
https://www.aphis.usda.gov/plant_health/plant_pest_info/pram/downloads/pdf_files/DiagnosticsTable.pdf
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implementation include end user perceptions and knowledge of genomics, perceived reliability, 

economic feasibility, the limited use by trading partners as well as a lack of defined policy 

framework that uses standardized, accurate, reproducible protocols and data interpretation. 

The key need to support implementation is to develop a program that defines usage and 

limitations. 

At the international level ISPM 27 contains in its annex all adopted diagnostic protocols (DP) (FAO, 

2016c). A DP includes the identification of pests and what type of material is of concern. The 

current focus of many adopted DPs is on agricultural pests, with only a few related to forest pests. 

Molecular detection approaches are outlined in very few adopted protocols aimed at forest pests, 

some examples include: DP10 which uses several molecular approaches based on DNA and RNA 

to identify Pinewood nematode (Bursaphelenchus xylophilus), DP22 which outlines the 

identification of pitch cankers cause by Fusarium circinatum and DP23 which is used to identify 

Phytophthora ramorum the sudden oak death pathogen. Currently there are a few submissions 

containing new advances but as technologies emerge more interest has been shown by molecular 

scientists and regulating countries to develop and include these novel protocols under IPPC. 

Increasing interest in these technologies is making the challenge on how to integrate and 

implement them in a regulatory context more urgent (Hawskworth et al. 2016; DeBeer et al. 

2016).  

3 MOLECULAR TOOLS 

3.1 Key terminology and technologies 

Most molecular methods rely on the technique called polymerase chain reaction (PCR) that 

exponentially copies replicas from a targeted DNA region. The region of interest is defined by the 

primers used for the replication. A primer is a short sequence of nucleotides that anneal to 

separated DNA helix on both ends, allowing the targeted region or sequence of nucleotides 

between them to be copied. Identified and sequenced regions of targeted DNA are then 

compared to a reference library containing sequences obtained from reference taxa. Sequences 

may also be searched against a depository that holds both data from reference or voucher taxa 

and data deposited by users. This is what is often referred to as DNA barcoding. The target region 

for DNA barcoding is a sequence that is universally found within the group of studied organisms 

(for instance all fungi) but that contains variation in nucleotide sequences between the sub-

groups, for instance between species. Software programs are used to align and compare 

sequences to corresponding regions or related taxa to identify locus-specific differences 

(polymorphism). The most common polymorphisms are either single nucleotide polymorphism 

(SNPs) or nucleotides insertions and deletions (InDels). Each species typically has a specific set of 

differing SNPs and InDels within the targeted regions and once these are identified, the markers 

generated for a taxon identification then becomes routine.  

The best regions to target for identification purposes contain short sequences (500-1000 base 

nucleotides) that are known to be highly variable among species. The most commonly used 

barcode region or marker genes for animals, including insects, is a portion of the cytochrome c 
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oxidase I (COI gene or COX1) gene found in mitochondrial DNA (Hebert et al. 2003a, Hebert et al. 

2003b). However, the COI gene has been found unsuitable for some fungal groups because of 

difficulties amplifying, large introns or lack of adequate variation between some groups of fungi 

making it an unsuitable choice for a universal barcode (Schoch et al. 2012). The internal 

transcribed spacer (ITS) of the ribosomal DNA is preferred by many mycologists for identification 

of fungi and oomycetes. It has sufficient variation for most groups of fungi and is easier to amplify 

and sequence than other candidate loci making it much more suitable as a universal barcode for 

fungi (Schoch et al. 2012). Over time it has been shown that the genetic variation in commonly 

used ITS ribosomal regions do not give enough resolution to differentiate some closely related 

species, making this single marker unreliable for some applications.  

Validated reference libraries for these targeted genes are key in the success of this method. The 

most populated databases of known nucleotide sequences are GenBank and the Barcode of Life 

Database (BOLD). GenBank offers a Basic Local Alignment Search Tool (BLAST) to help align a 

sequence of interest against the deposited sequences in the database to find the closest matches. 

The library for the ITS region is the largest, covering more species and orders however as time 

goes by, the libraries for other regions are being populated.  

