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Enhancing biosecurity against
virus disease threats to

Australian grain crops: current
situation and future prospects
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Menangle, NSW, Australia, 2The UWA Institute of Agriculture, University of Western Australia, Crawley,
WA, Australia

Australia is a major grain exporter, and this trade makes an important
contribution to its economy. Fortunately, it remains free of many damaging
virus diseases and virus vectors found elsewhere. However, its crop biosecurity is
under increasing pressure from global ecological, climatic, and demographic
challenges. Stringent biosecurity and plant health programs safeguard Australian
grain production from damaging virus and virus vector incursions entering via
different pathways. These programs formerly relied upon traditional testing
procedures (indicator hosts, serology, PCRs) to intercept incoming virus-
contaminated plant material. Recently, the integration of rapid genomic
diagnostics innovation involving High Throughput Sequencing (HTS) smart
tools into sample testing schedules is under exploration to improve virus
testing accuracy, efficiency, and cost effectiveness under diverse
circumstances. This process includes evaluating deployment of lllumina and
Oxford Nanopore Technology shotgun sequencing. It also includes evaluating
targeted viral genome HTS and virus vector metabarcoding approaches. In
addition, using machine learning and deep learning capacities for big data
analyses and remote sensing technologies will improve virus surveillance.
Tracking damaging virus variants will be improved by surveillance networks
which combine virus genomic-surveillance systems with an interoperable virus
database. Sequencing Australian virus specimen collections will help ensure the
accuracy of virus identifications based solely on genetic information. Enhancing
routine diagnosis and data collection using these innovations will improve post
entry virus interception and background virus and vector surveillance. This will
help reduce the frequency of new incursions, improve virus management during
eradication, containment and other plant health activities, and achieve more
profitable Australian grain production.
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1 Introduction

Virus disease outbreaks occur globally, causing damage
varying from small-scale losses to total crop failure. They
diminish the growth and vigour of plants and decrease the yield
and quality of their produce (Bos, 1982; Thresh, 1982; Thresh,
2004; Jones, 2006; Thresh, 2006a; Hull, 2014; Jones and Naidu,
2019). They damage all types of cultivated plants, including those
grown to feed humans and their livestock, such as grains, oilseeds,
roots, tubers, fruits and vegetables, and those grown for fibre,
ornamental and medicinal purposes. Moreover, since they damage
staple food crops of crucial importance for food-insecure world
regions, such as maize, wheat, rice, potato, cassava, sweet potato
and banana, minimizing the losses they cause is vital to achieving
global food security (Thresh, 2004; Fargette et al., 2006; Thresh,
2006a; Loebenstein and Thottappilly, 2013; Hull, 2014; Jones and
Naidu, 2019; Jones, 2020; Jones, 2021). In addition to plants grown
as monocultures, virus diseases also damage plants growing
amongst plant species mixtures in diverse situations. These
include intercropping, mixed cropping, smallholder, market
garden and subsistence farming (Thresh, 1982; Thresh, 2006b;
Jones, 2009; Boudreau, 2013; Hull, 2014; Chai et al., 2021; Jones,
2022), and managed pastures (Edwardson and Christae, 1986;
Barbetti et al., 1996; McLaughlin et al., 1996; Jones, 2012; Jones,
2022). They also damage wild plants growing in disturbed and
undisturbed wild plant ecosystems, and at the interface between
natural and managed vegetation (Bos, 1981; Thresh, 1981;
Malmstrom et al., 2005a; Malmstrom et al., 2005b; Cooper and
Jones, 2006; Webster et al., 2007; Alexander et al., 2014; Jones and
Coutts, 2015; Malmstrom and Alexander, 2016). In managed
pastures and natural vegetation, they diminish the fitness of
plant species sensitive to infection. This reduces their ability to
compete with non-host species and leads to alterations in the plant
species balance (McLaughlin et al., 1992; Friess and Maillet, 1996;
Jones and Nicholas, 1998; Maskell et al., 1999; Coutts and Jones,
2002; Malmstrom et al., 2005a; Malmstrom et al., 2005b; Cooper
and Jones, 2006; Alexander et al., 2017; Jones, 2022). Wild plants
also serve as an important infection reservoir from which viruses
spread to crops (Bos, 1981; Thresh, 1981; Hull, 2014). In 2014,
plant viruses were estimated to cause a worldwide economic
impact of more than US$30 billion annually (Sastry and Zitter,
2014), which is likely to have grown considerably since then.
Furthermore, since the world’s population is projected to increase
to approximately 10 billion by 2050, the need to feed this
burgeoning human population is paramount.

Factors driving the increasing threat posed by plant virus
diseases worldwide include expansion of: (i) agricultural
intensification, extensification and diversification; (ii)
globalisation; and (iii) disturbance and fragmentation of natural
vegetation (Thresh, 1980; Thresh, 1982; Fargette et al., 2006;
Thresh, 2006a; Thresh, 2006b; Thresh, 2006¢; Jones, 2009; Jones
and Naidu, 2019 Jones, 2020; Jones, 2021). Furthermore,
unpredictable weather conditions and global warming from
climate change make plant virus diseases more difficult to control
and alter their global distributions (Canto et al., 2009; Jones, 2009;
Jones and Barbetti, 2012; Jones, 2016; Trebicki, 2020). Frequent
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reports of new and emerging viral diseases have elevated plant
viruses to become an increasingly important global biosecurity
challenge (Anderson et al., 2004; Fargette et al., 2006; Jones, 2009;
Elena et al., 2014; Fereres, 2015; Gilbertson et al., 2015; Jones and
Naidu, 2019). Agricultural diversification involving dissemination
of crops away from their centres of origin and domestication has
important consequences with respect to virus diseases. Firstly, due
to virus infection in the seed or other planting material introduced,
viruses that evolved in crop domestication centres become
introduced inadvertently to new world regions, and then spread
to local crops and native vegetation, neither of which have
encountered them previously. Secondly, the newly introduced
crops become invaded by viruses they never encountered before,
which spread to them from infected crops occurring locally and
native vegetation. Both scenarios lead to rapid virus evolution
resulting in new viral variants or strains and host species jumps,
which sometimes cause severe crop losses, major epidemics and
even global pandemics (Thresh, 1980; Thresh, 2004; Jones, 20065
Thresh, 2006a; Thresh, 2006b; Jones, 2009; Dombrovsky et al., 2017;
Jones and Naidu, 2019; Jones, 2020; Jones, 2021). The first scenario
also damages natural ecosystems (Alexander et al., 2014; Vincent
et al.,, 2014; Jones and Coutts, 2015). Under these circumstances,
preventing incursions of damaging viruses and their virus vectors,
and eradicating or containing any that establish successfully, is
becoming an increasingly difficult challenge for biosecurity
authorities located within different world regions and countries.
Fortunately, rapid technological advances that improve the
effectiveness of virus diagnosis in preborder, border and
postborder situations are providing new opportunities to detect
viruses earlier and more reliably (Jones, 2014; Martin et al., 2016;
Kreuze, et al., 2023; Waite et al., 2022; Adams and Fox, 2016;
Barrero et al., 2017; Pecman et al., 2017; Bronzato-Badial et al.,
2018; FAQ, 2019; Piper et al., 2019; Liefting et al., 2021; Maina et al.,
2021; Whattam et al., 2021; Gauthier et al., 2022; Lelwala et al.,
2022; Mackie et al., 2022; Alcala Brisefo et al., 2023).

