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Abstract: Plant viral diseases result in productivity and economic losses to agriculture, necessitat-
ing accurate detection for effective control. Lab-based molecular testing is the gold standard for
providing reliable and accurate diagnostics; however, these tests are expensive, time-consuming,
and labour-intensive, especially at the field-scale with a large number of samples. Recent advances
in optical remote sensing offer tremendous potential for non-destructive diagnostics of plant viral
diseases at large spatial scales. This review provides an overview of traditional diagnostic methods
followed by a comprehensive description of optical sensing technology, including camera systems,
platforms, and spectral data analysis to detect plant viral diseases. The paper is organized along
six multidisciplinary sections: (1) Impact of plant viral disease on plant physiology and consequent
phenotypic changes, (2) direct diagnostic methods, (3) traditional indirect detection methods, (4) op-
tical sensing technologies, (5) data processing techniques and modelling for disease detection, and
(6) comparison of the costs. Finally, the current challenges and novel ideas of optical sensing for
detecting plant viruses are discussed.

Keywords: plant viruses; remote sensing; hyperspectral imaging; disease prediction modelling;

machine learning

1. Introduction

Plant diseases have plagued agricultural production since antiquity. It is estimated
that 20-40% of crop yield losses worldwide are caused by plant diseases, of which plant
viruses are the second most significant contributor [1,2]. Viral diseases affect crop growth,
reduce yield, influence the survival of scions, and impact fruit quality, consequently causing
significant economic losses [3].

Major crop viral disease incidents and economic consequences have been reported
worldwide [4-6]. In 1993-1994, tomato yellow leaf curl virus decreased tomato production
by 75% and cost more than USD 10 million in the Dominican Republic [7]. Cotton leaf curl
virus caused nearly 30% cotton yield loss worth USD 5 billion in Pakistan between 1992 and
1997 [8]. Rice tungro disease is a devastating viral disease that affects rice production in
many countries in southeast Asia; a USD 1.5 billion annually economic loss was estimated
due to this disease [5]. For woody perennial crops like fruit trees and grapevines, yield
losses are not confined to one season, but multiple seasons. A 14-year field study in New
Zealand found that apple tree yield and fruit size decreased gradually over this period
due to apple mosaic virus infection, and up to two-thirds of yield loss was observed in the
severely infected trees [9]. Atallah et al. [10] reported that Grapevine leafroll disease (GLD)
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could have a negative long term economic impact if the viral infection is not managed.
The same study estimated that losses of between USD 25,000 and USD 40,000 ha~! could
be incurred over 25 years in a vineyard in New York State (USA). In addition, indirect
damages contributing to the economic loss include the cost of roguing vines, leaving
the vineyard fallow for 3-5 years to remove vectors harbouring in the rhizosphere (e.g.,
nematodes), and the time between replanting to the recovery to full productivity also
needs to be considered [11]. Plant viruses affect not only crop yield but also the quality of
downstream products. A study showed that red wine colour intensity is reduced by GLD,
which may lower the wine’s price and the financial return to the winery [12]. In addition,
numerous unreported and undiscovered plant viral infections make the true extent of yield
loss difficult to ascertain. Viruses may cause far more significant economic losses than what
is usually recognised.

Managing viral disease in the field can be challenging due to its insidious and persis-
tent nature. Unlike other pathogens, plant viruses are incorporated in the plant genome
and therefore cannot be eliminated using chemicals [13]. Infected plants are unlikely to be
cured; hence they must be removed and destroyed to minimise further spreading. Viruses
can be rapidly transmitted between plants in the field by vectors like insects and nematodes
or spread through human activities. Insecticides have some degree of control for vectors to
limit the spread of viruses; however, it is not a preferred solution due to the cost associated
with ecosystem damage and concerns regarding human health risks and the possibility
of vectors developing resistance [14,15]. Thus, most viral disease management strategies
are preventative, including using certified virus-free planting materials, breaking down
the disease cycle by removing infected plants, vector control, and breeding virus-resistant
plants [14].

As part of an effective disease control strategy, detection and diagnosis perform
vital roles. Traditionally, direct and indirect plant viral disease detection methods have
been distinguished. Direct methods are lab-based testing methods that are either based on
detecting DNA, RNA, or virus proteins. While these methods are reliable and accurate, they
are expensive, time-consuming, and destructive, mandating alternative options [16-18].
Indirect methods, including visual assessment and biological indexing methods, have been
used to overcome cost and logistic limitations. However, visual assessment by human
eyes is unreliable due to the different levels of experience of the surveyors, whereas
biological indexing using indicator plants for viral disease diagnosis is excessively time-
consuming [19].

