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Summary

Recommendations were made for the development, evaluation, validation and adoption of the
point-of-care and lab based diagnostic tools, that when used appropriately, will minimize the impact
of pathogens and diseases and increase the biosecurity of the Australian nursery industry.

The top ten endemic pathogens or pathogen groups of significance across the broad range of
nursery commodities and included: Pseudomonas sp., Xanthomonas sp., Calonectria sp.
(Cylindrocladium sp.), Colletotrichum sp., Fusarium sp., Phytophthora sp., Pythium sp., Rhizoctonia
sp., Potyvirus sp. and Orthotospovirus sp. The methods currently available for the detection of these
pathogens include traditional isolation methods such as plating onto media, serology-based tests
including enzyme linked immunosorbent assays (ELISA) or dipstick (lateral flow devices; LFD) assays
and molecular methods such as polymerase chain reaction (PCR) or loop-mediated isothermal
amplification (LAMP) and recombinase polymerase amplification (RPA).

Current and new smart surveillance, field deployable diagnostic technologies that are recommended
for further developed for detection of the top ten endemic plant pathogens include field-based PCR,
LAMP and RPA. Exploration of a route to market was recommended for simple tests such as
aggregation of functionalized colloidal gold particles that result in a colour change in the presence of
a pathogen. Depending upon the gene target, LAMP tests may add greater specificity for detection,
compared to RPA, PCR and aggregation, and may be more applicable at the pathogen species, strain
or pathovar level.

All field deployable methods could be used in laboratories as a first point of diagnosis and may also
hasten diagnostic turnaround times when in-field testing is impracticable. PCR and ELISA will
continue to be important for rapid, low and high throughput laboratory-based diagnostics for
pathogen detection and development of these tools to support plant pathogen diagnostic testing
should continue. Rapid, laboratory-based, metagenomic and metabarcoding next generation
sequencing (NGS) tools should be developed to identify broad groups of pathogens or for the
specific detection of individual genera, species and strains/pathovars of important to the nursery
industry. This technology is becoming be an important tool to resolve diseases of unclear aetiology
and for testing samples for a broad range of pathogens. These in-house tests need to be verified as
fit for purpose, quality assured and require validation to determine their analytical sensitivity,
analytical specificity, repeatability and reproducibility. Nanopore also NGS has the capacity to be
deployed in the field. Development and training in techniques to prepare samples for laboratory
testing for use by growers, consultants, biosecurity officers and field-based diagnosticians could
facilitate laboratory workflows and improve turnaround times, where a laboratory diagnosis is
required.

It is recommended that “omics” based approaches (genomic, proteomic, metabolomic) are used to
understand pathogen diversity to identify appropriate targets for pathogen detection and ensure
reliability of tests.

Field-based PCR, LAMP and RPA tools have a route to market that can be driven by commercial
companies that supply off-the-shelf test kits, and further research can build upon current
developments in this area. Therefore, they are recommended as a high priority for further
development for detection of pathogens significant to the nursery industry. Route to market for
some laboratory-based tests such as PCR and NGS technology could be via in-house development,
without the need for a commercialisation partner, to facilitate pathogen diagnosis, where
commercial tests do not exist, and for complex diagnoses and high throughput diagnostic testing.
Continued research to develop and maintain PCR and NGS capability in Australian plant diagnostic
laboratories is also recommended. These diagnostic approaches will facilitate the provision of a
rapid diagnosis to improve the biosecurity of the Australian nursery industry.

Keywords

Field deployable, surveillance, laboratory, polymerase chain reaction, PCR, loop-mediated
isothermal amplification, LAMP, next generation sequencing, NGS, lateral flow device, LFD, serology,
molecular, functionalized colloidal gold particles, remote sensing.
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Introduction

The nursery industry extends across a broad range of commodities which include monocot and dicot
plant species that may be grasses, herbaceous or woody and traded as seed, seedlings, cuttings,
tubestock, or mature plants. The industry comprises of the following production nursery types who
supply ornamental, fruit, nut, and vegetable species, including introduced and native plant species,
for domestic and commercial purposes (Plant Health Australia Ltd, 2006):

Fruit and nut tree stock for orchardists

Seedling stock for vegetable growers

Container stock for ornamental/urban horticulture

Landscape stock for domestic and commercial projects

Forestry stock for plantation timber

Plug and tube stock for cut flower

Revegetation stock for farmers, government, landcare and development industry
Foliage plants for interior-scapes

Mine revegetation for mine site rehabilitation

T IOmMMOoOON®P

Each of these nursery commodities have specific endemic and exotic pests including insects, viruses,
viroids, bacteria, fungi, oomycetes and nematodes that threaten the biosecurity of nurseries and the
biosecurity of their client’s production systems through trade and movement of contaminated
plants and plant products. Some pests may be restricted to one or a few plant hosts while others,
such as Xylella fastidiosa, have a broad host range and can impact across many nursery types and
horticultural industries.

The Australian nursery industry has developed “guidelines for managing biosecurity in nursery
production” (Biosecure HACCP) to manage production risks associated with pest and disease.
Biosecure HACCP has been put in place due to pressures associated with intra- and interstate trade,
emergency plant pest incursions and requirements to provide evidence of absence of exotic plant
pests. It also supports best management practices to ensure profitability, productivity, sustainability
and professionalism within the nursery industry. Reliable and affordable diagnostic tools are needed
to support Biosecure HACCP and provide early detection of plant pests that threaten nursery
production.

Although some pests and diseases can be diagnosed visually, observation of symptoms may mean
that the disease is already well established and at greater risk of dissemination. In other cases,
symptoms alone are not a reliable indicator of the presence of a pest as multiple factors, both biotic
and abiotic, can cause similar symptoms. Some important pests may be symptomless depending
upon the plant host species or variety infected or due to environmental conditions. Rapid
diagnostics, applied in the laboratory or in-field within the production system, can assist in early
control to prevent further spread, even before disease is observed. Recent examples of outbreaks of
exotic pathogens, in which nurseries have been negatively impacted, include quarantine pests such
as Cucumber green mottle mosaic virus and Potato spindle tuber viroid. Pathogens like these, which
are also seed transmitted, are often symptomless in young nursery stock/seedlings and there is a
risk that a low-level contamination within a nursery might remain on surfaces and equipment
regardless of the best hygiene practices. Such contamination and symptomless infections can go
undetected in the nursery and may result in infection of future stock and further dissemination of
the pests beyond the nursery.

Point-of-care diagnostics for routine smart surveillance of nurseries could assist in early detection
and prevent movement of these pests onto growers’ properties and provide real-time quality
assurance of nursery stock to industry.

Smart surveillance tools to facilitate the rapid point-of-care detection in nursery production systems
can be used to support nursery industry Biosecure HACCP plans. These diagnostic tools will assist
the industry to take greater responsibility and control for the plant health during production and
reduce the risk of dissemination of high risk endemic and exotic pests into the wider horticultural
community. They can provide an early diagnosis, enabling management strategies to be
implemented at an early stage to contain or eradicate a pest, even if detection requires further
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verification by an external laboratory. They can also be applied during or after incursion
management to monitor the success of the eradication or containment procedures and provide
evidence of absence in a previously contaminated production system. Smart surveillance tools can
also be applied at the border or during post entry quarantine to facilitate rapid screening of small
and large volume plant imports for known quarantine pests such as X. fastidiosa. Smart surveillance
tools could include techniques that specifically target an individual or group of pests or pathogens.
Smart sensor tools that detect and analyse a specified set of plant symptoms could be routinely
applied for routine monitoring of plant health and used as an early warning system for disease.
Laboratory embedded technologies continue to be developed and improve the capacity to
accurately identify known and novel pests and pathogens associated with plant disease.

Although new technologies can improve early detection of a pest, applying a plant pest diagnostic
tool with accuracy is dependent on several factors including knowledge of pest biology to assist
accurate sampling and an understanding the sensitivity and specificity of the assay. Specific tests are
useful when there are a limited number of pests that require surveillance. However, in some
situations there may be more than one pest requiring detection, such as the multiple viruses that
infect Prunus species in Australia and overseas and which require testing for at the Australian
border or within nursery certification programs

This project was undertaken to identify point-of-care smart surveillance and laboratory-based tools
for detection of plant pests which can be developed to support efficient and sustainable nursery
production and reduce risk of pathogen and disease incursion and spread in Australia. The intention
was to find Point of care tools that are user friendly, can be applied and interpreted by personnel
with all levels of experience and understanding and laboratory-based tools that can be used to
develop a world’s best practice diagnostic capability resulting in accurate and rapid diagnosis of
plant pests.

Methodology

A small project reference group was established and engaged to provide direction, advice and
information to support the project. The composition of the reference group was:

e John Bunker, Greenlife Solutions - member of the Nursery Industry Strategic Investment
Advisory Panel

John MacDonald - the Nursery Industry Biosecurity Manager

Dr. Brenda Kranz - the Hort Innovation R&D Manager

Dr. Len Tesoreiro, NSW PDPI - field pathologist with diagnostic experience

Dr. Victoria Ludowici a Plant Health Australia representative

Dr. Helen Hayden, Agriculture Victoria - soil/substrate nucleic acid specialist

Dr Julian Druce, Victorian Infectious Diseases Reference Laboratory, Doherty Institute -
medical diagnostics specialist

The committee convened in September 2017 to discuss the program logic provide guidance for the
direction of the project. In July 2018 the committee members were presented with a discussion
paper, including a summary of the technology and recommendations from the desk top review for
ground truthing and broad feedback on the project outputs and findings to ensure that they were
feasible, practical and applicable to the nursery industry.

The specific needs for each of the major nursery commodities including the high priority endemic
and exotic pests for which tests are required was identified by:

e Engaging with the nursery industry (NGIA), Plant Health Australia, Department of
Agriculture and Water Resources and with plant pathologists and diagnosticians in each
state.

e Engaging with other project teams (NY15002 Building the resilience and on-farm
biosecurity capacity of the Australian production nursery industry; NY15004 National
Nursery Industry Biosecurity Program)

e Reviewing previous projects (NY11001 Plant health biosecurity, risk management and
capacity building for the nursery industry) and the Nursery Industry Biosecurity Plan.
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e Considering the requirements of the National Plant Biosecurity Strategy 2015-2020
Implementation Plan.

A desk top review of scientific literature, including peer reviewed papers, previous diagnostics-
based projects (e.g. BS11008; MT12005) and information from commercial scientific companies,
was done to identify:

e Current, new and emerging pests of concern to the nursery industry

e Gaps in the understanding of the pests that would otherwise enable improved diagnostic
capabilities — especially for on-farm smart surveillance capabilities

e The methodologies currently used for the detection of these pests and the endemic and
exotic pests identified by industry as high priority

e  Current and new technologies, which may include technology used medical and veterinary
diagnostics, that are not used but could be applied for their detection

e Asummary of all applicable detection methods for pest and pathogens including:

e Describing the detection methodology including equipment, positive controls, laboratory
facilities and sample type, collection and preparation from different substrates such as
water, various plant growing mediums, different plant tissues such as seed, tubers, leaves
etc

e Accuracy, reliability and sensitivity — risk of false positives and negatives
0 Specificity for strain, species, genera, family of a pest
0 Ease of use —skill level and quality control requirements
0 Results output (yes/no or quantitative) and ease of interpretation
0 Turnaround times from sample collection until a result is achieved and the
requirement for further testing for verification of a result
0 Benefits and pitfalls of different technologies
0 Cost of equipment and kits and cost per test/sample
0 At what point can each of the technologies be applied — field or laboratory
e The methodology/technology that is fit-for-purpose for point-of-care and/or laboratory-
based detection
e Next generation sequencing (NGS) approaches for screening nursery material will be
reviewed and compared, including the diverse approaches to sample preparation and
sequence analysis that are used by different laboratories. The most appropriate NGS
strategies for routine laboratory-based that can be used for screening of different nursery
plant species will be identified.
e Determine how users of point-of-care diagnostic technologies can be supported if the
tests don’t perform as expected or fail
e  “What’s next?” — what type of development, verification and validation is required to
implement point-of-care and laboratory-based tests for the endemic and exotic pests of
interest to the nursery industry.
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Outputs

The review (Appendix 1) identified pathogens that affect a broad group of nursery commodities and
include: Peudomonas sp., Xanthomonas sp., Calonectria sp. (Cylindrocladium sp.), Colletotrichum sp.,
Fusarium sp., Phytophthora sp., Pythium sp., Rhizoctonia sp., Potyvirus sp. and Orthotospovirus sp.
The review identified tools currently used for detection of these pathogens, including visual
identification, isolation, serology and molecular methods. The review also identified future
development of novel diagnostic laboratory and field-based smart surveillance tools smart for
detection of pathogens.

Recommendations were made for the development of and future investment in diagnostic
capabilities and tools for field and laboratory-based detection of endemic and exotic pathogens,
which are important to the nursery industry.

Activities included:

e  Establishment of a reference group & key stakeholders to advise, update and evaluate research
Development of plan established to guide the project activities and outcomes
Informing of Stakeholders project aims and objectives via a published preliminary project
overview

e Identifying diagnostic needs of major nursery commodities to inform future diagnostic
development activities

e Developing a list of priority endemic and exotic (max. 10) pathogens and their biology to assist
with biosecurity planning

e An overview of smart surveillance tools that are available or which can be developed for point-
of-care and laboratory-based detection

e Informing Stakeholders of project key findings and outputs via a published end of project
industry-focused summary

Outcomes

This project provided recommendations to the Australian nursery industry for the future investment
in the development, evaluation, validation and adoption of the point-of-care and lab based
diagnostic tools, that when used appropriately, will minimize the impact of pests and diseases and
increase the biosecurity of the Australian nursery industry.

The project improved knowledge and understanding of biosecurity and diagnostic tools for
detection of pathogens associated with diseases of significance to the Australian nursery industry
and led to:

e Understanding of the diagnostic needs of major nursery commodities
e Updated knowledge of important endemic and exotic pathogens and their biology
e Improved understanding of point-of-care and laboratory-based smart surveillance tools

Recommendations were made for the future investment in the development, evaluation, validation
and adoption of the point-of-care and lab based diagnostic tools, that when used appropriately, will
minimize the impact of pathogens and diseases and increase the biosecurity of the Australian
nursery industry.
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Monitoring and evaluation

A program logic and monitoring and evaluation plan was developed and included linkage to
Horticulture Innovation and industry/fund objectives, a project risk register and risk management
plan, and a stakeholder engagement/communication plan.

The program logic detailing the relevant SIP outcome(s), end-of-project outcomes, intermediate
outcomes, outputs, activities, foundational outputs and foundational activities was developed using
the Hort Innovation model. The end of project outcomes will be “Recommendations to the
Australian nursery industry for the future investment in the development, evaluation, validation and
adoption of the point-of-care and lab based diagnostic tools, that when used appropriately, will
minimize the impact of pests and diseases and increase the biosecurity of the Australian nursery
industry.”

The program logic was discussed in detail at the first project reference group meeting and was
updated after clarification and guidance for the direction of the project were provided.

Further evaluation was done by providing a summary of the lab and point-of-care user-friendly
smart surveillance tools to the project reference group so that broad feedback on project findings
and ground-truthing of the outcomes and recommendations of the project could be sought. This
process ensured that the project met the needs of industry levy payers.

The broader industry levy payers were engaged through communications though several online
publications (https://yourlevyatwork.com.au/project-puts-pathogen-detection-in-the-palm-of-your-
hand/ and http://horticulture.com.au/hortlink-2018-edition-1/nursery/#12).

Ad hoc communication about the project also occurred during various science and industry-based
meetings and client interactions. Engagement included commercial nurseries, high health
improvement programs, industry bodies and scientists.

Recommendations

Findings

In consultation with industry, diagnosticians, biosecurity agencies and research scientists, this
project has:

1. Assessed the biological parameters of the high priority endemic and exotic pathogens
(bacteria, fungi, nematodes, viruses and viroids) that threaten nursery production.

2. Identified laboratory-based and field deployable diagnostic tests that are currently used for
their detection

3. Identified new point-of-care technologies that could be developed to improve early
detection key pests

4. Reviewed the applicability of the smart surveillance tools to the nursery industry.

5. Identified and evaluated new lab-based technologies (e.g. next generation sequencing) to
screen nursery material entering Australia at the border and during PEQ.

A review of the specific needs for each of the major nursery commodities identified the top ten
endemic pathogens or pathogen groups of significance across the broad range of nursery
commodities and included: Pseudomonas sp., Xanthomonas sp., Calonectria sp. (Cylindrocladium
sp.), Colletotrichum sp., Fusarium sp., Phytophthora sp., Pythium sp., Rhizoctonia sp., Potyvirus sp.
and Orthotospovirus sp. The current and new diagnostic technology identified in the review could
also be applied to these and other bacterial, fungal, viral, insect and nematode groups.

The methods currently available for detection of the top ten pathogens include traditional isolation
methods such as plating onto media, serology-based tests, including enzyme linked immunosorbent
assays (ELISA) or lateral flow devices (LFDs; dipsticks), and molecular methods such as polymerase
chain reaction (PCR) or loop-mediated isothermal amplification (LAMP) and recombinase
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polymerase amplification (RPA).

Serological tests have been developed for many, but not all, of the top ten groups of endemic
pathogens of the identified pathogen groups, at the pathovar, species or genus level (Appendix 1).
Although ELISA tests may have been developed for some pathogens, serological lateral flow tests
(dipsticks; LFD) are not always available. The reason for this is unclear but may be associated with a
lack of demand or low sensitivity of serology tests, especially for fungal and bacterial pathogens, and
the prohibitive costs in generating “target specific” antibodies. Never-the-less, serology tests,
especially LFDs, offer some of the simplest, robust and user friendly diagnostic assays and further
consideration to their future development is warranted. The route to market for this technology
may be complex due to the difficulty to identify protein targets for test development of specific
pathogen groups or species compared to tests designed against DNA or RNA targets.