Viruses are transmitted from virus-infected to healthy plants in
diverse ways depending upon the pathosystem involved. These
include transmission via insect, mite, nematode or fungal vectors,
contact, vegetative propagules, seed, pollen, water, soil, and parasitic
plants (Hull, 2014; Jones, 2018). This means that distinct pathways
exist by which they can be introduced from one location to another.
The most significant pathway for long-distance plant virus
dissemination is via virus-infected vegetative planting material,
fruits and seeds distributed via trade supply chains involving ship,
plane, railway or road transport. However, international germplasm
exchange for plant breeding purposes also contributes (Thresh,
1980; Thresh, 1982, Bos, 1992; Lapierre and Signoret, 2004; Jones,
2009; Sastry, 2013; Jones, 2020; Jones, 2021; Whattam et al., 2021;
Lenzen et al., 2023). Moreover, the movement via trade supply
chains of viruliferous arthropod vectors adhering to vegetative
planting material and cut flowers, or viruliferous nematode
vectors and resting spores of fungal vectors in infested soils,
constitutes another major pathway for long-distance plant virus
dissemination (Lecoq et al., 2003; Jones, 2009; Jones and Barbetti,
2012; Fereres, 2015; Wamaitha et al., 2018; Jones and Naidu, 2019).
Furthermore, viruses and their vectors can also be disseminated
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over large distances when viruliferous arthropod vectors are
transported by major wind currents including jet winds (Thresh,
1982; Irwin and Thresh, 1988; Maina et al., 2017a; Maina, 2018;
Maina et al., 2018a; Maina et al., 2018b; Maina et al., 2019);.
Dissemination also occurs when airline, ship or railway
passengers unknowingly, or deliberately, carry virus-infected
fruits, seeds, vegetative planting material or virus-infested soil in
their luggage (Swain et al., 1952; Crooks et al., 1983; Alvarez Quinto
et al., 2023).

Australia differs from other continents and major world regions
regarding the threat virus diseases pose to its agriculture. It has a
unique situation in the world because of being an island continent
where the only plants cultivated during the limited agriculture
practiced for thousands of years before Europeans first settled in
1788 were derived from Australian native plants (Gerritsen, 2010).
Therefore, before its colonisation the continent lacked the
numerous virus and virus vector introductions that occurred
elsewhere in the world when seeds and vegetative propagules of
cultivated plants were moved between continents (Gibbs et al.,
2008; Jones, 2009). Furthermore, since the Australian Quarantine
Service commenced with the Quarantine act of 1908, a national
biosecurity framework has gradually been developed that minimizes
the likelihood of incursions by viral pathogens that damage
cultivated plants and native flora in other parts of the world
(Rodoni, 2009; Burgman et al., 2014; Barrero et al., 2017; Davis
et al,, 2021; Jones et al.,, 2021¢c; Whattam et al., 2021). For these
reasons, Australia remains free of many damaging viral diseases and
virus vectors found elsewhere. Nevertheless, its quarantine barrier is
sometimes breached and the ensuing post border operations may
fail to eradicate or contain virus and vector incursions. For example,
this occurred when two seed-borne viruses entered via infected
seeds: wheat streak mosaic virus (WSMV) which arrived around
1999 (Dwyer et al., 2007; Jones et al., 2022), and cucumber green
mottle mosaic virus which arrived in 2014 (Dombrovsky et al,
2017; Kehoe et al., 2022; Mackie et al., 2022). It also occurred when
the insect ‘supervectors’ Franklinella occidentalis (western flower
thrips) and Bemisia tabaci Biotype MEAM1 (silverleaf whitefly)
arrived in 1993 and 1994, respectively (Malipatil et al, 1993;
Gunning et al., 1995). Moreover, Australia’s northern coastline is
near to the coastlines of its neighbouring countries of Indonesia,
East Timor and Papua New Guinea (PNG). It is, therefore
vulnerable to virus and vector incursions from wet season
monsoonal wind currents carrying insect vectors (Maina et al,
2017a; Maina, 2018; Maina et al., 2019; Davis et al., 2021). It is also
vulnerable to virus incursions via migrating birds bringing infected
seeds, and vessel landings which inadvertently introduce virus-
infected seeds and/or virus-infected or vector-infested vegetative
propagules, fruits or soils (Gibbs et al., 2008; Horwood et al., 2018;
Davis et al., 2021; Jones et al., 2021¢).

The Australian continent has diverse climatic zones ranging
from temperate to tropical, which allow production of a wide
diversity of grain crops grown mainly for export (Henzell, 2007;
Brown et al., 2020). Grain crop cultivation is a major Australian
economic activity worth $16.7 billion annually (ABARES, 2022). As
the world’s population continues to increase, the importance of
Australia’s grain exports in helping to satisfy the ever-growing
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demand for food worldwide is likely to increase further.
Consequently, ongoing prevention of plant virus introductions is
fundamental to mitigate viral disease impacts on Australian grain
crops and safeguard its economy. Here, after describing Australian
plant biosecurity procedures in relation to virus and vector
interceptions and incursions, we describe advancements in
detection technologies, innovative tools and database analytics
which can improve Australian plant virus disease diagnosis and
surveillance, and highlight areas that warrant further investigation.
Examples of virus biosecurity threats to Australian cereal and
oilseed crops were provided in two recent reviews (Davis et al,
20215 Jones et al., 2021c¢). Therefore, the examples used here mostly
involve biosecurity threats to the legume component of the
continent’s grain crops. Our primary objective in writing this
review is to enhance the effectiveness of Australian plant
biosecurity at (i) intercepting damaging grain viruses when they
first arrive in the country, and (ii) providing the extensive
background information its post entry surveillance activities
require to detect, assess and manage new virus and vector

incursions in grain crops.

2 Australian plant biosecurity
2.1 Definitions of bioecurity terms

The statutory plant health term ‘plant biosecurity’ used in
Australia is referred to as ‘plant quarantine’ by some countries
(Burgman et al, 2014). The generic term ‘pest’ refers to ‘all
pathogenic agents that are injurious to plants or plant products’,
and includes damaging plant viruses (FAO, 2010). The plant
biosecurity term ‘risk’ refers to ‘the probability of an event
occurring and the consequence of that event’ (IPPC, 1997). The
terms ‘introduction’ and ‘incursion’ refer to ‘the entry of a pest
resulting in its establishment’, and ‘establishment’ refers to the
‘perpetuation for the foreseeable future of a pest within an area after
entry’. ‘Pest risk analysis’ (PRA) refers to ‘the process of evaluating
biological or other scientific and economic evidence to determine
whether an organism is a ‘pest’, whether it should be regulated, and
the strength of any phytosanitary measures to be taken against it’
(FAO, 2010; Burgman et al., 2014).

2.2 Pest risk analysis framework

In Australia, a PRA framework is in place by which the risks
associated with the introduction of each pest is identified and
assessed. Its role is to deter the incursion and establishment of
new pests, including viruses (and virus vectors) that cause diseases
likely to have a damaging impact (Burgman et al., 2014; Anderson et
al,, 2017). This framework consists of four components, ‘integrated
biosecurity and planning’, ‘preparedness for rapid response’,
deploying ‘innovative detection and surveillance tools’ and
‘innovative disease management approaches’ (Figure 1). All
damaging viruses or vectors intercepted during border
surveillance and monitoring of places of greatest risk (seaport,
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Venn diagram representing current and future integrated grains biosecurity strategies, required to mitigate virus associated grain yield losses in Australia.

airport and mail centres) are destroyed. Post border eradication
programs commence when these procedures fail to detect and
prevent their entry and PRAs deem them to be significant
economic threats to Australian agriculture, forestry or endangered
native ecosystems. Such programs involve widespread surveillance
and the destruction of all virus infection and vector infestation foci
found. Should they fail and their establishment result, PRAs
determine whether the economic threat justifies the expense of
undertaking containment programs or no further biosecurity
measures are warranted (Ebbels, 2003; Rodoni, 2009; Jeggo, 2012;
Burgman et al.,, 2014; Davis et al., 2021; Jones et al., 2021c¢). In this
context, the innovative detection and surveillance tools discussed
below in this review are of paramount importance.