Recent advances in imaging and data processing technologies have accelerated the de-
velopment of rapid virus detection methods based on remote and proximal optical sensors.
It is thus timely and opportune to review recent developments. This paper reviews optical
sensing methodologies, data processing, and disease classification modelling methods from
a multidisciplinary perspective. A multidisciplinary approach has the advantage that it
utilises a diverse array of tools ranging from traditional molecular biology approaches to
state-of-the-art sensing and detection methods, providing analysis and insight that would
not be possible with any of these tools individually. We believe that this approach has not
been thoroughly reviewed in the literature on plant viruses.

We begin by giving a brief overview of how viruses affect plants and then discuss
current direct diagnostic techniques and traditional indirect methods. We then describe
optical sensing technology and disease prediction modelling methods for virus detection,
followed by a comparison of the economics associated with using different sensing methods.
We conclude with a discussion of the current challenges and outstanding opportunities for
enhancing methods for plant viral disease detection.

2. Detection of Viruses
2.1. Background-Physiological and Phenotypic Changes of Plants Affected by Viruses

Unlike living organisms that possess a cellular structure, viruses only consist of a set
of one or more nucleic acid template molecules (DNA or RNA) which are covered by a coat
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protein [20]. They lack the protein-coding capacity of living cells and thus need to parasitise
a host to utilise the host cells’ transcription machinery to replicate [13]. Replication can
occur in most cells—mesophyll, epidermis, parenchyma, phloem companion, and bundle
sheath [21]. Infections result in various physiological and biochemical changes that can
lead to disease. Viral disease has been observed to alter amino acids and phytohormone
levels, cause cell structure distortion, degrade chloroplasts to lower leaf photosynthetic
capacity, and decrease nutrient uptake to retard plant growth and development [22,23].
These physiological changes can be visualised and detected as disease symptoms. For
example, Gutha et al. [24] showed that a typical symptom-reddish-purple colour in red
grape cultivars was caused by grapevine leafroll associated virus 3 (GLRaV-3) mainly due
to the accumulation of anthocyanin in grape leaves. They also found that chlorophyll and
carotenoid content were 20% less in the infected leaves than in the healthy plants, which
may enhance the symptoms. Other studies suggested that insect-borne plant viruses could
modify the plant pigments level to attract the vectors to spread the viruses [25,26]. More-
over, other phytochemicals that can be influenced by plant viruses include carbohydrates,
polyphenols, and oxidative enzymes such as peroxidase, catalase, ascorbate peroxidase,
and superoxide dismutase [27]. These chemicals can be indirectly and non-destructively
estimated by eyes or optical sensors as an indication of virus infection (Figure 1).

Plant Viral Disease Detection Methods

Lab-based
Methods

e ELISA * PCR
* LFM * NGS
o |7 * FISH
s FCM

Advantages:
* Reliable
* Early detection

Disadvantage:

* Expensive

¢ Limited sample size
* Destructive

Traditional
Methods

* Visual assessment
* Biological Indexing -
Indicator plants

Advantages:

*  Well-established

* Non-destructive
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Disadvantage:
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* Time consuming
* Labour intensive

Optical Sensing
Methods
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* Large scale

* Non-destructive

Disadvantage:

* Reliability and
accuracy to be
improved

Figure 1. The pros and cons of different types of detection methods for plant viruses.

Fundamentally, plant viruses can be either directly detected by finding their genomic
sequence and viral protein or indirectly assessed via the plant phenotypic response to
the virus (Figure 1). Numerous plant virus detection methods have been developed to
date. The rapid development of molecular and biochemical technologies has ushered in a
new era of virus detection over the last few decades. Today, various lab-based diagnosis
methods are available for plant virus detection [16,18,28,29]. These methods are generally
sensitive and reliable and have been widely used for plant virus diagnostics.

Indirect methods that assess the plant response include traditional methods to detect
virus symptoms visually in the field and novel approaches to assess the altered phenotype
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using optical sensors. The key advantages of these three major detection methods are
related to reliability and the ability to provide efficient sampling (Figure 1).