RNA assays are used to detect the products of DNA transcription and can be used for determining 

if a pathogen is alive.  That information is crucial in the regulatory world. During gene expression, 

DNA is transcribed into mRNA which is then translated into proteins. mRNA breaks down rapidly 

and does not persist after an organism dies. RNA can be extracted in a process similar to DNA 

extraction. For identification, reverse transcription polymerase chain reaction (RT-PCR) is used. 

RT-PCR is the process of reverse transcribing the mRNA into the DNA complement (cDNA) using a 

reverse transcriptase enzyme. Subsequently, the newly synthesized cDNA is then amplified using 

traditional PCR technique. 

Real-time or quantitative polymerase chain reaction (qPCR) is based on PCR, but in addition to 

primers, it uses a fluorogenic probe or another dye that is emitted when the target DNA or cDNA 

is copied. The light emitted can be used to track amplification during the PCR process giving real 

time results. It is highly sensitive and can amplify trace amounts of a target molecule in the form 

of DNA or cDNA with a few hours processing time. PCR products can be quantified using a 

standard with a known concentration, or they can be quantified relative to other reference genes. 

This information could be applied to pest risk analysis. These tools are relatively easy to use for 

routine analysis as well as have the potential for field site analysis using portable instruments.  

Whole Genome sequencing (WGS) is the complete DNA blueprint of an organism and sequenced 

genomes are now available for several key tree pathogens. Next generation sequencing methods 

are faster, cheaper and more accurate. In 1990 when the human genome project was launched 

the cost was estimated 2.7 billion dollars over 13 years, to sequence the whole human genome, 

in 2007 this process cost 1 million dollars, nowadays the cost would be around $300 and 

completed in much less time (https://onezero.medium.com/the-price-of-dna-sequencing-

dropped-from-2-7-billion-to-300-in-less-than-20-years-f5e07c2f18b4: accessed March 22, 2021). 

The WGS information is the basis (a library) in combination with other technologies such as those 

informing on the functionality of the genes in the interaction with the environment, that inform 
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for development of specific biosurveillance tools. The focus of WGS when used for identification, 

monitoring and prediction is to find the most useful marker sequences within the genome, the 

regions that are most informative, perhaps containing virulence genes, species origin, host range, 

etc. Since fungi have relatively small genomes, they are less costly to sequence than other 

organisms. In the very near future instead of sequencing the ITS or other genes it is likely that the 

whole genome would be regularly sequenced.  

Next Generation Sequencing (NGS) or High Throughput Sequencing (HTS) uses high throughput, 

highly parallel sequencing technologies/platforms to simultaneously read DNA fragments from 

individual or pooled samples. HTS provides the ability to obtain large numbers of markers through 

the entire genome or portions at a low cost. HTS is often combined with other approaches such 

as reduced genome sampling. For example, in genotyping by sequencing or GBS, DNA can be 

fragmented into many pieces using restriction enzymes followed by HTS to read those portions of 

DNA to identify genetic variations (SNPs-single nucleotide polymorphisms, small 

insertions/deletions, indels). This process generates a huge number of variants. HTS is also used 

to study transcriptomes, actively transcribed portions of a genome, that informs on the 

interactions between organisms and its environmental gene expression signatures. 

Loop-mediated isothermal amplification (LAMP) is rapid diagnostic technology for onsite analysis 

that does not require a thermocycler or other laboratory equipment. When DNA from a target 

pest is detected a visible change occurs in the sample. This method is well suited to the field 

although a constant temperature is required. LAMP is a parallel technology to PCR. However, it 

still does not match PCR in sensitivity and specificity as it can give false results and sometimes the 

change in colour may not be defined enough. Although Lamp is practical and versatile in use, it 

tends to be more expensive and less sensitive, and so, PCR remains the gold standard in detection. 