2.3 Incursion management approaches

When damaging plant viruses or their vectors gain a foothold
within Australia, achieving effective eradication or containment
often requires very substantial control measures that can be
extremely costly. They typically include destroying all the infected
crops and plant material found in each affected region, and applying
strict quarantine restrictions over movement of plant materials,
machinery, vehicles and humans onto and off each quarantined
farm/property. Moreover, the owner of each quarantined farm/
property may require financial compensation for loss of income.
Table 1 provides an example of the often drastic actions required for
each quarantined farm/property. Similar types of control measures
are required for quarantined protected cropping but need to be
adjusted to reflect the more intensive production systems involved.
The integrated disease management approaches currently used to
manage established virus diseases in Australian crops include a
diverse range of phytosanitary, cultural, chemical, host resistance,
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and sometimes biological control measures (Jones, 2004; Jones,
20065 Jones and Naidu, 2019). They include both selective and
nonselective control measures that, when used in combination,
target not only external and internal virus sources but also the early
and late phases of virus spread, and operate in as many different
ways as possible, e.g., when used to suppress the spread of virus
diseases of grain legumes (Jones, 2001; Jones, 2004; Jones, 20065
Makkouk et al., 2014; Makkouk, 2020). The integrated disease
management approaches devised for managing viruses in high
value situations, such as plant breeding plots and seed crops of
newly released cultivars, are the most comprehensive and effective
at supressing virus spread (e.g., Jones, 2001; Jones, 2004; Jones and
Naidu, 2019). However, they are also the most expensive to deploy.
Although they are sometimes suitable for use by virus containment
programs that don’t warrant a more expensive approach, their
stringency is inadequate for effective virus eradication.

2.4 Northern Australian Quarantine
Strategy

The Northern Australia Quarantine Strategy (NAQS) is an
additional biosecurity program that commenced in 1990 (NAQS,
2020). Instead of focussing on initial border protection at seaports
airports and postal facilities, it conducts regular surveillance across
Northern Australia for pest incursions arriving via unregulated
pathways from Australia’s northern neighbours (Indonesia, East
Timor and PNG). As outlined briefly in the Introduction, virus and
virus vector incursions can occur in three ways: (i) virus vectors
with or without viruses being blown to the south by wet-season
monsoonal winds; (ii) migrating birds with virus-infected seeds in
their intestines flying, or being blown, southward over the sea; or
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TABLE 1 Example of a typical Australian biosecurity plan for virus eradication from an infested farm - annual crop version.

1. Hygiene and disposal precautions

Remove all organic materials (i.e. crop debris, weeds, cull piles, etc) and other materials (i.e. plastic mulch, etc.) from fields with infected crops. Dispose of these materials

safely by one of the following options:

Option 1. - On farm

a) | Dig pit deep enough for the risk material to be covered with 2 meters of soil. Peg out site for future identification.

b) | Transport vehicle to be disinfected on completion using 10% sodium hypochlorite solution.

Option 2. — Rubbish tip site

a) | Transport of contaminated material to dump site must be as a covered, secured load. Load must be taken directly to dump site.

b) | Contaminated material must be covered with 2 meters of soil when it is dumped. The covering material (e.g. tarpaulin) must be disposed of along with the

contaminated load.

¢) | Transport vehicle must to be disinfected using 10% sodium hypochlorite solution on completion of each dump.

Option 3. - Incineration

a) | Transport contaminated material to site where incineration is to be done must be as a covered, secured load. The load must be taken directly to the incineration site

b) = Contaminated material incinerated on site. The covering material (e.g. tarpaulin) must be incinerated along with the contaminated load, or covered with 2 meters of

soil at time incineration takes place.

c) | Transport vehicle is to be disinfected using 10% sodium hypochlorite solution on completion of each incineration.

After completion of initial hygiene and disposal precautions, continue to remove all volunteer crop plants and geminating weeds growing in affected areas using regular

herbicide applications. Plant only non-host crops for a minimum of 24 continuous months and ensure effective weed control by spraying herbicides not only within the

non-host crop, but also around its margins.

2. Pre-cleaning moveable equipment

Machinery, stakes, posts, containers, etc. must be cleaned completely free of soil and plant material by high pressure cleaning with a detergent-sanitiser. Cleaning site used

must be where both wastewater and debris can be disposed of safely by running into a covered sump, drain or hole that will not contaminate the water table.

3. Sanitising and disinfection of moveable equipment

As contaminated equipment caries virus contamination, cleaning is essential to avoid spread of infection. Spray machinery with 10% sodium hypochlorite solution. Stakes,
posts, containers, etc. must be cleaned completely free of soil and plant material by high pressure cleaning with a detergent-sanitiser. Store disinfected machinery or

equipment where it will never become re-contaminated.

4. Irrigation water and irrigation lines

Clean any header or other tanks used for irrigation purposes using disinfectant. This solution is to be passed through all irrigation lines and pipes, or these items to be

soaked in a disinfectant bath for 1 hour. Flush all items with clean water after this treatment.

5. Property security

a) | Strictly limit visiting trucks and other vehicles and people to a secure location at the front of the property where access to full biosecurity procedures is available

prior to any movement elsewhere on the property.

b) | Minimise activities on infested fields, and always clean down and sanitise moveable equipment before moving it to another location.

¢) | Limit farm personnel and others to central laneways on the property.

d) | Throughout the property, weed and volunteer crop plant control by herbicide application must be extremely thorough.

(iii) virus-infected seeds or discarded plant material, vegetative
propagules, fruits or soils being left behind after legal or illegal
vessel visits by traders, fishermen or drug traffickers from
Australia’s northern neighbours (e.g., Gibbs et al., 2008; Jones,
2009; Maina et al.,, 2017a; Horwood et al.,, 2018; Maina, 2018;
Maina et al., 2019; Davis et al., 2021). The early detection of new
virus or vector incursions arriving like this from the north means
they can be intercepted and removed promptly, preventing them
from spreading further south in the continent and infecting
cultivated plants or threatened ecosystems there. NAQS is
necessary because Australia’s northern island neighbours have a
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much longer history of growing locally domesticated and
introduced crops (>5,000 years) than Australia where crops were
first introduced after 1788. Therefore, they already have many pests,
including viruses and vectors, not yet present in Australia (e.g.,
Maina et al., 2017a; Maina et al., 2017b; Horwood et al., 2018; Maina
et al., 2018a; Maina et al., 2018b; Maina et al., 2019; Davis et al.,
2021). The NAQS remit also includes preborder surveillance
involving intergovernmental collaborative surveys with Indonesia,
East Timor and PNG to determine which damaging pests, including
viruses and vectors, are present but have not yet reached Australia
(Davis et al., 2021). Furthermore, collaborative surveys conducted
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within these countries outside the NAQS system have not only
found potentially damaging viruses that are absent from Northern
Australia, but also revealed evidence of past virus incursions. This
evidence was obtained by demonstrating ‘genetic connectivity’
between virus populations from crops in East Timor or PNG with
virus populations from the same crops growing in Northern
Australia (Maina et al., 2017a; Maina et al.,, 2017b; Maina et al.,
2017¢; Maina et al., 2018a; Maina et al., 2018b; Maina et al., 2019).
Indeed, mediated by climate change and an increase in illegal vessel
visits, it seems likely that the frequency of new virus and virus vector
incursion from Australia’s neighbours will accelerate in the future
(Jones and Barbetti, 2012; Eagles et al., 2013; Jones, 2016; Firth et al.,
2017; Trebicki, 2020).

2.5 Biosecurity guidelines and post-entry
quarantine

Australian government-mandated biosecurity import condition
guidelines apply to all plant imports (BICON, 2023). However, they
still remain a potential pathway for the inadvertent introduction of
damaging viruses and vectors, e.g. via virus-infected vegetative plant
propagules or seeds. Australia’s World Trade Organization (WTO)
membership requires application of its Sanitary and Phytosanitary
Measures (SPS) agreement. Under this agreement, Australia applies
a stringent biosecurity protection policy designed to minimize risk
without diminishing this to zero. Its aim is to provide fast but still
reliable access to the new genetic material Australia’s plant
industries require (Whattam et al., 2021). The import
arrangements depend upon the exporting country, and the
species and type of plant material being imported. Before entry, a
phytosanitary certificate stating the imported plant material is free
from damaging pests and diseases is required. BICON (2023)
provide a detailed description of the requirements for importation
of live plants and seeds. After their arrival, they are inspected for
pest or disease presence by biosecurity personnel, and either
released, treated or directed to a post-entry quarantine (PEQ)
facility for screening and/or testing, including for virus diseases
and virus vectors. This testing for plant viruses includes traditional
(symptom inspections, bioassays, serology, electron microscopy)
and currently used PCR and real-time PCR diagnostics (Whattam
et al, 2021). Labour saving procedures like high throughput
automated RNA/DNA extraction platforms and liquid handling
robotics have made these currently used molecular procedures
more efficient. However, employing such a wide range of test
assays across a very disparate range of target species remains a
very labour intensive process (Whattam et al., 2021). Also, these
tests can be very specific and unable to identify diverse strains,
variants or new viruses (Villamor et al., 2019). In the future,
innovative molecular diagnostic technologies that are less
resource demanding without compromising accuracy, need to be
used to update and improve Australian PEQ and other Australian
biosecurity and plant health diagnostics (Maina et al., 2021;
Whattam et al., 2021).