Many generic and specific PCR tests exist for the pathogens listed in Appendix 1, Table 2, but they
are currently in the realm of the laboratory diagnostic testing. There have been some significant
advances in PCR based technology with the development of field deployable PCR devices that could
use the same well validated laboratory-based tests, and which could be provided as pre-prepared
kits that are easy to use. However, the molecular technology may still be too expensive for
individual growers to employ. Field-based PCR technology may be useful for biosecurity agencies
during an incursion or at ports, or for Agricultural/horticultural consultants supplying pest and
disease diagnoses or for large nurseries with the capacity to invest in the technology.

Other molecular tests that could easily be deployed to growers, consultants, biosecurity officers and
diagnosticians include isothermal amplification technology (LAMP and RPA). These molecular field
deployable diagnostics are a primary focus of Australian plant diagnostic and biosecurity
researchers. LAMP technology has been developed locally to detect viruses, viroids, bacteria and
insects in Australia. This knowledge and experience could be built upon for the development of
tests that are specifically designed to meet the demands of the Australian nursery industry Field-
based PCR, LAMP and RPA tools have a route to market through commercial companies who
provide off-the-shelf test kits, making them highly desirable for further development.

Laboratory-based PCR and ELISA will remain important for rapid, low and high throughput
diagnostics, but field deployable methods could easily be used as frontline, triage diagnostic tools to
rule in or out pathogens and determine the next diagnostics steps. They may also hasten laboratory
turnaround times and assist when in-field testing is impracticable. Rapid metagenomic and
metabarcoding next generation sequencing is emerging as a important tool in plant pathology and
can be developed to specifically identify genera, species and strains/pathovars of individual and
groups of pathogens important to the nursery industry. To facilitate laboratory workflow, where a
laboratory diagnosis is required, development and training in techniques for grower prepared
samples could improve laboratory turnaround times. Route to market for some laboratory-based
tests such as PCR and NGS could be via in-house development, without the need for a
commercialisation partner, facilitating access to fit for purpose tests where commercialisation isn’t
possible.

A novel test that could be further developed for industry could use aggregation of functionalized
colloidal gold particles, which may provide a simple visual detection method for specific pathogens
or pathogen groups without the requirement for complex equipment. The route to market is unclear
but could be explored.

All technology will require an “omics” based approached (genomic, proteomic, metabolomic) to
understand pathogen diversity to identify appropriate targets for pathogen detection. The tests
need to be verified as fit for purpose, quality assured and require validation to determine their
analytical sensitivity, analytical specificity, repeatability and reproducibility.

Recommendations:

The following recommendations were made to aid industry investment in the future development,
evaluation, validation and adoption of the point-of-care and lab based diagnostic tools, that when
used appropriately, will minimize the impact of pathogens and diseases and increase the biosecurity
of the Australian nursery industry. The pathogens identified for development of diagnostic tests
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include Pseudomonas sp., Xanthomonas sp., Calonectria sp. (Cylindrocladium sp.), Colletotrichum
sp., Fusarium sp., Phytophthora sp., Pythium sp., Rhizoctonia sp., Potyvirus sp. and Orthotospovirus

sp.

1. Primary investment should be made in diagnostic tools with that can be developed for all
pathogens and samples types, including different plant tissues, planting/growth substrates and
water. These tools should have a clear route to market, via commercial partners or in-house
through equipped research and diagnostic laboratories that can meet quality assurance and
control standards.

2. Research partners should include Australian researchers and diagnostic laboratories who have a
good understanding of the biology and epidemiology of the pathogens and their detection
under Australian conditions and, where applicable, in collaboration with commercial partners to
drive a route to adoption and market for these tests.

3. Investment in development of new diagnostic technology must include development of
appropriate and robust sampling and sample preparation strategies:

a. Reliable detection is based on appropriate samples and there must be investment in
research to develop appropriate sampling strategies that are most likely to return a
reliable result.

b. Investment should be in simple and robust sample preparation techniques to support
accurate diagnosis, which includes commercially available sample preparation kits as well
as crude/manual procedures that may not require a commercial partner for development
and availability.

4. Field deployable tools with broad applicability to pathogen and sample type should be the
primary area of development as there is good opportunity to develop a route to market through
commercial providers of off-the-shelf test kits. These, include:

a. Investment in loop-mediated isothermal amplification (LAMP) and recombinase
polymerase amplification (RPA) technology as a high priority due to its applicability to a
broad range of end-users and a higher demand for the product to drive route to market.

b. Investment in field deployable polymerase chain reaction PCR as there is also a good
opportunity to develop a route to market for this technology, although the route to
adoption by growers may be lower due to cost. This technology could have greater
adoption by consultants, biosecurity agencies and field-based diagnosticians. An advantage
of this technology is the ability to translate current and validated laboratory-based real-
time PCR assays that are used for detection of pathogens in the top ten pathogen groups
to the field-based device. Investment in this area is lower priority as the end -user group
may not be broad, and demand for the product may be lower.

c. Apreliminary investigation into the reliability aggregation of functionalized colloidal gold
particles to determine if it can be adapted for detection of specific bacteria and oomycetes
in nursery water sources. The route to market requires further investigation prior to
investment in this area.

5. Aninvestment should be made for the development of current and emerging laboratory-based
technology to facilitate faster diagnoses, especially for complex diagnoses, high throughput
testing and confirmation of field-based tests. These tests have an obvious route to market
through in-house laboratory development and delivery, and which does not require a
commercial provider of test kits to drive the route to market. The technology includes:

a. Investment in next generation sequencing (NGS) based diagnostic tests, especially
nanopore technology

b. Investment in tailored, end-user focused “Targeted diagnostics by sequencing” approaches
for specific pathogen groups

c. PCR and/or PCR array technology for low and high sample throughput testing — PCR
technology can be linked to field-deployable PCR for consistency in detection and
identification of pathogens in the lab and at pint of care.
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6. As a part of test development investment in research using “Omics” approaches (genomics,
proteomics, metabolomics) is required to understand the diversity of pathogen groups requiring
detection and identify nucleic acid, protein, peptides or other targets for detection of
pathogens at a genus, species, pathovar or strain level. This will ensure test reliability.

7. A preliminary project to demonstrate and train a focus group in similar available methods to
assess demand and determine a provide a proof of concept that tests are easily deployable to
users of all levels of experience.
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Appendices Horticulture
Innovation

Appendix 1. A review of the specific Australia

needs for each of the major nursery
commodities including the high priority
endemic and exotic pathogens

1 Background

The nursery industry extends across a broad range of commodities which include monocot and dicot plant
species that may be grasses, herbaceous or woody and traded as seed, seedlings, cuttings, tubestock, or
mature plants. Each of these nursery commodities have specific endemic and exotic pests including insects,
viruses, viroids, bacteria, fungi, oomycetes and nematodes that threaten the biosecurity of nurseries and their
clients during trade and movement of contaminated plants and plant products.

The development of smart surveillance tools will facilitate the rapid point-of-care detection of pest and disease
in nursery production systems. They will support the Australian nursery industry Biosecure HACCP plans to
manage production risks associated with pest and disease. However, it is likely that more complex laboratory-
based tools will still be required to ensure an accurate diagnosis of the causal agents of disease and there are
evolving technologies that can facilitate pathogen detection, where more than one pathogen requires testing,
where discrimination between related species is complex or where disease aetiology is unclear. Development
of accurate diagnostic field and laboratory-based tools is dependent upon knowledge of pest biology, to
ensure accurate sampling and the sensitivity and specificity of the assay.

2 Aims

This project was undertaken to identify simple, accurate and rapid, point-of-care smart surveillance and
laboratory-based tools for detection of plant pests which can be developed to support efficient and
sustainable nursery production and reduce risk of pathogen and disease incursion and spread in Australia.

3 Method

A small project reference group was established and engaged to provide direction, advice and information to
support the project. The committee convened in September 2017 to discuss the program logic provide
guidance for the direction of the project. In July 2018 the committee members were presented with a
discussion paper, including a summary of the technology and recommendations from the desk top review for
ground truthing and broad feedback on the project outputs and findings to ensure that they were feasible,
practical and applicable to the nursery industry.

Industry engagement, discussions with other ongoing projects and team and reviewing previous Hort
Innovation funded projects was done to identify the specific needs for each of the major nursery commodities.
The National Plant Biosecurity Strategy 2015—-2020 Implementation Plan was also consulted. In addition, a
desk top review of scientific literature, including peer reviewed papers, previous diagnostics-based projects
(e.g. BS11008; MT12005) and information from commercial scientific companies, was done to identify pests of
concern and the methodology/technology that is currently used or could be developed for point-of-care
and/or laboratory-based detection of pests and pathogens of concern.
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4 Results and discussion

Regardless of the breadth of plant species supplied by these production nurseries, a review of a broad range of
plant pathology literature, previous research projects and discussions with industry highlighted some disease
types and pathogens that are common amongst many Australian nursery commodities. Table 1 lists the
commonly mentioned pathogen and pest types (bacteria, fungi, oomycete, nematodes and virus) that impact
on nursery production in Australia. Many pathogens and pests in Table 1 are only listed at the genus level
because there are a range of species within the genus that may cause disease on the same or different host
plant species. For example, there are 160 virus species in the genus Potyvirus (Wylie et al 2017), the
emergence of which is thought to have coincided with the development agriculture 6,600 years ago (Gibbs et
al 2008). Some of the Potyvirus species have a broad host range; e.g. Turnip mosaic virus primarily infects a
broad range of brassicas it can also infect many plant species and is thought to have moved from orchids into
brassicas in Germany approximately 700 years ago (Yasaka et al 2017). Other Potyvirus species have more
specific host ranges e.g. Zucchini yellow mosaic virus, which tends to be restricted to cucurbits (Desbiez and
Lecoq 1997). For some pathogens listed to species level in Table 1, there are many pathovars, races or strains
that may vary in their virulence and host specificity. For example, the Pseudomonas syringae complex has
more than 60 pathovars (Baltrus et al 2017). P. syringae pv. tomato is limited to tomato but P. syringae pv.
syringae infects many plant host species including tomato, although P. s. pv. syringae has pathogenic strains
with distinct host specificities and some strains which are non-pathogenic (Monteil et al 2017; Ravindran et al
2015). It is important to note that many of the fungal and bacterial pathogens listed in Table 1 may have
species, strains, pathovars or races that are non-pathogenic.

Table 1. The endemic bacteria, fungi, oomycete, nematode and virus genera and or species and the diseases
that they are associated with which were identified in this review as being of concern the Australian nursery
industry in this review.

Pathogen/pest type | Pathogen Disease
Bacterium Acidovorax citrulli Bacterial fruit blotch
Bacterium Agrobacterium sp. Crown gall
Bacterium Brenneria sp. Bacterial Canker
Bacterium Clavibacter sp. Bacterial Canker
Bacterium Curtobacterium flaccumfaciens | Wilt and blight
Bacterium Dickeya sp. Soft rot
Bacterium Erwinia sp. Bacterial soft rots and Blight
Bacterium Pectobacterium sp. Soft rot
Bacterium Pseudomonas syringae Bacteria canker
Bacterium Ralstonia solanacearum Bacterial wilt
Bacterium Xanthomonas sp. Bacterial leaf spot
Fungus/oomycete Alternaria sp. Leaf spot and stem blight
Fungus/oomycete Armillaria luteobubalina Root rot
Fungus/oomycete Aspergillus sp. Fruit rots, systemic infection of onion seedlings
Fungus/oomycete Botrytis sp. grey mould
Fungus/oomycete Bipolaris sp. Leaf spot
Fungus/oomycete Calonectria sp. Leaf spot, crown and root rot
(Cylindrocladium sp.)
Fungus/oomycete Cercospora sp. Leaf spot
Fungus/oomycete Chalara elegans (Thielaviopsis Root rot
basicola)
Fungus/oomycete Cladosporium sp. Leaf spot
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Pathogen/pest type | Pathogen Disease
Fungus/oomycete Colletotrichum sp. Anthracnose
Fungus/oomycete Curvularia sp. Leaf spot
Fungus/oomycete Diplocarpon sp. Anthracnose
Fungus/oomycete Elsinoé sp. Anthracnose
Fungus/oomycete Erysiphe sp. Powdery mildew
Fungus/oomycete Fusarium sp. Root rot
Fungus/oomycete Leveillula sp. Powdery mildew
Fungus/oomycete Stagonosporopsis sp. (inc. Syn. | Gummy stem blight
Didymella bryoniae)
Fungus/oomycete Uredo rangelii Myrtle rust
Fungus/oomycete Oidium sp. Powdery mildew
Fungus/oomycete Olpidium sp. Virus vectors
Fungus/oomycete Pathogenalotiopsis sp. Leaf spot
Fungus/oomycete Phoma sp. Leaf spot and stem canker
Fungus/oomycete Phomopsis sp. Anthracnose
Fungus/oomycete Phyllosticta sp. Leaf spot
Fungus/oomycete Podosphaera sp. Powdery mildew
Fungus/oomycete Pseudocercospora sp. Downy mildew/ leaf spot
Fungus/oomycete Rhizoctonia sp. root and hypocotyl rot, damping off
Fungus/oomycete Order Pucciniales (many family | Rusts
and genera)
Fungus/Protist Septoria sp. Leaf spot
Fungus/Protist Sclerotinia sp. Root rot
Fungus/Protist Sclerotium sp. (Including Root rot
Athelia rolfsii)
Fungus/Protist Sphaerotheca sp. Powdery mildew
Fungus/Protist Stemphylium sp. Leaf spot
Fungus/Protist Uncinula sp. Powdery mildew
Fungus/Protist Verticillium dahliae Wilt
Fungus/oomycete Aphanomyces sp. (Oomycete) Root rot
Fungus/oomycete Bremia lactucae (Oomycete) Downy mildew
Fungus/oomycete Peronospora sp. (Oomycete) Downy mildew
Fungus/oomycete Phytophthora sp. (Oomycete) Root rot
Fungus/oomycete Plasmopara sp. (Oomycete) Downy mildew
Fungus/oomycete Pythium sp. (Oomycete) Root rot
Nematode Aphelenchoides spp. Foliar
Nematode Meloidogyne spp. Root Knot
Nematode Pratylenchus spp Root lesion
Virus Species: Cucumber mosaic Chlorosis, colour break, distortion, stunting, decline
virus (Genus: Cucumovirus)
Virus Genus: Crinivirus (e.g. Lettuce Chlorosis, colour break, distortion, stunting, decline
infectious yellows virus, Beet
pseudo yellows virus)
Virus Genus: Orthotospovirus (e.g. Chlorosis, colour break, distortion, stunting, decline

Tomato spotted wilt virus,
Capsicum chlorosis virus,
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Pathogen/pest type

Pathogen

Disease

Impatiens necritic spot virus,
Iris yellow spot virus)

Virus

Genus: Pospiviroid (e.g Potato
spindle tuber viroid, Citrus
exocortis viroid)

Chlorosis, colour break, distortion, stunting, decline

Virus

Genus: Potexvirus (e.g. Potato
virus X, Cymbidium mosaic
virus)

Chlorosis, colour break, distortion, stunting, decline

Virus

Genus: Potyvirus (Potato virus
Y, Turnip mosaic virus, Tulip
breaking virus)

Chlorosis, colour break, distortion, stunting, decline

Virus

Genus: Tobamovirus (e.g.
Tobaco mosaic virus, Tomato
mosaic virus, Cucumber green
mottle mosaic virus)

Chlorosis, colour break, distortion, stunting, decline

Exotic pathogens of concern include but are not limited to: ‘Candidatus Liberibacter asiaticus’, Erwinia
amylovora, Phymatotrichum omnivorum Phytophthora ramorum,. Xanthomonas citri subsp. citri, Xylella
fastidiosa and its insect vectors and Plum pox virus.
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4.1 A review of pathogens of concern and the diagnostic technology used for their detection.

Based on the review of literature and discussions with industry and scientists, Table 2 lists the pathogens that were identified as being the top ten important pathogens
that affect the broader nursery industry commodities. Table 2 also lists the availability of tests used for laboratory and field-based detection.

Table 2. The top 10 groups of endemic pathogens of importance to the nursery industry and the laboratory (Lab) and field tests that are currently used for their

detection.

Pathogen
type

Pathogen

Lab
Isolation

Lab: Serology Test

Lab: Molecular test

Field: Serology test

Field: Molecular test

other

Bacteria

Pseudomon
as spp.

Yes

ELISA:

Agdia
(www.agdia.com/): P.
savastani pv.
phaseolicola (Psph)
Nano Diagnostics, Inc.
(http://www.nanodiain
cs.com) Acidovorax
avena (P. avenae), P.
fuscovaginae, P.
glumae, P. savastanoi
pv. savastanoi, P.
syringae pv atrofaciens,
P. s. pv glycinea, P. s. pv
lachrymans, P. s. pv.
phaseolicola, P. s. pv
pisi, P. s. pv tomato

Many specific PCR
based tests available
for species and
pathovar. PCR to detect
the P. syringae group
(Gilbaud et al 2016).
PCRs to differentiate
amongst Pseudomonas
syringae phylogroups
(Borshinger et al 2015);
Differentiation
between pathovars
using two genes (Lu et
al 2017).