Environmental DNA (eDNA) is the collection of DNA that has been extracted from environmental 

samples rather than from a pure sample of an organism. Environmental or eDNA contains DNA of 

all the organisms present in a sample versus a pure sample of an individual which contains the 

DNA of only that individual. Organisms can shed cellular material containing DNA, they may lay 

eggs, or disperse spores in a variety of substrates such as soil or water. DNA can be extracted 

directly from these environmental samples as well as from plant tissues such as leaves, roots or 

stems. If infected by a pest or pathogen, the sample would contain the DNA of the host, the 

pathogen, and any other microorganisms present in the tissue. Environmental DNA (eDNA) can 

be used for a variety of purposes. eDNA collected from soil or water can be used to monitor for 

specific plant pathogens. Screening for specific taxa in the environment or on commodity is 

possible by using specific primer sets to assay environmental samples. Many studies have used 

eDNA for biodiversity surveys of bulk samples such as soil, water, faeces, air, rhizosphere, and 

endophytes of plants. These studies look at the DNA of all the organisms in the sample or groups 

of organisms using metagenomics or metabarcoding (e-DNA-HTS metabarcoding, 

Metabarcoding).  

Metabarcoding targets a single genome region similar to DNA barcoding but uses a high-

throughput sequencing method and bioinformatics to analyze all the individual fragments of DNA 

in the sample. It employs a well known and characterized set of primers to target specific DNA 
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sequences, usually the ITS since it is currently the most reliable and largest reference library. The 

sequences are compared to a reference library for identification. It is often difficult to identify 

right down to the species level since the targeted region is usually shorter than what is used in 

DNA barcoding. Using this method, large numbers of samples could be screened and if something 

of concern is detected, a follow up investigation with a more intense search to confirm the 

detection could be done. The resolution of these surveys has greatly expanded with genomic 

approaches which has led to an exponential increase in the number of undescribed taxa being 

discovered. A universally accepted systematic approach to name novel taxa is needed, as well as 

an understanding of the impact in the regulatory world. There are ongoing discussion and 

attempts to come up with guidance and standards for naming DNA-based taxa, (Hawksworth et 

al. 2016).  

Successful metabarcoding is dependent on validated reference libraries to positively identify 

individuals within a sample. The information currently available may be lacking, or certain groups 

not well studied, so no interpretation can be made for many sequences.  Previously there was 

lack of standardization for depositing and publishing sequences in GenBank, therefore, a certain 

proportion of sequences are incorrectly reported for taxa due to the misidentification of the 

sequenced organism. A certain level of experience and knowledge is needed when making 

identifications based on reported sequences in the database.  Additional steps such as ensuring 

that comparisons are done using sequences of voucher specimens and performing a phylogenetic 

analysis can help to verify results. BOLD database on the other hand, requires participants to 

maintain voucher specimens in secure depositories to ensure a more accurate taxonomic 

identification of reference specimens. However, databases such as these need to be continuously 

curated to keep up with constantly evolving taxonomic changes and to ensure representation of 

all newly identified species. 

Metagenomics, like metabarcoding, is also a whole community sequencing approach. However, 

rather than focusing on a single target region in the genome, all genomic content is sequenced. 

This can increase the power of detection as the amount of genomic data to use for identifying the 

species present is greatly increased. The drawback is that analyzing these large data sets is 

computationally intensive, therefore streamlined bioinformatic tools and the expertise to use 

them are needed. 

Many of the HTS platforms generate short sequence reads which can be a limiting factor in 

biosurveillance. However, technology is rapidly evolving and platforms such as the Ion Torrent 

generate long sequence reads. As the cost of sequencing instruments decreases the technology 

is becoming available to more and more users. Combined with the power of using whole genomes, 

sequencing based identification and biosurveillance are likely to become more common.  

3.2 Recent relevant studies and initiatives focusing on 

molecular tools 

There have been initiatives around the world to find practical and economical applications of 

molecular based identification tools (Aylward et al. 2017; Chown et al. 2015; Cock et al. 2013; 
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Gardy et al. 2017; Hoban et al. 2016; Kang et al. 2015; Malacrino et al. 2017; Miller et al. 2016, 

Picq et al. 2017; Tremblay et al. 2017). Two large scale Canadian research initiatives focused on 

forest pathogens, funded by Genome Canada, industry and other stakeholders that FPInnovations 

has taken part in are the Tree Aggressors Identification using Genomic Approaches (TAIGA) 

project initiated in 2011 (TAIGA (http://genomics.entrepreneurship.ubc.ca/research-partner-

projects/taiga/)) as well as the BioSurveillance of Alien Forest Enemies (BioSAFE) project initiated 

in 2016 (BioSAFE (https://www.genomebc.ca/projects/biosurveillance-alien-forest-enemies-

biosafe/)). These projects have strived to increase detection capacity for some of the most 

important invasive pathogens and pests that threaten our forests and economy.  