Australia’s grain breeding programs rely on germplasm
imported as seeds to enhance the genetic diversity of new grain
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cultivars. This includes introducing traits to improve yield, and
protection not only from pest and disease threats but also from
threats arising from increasing climate instability and changes in
farming systems. As mentioned in the previous paragraph, these
disease threats include damaging seed-borne viruses. Grain crop
germplasm imported as seed requires rigorous biosecurity
procedures to prevent their introduction, including inspection of
seeds on-arrival and mandatory growth in a PEQ facility where
seedlings are grown out and tested for seed-borne viruses. Once all
the biosecurity measures have been met, seed lines can be released.
As mentioned in the introduction, an example of where PEQ
procedures employed in the past failed to prevent an important
seed-borne virus of a grain crop from entering via infected seed, and
then becoming established across Australia, is WSMV. It arrived
first around the year 1999 in infected seed of wheat breeding lines
(Dwyer et al., 2007; Jones et al., 2022). High plains wheat mosaic
virus (HPWMYV), which has the same eriophyid mite vector as
WSMYV, and often occurs in mixed infection with it, probably
arrived in Australia via maize (or wheat) seed in the same way
and around the same time (Jones et al., 2023). These failures likely
occurred because WSMV and HPWMYV were not known to be seed-
borne in wheat or maize, respectively, until soon afterwards (Forster
et al., 2001; Jones et al., 2005).

2.6 Alternative entry pathways

An increasing problem for Australian biosecurity is the
likelihood of entry of significant viral pathogens from overseas via
illegal seed imports purchased from on-line retailers, non-
conforming legally imported seed sources or smuggled seeds
brought in by returning travellers intending to sow them in their
back gardens (e.g. Constable et al., 2021). An important reason why
this problem is growing is the rise in immigration involving people
from different parts of the world, which is fuelling an increasing
demand for ‘country-of-origin’ sourced cultural heritage grains
intended for planting or consumption in Australia. Similar
considerations apply to the likelihood of entry of significant viral
pathogens from overseas via illegal imports of vegetative
propagules, such as tubers, tuberous roots, bulbs and corms that
end up being planted in Australia. Examples of such virus
introductions include infected tubers from South America
entering Europe via the internet trade or in the luggage of
returning travellers (Fox et al., 2019; Fuentes et al., 2021; Alvarez
Quinto et al, 2023). Also, when tubers of heritage (=gourmet)
potato cultivars were tested in Australia an unusual strain of potato
virus Y (PVYP) was found (Jones and Vincent, 2018; Jones et al.,
2021a) which, although not of biosecurity significance, illustrates
how viruses of biosecurity concern can become established via
‘country-of-origin’ sourced cultural heritage introductions. To
address the threat of virus entry from these pathways, greater
biosecurity vigilance at mail centres, airports and seaports
combined with more effective yet labour saving diagnostics is
required. Indeed, the escalating plant biosecurity risk posed by
entry of damaging viral pathogens via these diverse pathways
constitutes an increasing cause for concern for Australia. This is
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because the viral diseases pose a serious threat to the economic and
ecological wellbeing of the continent’s agricultural industries and
natural ecosystems. Moreover, since Australia is a major food
exporter, any threat to its crops is also a cause for concern
elsewhere, especially for the world’s food insecure regions.

3 Australian grain legume industry

Currently more than 1.8 million hectares of grain legumes are
grown in Australia, an average 2.2 million metric tonnes being
produced annually (AEGIC, 2020). The principal grain legumes
grown are chickpea (Cicer arietinum), field pea (Pisum sativum),
faba bean (Vicia faba), lentil (Lens culinaris), lupin (Lupinus spp.),
mungbean (Vigna radiata), common bean (Phaseolus vulgaris),
cowpea (Vigna unguiculata), soybean (Glycine max), and peanut
(Arachis hypogea) (AEGIC, 2020). The main grain legume crops in
tropical northern Australia are chickpea, mungbean, soybean,
peanut, cowpea, common bean and cowpea. Those grown within
Australia’s subtropical northern grainbelt are mungbean, soybean,
peanut, lupin, field pea, chickpea and lentil, while those grown in
the Mediterranean and temperate climates of its southern grainbelt
are lupin, chickpea, faba bean, lentil and field pea (AEGIC, 2020;
Brown et al., 2020; Jones et al., 2021c¢).

Examples of more important grain legume viruses absent from
Australia are shown in Table 2, which lists information for each of
them on the main crops they affect, their principal vectors, whether
they are seed-borne, and their global distributions, disease impacts
and entry risks. Figures 2A-H illustrate the disease symptoms some
of them cause in grain legume foliage and seeds. The losses these
viral pathogens engender within grain legume crops growing
elsewhere in the world vary from devastating, e.g., groundnut
rosette disease in sub-Saharan Africa (Figures 2A, B; Naidu et al,
1999) and faba bean necrotic yellows disease in the Middle East and
North Africa (Figures 2C, D; Makkoulk, 2020), to major losses only
occurring sporadically (e.g. bean dwarf mosaic disease in South
America and pea early browning disease in Europe) (Table 2). Nine
of the virus examples in Table 2 are seed-borne so these are
therefore of greater concern for Australian biosecurity authorities
than those only likely to enter Australia via vegetative propagule
imports. Moreover, three of the viruses in Table 2, bean common
mosaic necrosis virus (BCMNYV), groundnut bud necrosis virus
(GBNV) and mungbean yellow mosaic India virus (MBYMIV),
have been found in the neighbouring countries of Indonesia or East
Timor closest to Australia’s northern coastline. Amongst these,
BCMNV is both found in East Timor (Maina et al., 2016) and seed-
borne so likely to enter Australia via birds or insect vectors crossing
the ocean or directly via introduction of virus-contaminated seed
(see previous Section). Since they are not seed-borne, GBNV and
MBYMIV are more likely to arrive in northern Australia from
Indonesia (Damayanti and Naidu, 2009; Hema et al, 2014) via
insect vectors crossing the ocean. In the 1970s, the seed-borne
viruses broad bean stain virus (BSV; Figure 2H) and broad bean
true mosaic virus were found infecting faba bean seeds sourced in
the Australian Capital Territory and the state of South Australia
(Moghal and Francki, 1974; Randles and Dube, 1977; Buchen-
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Osmond et al., 1988). However, there have been no further
detections in Australia, so both are deemed no longer present
and, therefore, still considered to be biosecurity threats (Table 2).
Amongst some of the grain legume viruses already present in
Australia, there are virulent strains which have not yet arrived but
pose a threat to Australia’s grain legume crops. For example, two
virulent strains of bean common mosaic virus (BCMV) fit this
category. These are its peanut stripe (BCMV-PSt) and blackeye
cowpea mosaic virus (BCMV-BICMYV) strains, both of which were
formerly considered distinct viruses. Moreover, BCMV-BICMV
already occurs in Indonesia, and BCMV-PSt in both Indonesia
and PNG (Green et al., 1988; Akin, 1997; Davis et al., 2002; Davis
etal, 2021). Therefore, both are likely to enter Australia via birds or
insect vectors crossing the ocean or directly via introduction of
virus-contaminated seed. In 2013, an eastern Australian study
reported finding a seed-borne PSbMV strain in seed of lentil
germplasm imported from the USA and demonstrated that it
belonged to PSbMV pathotype 2 (Figure 2I; Van Leur et al,
2013). This report considered this PSbMV strain to be a major
biosecurity threat to the Australian lentil industry and ways of
avoiding its establishment in commercial lentil crops were
proposed. However, in 2001 an earlier study in south-western
Australia had reported finding PSbMV-infected plants with
atypically severe foliage symptoms growing within plots of field
pea breeding lines (Figure 2J; Latham and Jones, 2001). This report
suggested that these plants were infected with a severe PSbMV
strain introduced via field pea germplasm from overseas. Soon
afterwards, virus isolate W1 obtained from these plants was found
to belong to PSbMV pathotype 2 to which the virulent lentil strain
of PSbMV, sometimes called the lentil strain (L-1, Alconero et al.,
1986), also belongs (Coutts et al., 2008; Wylie et al., 2011).
Moreover, in a field experiment PSbMV isolate W1 infection
decreased lentil seed yield by 96% and was seed-borne in 6% of
seedlings grown from harvested lentil seed (Coutts et al., 2008).
Therefore, the PSbMV variants found first in field pea breeding
plots in south-western Australia and later in imported lentil seed in
eastern Australia might both be representatives of the same virulent
seed-borne lentil strain, which has apparently not yet spread within
commercial crops belonging to the Australian lentil industry.