No

Isothermal
amplification (LAMP
and RPA) based assays
for specific pathovars
(e.g. PBCRC Project
2156: Deployment of
validated genome-
informed bacterial
diagnostics; Lau et al
2016).

IDEXX Pseudalert
for P. aureginosa

(www.idexx.com.

au/en-au/)
Genome
sequencing® (e.g.
Martinez-Garcia
et al 2015 and
others)
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Path Lab . .
athogen Pathogen @ . Lab: Serology Test Lab: Molecular test Field: Serology test Field: Molecular test other
type Isolation
AGDIA: Specific ELISAs:
X. albilineans, X.
axonopodis pv.
begoniae, X.
axonopodis pv.
dieffenbachiae, X.
axonopodis pv.
phaseoli, X.
campathogenris pv.
j X.
Z;ZZZ;GGS elaraonii Many specific PCR tests Isothermal
X or zaep \./por zge available for species amplification (LAMP)
+ A- OTYZG€ pV. Oryzae, and pathovar. PCR to Loewe Xanthomonas based assays for
X. hortorum pv. .. i
" . detect the Genus hortorum pv. pelargonii | specific pathovars Genome
pelargonii; Bacterial . . . .
Bacteria Xanthomona Yes ELISA Reagent Set for (Adriko et al 2014). in suspected cultures (e.g.Buhlmann et al sequencing (e.g.
S spp. Prime diagnostics and Xanthomonas 2013; PBCRC 2156: Roach et al 2018,
Xanthomonas genus ) . . . .
specific (Xan) ELISA (www.primediagnostics | axonopodis pv. citri Deployment of and others)
repa ent set® .com): Luminex (Xac) in field Validated Genome-
. g S MagPlex-TAG® kits (van Informed Bacterial
Prime diagnostics der Vlugt et al 2015; Diagnostics)
specific ELISAS: g i & :
X. fragariae , X.
axonopodis pv
dieffenbachiae, X.
hortorum pv. pelargonii
AGDIA, Nano
Diagnostics Inc.:
Immunoblot assay for
X. campathogenris?
Calonectria Specific PCB for . LAMP for specific LOaf disc bait
Pseudonaviculata (Syn .
Fungus/oomy | sp. Ves No C. buxicola), C No species (Katoh et al assays for
cete (Cylindrocla h;?nricotiae' ’ 2016; Malapi Wright boxwood (Dart et
dium sp.) 2016) al. 2014)

(Gehesquiéere et al
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Path Lab . .
athogen Pathogen @ . Lab: Serology Test Lab: Molecular test Field: Serology test Field: Molecular test other
type Isolation
2013, 2016; LeBlanc et
al 2018) Generic fungal
PCR tests exist, positive
results require
sequencing of the PCR
product (White et al.,
1990; O’Donnell &
Cigelink, 1997; Crous et
al., 2004)
Genome sequencing
(e.g. Ye et al 2018)
Many specific PCR tests
exist. Generic fungal
. . PCR tests exist, positive Genome
Nano Diagnostics, Inc.: results require LAMP for specific sequencing (e
Fungus/oomy | Colletotrichu Genus based ELISA test - . P ed gle.8.
Yes e sequencing of the PCR No species (e.g. Wang et al | Liang et al 2018)
cete m sp. and a specific test for C. .
acutatum product. http://www.g- 2017) Metabarcoding
bank.eu/fungi/Defaultl Da Lio et al 2108
nfo.aspx?Page=PrimerL
ist
Genome
- sequencing (Ma
M fic PCR
z_any speu. ic PCR tests et al 2010)
exist - species and race. .
e Amplicon
Genus specific primers Isothermal (metabarcodin
Creative Diagnostics (Karlsonn et al 2016). amplification (LAMP single moleculeg’
Fungus/oomy Fusarium s Yes (www.creative- Generic fungal PCR No? and RPA) based assays reagl—time)
cete P: diagnostics.com/): tests could be used. ’ for specific pathovars

Genus based ELISA

Prime diagnostics:

Luminex MagPlex-TAG®
kits (van der Vlugt et al
2015; Zhang et al 2016)

(e.g. Ghosh et al 2015;
Lau et al 2016).

sequencing using
the PacBio® RS Il
Instrument for
community
profiling (Walder
et al 2017)
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Path Lab . .
athogen Pathogen @ . Lab: Serology Test Lab: Molecular test Field: Serology test Field: Molecular test other
type Isolation
Prime diagnostics:
Luminex MagPlex-TAG® Genome
kits (Kostov et al 2016). sequence (e.g
M ific PCR L [ fl ices: i
. . a'any speu. Ic PCR tests ate.ra ow deV|Fes Isothermal Tyler et al 2006;
Nano Diagnostics, exist - species and race. | Agdia, Loewe, Prime e . .
. . . amplification (LAMP Longmuir et al
AGDIA and Loewe Generic fungal PCR diagnostics, and Pocket
Fungus/oomy | Phytophthor . . . . and RPA) based assays 2017)
Yes (www.loewe- tests exist, positive Diagnostic e .
cete asp. ) . . .| for specific pathovars Metabarcoding
info.com/): results require (www.pocketdiagnostic .
Genus based ELISA sequencing of the PCR com/) Immunostri (Miles et al 2015; Khan | (e.g. Sapkota and
9 & ) P et al 2017) Nicolaisen 2015,
product. http://www.qg- | genus Prigicallo et al
bank.eu/fungi/Defaultl 20§6g
nfo.aspx?Page=PrimerL
ist
Ma'any speuf.lc PCR tests Isothermal Genome
exist. Generic fungal U
. . amplification (LAMP sequence (e.g.
. . PCR tests exist, positive o
Nano Diagnostics, . . and RPA ) based assays | Adhikari et al
Fungus/oomy . results require Lateral flow devices: o .
Pythiumsp. | Yes Loewe: . . . for specific species and | 2013;
cete sequencing of the PCR Nano Diagnostics, .
Genus based ELISA pathovars (e.g. Fukuta Metabarcoding
product. Genus based .
. et al 2013; Tsuchida et (e.g. Sapkota and
PCR tests exist. al 2018) Nicolaisen 2015
(Schroeder et al 2012). ¢
Isothermal
Many specific tests - amplification (LAMP)
. . . . A . Genome
Fungus/oomy | Rhizoctonia Nano Diagnostics: species and race. Lateral flow devices: based assays for
Yes . . : . . sequence (e.g.
cete sp. Genus based ELISA Generic fungal PCR Nano Diagnostics, specific species and
Hane et al 2014)
tests could be used. pathovars (e.g. Lu et al
2015)
Yes — Many species specific L
herbace | DSMZ PCR tests exist. Genus Late.ral flow deV|c.es. Isothfe.rma.l
- Agdia Immunostrip for | amplification (LAMP
ous (https://www.dsmz.de/ | specific tests (e.g. . Genome
. . . . Potyvirus group. and RPA) based assays
Virus Potyvirus sp. | indexing | ), AGDIA, Nano Zheng et al 2010) . e e . sequence (Many
. . . . . Species specific tests for specific species (e.g.
; Diagnostics, Inc : Genus | Prime diagnostics: . . references)
. available from several Silva et al 2018; Zhao et
electron | based ELISA Luminex xTAG-based .
. e . companies al 2018)
microsc assay or specific species
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Path Lab . .
athogen Pathogen @ . Lab: Serology Test Lab: Molecular test Field: Serology test Field: Molecular test other
type Isolation
opy (CVMV,KMV, LMV,
OYDV, PVA, PVY)
Yes — Many speue.s specific . Isothermal
herbace PCR tests exist. Genus Lateral flow devices: e
e . amplification (HDA, Genome
ous Loewe: specific primers (e.g. Loewe three viruses: LAMP and RPA) based sequence (Man
. Orthotospov | indexing | Tosposcreen detects Bald-Blume et al 2017). | TSWV, TCSV and GRSV. - g y
Virus . . . . . - assays for specific references)
irus sp. ; TSWV, TCSV, INSV, Prime diagnostics: Species specific tests . .
. . species Babu et al Microarray Ye et
electron | GRSV, CSNV Luminex XTAG-based available from several
. . 2017; Wu et al 2016; al 2017.
microsc assay (Bald-Blume et al | companies Siu et al 2018)
opy 2017; Yu et al 2018)

aThe AGDIA Xanthomonas genus specific ELISA kit and the ImmunoBIot Kit for X. campathogenris detects Stenotrophomonas maltophilia (Xanthomonas maltophilia), X.
arboricola pv. celebensis, X. arboricola pv. pruni, X. axonopodis pv. begonia, X, X. axonopodis pv. citri, X. axonopodis pv. dieffenbachia, X. axonopodis pv. phaseoli, X.
campathogenris pv. armoraciae, X. campathogenris pv. campathogenris, X. campathogenris pv. zinnia, X. citri pv. aurantifolii, X. citromelo, X. hortorum pv. pelargonii, X.

oryzae pv. oryzae, X. transluciens pv. transluciens, and X. vesicatoria.

b Genome sequencing was not used in a diagnostic capacity for bacteria, fungi and oomycetes
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4.2 Current diagnostic tools for detection of plant pathogens.

4.2.1 Symptoms

Observation and analysis of symptoms are often the first step in the diagnostic process for a disease, some
plant pathogens. Although some pathogens and diseases can be diagnosed visually, observation of symptoms
may mean that the disease is already well established and at greater risk of dissemination. In other cases,
symptoms alone are not a reliable indicator of the presence of a pathogen as multiple factors, both biotic and
abiotic, can cause similar symptoms. In addition, some important pathogens may be symptomless depending
upon the plant host species, variety infected or due to environmental conditions. Therefore, some pests and
pathogens will require specific tools for their early, rapid and accurate detection.

4.2.2 Isolation

Methods used for plant pathogen detection include isolation techniques, such as plating bacteria or fungi onto
general or specific growth media and baiting or inoculation of bacteria, fungi, nematodes and viruses onto
susceptible plant hosts. Identification maybe based on morphology of bacterial and fungal colonies or fungal
structures or on the symptoms produced on a susceptible indicator plant. These processes can take a few days
to several weeks. A delay in diagnosis of a cause of disease prevents an efficient and effective management
response by the grower, which could affect production costs and crop loss.

Identification of the specific pathogen can be confounded where multiple organisms are present. For example,
mixed virus infections could lead to a different symptom expression in an indicator plant, resulting in
misdiagnosis. In some instances, the primary pathogen may be missed if it grows slowly and is overtaken by
another organism. In addition, some pathogens, cannot be cultured on media (e.g. phytoplasmas) or easily
inoculated to an indicator plant. Misdiagnoses due to the inability to correctly identify the causal pathogen
could result in the application of incorrect management practices, also affecting production costs and crop
loss.

4.2.3 Serological diagnostic tools

Serology based tests, such as enzyme linked immunosorbent assays (ELISAs) and lateral flow devices (LFDs),
are often used for plant pathogen detection, especially for viruses (Boonham et al 2014). Benefits of these
tests, compared to molecular methods, include cheaper cost/sample and the simplicity of sample preparation,
which simply requires homogenisation of the sample in a basic buffer. ELISA provides an advantage of LFDs
because it is high throughput, but LFDs are easy to use at point of care.

Serological tests (ELISAS and LFDs) have been developed for many, but not all, of the top 10 groups of endemic
pathogens listed in table 2. Where they do exist, they may be highly specific. It is unclear why serological tests
are unavailable for some pathogens, but it may be associated with a lack of demand for tests or low sensitivity,
especially for fungal and bacterial pathogens and the prohibitive costs in generating “target specific”
antibodies.
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The development of antibodies entails purification of specific protein or intact virus particle which requires a
high level of skill, therefore production of antibodies to the broad range of pathogens that infect plants may
not be achievable due to costs. Purification processes may be tedious, particularly where virus particles are
isolated from a plant host and contaminating proteins or the presence of multiple viral particles can lead to a
lack of specificity. Serological assays can also lack specificity and may not distinguish between pathovars or
strains. Serological tests often lack the sensitivity of molecular tests because they detect only what is present
and are limited by the concentration of the target. Never the less, where antibodies are available, serology-
based tests provide some of the simplest means to detect a pathogen in the laboratory and at point of care.

Never-the-less, serology tests, especially LFDs, offer some of the simplest, robust and user friendly diagnostic
assays and further consideration to their future development is warranted. The route to market for this
technology may be complex due to the difficulty to identify protein targets for test development compared to
tests designed against DNA or RNA targets. LFDs base on detection of protein tagged (e.g. Biotin) nucleic acids
may be easier to develop, because antibodies to proteins such as biotin are more readily available.

4.2.4 Molecular diagnostic tools

Many diagnostic technologies utilise nucleic acids for detection. Tests include polymerase chain reaction (PCR)
and various isothermal amplification procedures that make multiple copies of DNA so that it can be easily
detected. The benefits of this amplification approach include an increased sensitivity, specificity and greater
speed of detection compared to some traditional pathogen detection methods. Many procedures for nucleic
acid detection process, from extraction to analysis are also high throughput, enabling many samples to be
processed and tested at once. They can also be automated. An alternative molecular method, which is now
less frequently used for pathogen detection, includes nucleic acid hybridization or “dot-blots” (Chu et al 1989).
Interestingly, ELISA-based nucleic acid hybridization process that was developed in the 1980’s, using
antibodies to capture and detect protein labelled nucleic acid probes, form the basis for some of the point of
care nucleic acid based lateral flow devices that are currently being developed for field-based plant pathogen
detection (Chu et al 1989).

The development of nucleic acid-based detection methods often relies upon knowledge of the genetic makeup
of the pathogen — the sequence of nucleotides within the RNA or DNA molecule that is being targeted for
detection. As our ability to undertake nucleic acid sequencing has improved the volume of sequence data
upon which to base a nucleic acid detection method has increased significantly, especially for viral pathogens.
PCR combined with commercialized chain-termination (Sanger) sequencing technology (Sanger et al 1977) has
significantly added to the volume of published genetic variants amongst pathogens, especially based on
genetic markers such as the bacterial 16S ribosomal RNA (rRNA) subunit, fungal internal transcribed spacer
(ITS) regions and viral coat protein genes or gene regions. Next-Generation Sequencing (NGS) technology,
through whole genome sequencing (WGS) and amplicon-based sequencing, has also added a large volume of
published information about strains, pathovars and genetic variants since it was first developed (Barba and
Hadidi 2015). The significant increase in genetic information available allows the continued development of
more accurate molecular diagnostic tests utilising PCR.
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5 Test specificity

Specific tests are useful when there are a limited number of pathogens that require surveillance. However, in
some situations there may be more than one pathogen requiring detection, such as the multiple viruses that
infect Prunus species overseas (>44 virus species; Rubio et al 2017) and in Australia (>17 virus species; Kinoti
and Constable, unpublished) and which require testing for at the Australian border or within nursery
certification programs. Testing each pathogen individually can significantly increase test costs and the time
taken to report the results.

In some cases, generic tests have been developed which might detect a group of pathogens. Follow-up with an
alternative test may be required to identify the specific pathogenic species that was detected. Genus based
ELISAs for potyviruses and several fungi are available (Table 1). There are several genera-based PCR tests for
viruses e.g. generic reverse transcription (RT)-polymerase chain reaction (PCR) tests that can detect the virus
species in the genera llarvirus or Potyvirus (Maliogka et al 2007; Zheng et al 2010). Generic tests can lack
specificity and/or reliability e.g. the /larvirus RT-PCR does not detect some strains of Apple mosaic virus, Prune
dwarf virus and Prunus necrotic ringspot virus in Prunus species and can generate non-specific amplicons
(Kinoti et al 2014). A more successful example is the generic 16S rRNA gene-based PCR test used to detect
phytoplasmas (Gundersen and Lee 1996). Generic PCR tests require an analysis of the PCR amplicon, such as
direct or indirect (cloning) sequencing or restriction fragment length polymorphisms analysis, to determine
which species might be present. Similar generic molecular tests using conserved and targeted phylogenetic
marker genes, are also available for other bacteria (e.g. 16S rRNA gene; Weisberg et al 1991) and fungi (e.g.
ITS; White et al 1990). These generic tests for bacteria and fungi are often only applied to an individual isolated
bacteria or fungus so that the PCR amplicon can be used for sequencing and identification of the pathogen.
However, they can be combined with next generation sequencing (NGS) to study the biodiversity and
composition of viral, fungal and bacterial communities (Lindahl et al 2013; Sanschagrin and Yergeau 2014;
Hugerth and Andersson 2017; Kinoti et al 2017; Nicolaisen et al 2017). In this metabarcoding approach, DNA is
extracted from an environmental sample (e.g soil, water, plant etc.), the gene target is amplified by PCR and
the amplicons are subjected to NGS and bioinformatics analysis. Metagenomic NGS as a diagnostic tool is
generic procedure that potentially allows the identification of all pathogenic organisms, including fungi,
bacteria and viruses in a biological sample (Barba and Hadidi 2015, Chandler et al 2015).

6 Emerging technologies for pathogen detection
6. 1 “Omics” approaches to diagnostic assay development

Increasing capabilities and improved NGS technology is allowing many researchers to use a pan-genomic
approach to identify molecular diagnostic markers that can be used for specific detection of a species, strain or
pathovar, especially for pathogens with a large genome such as fungi and bacteria (e.g. PBCRC Project 2156:
Deployment of validated genome-informed bacterial diagnostics; Klosterman et al 2016). This approach may
identify markers that could differentiate at a broader level between disease associated pathogens and closely
related epiphytic groups of organisms. The pan-genomic approach relies on whole genome sequencing and
comparison of related species to identify core genes, which are present in all individuals and variable genes,
which are not present in all individuals (Zheng et al 2010; Mann et al 2013; Feau et al 2018). It may also

25



Hort Innovation — Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

identify genetic variability amongst core genes that could be used to differentiate pathogens of interest at a
broad level, such as genus, or a finer level, to pathovar, which might be related to one or more single
nucleotide polymorphisms (SNPs) within a gene or group of genes that lead to a change in pathogenicity.