2.2. Direct Methods

There are two major direct diagnostic methods: serological and nucleic acid. Serologi-
cal methods developed in the mid-1960s use antibodies produced from an animal’s immune
system to detect plant viruses [30,31]. The enzyme-labelled antibodies that bind to specific
viral proteins (antigens) are readily observable and measurable through spectrophotome-
try [30,32]. In 1977, using the ‘double-antibody sandwich’ (DAS) form of enzyme-linked
immunosorbent assay (ELISA), Clark and Adams [33] demonstrated the efficiency of the
DAS-ELISA method to quantify virus concentration in plants. This method is economical
and suitable for a quantity of testing compared to many other lab-based methods and con-
tinues to be widely used for plant viral disease detection. Another convenient serological
diagnostic tool is the lateral flow device (LFD). It uses the virus antibodies attached to
nitrocellulose membrane strip with coloured nanoparticles to produce results [34-36]; it has
been used as a rapid, in-field detection method for plant viruses. Immunofluorescence (IF)
is a technique commonly used in microbiology. Using fluorescent dye-labelled antibodies
to bind the antigens, IF allows for the visualisation of plant viruses via microscopy that
provides valuable information on the intracellular distribution of viruses [37,38].

Nucleic acid-based methods have been used for plant virus detection since 1979 and
directly target viral DNA or RNA fragments [39]. In 1985, the revolutionary nucleic acid-
based polymerase chain reaction (PCR) method was developed by Saiki et al. [40], which
significantly improved plant virus diagnosis. After multiple amplification cycles in two
hours, PCR can duplicate a single DNA strand up to 10°-fold, which dramatically increases
the sensitivity and effectiveness of the virus detection [41]. Based on PCR, many modifica-
tions and improvements were subsequently developed and extensively used in plant virus
detection, including reverse transcription PCR (RT-PCR), quantitative PCR (qPCR), and
loop-mediated isothermal amplification (LAMP). As most plant viruses are RNA viruses,
and RNA degrades rapidly under ambient conditions, it is common to reverse-transcribe
unstable RNA to more stable complementary DNA (cDNA), which are then amplified
using PCR [42]. Today, RT-PCR is the most used method for plant virus diagnosis due to its
capability to detect viruses at low concentrations or titer levels [43,44]. Several studies have
shown that RT-PCR is more sensitive than ELISA for plant virus detection, with fewer false-
negative results [44-50]. The qPCR, also referred to as real-time PCR, can quantify the virus
titre level in the samples by measuring the DNA concentration after each amplification
step during the PCR process [51,52]. The loop-mediated isothermal amplification (LAMP)
technique is a promising method developed in 2000 by Notomi et al. [53]. Comparing
conventional PCR, LAMP does not require a high precision thermocycler to amplify DNA.
It is simpler, faster, lower-cost, and has increased popularity in plant virus detection.

Other nucleic acid-based methods have recently been developed to study and detect
plant viruses. Next-generation sequencing (NGS), also known as high-throughput sequenc-
ing, is a powerful technology that can rapidly sequence the entire viral genome [28,54,55].
NGS provides a comprehensive methodology for detecting and studying plant viruses and
has been instrumental in discovering previously unknown viruses and hosts for known
viruses [56-58]. Fluorescence in situ hybridisation (FISH) uses fluorescent-labelled probes
to detect the target virus nucleic acid [59]. FISH can detect and localise the viruses in
plants and vectors tissues, which provides a better understanding of virus epidemiology
within plant tissues, therefore potentially implicated for disease management [60,61]. Flow
cytometry (FCM) can detect multiple plant viruses simultaneous in a sample [62]. It uses a
laser beam to excite the fluorescence-labelled antibodies or nucleic acid probes in a fluid
stream. By analysing the pass through fluorescence and scattered laser light, FCM can
detect specific viruses and measure genome size and gene expression [63].

Lab-based methods remain the gold standard for the detection of plant viruses. They
are highly sensitive, accurate, and reliable. They directly target the virus and do not require
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a plant response, and thus, they can be used for early warning of the disease. However,
these methods require special attention to plant tissue sampling and sample processing
to avoid cross-contamination, which is labour intensive and time-consuming. Several
detection methods also require sophisticated equipment and expensive materials [64]. In
light of these costs, it is economically unviable for large numbers of plants, and hence, it
cannot be used to obtain representative samples of viruses at the scale of large industrial
production farms. Instead, a small proportion of plants are sampled randomly, standard
field patterns like X or W patterns, or strategically according to visual assessment to
represent the overall disease status in a field [65,66]. However, an insufficient test rate
could cause hit-and-miss situations; this is especially unacceptable for critical industries
such as nurseries.