4 High throughput sequencing

Recent advances in high-throughput sequencing (HTS) and
bioinformatic analysis have provided considerable opportunities to
upgrade virus surveillance for plant health services and virus
discovery, so this subject has recently received considerable
worldwide attention (Massart et al., 2014; Adams and Fox, 2016;
Massart et al.,, 2017; Pecman et al., 2017; Adams et al., 2018;
Villamor et al., 2019; EPPO, 2022; Lebas et al.,, 2022; Alcala
Briseiio et al., 2023; Fontdevila Pareta et al, 2023), including
within Australia (Barrero et al., 2017; Piper et al., 2019; Maina
et al,, 2021; Whattam et al., 2021; Gauthier et al., 2022; Lelwala et al.,
2022; Mackie et al., 2022; Maina et al., 2022). Moreover, the cost of
HTS is declining at a significant rate due to advances in sequencing
technology, so its application as a routine diagnostic tool is
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TABLE 2 Examples of viruses that cause disease in grain legume crops in other continents but not yet in Australia.

Main
grain

legume
crops
affected

Principal
vectors

Seed
transmission

Distribution

Disease
impact

10.3389/fhort.2023.1263604

Entry risk

Bean common Potyvirus Common Mpyzus persicae, Yes Africa, Europe, Major yield Very likely due to being seed-
mosaic necrosis bean, cowpea, = Acyrthosiphon South Asia, losses borne, its vectors already
virus faba bean and | pisum and Aphis Southeast Asia being present and being
peanut fabae (including East found in nearby countries
Timor), and
North and South
America
Bean golden Begomovirus Common Bemisia tabaci None reported North and South Major yield Less likely because not seed-
yellow mosaic bean America losses borne nor found in nearby
virus countries, although its vector
is already present.
Bean dwarf Begomovirus Common Bemisia tabaci None reported South America Sometimes Less likely because not seed-
mosaic virus bean causes borne nor found in nearby
significant countries, although its vector
yield losses is already present.
Bean pod Comovirus Soybean, Ceratoma Yes Africa, Middle Sometimes Rather likely because is seed-
mottle virus common trifurcata East and North causes borne despite not being found
bean, America significant in nearby countries and its
yield losses vector being absent
Chickpea Mastrevirus Chickpea, Orosius None reported Africa, Middle Major yield Unlikely because not seed-
chlorotic dwarf faba bean, albicinctus, O. East, Central and losses borne nor found in nearby
virus field pea, orientalis South Asia countries, and its vectors are
lentil and absent
common bean
Chickpea Polerovirus Chickpea, Aphis craccivora, None reported Africa, Middle Major yield Less likely because not seed-
chlorotic stunt faba bean, Acyrthosiphon East and Europe losses borne nor found in nearby
virus feld pea, and pisum countries, although its vectors
lentil are already present
Cowpea Bromovirus Cowpea, Diabrotica None reported Africa, East Asia, Major yield Unlikely because not seed-
chlorotic mottle peanut and undecimpunctata, North and South losses borne nor found in nearby
virus soybean Cerotoma America countries and its vectors are
trifurcata absent
Cowpea severe Comovirus Cowpea, Cerotoma Yes North and South Major yield | Rather likely because is seed-
mosaic virus soybean, ruficornis and C. America losses borne, despite not being
trifurcata found in nearby countries and
its vectors being absent
Faba bean Nanovirus Chickpea, Aphis fabae, Aphis ~ None reported Africa, Middle Devastating | Less likely because not seed-
necrotic yellows common craccivora, East and Europe yield losses, borne nor found in nearby
virus bean, cowpea, | Acyrthosiphon including countries, although its vectors
faba bean, pisum crop failure are already present
field pea and
lentil
Groundnut Orthotospovirus | Cowpea, Thrips palmi None reported Middle East, Major yield | Likely because found in
(=peanut) bud common Central, South losses nearby countries and its
necrosis virus bean, field and East Asia, vector is already present,
pea, Southeast despite it not being seed-
mungbean, Asia (including borne
urd bean, Indonesia)
peanut and
soybean
Groundnut Orthotospovirus | Peanut and Frankliniella None reported Africa, Europe, Major yield Less likely because not seed-
ringspot virus soybean occidentalis, North and South losses borne nor found in nearby
Frankliniella America countries, although its vectors
schultzei are already present
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TABLE 2 Continued

Main
grain
legume
crops
affected

Principal
vectors

Seed
transmission

Distribution

Disease
impact

10.3389/fhort.2023.1263604

Entry risk

Groundnut Umbravirus, Peanut Aphis craccivora None reported Africa Devastating | Less likely because not seed-
rosette virus, Luteovrus, yield losses, borne nor found in nearby
groundnut virus satellite including countries, although its vector
rosette assistor crop failure is already present
virus and virus
satellite
(Groundnut
rosette tripartite
disease
complex)
Horsegram Begomovirus Common Bemisia tabaci None reported South Asia Major yield Less likely because not seed-
yellow mosaic bean, losses borne nor found in nearby
virus soybean, countries, although its vector
cowpea, is already present
mungbean
and urd bean
Broad bean Bromovirus Chickpea, Acalymma Yes Africa, Middle Major yield Likely because is seed-borne
mottle virus common trivittata, East, East Asia, losses and some of its vectors are
bean, faba Diabrotica Europe and South already present, despite it not
bean, field pea | undecimpunctata, America being found in nearby
and lentil Colaspis flavida, countries
Sitona lineatus,
Apion arrogans
Broad bean Bromovirus Faba bean, Apion vorax, Yes Africa, Middle Sometimes Likely because is seed-borne
stain virus field pea and Sitona lineatus East, Europe and causes and previously arrived in
lentils East Asia significant Australia, despite not being
yield losses found in nearby countries and
its vectors being absent
Broad bean true | Bromovirus Common Apion aestivum, Yes Africa, East Asia, Sometimes Likely because is seed-borne
mosaic virus bean, faba Apion arrogans, Middle East and causes and previously arrived in
bean, field Sitona crinitus, Europe significant Australia, despite not being
pea, and Sitona limosa, and yield losses found in nearby countries and
soybean Sitona lineatus its vectors being absent
Mungbean Begomovirus Mungbean, Bemisia tabaci None reported South Asia, East Major yield Rather likely because found in
yellow mosaic urd bean, Asia and losses distant parts of Southeast Asia
virus common Southeast Asia and its vector is already
bean, cowpea present, despite it not being
and soybean seed-borne nor found in
neighbouring countries
Mungbean Begomovirus Mungbean Bemisia tabaci None reported South Asia and Major yield Likely because found in
yellow mosaic and urd bean Southeast Asia losses neighbouring countries and
India virus (including its vector is already present,
Indonesia) despite it not being seed-
borne
Pea enation Enamovirus Chickpea, Acyrthosiphon None reported Africa, Europe, Sometimes Less likely because not seed-
mosaic viruses and common pisum, Aphis Middle East, causes borne nor found in nearby
1,and 2 Umbravirus bean, faba craccivora and Central and South | significant countries, despite its vectors
(bipartite bean, field Mpyzus persicae Asia, North and yield losses already being present
disease pea, lentil and South America
complex) narrow-leafed
lupin
Pea early Tobravirus Common Trichodorus Yes Africa and Sometimes Rather likely because is seed-
browning virus bean, faba primitivus, T. Europe causes borne, despite not being
bean and field | viruliferus, significant found in nearby countries and
pea Paratrichodorus yield losses its vectors being absent
anemones, P.
(Continued)
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TABLE 2 Continued