4 PRACTICAL USE OF TECHNOLOGY 

Table 1 summarizes major methodologies for plant pathogens diagnostics currently used as well 

as some of new methodologies mentioned above that have not been widely adopted by the 

regulatory world. The table outlines some positive and negative aspects of each technology along 

with the challenges relevant to their practical use. The goal is to continuously update this table as 

information and knowledge emerges and recognise key areas of practical research to help the 

adoption of the technology. 

Table 1. Potential practical use of molecular technologies in regulatory setting 

Plant 
pathogen 

diagnostics 

Key characteristics and benefits Cons and challenges 

Visual 
inspection 

• Easy to do, fast 

• Relies on observable symptoms or 
presence of regulated pests 

• On commodities observable mycelial 
growth and sporulation can help with 
identification 

• Requires specialized skill set 

• There is current lack of expertise in 
using traditional visual inspection 

• Prone to misidentification 

• None observed in asymptomatic tissue 

• To an extent it is subjective 

• Visual detection does not indicate 
whether an establishment pathway 
exists 

• Symptoms may be present, but 
pathogen may be dead and not a 
threat 

Culturing 
methods 

• Usually done from suspicious areas 
recognized during visual inspection 

• Koch postulates need to be followed 
to confirm what has been cultures is 
what caused the symptoms 

• Random culturing from an area may 
detect asymptomatic pathogens 

• Not all pathogens are cultivable, 
selection of media and skills of the 
assessor may correlate with the 
success of isolation 

• Requires specific expertise 

• Slow growing pathogens may be 
overtaken by faster growing, 
cosmopolitan ones 
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Plant 
pathogen 

diagnostics 

Key characteristics and benefits Cons and challenges 

DNA barcoding  

• Used on a pure sample of a pest or 
pathogen  

• Used to identify the pests found in 
visual inspections or from culturing 

• Gold standard for identification  

• Requires the presence of a pest or 
pathogen, does not detect 
asymptomatic infection 

• Would benefit from standardized 
protocols around the minimum 
number of target genes or barcodes to 
use, which ones are acceptable, 
acceptable voucher specimens for 
phylogenetic comparison and 
standardized reporting requirements  

• Specific pathogens might need specific 
protocols 

• Conditions vary based on primers and 
organism 

• Specialized skills and labs required 

Realtime PCR 

• Detection based on taxon specific 
assays 

• Can be used on pure samples, for in-
planta detection and with eDNA 

• Can rapidly and economically detect 
the presence and quantity of organism 

• Well suited to high throughput 
surveillance; hundreds of samples can 
be screened simultaneously for a 
regulated organism 

• Designed to detect specific organisms 
or groups of organisms of interest.  

• They require more up-front work to 
develop and test the assays  

• Standardized protocols are needed for 
detection of regulated pests. 
Specialized skills and equipment 
required 

• Can be adapted for field use (see 
below) 

Point of care 
detection using 
real time PCR 

• Real-time PCR detection based on 
taxon specific assays 

• Can be used on pure samples, in-
planta or on eDNA 

• Does not require a full-scale lab set up, 
can be used in the field 

• Economical, rapid and accurate on the 
spot detection, thus may help pest 
management and eradication efforts 

• Good for field surveillance  

• Good for rapid, on the spot screening 
of a small number of samples 

• Designed to detect specific organisms 
or groups of organisms of interest 

• Up front work is needed to develop 
taxon specific assays 

• Standardized protocols are needed for 
use in a regulatory setting 

• Specialized skill set required  

Loop-mediated 
isothermal 
amplification 
(LAMP) 

• DNA amplification technique that is 
done at constant temperature and 
does not require a thermal cycler 

• Well suited to field or point of care use 
as it does not require a full-scale lab 
set up  

• May be finicky 

• Prone to false negatives 

• Not suited as a stand-alone diagnostic 
tool 

• Color change may be subjective or not 
distinct 
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Plant 
pathogen 

diagnostics 

Key characteristics and benefits Cons and challenges 

• Can be used on pure samples, in-
planta and on eDNA 

• Can be used to detect or confirm 
identification or an organism 

• Results are based on colour change 
reaction 

• May be very useful for rapid, on the 
spot screening 

• Standardized approach is needed, and 
technology needs to be developed to 
be reproducible 