Transcriptomics, which uses RNA sequencing (RNA-seq) data often contains a variety of RNA species, such as
messenger RNA (mRNA), non-coding RNA, small regulatory RNAs, ribosomal RNA (rRNA) and pathogen RNA
etc. that may be expressed differently during infection. Changes in plant-based RNA expression might be used
as an early indicator of disease (Byron et al 2016; Lowe et al 2017). Transcriptomics can also be applied to the
pathogen, particularly fungi, and is often used to understand the mechanism of pathogenicity but it may be
useful for identifying markers, such as effectors, to develop diagnostic tools (Czislowski et al 2018). For
example, a PhD project being done at AgriBio in Victoria, is using genome sequencing and transcriptomics to
understand effector diversity in Australian Fusarium oxysporum species complex, with a focus on F. oxy f. sp.
pisi, which may then be used to improve our diagnostic capability to differentiate pathogenic strains of the
fungus (Saidi Achari and Jacky Edwards, pers.comm.).

Various types of mass spectrometry (MS) are used in proteomics and metabolomics to identify molecules as
biomarkers in a broad range of plant samples and associated with a range of changing factors, including
exposure to pathogens. MS measures the weight of a molecule, including proteins, and can differentiate
variants. This approach could be used to identify proteins for the development of improved serological based
diagnostic tests. MS is used in medical laboratories as a diagnostic tool to detect biomarkers indicative of
disease and this approach could be extended to plant pathology. Although the initial investment in equipment
is high, the cost of consumables and simplicity of sample preparation may make this an attractive option for
microbial diagnostics (Singhal et al 2015). More recently it was used to differentiate plant infecting Erwinia
isolates to species and subspecies level (Rezzonico et al 2017).

Nuclear magnetic resonance (NMR) and MS is used in metabolomics, analysing chemical reactions and
identifying small or large molecules that may be diagnostic with a change in environment, such as the
presence of disease (Fernandez et al 2016, Markley et al 2017). MS and/or NMR may be able to identify early
metabolic changes in response to infection, allowing early diagnosis of disease and a rapid management
response (Pontes et al 2016a). For example, significant differences in the metabolic profile of Huanglongbing
affected citrus trees was observed during the early stages of Candidatus Liberibacerter spp. infection (Pontes
et al 2016b). Recently, an Enzyme-Linked Aptamer Kissing Complex Assay (ELAKCA) was developed to detect
small molecules and this technology could be combined with the results of metabolomics studies to improve
pathogen detection/disease sensing based on metabolites in plant samples (Fernandez et al 2016; Chovelon et
al 2016). However, ELAKCA is highly novel and requires greater proof of its reliability as a diagnostic tool.

Phenomics measures physical and chemical traits, called phenotypes, associated with the genome and
environment. It may use sequencing, MS and other tools to link chemical changes to physical changes in
plants. Changes may be measured at the cellular level and up to the broader population. In plant pathology,
digital imaging, chlorophyll fluorescence, magnetic resonance, spectral, ultrasound, X-ray and thermal imaging
technologies are being used as tools to study changes in phenotypic traits in plants including growth, colour
and composition (Simko et al 2017). Volatile organic compounds (VOC) represent another phenotype that can
be altered in plants in response to disease.

Integrated approaches or “Pan-omics” that combine genomic, transcriptomic, proteomic, metabolomic and
interactome information, are the basis behind customized human healthcare known as “precision medicine”
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(Tebani et al 2016;). This systems-based method for disease analysis can assist the understanding of the host-
pathogen interaction as well as improving the accuracy of biomarkers for pathogen detection (Slezak et al
2003; Wang and Zhang 2015; Jean Beltran et al 2017). Similarly, “Pan-omics” approaches are being adopted in
agricultural research to improve production and sustainability, which includes an improved understanding of
disease (AbuQamar et al 2016; VanEmon 2016).

In addition to increasing ability to design new and accurate tests based on the “Pan-omic” information of
pathogens and their hosts, detection technology is also transforming. Many laboratory-based assays are
becoming more field-deployable and laboratory diagnostic tools are becoming easier, cheaper, automated and
high-throughput.

e Omics approaches are required to better understand appropriate diagnostic targets for accurate
detection and diagnosis of disease. Targets may include a variety of molecules such as DNA, RNA,
Proteins, Peptides, VOCs, other plant or pathogen metabolites etc.

6.2 Field deployable diagnostic tools

6.2.1. Isothermal amplification

Field-based technology is advancing, and assays based on detection of nucleic acids are increasingly being
reported in the literature. Most of these tests are based on isothermal amplification, which is like lab-based
polymerase chain reaction (PCR) tests except that the enzymes used to copy DNA do not require changing of
the reaction temperature to denature the double stranded DNA, to allow annealing of primers and subsequent
building of a new DNA strand. Examples of this method include: Loop-mediated isothermal amplification
(LAMP), Helicase-dependent amplification (HDA) and Recombinase polymerase amplification (RPA). Citations
linked to examples are listed in Table 2. Isothermal methods do not necessarily require specialised equipment,
although they may require devices that hold a specific temperature. A positive result may be identified visually
associated with turbidity, a colour change or fluorescence of an intercalating dye in the test tube. However, for
some methods it may be possible to multiplex by combining multiple primers using probes coupled to a
fluorophore in the same reaction tube, but this would require the use of a specialised instrument to read the
reactions. Another method of visual detection, which would be highly suitable for growers, is the ability to
combine these methods with lateral flow devices (LFDs), somewhat like those used for detection by pathogen
targeted antibodies (e.g. Pocketdiagnostic).

Some examples of field-based molecular methods are listed in Table 2 and these may not be commercially
available. However commercial companies, such as OptiGene, TwistDX and AGDIA may work with researchers
and industry to develop commercially available test ready kits. For example researchers have worked with
AGDIA to develop AmplifyRP® Acceler8®Pathogen Specific RPA Kits for seven pathogens, some of which are
high priority quarantine pathogens for Australia (e.g. Candidatus Liberibacter asiaticus, Grapevine red blotch
virus, Tomato chlorotic dwarf viroid etc; https://orders.agdia.com/pathogen-tests/amplifyrp/acceler8).
Opitgene has worked with researchers to develop LAMP kits for Clavibacter michiganensis subsp. sepedonicus,
Chalara fraxinea, Botrytis cinerea etc; http://www.optigene.co.uk/plant-health-pathogens-diagnostics-3/). All
these companies supply kits to assist test development.
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LAMP and RPA technology is a primary focus of Australian diagnostic and biosecurity researchers and
considerable expertise exists in the development of this technology for plant pests and pathogens. The PBCRC
Project 2156: Deployment of validated genome-informed bacterial diagnostics demonstrated the ease of
deploying these tests in the field using visual analysis or using specific devices to read results. The practical
application of LAMP technology was proven for detection of Potato spindle tuber viroid (PSTVd) in infected
tomatoes grown in Australian glasshouses and wheat fields (Stack 2015; Zheng et al 2018).

e LAMP and RPA technology is developing at a rapid rate and is easy to commercialise, therefore it is
recommended for further development. Depending upon the detection method, there may not be a
need for expensive equipment. They can be coupled with lateral flow devices to make detection
simpler (see 6.2.2). Simplicity makes these devices ideal for field deployable diagnostics, that can be
used by experts and non-experts alike.

6.2.2 Nucleic acid lateral flow devices

As mentioned above nucleic acid amplification technologies, especially LAMP and RPA, can be combined with
LFDs to easily visualise the results and commercial examples exist. An example is provided in Figure 1.
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Figure 1. The visualisation of the detection of Candidatus Liberibacter asiaticus using a combined LAMP
reaction with a lateral flow dipstick (Rigano et al 2014). The biotinylated LAMP product is hybridized to a
probe. The LAMP-probe FITC product is captured by a biotin ligand on the test strip and is detected by gold
coupled Anti-FICT antibody that leads to the development of a band on the test strip.
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LFDs based on detection of protein tagged (e.g. Biotin) nucleic acids may be easier to develop, especially as
diagnostics tests become more genomics informed. If a signal could be enhanced it may be possible to directly
detect the nucleic acid of a pathogen without amplification. Quantum dots may be one means to increase
signal intensity (Yang et al 2010).

6.2.3 Field deployable PCR technology

Several companies are working towards developing field deployable PCR equipment. Examples include the
POCKIT™ Micro Series Nucleic Acid Analyzer (http://www.genereach.com) and two3™ Real-Time PCR
Thermocycler, which incorporates an iPhone (https://biomeme.com/). Both companies also supply lyophilized
reagents that are stable at room temperature and to which the specific primers and probes and the samples
can be added and Biomeme provides these in strip tubes. Biomeme also have some test ready kits for
detection of human or animal bacterial and viral pathogens and for food quality issues, but so far, no tests for
plant pathogens are available. Biomeme may be willing to develop field ready kits for plants pathogens if there
is demand. Lyophilized kits could make this technology simple enough for all levels of experience. However,
the devices may be too expensive to justify acquisition for commercial nurseries. For example, the two3™
Real-Time PCR Thermocycler is US$3,995.00. The tests using Biomeme PCR devices can be multiplexed so that
three pathogens or two pathogens and a quality assurance test can be combined in one tube. It appears that
this technology utilizes dual labelled hydrolysis probes (E.g. TagMan) incorporating FAM/SYBR, Cy5/ATTO647N
and TexasRedX fluorophores.

e Field deployable PCR technology can take advantage of available tests that have been validated for
pathogen detection, without much further verification. The equipment may yet be too expensive for
some growers, but it could be useful for resellers and consultants who support the nursery industry
and therefore may be worth pursuing.

6.2.4 Portable next generation sequencing

Oxford Nanopore Technologies (https://nanoporetech.com) has developed miniaturized RNA and DNA
sequencing technology for point of care and field deployable use. The smallest commercially available
technology is the MinlON, which fits in the palm of your hand. It has been applied to detect viral and bacterial
plant pathogens directly in plant tissues (Bronzalo Badial et al 2018). It was used in the field in Africa to detect
whole plant virus genomes (Boykin et al 2018). The device requires high level computing power for data
analysis, however bioinformatics pipelines can be developed to answer specific diagnostic questions and
reduce this requirement while increasing time to results. More excitingly Oxford nanopore technologies is
developing smaller devices, including the Flongle adapter for smaller samples using the MinlON, and the
SmidgION, which is designed to connect to a smartphone. All allow for real-time access to sequence data, and
sequencing can be stopped once enough information (sequence reads) have been obtained to identify the
target. It is possible to obtain sequence data within an hour, with analysis completed in under 24 hours (Lu et
al 2016). The down-side is the high error rate of the generated sequences; however, the quality of sequence
may be enough to differentiate down to strain or pathovar level depending upon the pathogen that it being
tested (Besser et al 2018).

Starter packs that include the MinilON device plus consumables are available for $1000. A replacement flow
cell is $900 and replacement sequencing kits cost $450-$600, depending upon purpose. Whilst the initial outlay
may seem expensive there are several features that can make this technology cheap for individual sample
analysis: enough data can obtained within minutes to make an identification, allowing multiple uses of the flow

29



Hort Innovation - Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

cell; analysis and reporting are done in real-time, allowing the device to be stopped as soon as required; and
multiple samples can be sequenced one after the other and this can be done with breaks after each sample.
Indexing samples, so that they can be differentiated, allows for multiplexing samples and sequencing at the
same time, but this will reduce the amount of information obtained for each sample and reduce sensitivity.
Nevertheless, the ability to sequence multiple samples reduces the cost per sample. The MinlON currently
requires a laptop with adequate computing power and appropriate software for primary data analysis. There is
a pre-configured computing module (MinIT, $2400) to control the MinlON and carries out data acquisition and
performs basecalling and which can replace a dedicated laptop for primary data analysis. The MinIT can link to
a laptop to facilitate greater control over sequencing, via the laptop. Data analysis can be done in the
company’s cloud-based platform but, for experienced users, there is also the possibility to do the analysis
locally. It may be possible to design specific and simple local data analysis pipelines for less experienced users.

RNA and DNA would need to be extracted from a biological sample prior to sequencing and extraction
procedures would need to be evaluated to ensure quality sequencing outputs as long sequence strings are
produced by the MinlON. To prepare RNA or DNA for sequencing, Oxford Nanopore Technologies have
developed an automated library preparation device, VoITRAX ($8000), for hands-free sample preparation. This
may assist in quality assuring the input for sequencing. But library preparation can be done manually.

Therefore, whilst this looks promising for the field, currently it would require some technical/science-based
expertise to implement the MinlON for point of care diagnostics. Some significant developmental work is
required to make the technology more user friendly for non-science-based users. Oxford Nanopore have
upscaled these devices for higher throughput laboratory analysis — these devices are known as the GridlON and
the PromethION.

e  Portable NGS still requires development and reasonably high level technical expertise. It could be
used by experts for infield surveillance. For routine diagnostics, this technology may be better suited
to laboratory use (see 6.4.2).

6.2.5 Lab-on-a-chip

Lab-on-chip technology uses miniaturized devices, primarily based on microfluidics, to process and analyse
biological samples, primarily for diagnostic purposes. Processes may be serological and /or molecular and
might include PCR, LAMP RPA etc. Advantages are typically lower cost, due to less reagents, and faster turn-
around to a result (Wu et al 2018).

A review of the literature identified many papers and many reviews about the development and applicability
of lab-on-a-chip devices in human, animal and plant diagnostics, yet there are very few commercially available
examples. In one commentary (http://news.mit.edu/2017/makerspaces-could-enable-widespread-adoption-
of-microfluidics-0421), it was pointed out that these types of devices have largely remained in the realm of
research laboratories because “production is not scalable to industry manufacturing”. The vision in the article
was that such devices could be manufactured in public facilities called “Makerspaces”. However, this type of
production does not take into consideration the requirement for quality assurance during production for test
specificity and reliability. A previous review (McDevitt et all 2015) also identified the following factors that
contributed to a lack of update:

e Integration: Integrating Lab-on-chip systems into Point of care structures that completely replicate the full
functionality provided in laboratory settings.

e  Failure to compete: Current Lab-on-chip systems fail to compete with central and remote laboratories in
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terms of cost and performance.

e Need for new content: Lab-on-chip systems need to develop new content that adds substantial value to the
target application and is currently unavailable at central and remote labs.

e Regulatory approval and clinical adoption: Technology developers need to develop strategies for
streamlining regulatory approval en route to clinical adoption.

These four points indicate that novel technologies such as Lab-on-chip/microfluidic devices must provide
significantly greater benefits compared to currently used technology before they will be manufactured and
adopted (Wu et al 2018). Another review identified that many Lab-on-chip assays still had high level technical
requirements that diminished end user adoption in microfluidic paper-based assays (Nilghaz et al 2015). In
undertaking this review for the Australian nursery industry, a similar conclusion has been reached: although
Lab-on-chip devices are being developed within research programs, technical challenges remain with respect
to sample preparation, test operation and results output and analysis and data management, which are often
not addressed during assay development. Lab-on-chip assays may still require significant sample preparation,
especially for plant samples where quality nucleic acid is required, and additional devices are required to read/
analyse the assay, some of which may not be portable. Assays are often developed using laboratory-based
devices to run or read the assay or in the absence of a commercially available devices for point of care use and
the practical manufacturing of such a device is often overlooked.

e Commercialization issues and lack of supporting field deployable technology make this type of test
less attractive for further development at the current time.

6.2.6 Nucleic acid extraction for molecular detection of pathogens

For molecular methods there is a requirement that nucleic acid is of reasonable quality to prevent false
negative results. Isothermal enzymes tend to be more robust and can be used on crude plant samples that
have been homogenized in an appropriate buffer. However, purified nucleic acid may be required for PCR and
could improve results obtained by isothermal amplification-based tests. Both GeneReach Biotechnology Corp.
and Biomeme Inc. have simple nucleic extraction kits for field-based use, which could be used by people with
all levels of experience to extract RNA or DNA from plant samples. In our hands (AgriBio), the quality of the
nucleic acid produced by the Biomeme RNA and DNA preparation kits was the same or better than methods
currently used in the lab, when a small number of different samples were tested. The ability to extract nucleic
acids from soil samples using these kits is unknown. Biomeme kits have been used to extract environmental
DNA from fresh, marine, or industrial process water samples and water filters used in field collection (Thomas
et al 2018).

These nucleic acid isolation methods rely on capturing the nucleic acid and washing away impurities, which can
mean multiple steps to complete the process. An alternative has been devised by QuantuMDx
(http://quantumdx.com) by which the impurities are captured, and the DNA is left in solution. This protocol
could offer a much simpler process for point of care diagnostics, but has not yet been trialed with plant tissues,
water or soil.

Another, possibly simpler, method for nucleic acid extraction was recently reported by Zou et al (2017). This
method used cellulose-based paper to isolate RNA and DNA from a variety of samples including plant leaves.
Its usefulness to extract nucleic acids from soil is also unknown. The method would be very simple to use, but
It is unclear if it will be commercialized.

Isolation of nucleic acids from soil is hampered by many factors, especially carryover of inhibitors and binding
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of nucleic acid and soil-based compounds, often require complex processes to (Lever et al 2015; Mojarro et al
2017). No simple, field-based extraction procedures are reported. And simple procedures described above
would need to be tested.

e Sample preparation will be a critical component in the development of any in field molecular test for
industry.