2.3. Traditional Indirect Methods

Identifying disease symptoms by eye is the simplest indirect method to detect viruses.
Due to physiological changes, viruses-infected plants can show typical symptoms such
as mosaic patterns on the leaf, yellowing, leaf rolling, ring spots, necrotic tissues, wilting,
and nodulating [13]. Accordingly, most names of plant viruses are related to the typical
symptom(s) caused to their major host. Visually identifying these typical symptoms is a
quick and simple disease detection method. However, the ease of utilising this approach
comes with the drawback of low accuracy for reasons that include individual variability
of the surveyors, different infection rates, the developmental stage of disease, and com-
plexity of symptoms [67]. Similar symptoms can manifest from various biotic and abiotic
stresses such as nutrient deficiency, fungal or bacterial diseases, environmental factors, or
mechanical damage to the plants, further reducing the accuracy.

Virus infections do not always produce apparent visual symptoms in the host plants,
making accurate disease detection challenging. Biological indexing was a method devel-
oped to address this challenge; it relies on specific indicator plants that have been selected to
help identify the disease symptoms. The indicator plants are susceptible species or varieties
that usually develop typical symptoms once inoculated with the pathogenic viruses [68].
Biological indexing is able to confirm the potential virus that does not produce symptoms
in certain plants, discover an unusual host plant for the virus, and quantify the virus [68].
Biological indexing continues to be used as a complementary method to lab-based testing
methods [69]. However, the major disadvantage of using indicator plants is the long du-
ration from inoculation to the development of disease symptoms; this process could take
several weeks to months [19]. In addition, symptoms of indicator plants may also vary
based on environmental conditions. Constable et al. [70] found that rugose wood symptoms
on Rupestris St George indicator plants could not be observed in a cold climate, but could
be detected in a hot climate. In contrast, the GLD symptoms appeared in Cabernet Franc in
a cool climate, but no symptom was found in the hot climate site for the same treatments,
limiting the suitability of this variety as an indicator.

Nowadays, various studies use optical sensors instead of traditional detection methods.
Such sensing technology has the advantage of detecting a broader range of spectrums than
the human eye, and recently, it was mimicked using computer vision to detect disease in
the human brain.

2.4. Optical Sensing Technologies in Plant Viral Disease Detection

Optical sensors measure the frequency and intensity of light, both of which can be
interpreted as meaningful information using multivariate statistical techniques. The sensing
process is similar to that of human vision, but it has the ability to detect wavelengths of
light beyond the visible spectrum detectable by the human eye [71]. The different sensors
can measure specific regions of the electromagnetic spectrum, from ultraviolet (UV) to long-
wave infrared (LWI). Using optical sensing technologies, subtle phenotype changes caused
by the disease are detectable. The sensing technology presents rapid and non-destructive
alternatives to the molecular techniques of plant disease detection [17,18] and increases
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the objectivity of field-based visual assessment. There is a wide variety of optical sensing
methods that can be classified by their platforms and associated scale of imagery, as well as
by their spectral characteristics [72-76]. Figure 2 illustrates various sensing technologies,
their spectral ranges, and platforms that can be used for plant viral disease detection.

A

N
e

Increasing spatial resolution

Increasing detection area

Ground

[
Platforms for the sensors

180 - 2000 km

Low earth orbit satelites

0.5-2.5km %

Optical sensors for plant viral diseases detection

Chlorophyll

Thermal

RGB Multispectral Hyperspectral

~N fluorescence

Aerial survey aircraft

. Near - Short Mid - Long
oY ViSLE Wavelength Infrared Wavelength Infrared
280 400 700

3000 15000
WAVELENGTH (nm)

Wavelength in meters (m)
10° f10° 107 1 10> 10° 100 10°

! 1 ! 1 1 1 1

Contacted

IR Microwave Radio waves

J

Figure 2. Optical sensing technologies for plant viral disease detection can be classified by their
platform and associated spatial resolution and extent. Sensors also vary by band position, the spectral
range within the whole electromagnetic spectrum.