Metabarcoding 
and 
Metagenomics 
on eDNA 

• Can generate large amounts of data in 
a single run 

• Sequencing approaches using universal 
barcodes are not limited to specific 
organisms 

• Well suited to high through put 
screening of many samples  

• Potential for use in bio-surveillance 
programs  

• Many sequencing methods used 
generate short reads making species 
or sub-species detection difficult 

• Not suitable as a stand alone 
diagnostic tool 

• Standardized approach would be 
needed for regulatory use 

• Questions around sensitivity for direct 
detection in environmental samples 

• Some substrates may contain 
inhibitors that affect the DNA 
extraction or PCR steps 

• Data interpretation using 
bioinformatics is not straight forward 

• Specialized skills and labs required 

• Not suited to stand alone diagnostics 

mRNA-detection 
of live/dead 

• Great potential as a regulatory tool as 
it is used to detect if pathogens are 
dead or alive 

• It would give additional important 
information in pest risk assessment 
framework 

• Work is needed to develop technology 
to be used for many organisms 

• Sensitivity may vary with substrate 

• Standardization would be needed for 
use in a regulatory setting 

• Specialized skills and labs required 

AMPLISEQ 

• Designed to detect specific organisms 
or groups of organisms of interest 

• Targeted sequencing of multiple loci 
for detection increases accuracy; 

• Could be used for strain identification, 
origin or tracking of regulated pests 

• Well suited to high throughput 
identification 

• Rapid, allows to run hundreds of 
samples at a time 

• Potential tool for bio surveillance 
programs for a single regulated 
organism or group of organisms 

• Requires a lot of initial work to identify 
target regions with informative 
polymorphisms 

• Expensive; efficacy in field samples is 
unknown 

• Specialized skills and labs required 

• Specialized bioinformatics skills 
required for development and data 
analysis 
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For any of the above-mentioned molecular methodologies there is a need for standardized 

requirements in identification and reporting for use in regulatory scenarios. These requirements 

should include for example, acceptable barcoding targets for identification, a minimum number 

of required targets, requirements for analysis such as a minimum percent identity for certain 

groups or if a phylogenetic analysis is required, and for reporting information such as voucher 

specimens used in identification and alignment details for sequence matches. For sampling traded 

commodities, one would need to know how much of a commodity needs to be sampled and 

tested with different techniques that are relevant to the nature of the commodity itself. One 

would need to understand if single samples versus pooled samples should be used. If pooled 

sampling is done, should it be done on different depth or across surface, or over time on the same 

spot or all combined? Detection sensitivity of tools needs to be understood. Procedures for DNA 

extraction from minute tissue amounts versus large amounts.  

Sampling strategies may differ depending on the commodity, specific scenario and whether it is 

targeting a specific pathogen or many pathogens.  A systematic approach is needed to address 

the subjectivity and sensitivity of sampling technique, e.g. using improper sampling one could, by 

chance, encounter a few propagules (spores) that are casually deposited on the surface but miss 

large, colonized areas within the commodity. The sampling scheme needs to help address the 

risks associated with each commodity and pest.  

Here are some additional questions that need to be addressed in the process of standardizing 

protocols:  

• What type of tissue is the best to sample? How to make sure the tissue represents the 

potential problem/the primary pathogen and is not contaminated with other organism 

that could contaminate or disrupt identification.  

• How to handle the tissue upon sampling, how to store it temporary and longer term. What 

is the maximum delay for extraction step depending on type of storage used?  

• What is the best way to preserve samples to prevent deterioration and 

contamination? What is the best preservation type for different type of tissues (wood, 

seed, leaf, bark etc..) for the most reliable results?  

• How to ensure that samples are not exposed to high temperature fluctuations, sun 

exposure and other factors that may affect DNA. Know the causes of degradation of 

DNA for the purpose of avoidance. Develop procedures to avoid contamination during 

tissue collection.  

• What is the optimal method for storing tissue for further molecular work and genotyping? 

(-80°C or liquid nitrogen, what are other safe options?) 

• Which materials can be ok with fridge or -20°C? For how long can they be stored?  