6.2.7 Serological lateral flow devices

A few companies such as AGDIA and Loewe have LFDs available for various plant pathogens (Table 2). Where
antibodies are available, but no commercial LFD exists, it may be possible to design an in-house method in a
participating laboratory. Companies that offer these solutions include but are not limited to Bioporto
(http://www.bioporto.com/Products/Product-by-category/Lateral-flow.aspx) and Cytodiagnostics
(http://www.cytodiagnostics.com/store/pc/Rapid-Test-Development-Kits-c307.htm). A company such as
Abbingdon Health will undertake contract services to develop and manufacture lateral flow products
(https://www.abingdonhealth.com/contract-services/lateral-flow-assay-development/).

LFDs often use gold particles for detection. It may be possible to enhance detection using quantum dots (QD)
as biosensors (Hong and Lee 2018). QDs can be functionalised with antibodies or oligonucleotides to enable
the specific detection of a pathogen. QDs can be manufactured so that they emit various colours, allowing
detection methods to be more easily multiplexed. Detection of QDs relies on availability of an excitation
source, which could be an ultraviolet lamp but could also be a simple LED that emits the required wavelength.

TGR BioSciences is an Australian company that is partnering with various life science companies, including
plant diagnostics providers (http://www.tgrbio.com), to improve serological detection of various analytes
including plant pathogens. This technology replaces typical binding molecules used in other dipstick assays,
such as biotin/streptavidin, with a nonbiological peptide attached to the analyte specific antibody and which is
captured by a monoclonal antibody that is bound to the assay surface such an ELISA plate, LFD etc. (Figure 2). It
has potential for multiplexing so that several pathogens of interest can be detected at once (Figure 2). In 2015,
TGR partnered with the German biological company DSMZ to develop “B-Fast ELISA” assays for the detection
of ten different plant viruses within two hours, when low numbers of samples are analysed. The advantage of
the technology is that it has simplified the ELISA test by removing several incubation and wash steps: all
pathogen specific antibodies (primary peptide bound antibody and secondary enzyme conjugated antibody)
and the plant homogenate can be combined and applied to the surface to which the peptide specific
monoclonal antibody is attached. After one hour of incubation the plate is washed, and a substrate is applied
that gives a color reaction in the presence of the pathogen-specific enzyme-bound antibody after 30 minutes.
TGR BioSciences claim that their technology also improves test sensitivity and reduces the price of the tests
through decreased manufacturing costs. This technology could improve turn around in the laboratory and a
multiplexed LFD could be useful where multiple pathogens might be associated with similar symptoms. It
would be interesting to understand if this technology could be adapted to molecular probes.

e |t may be interesting to pursue serological and molecular LFDs due to ease of use. The development of
serological LFDs may require omics-based research to identify relevant targets for detection.
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Figure 2. A diagram of the CaptSure™ immunoassay technology: a) the multiplexing ability of the technology, b) the
CaptSure™ is composed of the CaptSure™ non-biological peptide is attached to the pathogen primary antibody and
the bound peptide is captured by a monoclonal antibody specific for its detection.

6.2.8 Aggregation of functionalized colloidal gold particles

A solution-based test that takes advantage of a colour change when colloidal gold particles aggregate may be a
simple test that can be developed for various nursery pathogens.

A test has been developed for microbial (bacterial) contamination of pool water and, although the science
behind this specific development is unclear, it is likely to use gold particles. The limit of detection is 100 CFU/ml
and it utilizes a small device to measure the colour change. The result is shared to an app on a smartphone
where it is presented to the user (http://exactblue.com/; Figure 3). However, it may be possible to visually
observe the colour change. The test is commercially available through various sources, but the device is on pre-
order through a start-up company (http://exactblue.com/). It appears that this test is non-specific, detecting
total bacteria and fungi. However, it is possible to functionalise colloidal particles with antibodies or
oligonucleotides to facilitate specific detection of a pathogen and based on reports it appears that the
company intend to add specificity for bacterial strains to the test capability. The Exactblue device may enable
more accurate interpretation of results, especially where low concentrations of pathogens are present.
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Figure 3. Detection of bacterial contamination in water samples using the Genemis AquaVial test kit and the
Exactblue device.

The use of colloidal gold particles has recently been used to detect unamplified pathogen DNA and could be
easily deployable with a simple nucleic acid extraction method (Baetsen-Young et al 2018).

e Aggregation of functionalized colloidal gold particles combined with a simple analysis device, e.g.
Exactblue, could provide grower with a simple test format for the detection of bacteria or fungiin a
variety of samples and may be useful for water testing.

6.2.9 Remote sensing and non-invasive detection methods

Phenomics information can be adapted for the development of non-invasive field-deployable diagnostic tools
that might “sense” the early stages of disease (Martinelli et al 2015). Digital, chlorophyll fluorescence,
magnetic resonance, spectral, ultrasound, X-ray and thermal imaging technologies used in phenomics studies
are being adapted for pest and pathogen surveillance. Imagery might be microscopic and up to field level and
can be collected using field deployable technology, such as hand-held sensors, drones or satellites (Perez-Sanz
et al 2017; Thomas et al 2018). This type of technology is being developed for plant pest surveillance, including
phylloxera, in Australian vineyards (Vanegas et al 2018).

Non-invasive field-deployable sensors, called electronic nose (e-nose), can be used for VOC detection
(Martinelli et al 2016, Cui et al 2018). E-nose technology is being developed for fruit fly detection in fruit at
AgriBio in Victoria (http://agriculture.vic.gov.au/agriculture/pests-diseases-and-weeds/pest-insects-and-
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mites/queensland-fruit-fly/research). E-nose technology was successfully applied for the early detection and
discrimination between fire blight (Erwinia amylovora) and blossom blight (Pseudmonas syringae pv. syringae)
on apple trees in the field (Cellini et al 2016).

e Remote sensing technology may be useful for larger glasshouse and field-based nurseries

6.2.10 In-field Technology costs

The cost of in-field tests is dependent upon the technology (table 3). Some tests require little or no equipment
whilst others may require an initial investment equipment, but ongoing costs may be low. For example,
serological LFDs require no hardware, kits are usually supplied with sample bags and homogenization buffer
for sample preparation and AmplifyRP® Acceler8 LFDs would require purchase of a heating block (not
necessarily from the supplier) in addition to the specific pathogen detection kit. In addition to the costs listed
in the table there may be addition consumable costs such as extraction buffers, disposable loops or pipettes,
tubes and sample bags. Additional fees may be encountered for import permits required for the importation of
diagnostic kits, where those kits are not available onshore (bicon.agriculture.gov.au). In addition to the
capability to maintain equipment and store kits in appropriate conditions to ensure test reliability. For
example, serological LFDs need to be kept in the refrigerator (4 °C). AmplifyRP pathogen test kits require
storage at

Table 3. The estimated price of each available field deployable technology broken down by device
(hardware), sample extraction kit and test kit used to detect the pathogen. This does not include labor or
other basic infrastructure, equipment and consumables costs, such as power, refrigerators, pipettes, buffers.

Technology Device cost Extraction kit cost Test kit cost*

Serological LFD N/A N/A $250 for 25 tests

Nucleic acid $550 (heating block plus mini Depends upon method $350 for eight

lateral flow (e.g. | pipettes and tips) tests

AGDIA

AmplifyRP

Acceler8®)

Isothermal Optigene Geniell (LAMP) Plant Material Lysis KIt - 50 Optigene

amplification $17,696- $21,488 extractions Isothermal
AmplifyRP Acceler8® (RP) $384 Master Mix - user
$12,600 designed primers

400 Reactions
$1240, pathogen
specific kit
unknown
AmplifyRP
pathogen specific
kit with 48
reactions $940

Field deployable | $6000 $630 (30 extractions) $250 (10 go-
PCR (Biomeme) strips10 samples)
$140 (60
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reactions)

Portable next VolTrax extraction device and $600
generation library preparation: $8000
sequencing - MinlON: $1000
MinlON Replacement flow cell: $900

MinIT: $2400
Aggregation $650 (ExactBlue) N/A $140 (six tests)
Remote sensing | Enose $1100 N/A N/A

Drone-based: variable costs: e.g.
DJI matrice 600 plus RedEdge-M
Professional Multispectral Sensor
Kit (www.micasense.com)
$20,000

*Direct kit costs, additional fees may be encountered associated with additional consumables and import permits

6.3 Laboratory-based methods

6.3.1 Polymerase chain reaction

Laboratory embedded technologies continue to be developed and improve the capacity to accurately identify
known and novel pathogens and pathogens associated with plant disease. One of the most widely used
laboratory-based technologies includes quantitative polymerase chain reaction (qPCR), which can determine
the quantity of a pathogen in a sample. Digital droplet PCR (ddPCR) is newer quantitative technology, which is
rarely used for plant pathogen quantification. However, coupled with appropriate sampling, ddPCR has the
capacity to more accurately quantify a target within a sample compared to current gPCR techniques and could
assist in implementing management strategies informed by pathogen quantification to predict risk.

Many gPCR tests have been developed for RNA and DNA plant pathogens. There is a preference for qPCR tools
in many diagnostics labs because they are often more sensitive than endpoint PCR and they reduce the need
for post PCR processing because the amplification of the DNA molecule is monitored and measured during the
PCR run. gPCR methodologies can allow for multiplexing to detect several pathogens in on sample and in one
PCR reaction.

gPCR technologies could be further developed to detect for a broad range of targets in a single test by working
with ThermoFisher to develop a TagMan® Array Card or plate, which run 384 or 96 simultaneous real-time PCR
(gPCR) reactions, respectively. The 384-reaction array card can be designed to test 1 sample for 380 targets or
up to 8 samples for 24 targets. The 96-reaction plate may also be customizable for multiple samples. These
cards or plates would be configured commercially therefore it is likely that they would come with a quality
assurance, giving extra confidence to the results. A possible requirement for specific brands of thermocyclers
in which to run the test may be a limitation for some laboratories. Another potential downfall is that
microarray technology may become obsolete or have significantly reduced demand since they are often used
in research to monitor gene expression through measurement of messenger RNA. Microarrays are being
replaced in research by a next generation sequencing (NGS) approach, referred to as RNA-seq, because of its
sensitivity, high-level detail and ability to identify novel RNA transcripts (Bumgarner 2013). However,
microarrays may have a longer term medical/clinical diagnostic application that will maintain some demand
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(Pereira et al 2017). Reduced demand in clinical diagnostic or research applications may make microarray
technology more difficult to develop for plant pathogens which often experience even lower demand for
diagnostic tools.

An exciting approach, which is available for clinical/medical diagnostics, is the FilmArray System from BioFire
(https://www.BioFiredx.com/ Figure 4). The system utilizes a pouch in which sample preparation,
amplification, detection and analysis are incorporated. It can simultaneously detect numerous pathogens. It
could be used to identify the specific genus, species, pathovar, race or strain of a pathogen in a single test,
where multiple pathogens are associated with a similar disease. For example, it could be used to identify which
fungus or bacterium is associated with non-specific leaf spot symptoms. This could mitigate the need for
deductive style diagnostics where tests are done to rule in or out pathogens in a sequential process of
elimination.
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Figure 4. Pathogen detection using the BioFire FilmArray system (https://www.BioFiredx.com/).

PCR based technology is a staple of laboratory diagnostics. Improved diagnostics is facilitated by pangenomic
approaches to study diversity and identify genes or gene regions relevant to the target pathogen. Developing a
PCR array-based approach could be useful when more than one pathogen, species, strain or pathovar is being
tested. It would be useful to approach BioFire and Thermofisher to determine if their technology could be used
for plant pathogen diagnostics.

6.3.2 Next generation sequencing as a diagnostic tool

NGS is a rapidly developing and broad-spectrum technology that has the capacity to be used as a diagnostic
tool to identify multiple pathogens in a single sample, which may be a plant, soil or water. It can be targeted or
non-targeted and identify known, unknown or unexpected pathogens in a single test. However, like other
pathogen detection methods, sampling (time, tissue type) might affect the ability to detect certain pathogens
due to uneven distribution or titre (Jo et al 2017).

There are various laboratory-based NGS platforms available (e.g. Illumina [iSeq 100, MiniSeq, MiSeq, HiSeq,
NextSeq, NovaSeq], SOLID, lon Torrent, PacBio, MinlON, GridION etc) that can be used for whole genome
sequencing, targeted gene (amplicon) sequencing, long range amplicon sequencing, transcriptome sequencing
and/or gene expression profiling through sequencing of DNA or RNA. NGS as a plant pathogen detection
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method mainly focuses on genome and amplicon sequencing of DNA or RNA. The NGS platforms can vary in
the complexity of sample preparation required prior to sequencing, the length of individual sequence reads
that are generated, the amount of sequence data that is generated and the accuracy of sequence data.
Bioinformatics analysis of some sequence data can be complex and may require significant computational
infrastructure, but others are less complex, and both may depend upon the specific diagnostic question that is
being asked. Diagnostic questions may be “what’s in my sample”, which may require more computationally
challenging bioinformatics analysis, or “is this pathogen present”, requiring specific and less demanding
analysis against reference pathogen sequences or databases. These diagnostic questions may also dictate the
type and amount of nucleic acid (i.e. total DNA, total RNA, ribosomal depleted RNA, small RNA or double
stranded RNA) used for NGS as they affect pathogen detection (Visser et al 2016b; Pecman et al 2017; Maree
et al 2018). The degree of complexity associated to the various platforms influences the length of time to a
result and can influence their sensitivity and reliability for pathogen detection.

NGS on any platform and for any diagnostic purpose needs to be underpinned by clearly defined quality
assurance procedures for all steps in the workflow from nucleic acid extraction, library preparation and to data
analysis, to ensure an accurate result. Procedures for routine diagnostics, including NGS, should be verified as
fit for purpose and validation may be required to determine analytical sensitivity, analytical specificity,
repeatability and reproducibility (EPPO 2017; Olmos et al 2018; Maree et al 2018; Massart et al 2018;
Roenhorst et al 2018). Thresholds for the amount of genome information required to consider a pathogen is
present in a sample need to be determined as part of determining the analytical sensitivity for genome-based
diagnostics and a method to verify a positive result is required (Olmos et al 2018). NGS will sometimes identify
unexpected, known pathogens or novel pathogens and it may be necessary to perform additional work to
determine its biological significance and the association to or cause of the disease that is being investigated
(Olmos et al 2018).

Some laboratories have in-house equipment and capabilities for NGS. There are also many commercial services
that offer beginning to end sequencing, including sample preparation and bioinformatics analysis. There are
several onshore companies that offer commercial NGS in Australia, including the Australian Genome Research
Facility (http://www.agrf.org.au/), Micromon (https://platforms.monash.edu/micromon/) and the Ramaciotti
Centre for Genomics (https://www.ramaciotti.unsw.edu.au/). There are also many offshore companies that
also offer highly competitive cost effective services. The use of overseas suppliers needs to be considered in
the context of biosecurity and market access if an exotic pathogen is detected, especially if they undertake the
bioinformatics analysis and with respect to secure and long-term data storage (Olmos et al; 2018). Anecdotally,
outputs from commercial providers, can be highly variable and this could lead to a misdiagnosis. Examples
include false positives due to contamination from previous NGS runs and assignment of sequences to the
wrong samples in multiplexed runs due to index hopping
(https://sapac.illumina.com/science/education/minimizing-index-hopping.html). False negatives might be due
to poor quality nucleic acid, inappropriate or poor-quality library preparations leading to low depth of data for
a low titre target (Pecman et al 2017).

A metagenomic NGS approach can be used to sequence all the DNA or RNA present in a sample to identify the
microbes present in a community (Martin et al 2016; Rott et al 2017, Olmos et al 2018; Xu and Wang 2018).
Results can be obtained within one week (Higgins et al 2017). This general approach has the capability to
detect all or part of pathogen genome and may require additional work to verify the presence of the
pathogens that were detected. It is said to be unbiased as it does not rely on pre-designed probes for pathogen
detection (e.g. PCR primers etc), which create specificity. It is a very useful method to investigate the possible
biotic aetiology of a disease with an unknown cause (Maree et al 2018; Xu and Wang 2018). Bioinformatics
analyses using de novo assembly of sequence data into partial or full genomes can be used to identify
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previously unknown pathogens, which is typically more computationally complex. Alternatively, analyses can
be targeted by assembling the data against reference genomes of known pathogens. These can require
significant computational requirements and the different algorithms behind the analysis can influence the
efficiency and reliability of data assembly and subsequent pathogen detection. However, bioinformatics
pipelines have been developed to simplify and assist analysis of NGS data sets against reference genomes and
by de novo assembly into contiguous segments of a genome contig (Ho and Tzanetakis 2014; Chen et al 2016).
Reference genome sequencing requires well curated databases in which the deposited viral, bacterial and
fungal sequences have been verified (Zhulin 2015; McTaggart et al 2016, Aylward et al 2017). An alternative
bioinformatic diagnostic approach is the use of electronic probes (e-probes) to specifically detect pathogens
targets within NGS data, (Stobbe et al 2013, 2014; Espindola et al 2015; Visser et al 2016a). This targeted
approach could target specific regions in pathogens with large genomes or partial and whole genomes for
pathogens such as viruses.