At the finest scale, optical sensors can be used directly on contact on leaves, proximally
on ground vehicles and hand-held. Some non-imaging sensors like chlorophyll fluorimeter,
GreenSeeker, laser thermometer, and spectroradiometer are usually used proximally or
directly in contract with the leaf [77]. By increasing the sensing distance, imaging sensors
can be used proximally (e.g., mounted on tractors) or remotely (e.g., airborne platforms
such as unmanned aerial vehicles (UAV), airplanes, and satellites) to support regional
disease management [78]. Generally, increasing sensing distance results in decreasing
spatial resolution. Satellite images provide the broadest land coverage but have the lowest
spatial resolution. Manned airplanes can capture higher spatial resolution in a moderate
area compared to satellite images. UAVs or drones can carry light-weight optical sensors
flying as low as a few meters above ground [79-81], potentially providing millimetre spatial
resolution images for plant viral disease detection.

In the order of increasing spectral detail, we find the RGB (red, green, and blue),
multispectral, and hyperspectral systems. RGB systems have similar sensitivity as the
human eye and thus produce images that can be readily interpreted [82]. Modern RGB
cameras are user-friendly and readily available to the public, which means they can bring
a large number of datasets available for plant disease identification. Community shared
databases of plant disease infected images have been used for plant disease identification
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in recent studies using computer vision techniques [83,84]. In addition, low altitude, high-
resolution aerial photos from UAV have produced a high-popularity in-field plant disease
detection [18,85,86].

Multispectral sensors measure specific spectral wavelength regions across the electro-
magnetic spectrum; different regions or bands can be selected depending on the purpose of
usage [87]. Multispectral cameras have been commonly used in remote sensing to explore
land use, characterise vegetation, and monitor the environment and urban structures [88]. For
agricultural purposes, the spectral bands in multispectral cameras are selected based on the
vegetation characteristics of light absorption and reflection at different wavelengths. Typi-
cally, RGB, combined with the unique vegetative reflectance regions, red edge (690-740 nm)
and near-infrared (NIR) (700-1300 nm) bands, are used in multispectral sensors [89,90].
This information enables the computation of specific vegetation indices (VIs) that can be
used to evaluate different characteristics of the vegetation. For example, by contrasting the
absorption and reflectance in red and NIR spectral regions, the well-known normalized
difference vegetation index (NDVI) can be calculated [91,92].

Hyperspectral sensors capture hundreds of contiguous narrow bands (2-20 nm) across
a range of spectra (UV, visible, near-infrared (VNIR) to short-wave infrared (SWIR)) instead
of few discrete broad bands as do multispectral sensors [93]. The highest spectral detail
is obtained by sensing single point spectroradiometers rather than imaging, for example,
ASD FieldSpec 4 and Ocean Optics USB4000. These sensors are mostly used proximally
or directly in contract with the plants. Various studies have shown that spectral reflection
signals change with plant viral infections and have demonstrated the method’s potential for
early or asymptomatic stage detection [94-98]. A hyperspectral imaging system provides
both spatial and spectral information to produce a 3-dimensional (3D) data cube [99].
Hyperspectral imaging data present a potentially significant advantage in plant disease
studies at broader scales. MacDonald et al. [100] were able to detect GLD in vineyards
using an aircraft-mounted hyperspectral system. They achieved a prediction accuracy of
94.1% on average compared to visual survey results using specific leaf reflectance spectra
using a spectroradiometer reported by Naidu et al. [95]. Wang et al. [101] used proximal
sensing hyperspectral images to predict tomato spotted wilt virus infected region on the bell
pepper plant. This study achieved 96.2% accuracy on plant level detection by evaluating
the healthy and diseased pixel ratio, which demonstrated the potential of the hyperspectral
image to predict viral infections on asymptomatic leaves.

Chlorophyll fluorescence (Chl-Fl) and infrared (IR) thermal sensors have also been
used for plant virus detection. Chl-Fl is an important parameter for plant health and stress
expression [102,103]. Many studies have used Chl-Fl as the laboratory’s analysis tool for
plant virus infection and demonstrated the likelihood of using Chl-FI to detect plant virus
infection at an early disease stage [104-109]. The passive method that uses solar radiation to
measure fluorescence rate (known as solar-induced chlorophyll fluorescence) remotely for
vegetation stress has also been attempted for plant stress detection [110-116]. The thermal
sensor is predominantly used in precision agriculture to detect and monitor crop biotic and
abiotic stress [80,117]. Spatial and temporal thermography patterns have shown potential
for the early detection of viral disease. For example, Chaerle et al. [118] demonstrated that
a resistant response (cell death) to tobacco mosaic virus (TMV) infection on the tobacco
leaves could be detected by thermography rapidly after inoculation, eight hours before
visible symptoms were apparent. Similarly, Zhu et al. [119] successfully distinguished
the tomato mosaic disease plants five days before the visual symptom appeared using
thermal imaging.