10.3389/fhort.2023.1263604

Main Principal Seed Distribution  Disease = Entry risk
grain vectors transmission impact
legume
crops
affected
pachydermus and
P. teres
Peanut clump Pecluvirus Peanut Polymyxa Yes Africa Significant Likely because is seed-borne
virus graminis yield losses and its vector is already
present, despite it not being
found in nearby countries
Indian peanut Pecluvirus Peanut Polymyxa Yes South Asia Significant Likely because is seed-borne
clump virus graminis yield losses and its vector is already
present, despite it not being
found in nearby countries

becoming increasing attractive (Villamor et al., 2019; Lebas et al.,
2022). Indeed, it has been endorsed as a robust testing tool for
screening viral pathogens in inter-country commodity trading by
both the World Trade Organisation and Food and the Agriculture
Organisation of the United Nations (FAO, 2019). Furthermore, its
integration is recommended for critical sample testing within

healthy stock, seed and crop certification programs around the
world to enhance the availability of virus-tested plant material in a
timely manner (Villamor et al, 2019). However, despite these
benefits its main drawback remains that, in addition to known
viral pathogens, it also reveals presence of potential viral pathogens
that exist only as sequences lacking any biological data (Massart

FIGURE 2

Examples of damage caused to grain legume foliage and seeds by virus diseases of biosecurity concern for Australia. (A) A field of peanut growing in
East Africa with a large central area of chlorotic severely dwarfed plants caused by infection with groundnut rosette disease (image
credit@Washington State University/Rayapati Naidu). (B) A row of peanut plants growing in East Africa showing foliage bushiness and severe plant
stunting caused by infection with groundnut rosette disease (right), healthy plant (left) (image credit @Washington State University/Rayapati Naidu).
(C) A field of faba bean peanut growing in Egypt showing dead plants killed by infection with faba bean necrotic yellows virus (image
credit@International Center for Agricultural Research in the Dry Areas/Safaa Kumari). (D) Faba bean field experiment in Tunisia, plot on left contains
dying plants with chlorotic and necrotic foliar symptoms caused by infection with faba bean necrotic yellows virus, insecticide protected control plot
on right contains healthy plants (image credit@International Center for Agricultural Research in the Dry Areas/Safaa Kumari). (E) Rows of chickpea
plants growing in Pakistan showing a mixture of stunted plants with chlorotic foliage caused by chickpea chlorotic dwarf virus and healthy plants.

(F) A row of common bean plants growing in Florida showing bright yellow leaf mosaic symptoms caused by infection with bean golden mosaic
virus. (G) Seeds harvested from faba bean plants growing in the Middle East: marginal necrosis, malformation and size reduction in seeds from a
plant infected with broad bean mottle virus (left), seeds from healthy plant (right) (image credit@International Center for Agricultural Research in the
Dry Areas/Khaled Makkouk). (H) Seeds harvested from lentil plants growing in the Middle East: necrotic rings and line patterns, malformation and size
reduction in seeds from a plant infected with broad bean stain virus (left), seeds from healthy plant (right) (image credit@lnternational Center for
Agricultural Research in the Dry Areas/Khaled Makkouk). (I) Rows of lentil plants growing in Ethiopia showing symptoms of leaf chlorosis, reddening
and size reduction and severe plant stunting caused by infection with the lentil strain of pea seed-borne mosaic virus (image credit@New South
Wales Department of Primary Industries/Joop van Leur). (J) Foliage of field pea plant growing in south-west Australia (field breeding plots, Medina
Research Station, 1997) showing leaf symptoms of severe mottle, deformation and size reduction due to infection with a severe strain of pea seed-
borne mosaic virus.
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et al,, 2017; Jones et al., 2021b; Whattam et al., 2021). In 2017 in
Europe, a collective framework was devised to provide guidelines
designed to help both plant inspection agencies and biosecurity and
plant health authorities with their collection of the biological data
needed to establish whether such potential viral pathogens pose any
actual economic risks to the agricultural sector (Massart et al,
2017). However, the biological data obtained from following these
guidelines was insufficient for meaningful biosecurity PRAs to be
performed on each potential viral pathogen. This was because they
required comprehensive information for each virus about its
incidence, distribution, symptomatology, pathogenicity, vectors,
host range, genetic diversity and epidemiology. Therefore, this
framework was expanded to make it sufficiently comprehensive to
guide these agencies and authorities toward assembling all the
biological data necessary for their PRAs to be effective (Adams
et al, 2018; Olmos et al., 2018; Fontdevila Pareta et al., 2023).
Figure 2 of Fontdevila Pareta et al. (2023) provides an up-to-date,
detailed, explanatory diagram of the most recent version of the
European PRA framework, which illustrates all its different
components and how they relate to the other. This revised
framework will help greatly with the collection of biological data
needed to strengthen the effectiveness of biosecurity PRAs
employed in Australia (see the Australian Plant Biosecurity
Section above).

In the pre-sequencing era, there was far greater focus on the
provision of extensive biological data about plant viruses than
currently. Sequencing virus isolates preserved in historical plant
virus collections, and establishing whether the sequences obtained
match those of recently found potential viral pathogens existing
only as sequences, can, in instances where there is a match, help
provide access to otherwise missing but extensive biological baseline
data needed for biosecurity PRAs (Jones et al., 2021b). Tt will also
help establish when apparently newly found viruses have been
provided inadvertently with incorrect names, because they had
actually been studied and named in the past. This scenario is also
important for biosecurity and other plant health authorities to be
aware of when conducting their PRAs. Nevertheless, over the last
ten years, the demand for HTS in global plant health diagnostics has
remained high. Notably, whole genome sequencing can be costly
when used for routine massive parallel sequencing. Therefore, over
the last five years, considerable efforts have been underway in
Australia to explore the possible integration of rapid diagnostics
innovation involving HTS genome based smart tools into plant
health and biosecurity programs (Barrero et al., 2017; Piper et al,
2019; Maina et al., 2021; Whattam et al., 2021; Gautier et al., 2022;
Lelwala et al., 2022; Mackie et al.,, 2022). The following Sections
describe examples of the most promising, cost-effective approaches
suitable for use by plant biosecurity and other plant
health authorities.