Targeted gene sequencing that enriches and specifically sequences single or multiple gene regions of interest
of an organism. This method allows massive multiplexing of samples on Illlumina based equipment (Kinoti et al
2017) but has the prospect to be applied to small sample sizes using the nanopore technology, such as the
MinION or SmidglON being developed by Oxford Nanopore technologies, which could allow a more rapid
identification of a pathogen directly from a sample, in one to two days, rather than following traditional
isolation and characterisation methods, that can take longer, and which are currently used in many plant
diagnostic laboratories (Kerkhof et al 2017). This type of approach has been used to analyse various microbial
communities e.g. the bacterial community in a water sample (Vierheilig et al 2015), fungal communities in
strawberry plants (Abdelfattah et al 2016) and llarvirus species in Prunus trees (Kinoti et al 2017). Targeted
gene sequencing, using the fungal internal transcribed sequence 1 (ITS1) as a single gene target, was used to
examine the diversity of airborne fungal communities and a targeted bioinformatics analysis identified spores
of fungal plant pathogens in families, genera and down to species level (Nicolaisen et al 2017). This approach
identified the presence of previously unreported ilarviruses in Prunus trees in Australia and could differentiate
between llarvirus species and strains in mixed infections a single Prunus sample (Kinoti et al 2017).

e NGS technology is a fast-developing technology which is likely to be applied to plant pathology
diagnosis as well as research for a range of samples including: ad hoc samples of unclear aetiology and
plants being tested during PEQ and entry into high-health certification programs. Amplicon
sequencing, using generic primers, linked with nanopore technology could be a useful in-lab approach
to facilitate faster diagnosis of suspected bacterial, fungal or viral pathogens

7 Other considerations for development of diagnostic tools

7.1 Sampling and test accuracy

Although new technologies can improve early detection of a pathogen, applying a plant pathogen diagnostic
tool with accuracy is dependent on several factors including knowledge of pathogen biology to assist accurate
sampling and an understanding of the sensitivity and specificity of the assay. Test accuracy requires knowledge
of the location of a pathogen within or on its host, pathogen concentration, which can change with season or
other environmental factors such as temperature, to support accurate sampling. For example, phytoplasmas
can be unevenly distributed in grapevines and testing is most accurate in late spring and up until harvest using
symptomatic tissues (Constable et al 2003). Further work may be required for some tests to validate or
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improve on current sampling strategies to assist accurate detection

Most of the nucleic acid and serological based assays discussed in this review are applicable to different
substrates such as water, various plant growing mediums, different plant tissues such as seed, tubers, flowers,
pollen, leaves and stems as well as green and woody tissues, if the test target can be adequately isolated from
the sample.

7.2 Improving diagnostic lab workflows

All the laboratory methods described above can be done in the laboratory. Although they seem rapid, the may
be delayed due to sample volumes and surges experienced by laboratories. However, there are some other
approaches to diagnostics that could be developed to hasten lab-based testing. One approach could be to
provide industry with simple tools to partially prepare samples before submitting them for testing. This
approach could be as simple as providing tools for homogenisation and stabilisation of a sample in a buffer to
extraction of nucleic acids, proteins or metabolites that are targeted in laboratory-based tests. For example,
some of the simple nucleic acid methods described in 2.3.6 could be done by the grower and a nucleic acid
sample as well as a plant sample could be supplied. The nucleic acid sample could facilitate the use of an initial
molecular test while the plant sample could provide a backup if further identification methods are required
such as isolation.

7.3 Route to development, adoption and market

There are several steps in the route to market and adoption of diagnostics assays, for point of care and
laboratory testing (Figure 5, Derda et al 2015). The commissioning of this review indicates a demand for
improved Point of care and laboratory diagnostics for the nursery industry, especially for tests that reduce time
to diagnosis and are easy to use. This review is second step along the pathway, it has identified tools that could
be developed and are fit for purpose for detection of various pathogens of concern to the broader nursery
industry (Table 1; Table 2).

As a part of the initial assessment in step 2 (Figure 5), the ability to commercialize a test should also be
considered prior to research and development. Potential commercialization partners and manufacturers were
not contacted as a part of this review. An economic analysis will need to be undertaken by commercial
partners and manufacturers based on industry demand for a test (volume) and the cost of production for off
the shelf tests, such as LFDs, Lab-on-chip, aggregation of functionalized colloidal gold particles (e.g. ExactBlue)
and the BioFire array. Some of these technologies are readily available and developed for clinical (human
health) applications, but the volume of testing, and therefore demand for these tests, is likely to be far greater
than some agricultural /horticultural applications.

Many tools described in this review are being developed for other pathogens and a route to market exists,
especially for LAMP, RPA and field-based PCR. Optigene collaborated with Fera Science Ltd, a UK research
agency, to develop LAMP kits for specific detection of several plant pests and diseases. Agriculture Victoria
Research (DEDJTR) is in discussions with a commercial provider to manufacture LAMP test kits that can also be
bought off the shelf. AGDIA and BioMeme have a developer programs for researchers to enable global
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availability of field deployable RPA and PCR tests, respectively, using their platforms. LAMP and RPA could be
developed into nucleic acid LFDs. Simpler equipment requirements, ease of interpretation and an obvious
route to market make LAMP and RPA an obvious choice for future field deployable test development. Remote
sensing technology, such as hyperspectral imaging, for disease detection is fast evolving. There is a potential
route to market with several technology companies collaborating with researchers to develop this technology
for a broad range of surveillance and monitoring applications, including disease diagnostics.

The route to market is often simpler for laboratory-based tools such as PCR and next generation sequencing,
especially tests that are developed in-house by larger laboratories that have the capability to maintain and
update them, without the need to engage a commercialization partner. Continued research and development
of laboratory-based diagnostics, especially to improve and hasten workflows, will improve diagnosis delivery.
Improving workflows could include development of point of care sample preparation. However rapid workflow
will be limited by the resources available in some laboratories. Less resourced laboratories may also benefit
from development of in field technology that has a low requirement for equipment to run and interpret tests.

This review has also identified some tools that could be simple field deployable tests or facilitate faster
laboratory turnaround to diagnosis. However, they have a less obvious route to market, such as colloidal gold
aggregation, (e.g. ExactBlue) and the BioFire array. The simplicity of the ExactBlue technology makes it highly
desirable, but the development of the test could be complex, especially in ensuring accuracy to the target. It is
also unclear if the company is viable with respect to providing commercialization and longer term support and
availability. BioFire array equipment could require significant investment by laboratories (approx. $70000).
BioFire array test panels could cost around $200, but careful thought to the design of panels is required as they
may lack flexibility for updating panels as new information about genetic diversity of known pests is discovered
and novel pathogens are found. Volume of off the shelf test panels for agriculture/horticultural pests to make
this technology commercially viable also needs to be explored.

Once a test has been developed, it needs to be evaluated for analytical sensitivity, analytical specificity,
repeatability and reproducibility (EPPO 2017). This could include ring testing by end-users. Tests supplied
commercially or within laboratories need to be quality assured, quality controlled and supported to ensure
their ongoing accuracy and reliability (Figure 5.). All tests are at risk of delivering false positive and negative
results and all will require adequate development to ensures their accuracy, reliability and sensitivity for the
targets to which they would be developed.

The diagnostic tools identified in the project have varying skill levels for their application. LFDs (serological and
nucleic acid), LAMP, RPA and field deployable PCR can be developed so they easy to use by minimizing the
steps involved in performing the assay and providing clear and simple guidelines to facilitate interpretation,
with or without devices (Zheng et al 2018). LAMP tests are likely to be more pathogen specific compared to
PCR and RPA and may be better suited to detection of species, strains ad pathovars. Commercial kits can be
developed that include quality controls to ensure accuracy and to assist interpretation. The ExactBlue
technology is very user friendly and the device provides confidence in interpretation of results. Other tools
presented in this review are more complex and could require significant training and skill. However, end to end
workflows could be developed to simplify the nanopore sequencing technologies, such as MinlON, to make
this technology useful in a field-based system, especially for field-based diagnosticians and consultants.

Field-based diagnostic testing is not typically high-throughput, for many samples or many pathogens, and can
be difficult to apply to emerging diseases. PCR, ELISA are and NGS will become the backbone of rapid
laboratory diagnostic testing and continued development of these tools is critical in ensuring the biosecurity of
the nursery industry.
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Figure 5. Value chain of diagnostics tests, which indicates all stakeholders as well as the delivery process for of
an accurate and rapid test for plant pathogen detection (after Derda et al 2015).

8 Conclusions

The top ten endemic pathogens or pathogen groups of significance across the broad range of nursery
commodities and included: Pseudomonas sp., Xanthomonas sp., Calonectria sp. (Cylindrocladium sp.),
Colletotrichum sp., Fusarium sp., Phytophthora sp., Pythium sp., Rhizoctonia sp., Potyvirus sp. and
Orthotospovirus sp. The methods currently available for detection of some or all of these pathogens includes
traditional isolation methods such as plating onto media, serology-based tests including enzyme linked
immunosorbent assays (ELISA) or lateral flow devices (LFDs; dipsticks) and molecular methods such as
polymerase chain reaction (PCR) or loop-mediated isothermal amplification (LAMP) and recombinase
polymerase amplification (RPA).

This review identified field deployable technology that could prioritised for further development for detection
of these pathogens to support the biosecurity needs of the Australian nursery industry. There is significant
experience amongst the Australian plant pathology research community to facilitate development of
serological based LFDs as well as field-based PCR, LAMP and RPA tools. These tools have a clear route to
market through commercial companies who provide off-the-shelf test kits and should be priority for
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immediate development.

Other technology such as tests based on the aggregation of functionalized colloidal gold particles could provide
a simple visual detection method for specific pathogens or pathogen groups without the requirement for
complex equipment. However, a preliminary investigation is required determine the diagnostic potential of
this novel technology.

PCR and ELISA continue to be the mainstay of many laboratories and continued investment in the
development and validation of this technology for plant pathogen detection is warranted, especially for rapid,
high throughput testing during surveillance and certification testing.

Rapid metagenomic and metabarcoding NGS are emerging technologies that could be applied as a single test
to identify multiple pathogen in a single sample, aid in the diagnosis of causal agents for diseases of unclear
aetiology or to specifically identify genera, species and strains/pathovars of individual and groups of pathogens
important to the nursery industry. PCR and NGS can be developed in-house by experienced researchers for
laboratory use and in-field by plant pathology diagnosticians, facilitating access to fit for purpose tests and
investment in this technology is recommended.

Development of simple tools that allow growers to prepare samples for laboratory-based diagnosis will assist
laboratory workflows and improve turnaround times for results.

All technology will require an “omics” based approached to understand pathogen diversity and identify
appropriate genomic, proteomic or metabolomic targets for pathogen detection to ensure test reliability. The
tests need to be quality assured and require validation to determine their analytical sensitivity, analytical
specificity, repeatability and reproducibility to ensure they are fit for purpose.

43



Hort Innovation - Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

References

AbuQamar SF, Moustafa K, Tran L-SP. 2016. “Omics” and Plant Responses to Botrytis cinerea. Front Plant Sci 7, 1658.
http://doi.org/10.3389/fpls.2016.01658

Adhikari BN, Hamilton JP, Zerillo MM, Tisserat N, Lévesque CA, Buell CR. 2013. Comparative Genomics Reveals Insight
into Virulence Strategies of Plant Pathogenic Oomycetes. PLoS ONE 8(10), e75072.
https://doi.org/10.1371/journal.pone.0075072Adriko J, Mbega ER, Mortensen CN, et al. 2014. Eur J Plant Pathol 138,
293. https://doi.org/10.1007/s10658-013-0329-x

Abdelfattah A, Wisniewski M, Li Destri Nicosia MG, Cacciola SO, Schena L. 2016 Metagenomic Analysis of Fungal
Diversity on Strawberry Plants and the Effect of Management Practices on the Fungal Community Structure of Aerial
Organs. PLOS ONE 11(8), e0160470. https://doi.org/10.1371/journal.pone.0160470

Aylward J, Steenkamp ET, Dreyer LL, Roets F, Wingfield BD, Wingfield MJ. 2017. A plant pathology perspective of
fungal genome sequencing. IMA Fungus 8(1), 1-15. doi:10.5598/imafungus.2017.08.01.01.

Babu BS, Washburn BK, Miller SH, Poduch K, Sarigul T, Knox GW, Ochoa-Corona FM, Paret ML. 2017. A rapid assay for
detection of Rose rosette virus using reverse transcription-recombinase polymerase amplification using multiple gene
targets. J Virol Meth 240, 78-84.

Baetsen-Young AM, Vashe M, Matta LL, Colgan P, Alocilja EC, Day B. 2018. Direct colorimetric detection of
unamplified pathogen DNA by dextrin-capped gold nanoparticles. Biosens. Bioelectron, 101, pp.29-36

Bald-Blume N, Bergervoet JHW, Maiss E. 2017. Development of a molecular assay for the general detection of
tospoviruses and the distinction between tospoviral species. Arch Virol 162, 1519. https://doi.org/10.1007/s00705-
017-3256-x

Balint M, Schmidt P-A, Sharma R, Thines M, Schmitt I. 2014. An lllumina metabarcoding pipeline for fungi. Ecol Evolut
4(13), 2642-2653. d0i:10.1002/ece3.1107.

Baltrus DA, McCann HC, Guttman DS. 2017. Evolution, genomics and epidemiology of Pseudomonas syringae. Mol
Plant Pathol 18, 152-168. doi:10.1111/mpp.12506

Batovska J, Lynch SE, Cogan NOI, Brown K, Darbro JM, Kho EA, Blacket MJ. 2018. Effective mosquito and arbovirus
surveillance using metabarcoding. Mol Ecol Res 18(1), 32—40. http://doi.org/10.1111/1755-0998.12682

Bronzato Badial A, Sherman D, Stone A, Gopakamur A, Wilson W, Schneider W, King J. 2018. Nanopore Sequencing as
a Surveillance Tool for Plant Pathogens in Plant and Insect Tissues. Plant Dis 0 0:0, PDIS-04-17-0488-RE

Barba M, Hadidi A. 2015. An overview of plant pathology and application of next-generation sequencing technologies.
CAB Rev. 10 1-21. 10.1079/PAVSNNR201510005

Besser J, Carleton HA, Gerner-Smidt P, Lindsey RL, Trees E. 2018. Next-generation sequencing technologies and their
application to the study and control of bacterial infections. Clin Microbiol Infect 24(4), 335 - 341

Boykin LM, Ghalab A, Rossitto De Marchi B, Savill A, MWainaina J, Kinene T, Lamb S, Rodrigues M, Kehoe

MA, Ndunguru J, Tairo F, Sseruwagi P, Kayuki, Mark D, Erasto J, Bachwenkizi H, Alicai T, Okao-Okuja G, Abidrabo P,
Osingada JF, Akono J, Ateka E, Muga B, Kiarie S. 2018. Real time portable genome sequencing for global food security.
bioRxiv 314526; doi: https://doi.org/10.1101/314526

Boonham N, Kreuze J, Winter S, Vlugt R, van der Bergervoet, J, Tomlinson J, Mumford R. 2014. Methods in virus

a4



Hort Innovation — Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

diagnostics: From ELISA to next generation sequencing. Virus Research. (Netherlands). ISSN 0168-1702. 186:20-31.

Borschinger B, Bartoli C, Chandeysson C, Guilbaud C, Parisi L, Bourgeay JF, Buisson E, Morris CE. 2015. A set of PCRs
for rapid identification and characterization of Pseudomonas syringae phylogroups. J Appl Microbiol 120, 714-723

BiihImann A, Pothier JF, Tomlinson JA, Frey JE, Boonham N, Smits THM et al. 2013. Genomics-informed design of loop-
mediated isothermal amplification for detection of phytopathogenic Xanthomonas arboricola pv. pruni at the
intraspecific level. Plant Pathol, 62 475-484.

Bumgarner R. 2013. DNA microarrays: Types, Applications and their future. Current Protocols in Molecular Biology /
Edited by Frederick M. Ausubel [et al.], 0 22, Unit-22.1. http://doi.org/10.1002/0471142727.mb2201s101

Byron SA, Van Keuren-Jensen KR, Engelthaler DM, Carpten JD, Craig DW. 2016. Translating RNA sequencing into
clinical diagnostics: opportunities and challenges. Nature Rev Genet 17, 257-271.

Cellini A, Biondi E, Blasioli S, Rocchi L, Farneti B, Braschi |, Savioli S, Rodriguez-Estrada MT, Biasioli F, Spinelli F. 2016.
Early detection of bacterial diseases in apple plants by analysis of volatile organic compounds profiles and use of
electronic nose. Ann Appl Biol 168, 409-420. doi: 10.1111/aabh.12272

Chandler JA, Liu RM, Bennett SN. 2015. RNA shotgun metagenomic sequencing of northern California (USA)
mosquitoes uncovers viruses, bacteria, and fungi. Front Microbiol 6 185, doi: 10.3389/fmicb.2015.00185

Chen Z, Liu X Zhang Q, Li B. 2013. Rapid and visual detection of Colletotrichum gloeosporioides on Anoectochilus using
loop-ediated isothermal amplification assay. Int J Phytopathol 05 (03) 2016. 99-106

Chen IMA, Markowitz VM, Chu K, Palaniappan K, Szeto E, Pillay M, et al. 2017. IMG/M: Integrated genome and
metagenome comparative data analysis system. Nucleic Acids Res 45 D507-D516. 10.1093/nar/gkw929

Chovelon B, Durand G, Dausse E, Toulmé JJ, Faure P, Peyrin E, Ravelet C. 2016. ELAKCA: Enzyme-Linked Aptamer
Kissing Complex Assay as a Small Molecule Sensing Platform, Anal Chem, 2570-2575.