Besides those field applicable sensors, other technologies like Raman spectroscopy, Nu-
clear Magnetic Resonance (NMR) spectroscopy, and optical coherence tomography (OCT)
have been used in the lab to detect plant virus diseases. Raman spectroscopy has been used
for chemical analysis for decades. Various studies have demonstrated that Raman spec-
troscopy has the capability to detect plant virus infection at an early stage [120-122]. Some
portable Raman spectroscopy is also available for in-field use [123]. NMR spectroscopy is
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Proximal Sensing
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used to determine the chemical and physical properties of matter. Some studies used NMR
spectroscopy to detect plant metabolic changes caused by virus infection [124,125]. An
OCT system can see through the material and detect the morphological structure of cells.
Various studies have used OCT to detect plant virus infection in leaves and seeds [126-128].

3. Analysis and Modelling Techniques for Optical Sensing Data

The indirect nature of optical sensing technologies in plant viral disease detection
implies the need to develop mathematical relationships between sensing information and
ground-truthed information (e.g., lab test results or visual assessment). Such disease
classification models allow the prediction of diseases from optical sensing data from
proximally and remotely sensed spectral data. Model quality is typically validated against
reliable ground truth data.

The pipeline for optical disease detection includes data collection, data processing,
modelling, and ground-truthing (Figure 3). Different data imply different processing and
modelling needs ranging from statistics to machine learning [129,130]. Below, we describe
some commonly used methods in plant viral disease modelling.

Data collection

Data processing \ Di prediction modeling Prediction results

Cinss predicted Class Healthy & GVA
Modelling methods
Principal Component analysis

K-nearest neighbors
Support vector machines
Neural network
3D convolutional neural network

Partial least squares regression

Random forests

Linear regression
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Band2:v12

Maximum likelihood classification
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Lab based method: RT-PCR test
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Figure 3. Workflow chart for plant viral disease prediction at different scales. Proximal sensing can
obtain detailed spectral information at a point scale or leaf phenotypes at the leaf scale. Airborne
remote sensing can be conducted at different spatial and spectral detail to be used for spatial mapping.
Different data types involve various classification methods, including object-based methods like
computer vision, spectral signal analysis, and pixel-based for multi and hyperspectral images. Indirect
methods rely on ground-based information for model development and predictions.

3.1. Using Computer Vision for Leaf-Based Viral Disease Detection

As described in Section 2.1, viruses alter leaf phenotype. This principle has tradi-
tionally been used in field-based reconnaissance of viruses. It has also been adopted in
computer vision, which has become popular in recent years due to its excellent performance,
such as object detection, facial recognition, and medical diagnosis [131-133]. With a large
set of training data (annotated images), computer vision systems can rapidly learn and
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recognise an object in a new, previously unseen image. This technology has the potential
to increase the efficiency of traditional field-based virus detection by examining leaves.
Mohanty et al. [83] correctly identified 26 plant diseases across 14 crops by using images
from the PlantVillage project dataset [134] of 54,306 leaf images and obtained a prediction
accuracy of over 99%. Ferentinos [84] tested five different convolutional neural networks
(CNN) architectures (AlexNet, AlexNetOWTBn, GoogLeNet, Overfeat, and VGG). Using
87,848 open database images containing 25 different plants and 58 diseases, the authors
reported a prediction accuracy of >99%. Ramcharan et al. [135] used GoogLeNet to detect
five major pests and diseases in cassava plants, including cassava mosaic virus and cassava
brown streak virus. This study used 13,500 images to train the model and achieved 93%
accuracy in 1500 test images. Polder et al. [136] used a pre-trained region-based CNN
(R-CNN) model to detect tulip breaking virus from multispectral images. They reported
that the deep-learning model could identify 82% of the diseased plants, which favourably
compared to the judgement of experienced crop inspectors.

UAV based RGB imaging at high spatial resolution has been the basis for successful
virus detection of plants. Gomez Selvaraj et al. [137] used UAV-RGB images to detect
Banana bunchy top disease (BBTD) and Xanthomonas wilt of banana disease (BXW). This
study collected images at 50-100 m above ground, providing 1-3 cm spatial resolution. By
training 2477 annotated images in a CNN architecture RetinaNet, the authors achieved
98% precision. Using a similar method but lower altitude, Sugiura et al. [138] captured
imagery at the height of 5-10 m above ground, with 2—4 mm spatial resolution to study
potato virus Y infection. Using 1800 training images, the model achieved 96% accuracy for
the training and 84% for the test dataset, respectively.