4.1 [lumina and Oxford Nanopore
sequencing

Whole genome sequencing platforms, such as Illumina, remain
the most widely used procedures due to their high throughput and
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low error rate. Illumina can deliver up to 20 billion reads per run
with paired read lengths of 150 bp. It uses technology based on
reversible terminator-based methods to detect single bases as they
are added into growing DNA strands. Such procedures significantly
decrease errors and missed base calls associated with
homopolymers which makes them extremely viable for
biosecurity diagnoses (Maina et al, 2021; Pecman et al, 2022).
However, Illumina produces shorter read lengths and involves a
longer turn around time before results become available than third-
generation platforms such as Oxford Nanopore Technology (ONT)
(Pecman et al., 2022). Also, ONT provides a convenient means of
identifying plant viruses (Bronzato-Badial et al., 2018; Ben Chehida
et al,, 2021; Liefting et al., 2021; Maina et al., 2022; Pecman et al.,
2022; Waite et al,, 2022). Its ONT direct RNA sequencing approach
involves sequencing RNA without the need for prior amplification
and it directly reads RNA without the need for reverse transcription
(Phannareth et al., 2020). This avoids the complexity of some
transcriptome assembly steps required with short reads, especially
in highly variable regions. Its library preparation protocol (e.g SQK-
RNAO002) is straightforward and quick providing long reads lacking
PCR bias (Garalde et al., 2018). Moreover, although ONT's high
error rates were a drawback initially (ONT, 2020; Wongsurawat
et al., 2019), during its last few years, its chemistry has progressed
rapidly (Phannareth et al., 2020; Sereika et al., 2022). Indeed, its
level of accuracy was reported to have improved from 85% to
>99.9% when used to test macrofaunal reef samples (Chang et al,
2020; ONT, 2020). In addition, the ONT approach directly
sequences RNA without modification of their native form
(Wongsurawat et al., 2019; Cozzuto et al., 2020). Therefore, since
RNA virus genomes undergo high rates of recombination and are
notoriously variable, ONT direct RNA long read sequencing serves
as an attractive option for detecting RNA viruses within a
metagenomic sample. It not only negates PCR amplification
biases but also helps achieve success in sequencing problematic
viral genome sections. The absence of an RNA to cDNA reverse
transcribing step means that ONT can provide results rapidly.
Moreover, its use of long read, single molecule sequencing
mitigates the issue of low sequence coverage and depth, making it
suitable for use as a virus diagnostic metagenomic approach to
sample testing within plant health and biosecurity virus screening
programs. Indeed, when virus sample and library preparation
procedures being used with it were optimised, Nanopore MinION
sequencing proved as effective as Illumina sequencing at testing
virus samples (Pecman et al., 2022). Overall, the Nanopore MinION
is better suited to situations where few samples need to be tested
rapidly, whereas the low error rates and higher throughput of other
widely used platforms, such as Illumina, make them better suited to
handling large numbers of samples (Villamor et al., 2019; Pecman
et al, 2022). In New Zealand, deploying a combination of the
MinION portable sequencer with the ONT Flongle platform
increased both the efficiency and the accuracy of routine PEQ
testing and biosecurity surveillance (Liefting et al., 2021). Notably, it
was highly effective at detecting new host associations, mixed viral
infections and previously undescribed viruses.

Innovative modifications could render ONT HTS a more cost-
effective genomic diagnostic tool, offering a paradigm shift in PEQ

frontiersin.org


https://doi.org/10.3389/fhort.2023.1263604
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org

Maina and Jones

biosecurity screening. Such modifications include taking advantage
of the LAMP diagnostic method, which involves targeted
isothermal amplification and colorimetric detection (Notomi
et al,, 2000). It is portable and faster than conventional PCR/
qPCR, making it suitable for near-field/in-field applications and it
can generate many copies of the target region in around 30 minutes
at 65°C. Its successful amplification is often inferred from a proxy
measurement, including high turbidity and colour fluorescence
changes. However, these can be affected by contaminating
substances present in a plant sample, e.g., colour change in no-
template controls, arising from primer artifact amplification, can
lead to a false positive detections. Instead of relying on the principle
of proxy measurements, combining LAMP with ONT chemistry
(LamPORE) can offer a raw sequence readout (Schmid-Burgk et al.,
2020; Thompson and Lei, 2020). LamPORE uses a combined
multiplexed barcoded loop-mediated amplification, transposase
library preparation and real-time nanopore sequencing. This
approach can be improved further and adopted to screen large
numbers of samples for the presence or absence of viruses. Its target
amplification profile sequences bind to the primers and can be
identified without ambiguity by sequence analysis (Peto et al,
2021). LamPORE sequencing provides the additional opportunity
to amplify and detect multiple targets in a single tube which can be
adopted for virus biosecurity and other plant health surveillance in
the field. The real time read generation of ONT combined with fast
library preparation, reduces virus diagnostic costs and shortens
decision-making timelines. This means that innovations like
LamPORE offer a feasible solution in helping to improve grain
biosecurity. It is also likely to be useful on a large scale as a portable
plant health virus identification tool suitable for on farm virus
genomic surveillance. In the future, further innovations and
research within both Illumina and ONT will include real-time
high-quality score data generation combined with faster robust
library preparation procedures. This will lead to further reductions
in costs associated with virus biosecurity diagnosis and shorten
decision-making timelines. Such efforts, will enhance biosecurity
diagnostics, surveillance, and decision-making, thereby
contributing towards higher grains industry productivity.

4.2 Targeted genome sequencing

Targeted HTS such as TG-Seq has proved successful in
detecting multiple plant viruses simultaneously in a single
reaction (e.g., Maina et al, 2021; Mackie et al, 2022). This
approach targets conserved genome regions found within
multiple viruses (pan-genomes). These are amplified by
employing multiplexed oligonucleotide panels followed by using
bead-linked transposomes to enrich the libraries for viral detection
(Maina et al., 2021). Before TG-Seq was developed, studies that
demonstrated a targeted HTS enrichment approach towards
detecting a broad spectrum of plant viruses simultaneously were
lacking, although this had been done previously in samples
containing vertebrate viruses in clinical samples (e.g., Briese et al.,
2015). The TG-Seq findings enabled a systematic understanding to
be obtained of how multiple plant virus specific genome sections
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can be targeted and sequenced simultaneously to generate
homology information (Maina et al, 2021). Such approaches
maximise the sensitivity and specificity of the assay for the viruses
targeted which reduces the sequencing costs associated with the
detection assay and simplifies the downstream bioinformatic
analyses. However, as yet, it remains to be determined how many
target primers from diverse variants of RNA and DNA viruses can
be multiplexed together in a single reaction. Other detection
strategies include viral genome skimming sequencing (VgSkim-
Seq) which also provides an effective and low-cost tool for routine
viral genome sequencing and homology analysis (Bohmann et al.,
2020). More importantly, these approaches can evaluate the
incorporation of unique dual indices within the libraries derived
to maximise the multiplexing capacity and reduce the risk of any
indexing crossover.

Metabarcoding is also a targeted HTS approach. It can detect
multiple insect virus vector species within a single reaction using the
cytochrome C oxidase I (COI) mitochondrial gene, thus enabling
massive parallel identification of diverse individuals from diverse
insect taxonomic groups (e.g., Piper et al, 2019; Batovska et al,
2021). This approach is applicable to surveillance for incursions of
vector insects that transmit viruses of grain crops, such as the
recently arrived Diuraphis noxia (Russian wheat aphid), which still
remains the subject of active Australian biosecurity surveillance and
containment programs (Damsteegt et al., 1992; Ward et al,, 2020).
Deploying a targeted HTS platform such as the NovaSeq system(s),
that can deliver up to 20 billion reads per run, would provide an
efficient and very cost effective virus vector identification procedure,
particularly in surveillance for virus and vector incursions in the
field. This would contribute to virus management, surveillance and
associated biosecurity decision-making.

5 Strengthening surveillance and
database systems

Machine learning and deep learning algorithms for big data
analyses, and remote sensing technologies, such as hyperspectral,
multispectral, thermal, and other types of optical sensing, hold
considerable promise toward achieving more effective virus disease
and virus vector surveillance (Jones, 2014; Jones and Naidu, 2019;
Oerke, 2020; Ahmad Loti et al., 2021; Khan et al., 2022; Gollapudi
et al., 2023; Sarkar et al.,, 2023). Moreover, the combined use of
ground with aerial remote sensing increases the accuracy and
precision of virus disease or vector detection (Jones, 2014;
Neupane and Baysal-Gurel, 2021; Rhodes et al., 2022; Wang et al.,
2022). Furthermore, these innovations are becoming increasingly
successful at distinguishing virus-infected or insect vector-infested
plants from healthy plants (Griffel et al., 2018; Nansen et al., 2019;
Abd El-Ghany et al., 2020; Terentev et al., 2022; Wang et al., 2022).
During searches for new virus and vector incursions, adopting such
technologies can strengthen the effectiveness and efficiency of
different kinds of surveillance activities. This applies not only to
NAQS activities in northern Australia, but also to post entry
biosecurity eradication and containment programs in affected
regions throughout Australia. It also applies to other plant health
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activities such as healthy stock and seed schemes and large-scale
seed crop certification inspections. Such imaging would be applied
on different scales depending on what it is being used for, ranging
from very intensive during eradication programs to moderate or
infrequent, as appropriate, during NAQS or containment activities.