Chu PWG, Waterhouse PM, Martin RR, Gerlach WL. 1989. New Approaches to the Detection of Microbial Plant
Pathogens, Biotechnol Genet Eng Rev 7 (1), 45-112, DOI: 10.1080/02648725.1989.10647856

Constable FE, Gibb KS, Symons RH. 2003. The seasonal distribution of phytoplasmas in Australian grapevines. Plant
Pathol 52 (3), 267-276

Crous PW, Groenewald JZ, Rised J-M, Simoneau P, Hywel-Jones NL. 2004. Calonectria species and their
Cylindrocladium anamorphs: species with sphaeropedunculate vesicles. Stud Mycol 50, 415-30

Cui S, Ling P, Zhu H, Keener HM. 2018. Plant Pest Detection Using an Artificial Nose System: A Review. Sensors 18 (2),
378. http://doi.org/10.3390/s18020378

Czislowski E, Fraser-Smith S, Zander M, O'Neill WT, Meldrum RA, Tran-Nguyen LT, Batley J, Aitken EA. 2018.
Investigation of the diversity of effector genes in the banana pathogen, Fusarium oxysporum f. sp. cubense, reveals
evidence of horizontal gene transfer. Molecular Plant Pathol 19, 1155-1171. doi:10.1111/mpp.12594

Da Lio D, Cobo-Diaz JF, Masson C, Chalopin M, Kebe D, Giraud M, Verhaeghe A, Nodet P, Sarrocco S, Le Floch G,
Baroncelli R. 2018. Combined Metabarcoding and Multi-locus approach for Genetic characterization of Colletotrichum
species associated with common walnut (Juglans regia) anthracnose in France. Scientific Reports 8, 2045-2322
https://doi.org/10.1038/s41598-018-29027-z

Dart N, Hong CX, Bradley WT. 2014. An improved leaf disc bioassay for detecting Calonectria pseudonaviculata in soil
and potting media. Plant Dis 98, 1626-1631

45



Hort Innovation - Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

Derda R, Gitaka J, Klapperich CM, Mace CR, Kumar AA, Lieberman M, et al. (2015) Enabling the Development and
Deployment of Next Generation Point-of-Care Diagnostics. PLoS Negl Trop Dis 9(5): e0003676.
https://doi.org/10.1371/journal.pntd.0003676

Desbiez C, Lecoq H. 1997. Zucchini yellow mosaic virus. Plant Pathol 46, 809-829

Drummond AJ, Newcomb RD, Buckley TR, Xie D, Dopheide A, Potter BC, Nelson, N. 2015. Evaluating a multigene
environmental DNA approach for biodiversity assessment. GigaScience 4 (46), http://doi.org/10.1186/s13742-015-
0086-1

Eberhart J, Funahashi F, Foster ZSL, Parke J. 2017. Next generation sequencing of oomycete communities in nursery
irrigation water. In: Frankel, Susan J.; Harrell, Katharine M., tech. coords. Proceedings of the sudden oak death sixth
science symposium. Gen Tech Rep GTR-PSW-255. Albany, CA: U.S. Department of Agriculture, Forest Service, Pacific
Southwest Research Station: 66-69.

EPPO. 2017. PM 7/98 (4) Specific requirements for laboratories preparing accreditation for a plant pest diagnostic
activity. EPPO Bull 47, 7-9

Espindola A, Schneider W, Hoyt PR, Marek SM, Garzon C. 2015. A new approach for detecting fungal and oomycete
plant pathogens in next generation sequencing metagenome data utilizing electronic probes. Int J Data Min Bioinform
12 (2), 115-128

Feau N, Beauseigle S, Bergeron M, Bilodeau GJ, Birol |, Cervantes-Arango S, Dhillon B, Dale AL, Herath P, Jones SIM,
Lamarche J, Ojeda DI, Sakalidis ML, Taylor G, Tsui CKM, Uzunovic A, Yueh H, Tanguay P, Hamelin RC. 2018. Genome-
Enhanced Detection and Identification (GEDI) of plant pathogens. Peer) 6, 4392 https://doi.org/10.7717/peerj.4392

Fernandez O, Urrutia M, Bernillon S, Giauffret C, Tardieu F, Le Gouis J, Langlade N, Charcosset A, Moing A, Gibon Y.
2016. Fortune telling: metabolic markers of plant performance. Metabolomics, 12(10), 158
http://doi.org/10.1007/s11306-016-1099-1

Fukuta S, Watanabe H, Kageyama K, Takahashi, Kuroyanagi S, Miyake N, Nagai H, Suzuki H, Hashizume F, Tsuji T,
Taguchi H. 2013. Detection of Pythium aphanidermatum in tomato using loop-mediated isothermal amplification
(LAMP) with species-specific primers. Eur J Plant Pathol 136, 689-701

Gehesquiére B, D’Haeyer S, Pham KTK, Van Kuik AJ, Maes M, Hofte M, and Heungens K. 2013. gPCR assays for the
detection of Cylindrocladium buxicola in plant, water, and air samples. Plant Dis 97, 1082-1090

Gehesquiére B, Crouch JA, Marra RE, Van Poucke K, Rys F, Maes M, Gobin B, Hofte M, Heungens K. 2016.
Characterization and taxonomic reassessment of the box blight pathogen Calonectria pseudonaviculata, introducing
Calonectria henricotiae sp. nov. Plant Pathol 65, 37-52

Gibbs AJ, Ohshima K, Phillips MJ, Gibbs M J. (2008). The Prehistory of Potyviruses: Their Initial Radiation Was during
the Dawn of Agriculture. PLoS ONE 3(6), e2523. http://doi.org/10.1371/journal.pone.0002523

Ghosh, R, Nagavardhini A, Sengupta A, Sharma M. 2015. Development of Loop-Mediated Isothermal Amplification
(LAMP) assay for rapid detection of Fusarium oxysporum f. sp. ciceris - wilt pathogen of chickpea. BMC Res Notes 8
(40) http://doi.org/10.1186/s13104-015-0997-z

Guilbaud C, Morris CE, Barakat M, Ortet P, Berge O. 2016. Isolation and identification of Pseudomonas syringae
facilitated by a PCR targeting the whole P. syringae group, FEMS Microbiol Ecol 92 fiv146,
https://doi.org/10.1093/femsec/fiv146

Gundersen DE, Lee IM. 1996. Ultrasensitive detection of phytoplasmas by nested PCR assay using two universal

46



Hort Innovation - Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

primer pairs. Phytopathol Mediterr 1996 (35), 144-51.

Hane JK, Anderson JP, Williams AH, Sperschneider J, Singh KB. 2014. Genome Sequencing and Comparative Genomics
of the Broad Host-Range Pathogen Rhizoctonia solani AG8. PLoS Genet 10(5), e1004281.
https://doi.org/10.1371/journal.pgen.1004281

Higgins E, Zheng L, Kinoti W, Tesoriero L, Chambers G, Rodoni B, Constable F. 2018. Characterizing Melon necrotic
spot virus isolates detected in Australia. Australasian Plant Virology Workshop 2018, 20-23 February, Onetangi, New
Zealand.

Ho T, Tzanetakis IE. 2014. Development of a virus detection and discovery pipeline using next generation sequencing.
Virology 471-473, 54—-60

Hong S, Lee C. 2018. The Current Status and Future Outlook of Quantum Dot-Based Biosensors for Plant Virus
Detection. Plant Pathol J 34(2), 85-92. http://doi.org/10.5423/PPJ.RW.08.2017.0184

Hugerth LW, Andersson AF. 2017. Analysing Microbial Community Composition through Amplicon Sequencing: From
Sampling to Hypothesis Testing. Front Microbiol 8, 1561 http://doi.org/10.3389/fmicb.2017.01561

Jean Beltran PM, Federspiel JD, Sheng X, Cristea IM. 2017. Proteomics and integrative omic approaches for
understanding host—pathogen interactions and infectious diseases. Mol Syst Biol 13 (3), 922.
http://doi.org/10.15252/msb.20167062

JoY, Choi H, Kyong Cho J, Yoon J-Y, Choi S-K, Kyong Cho W. 2015. In silico approach to reveal viral populations in
grapevine cultivar Tannat using transcriptome data. Scientific Reports. 5),15841 doi:10.1038/srep15841

Karlsson I, Edel-Hermann V, Gautheron N, Durling MB, Kolseth AK, Steinberg C, et al. 2016. Genus-specific primers for
study of Fusarium communities in field samples. Appl Environ Microbiol 82, 491-501 doi: 10.1128/AEM.02748-15

Katoh H, Fukuda T, Nishigawa H, Natsuaki T. 2016. Rapid detection of Colletotrichum gloeosporioides in infected
strawberry plants using loop-mediated isothermal amplification. J Gen Plant Pathol 82 (190)
https://doi.org/10.1007/s10327-016-0665-8

Kerkhof LJ, Dillon KP, Haggblom MM, McGuinness LR 2017. Profiling bacterial communities by MinlON sequencing of
ribosomal operons. Microbiome 5 (116) http://doi.org/10.1186/s40168-017-0336-9

Khan M, Li B, Jiang Y, Weng Q, Chen Q. 2017. Evaluation of Different PCR-Based Assays and LAMP Method for Rapid
Detection of Phytophthora infestans by Targeting the Yptl Gene. Front Microbiol 8
(1920) https://www.frontiersin.org/article/10.3389/fmicb.2017.01920 DOI=10.3389/fmicb.2017.01920

Kinoti WM, Plummer K, Constable F, Nancarrow N, Rodoni B. 2014. “The partial characterization of ilarviruses
infecting Prunus species in Australia.” In XXIX International Horticultural Congress on Horticulture: Sustaining Lives,
Livelihoods and Landscapes (IHC2014), Acta Hort 1109, pages 243-248. 2014.

Kinoti WM, Constable FE, Nancarrow N, Plummer KM, Rodoni B. 2017. Generic Amplicon Deep Sequencing to
Determine llarvirus Species Diversity in Australian Prunus. Front Microbiol 8 (1219)
http://doi.org/10.3389/fmicb.2017.01219

Klosterman S, Rollins J, Sudarshana M, Vinatzer B. 2016. Disease management in the genomics era—summaries of
focus issue papers. Phytopathol 106, 1068—-1070.

Lau HY, Wang Y, Wee EJH, Botella JR, Trau M. 2016.Field Demonstration of a Multiplexed Point-of-care Diagnostic
Platform for Plant Pathogens. Anal Chem. Just accepted manuscript. DOI: 10.1021/acs.analchem.6b01551 (2016)

47



Hort Innovation — Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

LeBlanc N, Salgado-Salazar C, Crouch JA. 2018. Boxwood blight: an ongoing threat to ornamental and native boxwood.
Appl Microbiol Biotechnol 102, 4371. https://doi.org/10.1007/s00253-018-8936-2

Lever MA, Torti A, Eickenbusch P, Michaud AB, A antl-Temkiv T, JA rgensen BB. 2015. A modular method for the
extraction of DNA and RNA, and the separation of DNA pools from diverse environmental sample types. Front
Microbiol 6 https://doi.org/10.3389/fmicb.2015.00476

Liang X, Wang B, Dong Q, Li L, Rollins JA, et al. 2018. Pathogenic adaptations of Colletotrichum fungi revealed by
genome wide gene family evolutionary analyses. PLOS ONE 13(4), e0196303.
https://doi.org/10.1371/journal.pone.0196303

Lindahl BD, Nilsson RH, Tedersoo L, Abarenkov K, Carlsen T, Kjgller R, Kdljalg U, Pennanen T, Rosendahl S, Stenlid J,
Kauserud H. 2013. Fungal community analysis by high-throughput sequencing of amplified markers —a user’s guide.
New Phyto 199 (1) 288-299. http://doi.org/10.1111/nph.12243

Liu LY, Ye HY, Chen TH, Chen TC. 2017. Development of a microarray for simultaneous detection and differentiation of
different tospoviruses that are serologically related to Tomato spotted wilt virus. Virology J 14
(1), https://doi.org/10.1186/s12985-016-0669-1

Longmuir AL, Beech PL, Richardson MF. F1000 Research 2017;6:1972 Draft genomes of two Australian strains of the
plant pathogen, Phytophthora cinnamomi . F1I000Research 6, 1972. doi:10.12688/f1000research.12867.2.

Lowe R, Shirley N, Bleackley M, Dolan S, Shafee T. 2017. Transcriptomics technologies. PLoS Comput Biol 13 (5),
€1005457. https://doi.org/10.1371/journal.pcbi.1005457

Lu C, Song B, Zhang H, Wang Y, Zheng X. 2015. Rapid diagnosis of soybeans seedling caused by Rhyzoctonia solani and
soybean charcoal rot caused by Macrophomina phaseolina using LAMP assays. Phytopathol 105, 1612-1617

Lu H, Giordano F, Ning Z. 2016 Oxford nanopore MinlON sequencing and genome assembly. Genomics Proteomics
Bioinform 14, 265e79.

Lu S, Tian Q, Zhao W, Hu B. 2017. Evaluation of the Potential of five Housekeeping Genes for Identification of
Quarantine Pseudomonas syringae. ) Phytopathol 165, 73-81 doi:10.1111/jph.12538

Ma LJ, van der Does HC, Borkovich KA, Coleman JJ, Daboussi MJ, Di Pietro A, Dufresne M, Freitag M, Henrissat B,
Houterman PM, Kang S, Shim W-B, Woloshuk C, Xie X, Xu J-R, Antoniw J, Baker SE, Bluhm BH, Breakspear A, Brown
DW, Butchko RAE, Chapman S, Coulson R, Coutinho PM, Danchin EGJ, Diener A, Gale LR, Gardiner DM, Goff S,
Hammond-Kosack KE, Hilburn K, Hua-Van A, Jonkers W, Kazan K, Kodira CD, Koehrsen M, Kumar L, Lee Y-H, Li

L, Manners JM, Miranda-Saavedra D, Mukherjee M, Park G, Park J, Park S-Y, Proctor RH, Regev A, Ruiz-Roldan CM,
Sain D, Sakthikumar S, Sykes S, Schwartz DC, Turgeon GB, Wapinski I, Yoder O, Young S, Zeng Q, Zhou S Galagan J,
Cuomo CA, Kistler HC, Rep M. 2010. Comparative genomics reveals mobile pathogenicity chromosomes in Fusarium.
Nature 464, 367-73. doi: 10.1038/nature08850.

Mahé S, Duhamel M, Le Calvez T, Guillot L, Sarbu L, Bretaudeau A, Collin O, Dufresne A, Kiers ET, Vandenkoornhuyse
P.2012. PHYMYCO-DB: A Curated Database for Analyses of Fungal Diversity and Evolution. PLOS ONE 7(9), e43117.
https://doi.org/10.1371/journal.pone.0043117

Malapi-Wight M, Demers JE, Veltri D, Marra RE, Crouch JA. 2016. LAMP Detection Assays for Boxwood Blight
Pathogens: A Comparative Genomics Approach. Scientific Reports. 6 (26140), doi: 10.1038/srep26140.
http://dx.doi.org/10.1038/srep26140

Maliogka V, Dovas C, Katis N. 2007. Demarcation of ilarviruses based on the phylogeny of RNA2-encoded RdRp and a
generic ramped annealing RT-PCR. Arch Virol 152, 1687—-1698 10.1007/s00705-007-0995-0

a8



Hort Innovation - Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

Mann RA, Mail THMS, Bihlimann A, Blom J, Goesmann A, Frey JE. et al. 2013. Comparative genomics of 12 strains of
Erwinia amylovora identifies a pan-genome with a large conserved core. PLoS One 8, e55644. doi:
10.1371/journal.pone.0055644

Maree HJ, Fox A, Al Rwahnih M, Boonham N, Candresse T. 2018. Application of HTS for Routine Plant Virus
Diagnostics: State of the Art and Challenges. Front Plant Sci 9 (1082) DOI=10.3389/fpls.2018.01082

Markley JL, Briischweiler R, Edison AS, Eghbalnia HR, Powers R, Raftery D, Wishart D.S. 2017. The future of NMR-
based metabolomics. Curr Opin Biotechnol 43, 34-40 https://doi.org/10.1016/j.copbio.2016.08.001.

Martinelli F, Scalenghe R, Davino S. et al. 2015. Agron. Sustain. Dev. (2015) Advanced methods of plant disease
detection. A review. Agron Sustain Dev 35 (1), https://doi.org/10.1007/s13593-014-0246-1

Martinez-Garcia PM, Rodriguez-Palenzuela P, Arrebola E, Carridn VJ, Gutiérrez-Barranquero JA, Pérez-Garcia A, et al.
2015. Bioinformatics Analysis of the Complete Genome Sequence of the Mango Tree Pathogen Pseudomonas syringae
pv. syringae UMAF0158 Reveals Traits Relevant to Virulence and Epiphytic Lifestyle. PLoS ONE 10(8), e0136101.
https://doi.org/10.1371/journal.pone.0136101

Massart S, Chiumenti M, De Jonghe K, Glover R, Haegeman A, Koloniuk I, Kominek P, Kreuze J, Kutnjak D, Lotos L,
Maclot F, Maliogka VI, Maree H, Olivier T, Olmos A, Pooggin M, Reynard JS, Ruiz-Garcia AB, Safarova D, Schneeberger
PH, Sela N, Turco S, Vainio EJ, Varallyai E, Verdin E, Westenberg M, Brostaux Y, Candresse T. 2018. Virus detection by
high-throughput sequencing of small RNAs: large scale performance testing of sequence analysis strategies.
Phytopathol, doi: 10.1094/PHYTO-02-18-0067-R. [Epub ahead of print]

McDevitt JT, McRae MP, Simmons GW, Christodoulides N. 2015. Programmable bio-nano-chip system: a flexible
diagnostic platform that learns. J Biosens Bioelectron 6, e137

McTaggart AR, van der Nest MA, Steenkamp ET, Roux J, Slippers B, Shuey LS, Drenth A. 2016. Fungal Genomics
Challenges the Dogma of Name-Based Biosecurity. PLoS Path 12(5), e1005475.
http://doi.org/10.1371/journal.ppat.1005475

Miles TD, Martin FN, Coffey MD. 2015. Development of rapid isothermal amplification assays for detection of
Phytophthora spp. in plant tissue. Phytopathol 105, 265-278

Mojarro A, Ruvkun G, Zuber MT, Carr CE. 2017. Nucleic Acid Extraction from Synthetic Mars Analog Soils for in situ Life
Detection. Astrobiol 17 (8), 747-760 http://doi.org/10.1089/ast.2016.1535

Monteil CL, Yahara K, Studholme DJ, Mageiros L, Méric G, Swingle B, Morris CE, Vinatzer BA, Sheppard SK. 2016.
Population-genomic insights into emergence, crop adaptation and dissemination of Pseudomonas syringae
pathogens. Microbial Genomics 2 (10), e000089. http://doi.org/10.1099/mgen.0.000089

Nicolaisen M, West JS, Sapkota R, Canning GGM, Schoen C, Justesen AF. 2017. Fungal Communities Including Plant
Pathogens in Near Surface Air Are Similar across Northwestern Europe. Front Microbiol 8 (1729)
http://doi.org/10.3389/fmicb.2017.01729.