• If drying (desiccation) is used for storage, how long can samples be stored, how safe it is, 

and does it destroy DNA? 

Table 2 summarizes activities and commodities/uses where diagnostic tools including molecular 

tools may be needed and applied. By recognizing the exact need and different scenarios 

researchers and regulators may properly choose a detection method.  
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Table 2. Potential uses and diagnostic needs for forests, forest plantations, nurseries for pest surveillance to support good pest 
management practices and establishment of pest free or low pest prevalence areas and for traded commodities that may or may not be 
subjected to a phytosanitary measures 

Uses and applications Diagnostic needs Tools/comments Commodities 

Traditional inspection to look 
for pests or symptoms of 
disease 

• Surveillance and monitoring 
 

• Visual inspection, incubation 
quarantine 

• Culture techniques to isolate and grow 
pathogens 

• Traps to catch insects 

• Baerman funnel to detect pine wood 
nematode 

• Wood commodities 

• Wood packaging 

• Plants for planting 

• Seeds 

• Cut flowers, branches 

• Conveyances 

Biosurveillance*, High 
throughput screening on 
random or asymptomatic plant 
tissue, commodities, soil, water 
etc. (eDNA samples) 

• Monitoring programs for 
detection of quarantine 
organisms 

• Monitoring during eradication 
programs  

• Real time PCR with targeted assays 

• Metabarcoding, metagenomics 

• Targeted genome sequencing 
(Ampliseq) may be a promising 
technique; suitability unknown for 
eDNA 

• Positive detection would need to be 
followed up with more intensive 
sampling and isolation techniques to 
find pests of concern 

• Wood commodities  

• Wood packaging 

• Plants for planting 

• Seeds 

• Cut flowers, branches  

• Conveyances 

• Environmental samples including 
water, soil and plant materials 

Random sampling of a few 
asymptomatic tissues or 
samples; to confirm a pest 
suspected of causing observed 
symptoms 

• Spot checking a small number of 
samples 

• Point of use detection to confirm 
the identity of pest that has been 
suspected to be present 

• Real time PCR 

• Portable real time PCR 

• LAMP 

• Wood commodities 

• Wood packaging 

• Plants for planting 

• Seeds 

• Cut flowers, branches  

In-situ detection of pathogen 
viability 

• Confirming if detected pathogen 
is alive or dead 

• Checking efficacy of 
phytosanitary measures 

• Real time PCR using mRNA assays • Infected commodities suspected 
of containing pathogen (positive 
with another method) 

• Treated commodities 
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Uses and applications Diagnostic needs Tools/comments Commodities 
Identify observed or isolated 
pathogen, confirm identity of 
regulated quarantine pest 

• Identify pest or culture obtained 
during inspections 

• Confirmation of regulated 
quarantine pest 

• DNA barcoding 

• Realtime PCR with Targeted Assays 

• Point of care detection Or field 
detection with LAMP or realtime PCR 

• LAMP 

• Targeted genome sequencing or whole 
genome sequencing 

• Cultures, insects, or other pests 
obtained through above activities 

Pest risk analysis (pest) • To determine pest origin, 
distribution, pathway and means 
of spread   

• Determine ability to enter a new 
geographic region, establish, 
spread, and cause economic 
damage 

• Understanding ecology, pest 
behavior and biology including 
host range, pathogenicity etc.  

• To evaluate effective treatment 
measures 

• Genome sequencing 

• Genotyping by sequencing (GBS) 

• Biosurveillance* tools on eDNA 

• AMPLISEQ Targeted sequencing of 
pathogen groups or genes involved in 
pathogenicity or adaptability 

• Whole genome sequencing and 
scanning for pathogenicity genes 

• Whole transcriptome sequencing 

• Wood commodities  

• Wood packaging 

• Plants for planting 

• Seeds 

• Cut flowers, branches 

• Contaminant pests 

• Vectoring and vectored organisms 

• Environmental samples such as 
water, soil, growth substrates and 
mediums and plant material 

• Host plants 

• Conveyances 

Pest risk analysis (commodity)  • To screen particular commodity 
(all possible pests then can be 
present on it) 

• Screen commodities for potential 
pathogens 

• Metabarcoding 

• Metagenomics to screen for 
pathogenicity genes or other genes of 
interest 
 
 

• Wood commodities  

• Wood packaging 

• Plants for planting 

• Seeds 

• Cut flowers, branches  

• Conveyances 

• Growth substrates and mediums 

*Surveillance: a country does surveillance to detect new pests for rapid eradication or containment; facilitate trade by providing information about 

pests and their distribution; justify the use of regulations to prevent the entry or foreign pests; establish pest-free areas or areas of low pest prevalence. 
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5 RESEARCH GAPS AND NEEDS 

There are concerns that these new methods will add regulatory compliance costs to industry. 