Database surveillance networks could serve as an effective way
of sharing datasets to help track viral genome mutations and
variants of concern as they enter Australia. For this, a prospective
virus genomic-surveillance system would be combined with an
interoperable virus database adhering to standard practices. These
practices would guide the process of creating and submitting
sequence metadata records for standardization across different
Australian biosecurity and plant health agencies. A dedicated
high-performance computing system would be built in
partnership with computing system administrators with extensive
computing expertise, and both virology and virus vector researchers
with strong virus biology and bioinformatics linkages. Database and
surveillance systems would facilitate tracking viruses of biosecurity
or plant health concern using sequence predictive tools to identify
lineages and the origins of different incursions (Figure 1).
Nextstrain (Hadfield et al., 2018) proved a successful approach
with which real-time phylogenetic information was used to track
variants within SARS-2 (COVID-19) populations. By revealing
virus evolutionary trends, geographical origins and diversity, the
development of such phylogenetic inference tools would help with
tracking Australian grain virus incursions. This information would
ensure more effective surveillance thereby enabling more effect virus
management during eradication and containment programs.

Notably, as explained in the ‘High Throughput Sequencing’
Section above, historical virus specimen collections can help with
understanding more recent virus incursions and their subsequent
spread (Jones et al., 2021b). Likewise, building and enhancing
Australian virus specimen collections, would provide a significant
baseline data contribution to future virus biosecurity and plant
health programs. These collections need to be sequenced, and the
datasets obtained linked back to surveillance databases. Doing this
would not only support the accurate identification of damaging
viral variants linked to new incursions, but also help to ensure that
all virus species identifications and classifications based on
sequences are correct.

6 Conclusions

Here we explain the critical importance of grain industry
exports to the Australian economy, the reasons why the continent
lacks many of the virus diseases that damage grain crops in other
continents and the importance of having a stringent biosecurity
program in place to prevent their introduction and establishment.
We also specify the different pathways by which damaging grain
viruses and their vectors can reach Australia, and the measures
currently in place to prevent their introduction and establishment.
Next, we explain how Australian biosecurity programs currently
test seeds, vegetative propagules or other plant imports after their
arrival for the presence of viruses of concern. When such viruses are
found the consignment is destroyed. When these efforts fail to

Frontiers in Horticulture

13

10.3389/fhort.2023.1263604

detect threatening viruses, and an affected consignment is
inadvertently released, an incursion occurs. In these
circumstances, PRAs are done to provide an estimate of the risk
of economic loss likely to occur if no further action is taken. In this
context, we recommend using the most recent European framework
providing comprehensive guidelines to help biosecurity and plant
health authorities assemble all the biological data required to
conduct effective PRAs. When the estimated risk level justifies the
cost of taking action, an eradication campaign is authorised.
Although such campaigns normally involve taking drastic
measures, they sometimes fail to eliminate the incursion. When
this transpires, a decision is made to continue to localise the
distribution of the viral pathogen with a containment exercise or
accept its presence and manage its epidemics in the same way as
those of established viruses. Similar procedures to those used with
virus threat arrivals also apply to incoming virus vectors.

Fortunately, exciting recent advances in technological
innovation provide major opportunities to improve the
effectiveness and reduce the costs of Australian biosecurity
detection, diagnosis and surveillance procedures that target
threatening grain crop viruses and their vectors. Where
appropriate, they also provide opportunities to improve other
Australian plant health activities. These include the effectiveness
of future virus surveillance during healthy stock and seed
programs, and crop certification. We recommend increasing
their adoption, and continuous investment in future research
innovations in Australian grains biosecurity to enhance their
effectiveness and reduce the costs of virus testing and
surveillance activities. In particular, we advocate more
widespread integration of HTS genome based smart tools and
research on their application into PEQ testing and other
biosecurity testing of imported seeds, vegetative propagules, and
further planting material. Additionally, these technologies offer
major advantages for testing NAQS surveillance samples collected
in the field. Where appropriate, we also suggest their use to ensure
accurate diagnosis of viruses present in critical surveillance
samples collected during eradication and containment activities,
healthy stock and seed program inspections and seed crop health
certification. This is because conventional plant biosecurity
techniques are less adaptable to the detection of distinct viruses
than HTS. This challenge underscores the necessity of undertaking
future innovation focused on developing effective broad-spectrum
HTS detection methods for use in detecting the growing number of
virus biosecurity threats to the Australian grain industry. Globally,
HTS has revolutionized the identification and characterization of
plant viruses. Its high robustness has enabled the discovery of
many viruses which have been fully or partially characterized
subsequently. This has improved diagnostic procedures, disease
diagnosis, and the understanding of virus diseases of unknown
etiology. HTS has superseded conventional detection methods, due
to its ability to identify both known and unknown viruses without
prior knowledge of their presence, and in a reduced timeframe. The
greater comprehensiveness of HTS compared to conventional
detection methods means that it can profile multiple viruses
present in a single biological sample, including viruses co-
existing within a synergistic complex.
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Mumina technology significantly reduces errors and missed
base calls associated with homopolymers and other experimental
stochasticity. It provides high quality short reads and has a massive
multiplexing capability. These are all desirable cost-effective
features especially suited for screening large number of samples
for targets of low abundance viruses. However, future research
innovation should focus on developing faster and shorter robust
library preparation procedures and the capability to stop/pause the
run as soon as enough data has accumulated to allow initial analysis.
Further, future on board platforms should have the ability to allow
analysis of base called datasets in real time sequencing. This could
dramatically reduce grain virus biosecurity diagnostics associated
costs and shorten critical biosecurity decision-making timelines.
The ONT MinION portable sequencer is ideally suited to
circumstances where few samples need to be tested rapidly by a
cheaper method. Combining real-time nanopore sequencing with
multiplexed barcoded loop-mediated amplification and transposase
library preparation (LamPORE) increases accuracy, reduces virus
diagnostic costs and shortens decision-making timelines. ONT
future innovation should strive to develop robust library
preparation procedures which incorporate both rRNA depletion
and reverse transcription, for example in direct RNA-Seq and
c¢DNA-PCR approaches, and higher quality score sequencing
procedures which lead to a considerable increase in obtaining
accurate results in virus detection. Such a portable tool would be
ideally suited to on farm virus genomic surveillance.

TG-Seq is a targeted HTS approach that maximises the
sensitivity and specificity of virus assays, decreases sequencing
costs and simplifies downstream bioinformatic analyses. Likewise,
VgSkim-Seq offers an effective and low-cost tool for use in routine
viral genome sequencing. Moreover, inclusion of metabarcoding
in an HTS platform such as the NovaSeq system makes it efficient
and cost effective for use in surveillance for new virus vector
incursions in the field. To further optimise the effectiveness of
virus surveillance activities, we recommend widespread adoption
of machine learning and deep learning algorithms for big data
analyses, and both surface and aerial remote sensing technologies.
Combining in-field machine learning high throughput
phenotyping and real-time genotyping, will help track vector
arrivals, viral genome mutations and virus variants of concern
as they enter Australia. We also recommend using these
technologies along with database surveillance networks that
combine virus genomic-surveillance systems with an
interoperable virus database. Finally, we recommend, enhancing
and HTS of Australian virus specimen collections to help ensure
all virus species identifications based on sequences are correct and
viral variants linked to new incursions are identified accurately.
These recommendations will help improve Australian grain
biosecurity and plant health policy planning and grain virus and
vector research. They will also help towards bettering both virus
diagnosis and virus and virus vector data collection, thereby
upgrading not only post entry virus interceptions but also
background virus and vector surveillance information. In turn,
this will reduce the frequency of new incursions, improve virus
management during eradication, containment and other plant
health activities, and help towards safeguarding the Australian
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grains industry and achieving more profitable Australian
grain production.
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