Nilghaz A, Guan L, Tan W, Shen W. 2016. Advances of Paper-Based Microfluidics for Diagnostics—The Original
Motivation and Current Status. ACS Sensors 1 (12), 1382-1393. DOI: 10.1021/acssensors.6b00578

O’Donnell K, Cigelink E. 1997. Two divergent intragenomic rDNA ITS2 types within a monophyletic lineage of the
fungus Fusarium are nonorthologous. Mol Phylogenet Evol 7, 103-16.

Olmos A, Boonham N, Candresse T, Gentit P, Giovani B, Kutnjak D, Liefting L, Maree HJ, Minafra A Moreira A, Nakhla
MK, Petter F, Ravnikar M, Rodoni B, Roenhorst JW, Rott M, Ruiz-Garcia AB, Santala J, Stancanelli G, van der Vlugt R,

49



Hort Innovation — Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

Varveri C, Westenberg M, Wetzel T, Ziebell H, Massart S. 2018. High-throughput sequencing technologies for plant
pest diagnosis: challenges and opportunities. EPPO Bull 48, 219-224

Pecman A, Kutnjak D, Gutiérrez-Aguirre I, Adams I, Fox A, Boonham N, Ravnikar M. 2017. Next Generation Sequencing
for Detection and Discovery of Plant Viruses and Viroids: Comparison of Two Approaches. Front Microbiol 8 (1998),
http://doi.org/10.3389/fmicb.2017.01998

Pereira M, Malta F, Freire MC, Couto P. 2017. Chapter 13: Application of Next-Generation Sequencing in the Era of
Precision Medicine. In: Fabio A. Marchi, Priscila D.R. Cirillo, Elvis C. Mateo (Eds.), Applications of RNA-Seq and Omics
Strategies - From Microorganisms to Human Health 2017. https://doi.org/10.5772/intechopen.69337

Perez-Sanz F, Navarro PJ, Egea-Cortines M. 2017. Plant phenomics: an overview of image acquisition technologies
and image data analysis algorithms. GigaScience 6(11), 1-18. http://doi.org/10.1093/gigascience/gix092

Plant Health Australia Ltd. 2006. Industry Biosecurity Plan for the Nursery Industry (Version 3.0 — May 2013). Plant
Health Australia, Canberra, ACT.

Pontes JGM, Brasil AJM, Cruz GCF, de Souza RN, Tasic LJ. 2016a. NMR-based metabolomics strategies: plants, animals
and humans. Anal. Methods 9 (2016), pp. 1078-1096.

Pontes JGM, Ohashi WY, Brasil AJM, Filgueiras PR, Espindola APDM, Silva JS, Poppi RJ, Coletta-Filho HD, Tasic L. 2016.
Metabolomics by NMR spectroscopy in plant disease diagnostic: Huanglongbing as a case study. Chem Select 6, 1176-
1178

Prigigallo MlI, Abdelfattah A, Cacciola SO, Faedda R, Sanzani SM, Cooke DEL, Schena L. 2016. Metabarcoding analysis
of phytophthora diversity using genus-specific primers and 454 pyrosequencing. Phytopathol 106, 305-313

Ravindran A, Jalan N, Yuan JS, Wang N, Gross DC. 2015. Comparative genomics of Pseudomonas syringae pv. syringae
strains B301D and HS191 and insights into intrapathovar traits associated with plant pathogenesis. MicrobiologyOpen
4 (4), 553-573. http://doi.org/10.1002/mbo3.261

Rezzonico F, Duffy B, Smits THM, Pothier JF. 2017. Erwinia species identification using matrix-assisted laser desorption
ionization-time of flight mass spectrometry. J Plant Pathol 99, 121-129

Rigano LA, Malamud F, Orce IG, Filippone MP, Marano MR, do Amaral AM, Castagnaro AP, Vojnov AA1. 2014. Rapid
and sensitive detection of Candidatus Liberibacter asiaticus by loop mediated isothermal amplification combined with
a lateral flow dipstick. BMC Microbiol 14, 86

Roach R, Mann R, Gambley CG, Shivas RG, Rodoni B. 2018. Identification of Xanthomonas species associated with
bacterial leaf spot of tomato, capsicum and chilli crops in eastern Australia. Eur J Plant Pathol 150, 595-608.
https://doi.org/10.1007/s10658-017-1303-9

Roenhorst JW, Krom C, de Fox A, Mehle N, Ravnikar M, Werkman AW. 2018. Ensuring validation in diagnostic testing
is fit for purpose: a view from the plant virology laboratory. EPPO Bull 48, 105-115. doi: 10.1111/epp.12445

Rott M, Xiang Y, Boyes |, Belton M, Saeed H, Kesanakurti P, Hayes S, Lawrence T, Birch C, Bhagwat B, Rast H. 2017.
Application of Next Generation Sequencing for Diagnostic Testing of Tree Fruit Viruses and Viroids Plant Dis 101 (8),
1489-1499

Rubio M, Martinez-Gémez P, Marais A, Sdnchez-Navarro J, Pallas V, Candresse T. 2017. Recent advances and
prospects in Prunus virology. Ann Appl Biol 171, 125-138. doi:10.1111/aab.12371

Sanschagrin S, Yergeau E. 2014. Next-generation Sequencing of 16S Ribosomal RNA Gene Amplicons. Journal of
Visualized Experiments? JoVE (90), 51709. Advance online publication. http://doi.org/10.3791/51709

50



Hort Innovation — Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

Sapkota R, Nicolaisen M. 2015. An improved high throughput sequencing method for studying oomycete
communities. J Microbiol Meth 110, 33-39. doi: 10.1016/j.mimet.2015.01.013

Schroeder KL, Martin F, de Cock AWAM, Lévesque CA, Spies C, Okubara P, Paulitz TC. 2013. Molecular detection and
quantification of Pythium species - Evolving taxonomy, new tools and challenges. Plant Dis 97(1), 4-20. DOI:
10.1094/PDIS-03-12-0243-FE

Simko I, Jimenez-Berni JA, Sirault XRR. 2017. Phenomic Approaches and Tools for Phytopathologists. Phytopath107,
6-17

Singhal N, Kumar M, Kanaujia PK, Virdi JS. 2015. MALDI-TOF mass spectrometry: an emerging technology for
microbial identification and diagnosis. Front Microbiol 6 (791) http://doi.org/10.3389/fmicb.2015.00791

Silva G, Oyekanmi J, Nkere CK, Bomer M, Kumar PL, Seal SE. 2018. Rapid detection of potyviruses from crude plant
extracts. Analytical Biochemistry 546, https://doi.org/10.1016/j.ab.2018.01.019.

Slezak T, Kuczmarski T, Ott L, Torres C, Medeiros D, et al. 2003. Comparative genomics tools applied to bioterrorism
defence. Brief Bioinform 4, 133-149

Sui X, Zhang S, Wu Z, Ling K. 2018. Reverse transcription loop-mediated isothermal amplification for species-specific
detection of Tomato chlorotic spot orthotospovirus. ) Virol Meth https://doi.org/10.1016/j.jviromet.2018.01.002

Sun J, Zhang Q, Zhou J, Wei Q. 2014. lllumina Amplicon Sequencing of 16S rRNA Tag Reveals Bacterial Community
Development in the Rhizosphere of Apple Nurseries at a Replant Disease Site and a New Planting Site. PLoS ONE 9(10),
e111744. https://doi.org/10.1371/journal.pone.0111744

Tebani A, Afonso C, Marret S, Bekri S. 2016. Omics-Based Strategies in Precision Medicine: Toward a Paradigm Shift in
Inborn Errors of Metabolism Investigations. Int J Mol Sci 17 (9), 1555 http://doi.org/10.3390/ijms17091555

Thomas AC, Howard J, Nguyen PL, Seimon TA, Goldberg CS. 2018. ANDe™: A fully integrated environmental DNA
sampling system. Methods Ecol Evol 9, 1379-1385. https://doi.org/10.1111/2041-210X.12994

Thomas S, Kuska MT, Bohnenkamp D, Brugger A, Alisaac E, Wahabzada M, Behmann J, Mahlein AK. 2018. Benefits of
hyperspectral imaging for plant disease detection and plant protection: a technical perspective. J Plant Dis Prot (2018)
125 (5), https://doi.org/10.1007/s41348-017-0124-6

Tonge DP, Pashley CH, Gant TW. 2014. Amplicon —Based Metagenomic Analysis of Mixed Fungal Samples Using Proton
Release Amplicon Sequencing. PLoS ONE 9 (4), e93849. https://doi.org/10.1371/journal.pone.0093849

Tsuchida CT, Mauzey SJ, Hatlen R, Miles TD, Koike ST. 2018. First Report of Pythium Root Rot Caused by Pythium
mastophorum on Parsley in the United States. Plant Dis 0 0:0, PDIS-12-17-1903-PDN

Tyler BM, Tripathy S, Zhang X, Dehal P, Jiang RHY, Aerts A, Arredondo FD, Baxter L, Bensasson D, Beynon JL, Chapman
J, Damasceno CMB, Dorrance AE, Dou D, Dickerman AW, Dubchak IL, Garbelotto M, Gijzen M, Gordon SG, Govers F,
Grunwald NJ, Huang W, Ivors KL, Jones RW, Kamoun S, Krampis K, Lamour KH, Lee M-K, McDonald WH, Medina M,
Meijer HIG, Nordberg EK, Maclean DJ, Ospina-Giraldo MD, Morris PF, Phuntumart V, Putnam NH, Rash S, Rose JKC,
Sakihama'Y, Salamov AA, Savidor A, Scheuring CF, Smith BM, Sobral BWS, Terry A, Torto-Alalibo TA, Win J, Xu Z, Zhang
H, Grigoriev IV, Rokhsar DS, Boore JL. 2006. Phytophthora genome sequences uncover evolutionary origins and
mechanisms of pathogenesis. Science, 313:1261-1266.

Van Emon JM. 2016. The Omics Revolution in Agricultural Research. ) Ag Food Chem 64 (1), 36-44
http://doi.org/10.1021/acs.jafc.5b04515

Vanegas F, Bratanov D, Powell K, Weiss J, Gonzalez F. 2018. A Novel Methodology for Improving Plant Pest

51



Hort Innovation - Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

Surveillance in Vineyards and Crops Using UAV-Based Hyperspectral and Spatial Data. Sensors 18 (1),
260 http://doi.org/10.3390/s18010260

Vierheilig J, Savio D, Ley RE, Mach RL, Farnleitner AH, Reischer GH. 2015. Potential applications of next generation
DNA sequencing of 16S rRNA gene amplicons in microbial water quality monitoring. Water Sci Technol 72, 1962-1972.
http://doi.org/10.2166/wst.2015.407

Visser M, Burger JT, Maree HJ. 2016a. Targeted virus detection in next-generation sequencing data using an
automated e-probe based approach. Virology 495, 122-8

Visser M, Bester R, Burger JT, Maree HJ. 2016b. Next-generation sequencing for virus detection: covering all the
bases. Virol J 13 (85), doi: 10.1186/512985-016-0539-x

Walder F, Schlaeppi K, Wittwer R, Held AY, Vogelgsang S, van der Heijden MGA. 2017. Community Profiling of
Fusarium in Combination with Other Plant-Associated Fungi in Different Crop Species Using SMRT Sequencing. Front
Plant Sci 8, 2019 doi:10.3389/fpls.2017.02019.

Wang X, Zhang B. 2014. Integrating Genomic, Transcriptomic, and Interactome Data to Improve Peptide and Protein
Identification in Shotgun Proteomics. J Proteome Res 13 (6), 2715-2723. http://doi.org/10.1021/pr500194t

Wang S, Ye W, Tian Q, Dong S, Zheng X. 2017. Rapid detection of Colletotrichum gloeosporioides using a loop-
mediated isothermal amplification assay. Australasian Plant Pathol 46 (493) https://doi.org/10.1007/s13313-017-
0511-2

Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 1991. 16S ribosomal DNA amplification for phylogenetic study. J
Bacteriol 173, 697-703.

White TJ, Bruns T, Lee S, Tailor S. 1990. Amplification and direct sequencing of fungal ribosomal RNA genes for
phylogenetics. in PCR protocols. In: A guide to methods and applications. eds Innins M. A., Gelfand D. H., Sninsky J. J.,
White T. J. (Academic Press, Inc. San Diego, Calif), pp 315—-322.

Wu J, Dong M, Rigatto C, Liu Y, Lin, F. 2018. D. Lab-on-chip technology for chronic disease diagnosis. Digital Medicine 1
Article number 7, - https://doi.org/10.1038/s41746-017-0014-0

Wu X, Chen C, Xiao X, Deng MJ. 2016. Development of Reverse Transcription Thermostable Helicase-Dependent DNA
Amplification for the Detection of Tomato Spotted Wilt Virus. Journal of AOAC International 99, 1596-1599
https://doi.org/10.5740/jaoacint.16-0132

Wylie SJ, Adams M, Chalam C, Kreuze J, Lépez-Moya JJ, Ohshima K, Praveen S, Rabenstein F, Stenger D, Wang A,
Zerbini F. 2017. ICTV Report Consortium. (2017). ICTV Virus Taxonomy Profile: Potyviridae. The Journal of General
Virology 98 (3), 352—-354. http://doi.org/10.1099/jgv.0.000740

Xu J, Wang N. 2018. Where are we going with genomics in plant pathogenic bacteria? Genomics pii, S0888-7543 (18)
30169-1, doi: 10.1016/j.ygeno0.2018.04.011

Yahr R, Schoch CL, Dentinger BTM. 2016. Scaling up discovery of hidden diversity in fungi: impacts of barcoding
approaches. Phil Trans R Soc B 371, 20150336. http://dx.doi.org/10.1098/rstb.2015.0336

Yang H, Li D, He R, Guo Q, Wang K, Zhang X, Cui, D. 2010. A Novel Quantum Dots—Based Point of Care Test for Syphilis.
Nanoscale Research Letters 5 (5), 875-881 http://doi.org/10.1007/s11671-010-9578-1

Yasaka R, Fukagawa H, lkematsu M, Soda H, Korkmaz S, Golnaraghi A, Katis N, Ho SYW, Gibbs AJ, Ohshima K. 2017.
The Timescale of Emergence and Spread of Turnip Mosaic Potyvirus. Scientific Reports 7 Article number 4240

52



Hort Innovation - Final Report: A review of diagnostic technologies to benefit the Australian Nursery Industry

Ye X, Zhong Z, Liu H, et al. 2018. Whole genome and transcriptome analysis reveal adaptive strategies and
pathogenesis of Calonectria pseudoreteaudii to Eucalyptus. BMC Genomics 2018, 19,358 doi:10.1186/s12864-018-
4739-1.

Young JM. et al. 2014. Limitations and recommendations for successful DNA extraction from forensic soil samples: A
review. Science and Justice 54, 238 - 244

Zhao B, Yang D, Zhang Y, Xu Y, Zhao X, Liang J, Fan X, Du Y, Zhu Z, Shi B, Zhang Q, Zhang X, Cai Y, Zhao K. 2018. Rapid
visual detection of lily mottle virus using a loop-mediated isothermal amplification method. Arch Virol 163 (545),
https://doi.org/10.1007/s00705-017-3618-4

Zheng L, Constable F, Rodoni BC. 2018. Development and application of loop-mediated isothermal amplification
(LAMP) assays for Potato spindle tuber viroid (PSTVd) and Potato virus Y (PVY). Australasian Plant Virology Workshop
2018, 20-23 February, Onetangi, New Zealand.

Zheng L, Rodoni BC, Gibbs MJ, Gibbs AJ. 2010. A novel pair of universal primers for the detection of potyviruses. Pl
Pathol 59, 211-220.

Igor B, Zhulin. 2015. Databases for Microbiologists. J Bacteriol 197 (15), 2458-2467 DOI: 10.1128/JB.00330-15

Zou Y, Mason MG, Wang Y, Wee E, Turni C, Blackall PJ, Trau M, Botella JR. 2017. Nucleic acid purification from plants,
animals and microbes in under 30 seconds. PLoS Biol 15 (11), e2003916.

53