Uneven adoption of these tools by trading partners could also create further limits to market 

access. To address these concerns, it is critical that the capabilities and limits of these tools are 

well understood by both industry and international regulators, and that standards are developed 

to govern their use. 

Understanding the full capabilities of genomic based tools and their application to the forestry 

sector is important. This can be done through collaboration between stakeholders, through case 

studies and field trials that could show industry how the use of genetic based methodologies could 

be utilized to gather useful information for informed decision making. Guidelines tailored to 

specific end users (e.g., inspectors, foresters, NPPO, regulators) need to be developed.  

Standardization is a critical step to facilitate the practical use of molecular based detection tools 

to ensure data transparency, reproducibility, and allow for ongoing review and improvement. 

Standardization will also improve the confidence in results and interpretations and allow the 

comparability between multiple studies and different labs. 

The new CSA Environmental DNA (eDNA) reporting Requirements and Terminology Standard ( 

https://publicreview.csa.ca/Home/Expired/4042) initiated discussion and development of a good 

guideline on type of data and minimum reporting requirements for the planning, execution, 

analysis, interpretation, and reporting of eDNA projects that could be applied to other aspects of 

molecular tool use.  Laboratories should be able to demonstrate that they operate competently, 

and regulatory/accreditation bodies should be able to oversee the use. Discussion and solutions 

are needed on sampling protocols, storage, labeling, handling and preservation, nucleic acid 

extraction, analysis, and interpretation of data for use in specific commodities or scenarios.  

Guidance and agreement related to decisions made at the international level is needed to address 

detection of regulated pathogen through molecular tools. For example, what is the threshold that 

would initiate or justify regulatory action and what type of action?  What if a new pathogen, not 

on the list of regulated pathogens, whose genetic make up suggest it can invade and become a 

dangerous organism e.g. has a profile of an invader but there is still no real-life evidence of 

invasiveness?  

6 CONCLUSION 

Forest products trade is important for the economy of many countries, including Canada. 

However, movement of forest products and in particular commodities like untreated wood 

packaging, raw logs and plants for planting continue to increase the risk of transfer and 

establishment of invasive pests. 

Molecular based tools are powerful pest management tools that can rapidly, efficiently, and 

economically detect the presence of known (targeted), regulated pests and in the near future, 
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potentially new pests on wood products that have targeted characteristics. They enable more 

accurate identification than traditional techniques and are more efficient at detecting the 

presence of a pathogen than visual inspection alone and should be integrated, wherever possible, 

in pest management. Current international trade regulations are based on quarantine pests that 

are listed as regulated pests and not on unknown ones. Historically the largest economic impacts 

have been caused by pests which were unknown at the time they were introduced and 

established. This discrepancy needs to be addressed at the IPPC level. As genomics research 

continues, genome sequencing may increase our ability to detect and assess the risk of unknown 

pests hitchhiking on traded goods and may become a valuable tool for addressing these potential 

invaders.   

If used improperly, molecular based detection tools could increase the risk of unjustifiably limiting 

trade. To mitigate this risk, research is needed to support standardization of these methods and 

their integration into pest risk management practice and policy. 

7 RECOMMENDATIONS 

Reduce the Canadian forest industry’s risk of increased regulatory costs and decreased market 

access by:  

• Contributing to standard development to ensure that molecular tools meet the needs of 

the Canadian forest sector. 

• Initiating a working group on the use of molecular tools in forestry withing IFQRG to 

facilitate international cooperation. 

• Investigating outcomes of TAIGA and BIOSAFE to see how some of these tools can be put 

forward to be added to the list of Diagnostic protocols under ISPM 27. 
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