The above examples demonstrate the feasibility of using leaf-level RGB images in the
CV framework for plant disease detection. However, training image recognition models
requires a large number of annotated images at different times, environments, and locations
for reliable prediction. Image annotation requires labour, time, and experience; a paucity of
annotated images is one of the limitations of the technique [139,140]. Additional challenges
arise from the quality of images used for training the model; poor resolution or inadequate
annotation can negatively affect accuracy.

3.2. Use of Multispectral Imagery for Plant Viral Disease Detection

Multispectral imagery is a simple, cheap, readily available method for plant surveil-
lance. It has established methodologies focused on spectral analysis of individual pixels,
which is different from object-based detection like CV using entire images or subsets of
images. The relationship between spectral reflectance and vegetation properties is well
established and is to a large degree based on chlorophyll a and b spectral properties. Ab-
sorption bands are around 440 nm and 650 nm for chlorophyll a and b, respectively, with
high reflectance in green and near-infrared spectral ranges [141,142]. There are more than
150 published vegetation indices (VI), and different relationships with plant cell structure,
biochemistry, physiology, and stress have been established [143,144]. Commonly used
VIs for plant stress studies include NDVI, Chlorophyll Index, Water Index, and Red-edge
Vegetation Stress Index [145]. Multispectral sensors can focus on these important spectral
bands and produce a variety of indices that have been examined for disease detection.

The potential physiological effects of viruses on the photosynthetic apparatus in leaves
imply that multispectral images contain information on virus detection. For example, Mirik
et al. [146] used Landsat 5 TM satellite multispectral images for wheat streak mosaic virus
detection on a broad scale. Six bands were used in the maximum likelihood classifier (MLC)
to classify the disease pixels in the study, and they achieved overall accuracies of 96% and
99% and were obtained on two different dates compared to ELISA test results. Another
study by Hou et al. [147] generated seven VIs using four bands (R, G, B, and NIR) in a
satellite image for GLD detection. All 11 feature vectors (seven VIs and four bands) were
fed in a clustering analysis model Ant colony clustering algorithm (ACCA) [148] for disease
detection. They achieved 75% accuracy for plants with mild symptoms and 84% for plants
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with severe symptoms. A nine-band multispectral field radiometer was used by Steddom
et al. [149] to detect beet necrotic yellow vein virus at canopy level (0.75 m diameter field of
view). Using a logistic regression algorithm with Vis, the authors obtained an accuracy of
88% for symptomatic plants; however, they could not separate the asymptomatic plants
from healthy plants using their model.

3.3. Use of Hyperspectral Sensing

The success of multispectral approaches has encouraged using more spectral detail
through hyperspectral imaging. However, the complexity and volume of hyperspectral im-
agery imply the need for data reduction as part of the workflow [150]. Different approaches
either select spectral bands known to change with physiological plant changes or empiri-
cally detect spectral ranges that are affected by the disease using data mining [93,151,152].
Band selection is often used as an initial step. It chooses only those that contribute to the
accurate prediction of the disease and remove the redundant bands without losing the key
information [93]. In most plant diseases detection studies, the optimum bands in hyper-
spectral data need to be evaluated and determined for each disease case or development
stage. Many methods have been suggested to determine the unique bands for the dataset,
such as lambda-by-lambda R-squared to assess pairwise band correlations [93], partial least
squares (PLS) [153], successive projections algorithm (SPA) [154], and stepwise discriminant
analysis (SDA) [155]. Naidu et al. [95] used SDA to separate infected and healthy GLRaV-3
infected grape leaves. They achieved an overall 81% accuracy and 75% for asymptomatic
leaves based on a combination of selected bands and VIs. Zhu et al. [156] used successive
projections algorithm (SPA) to determine eight effective wavelengths from 434 variables
in hyperspectral imaging for TMV detection. Unsupervised machine learning methods
like principal component analysis (PCA) also be used for clustering [97] and reducing
dimensions for spectral data [157]. A comprehensive review of the various hyperspectral
band selection algorithms has been provided by Sun and Du [158].

For viral disease classification modelling, various statistical and machine learning
algorithms can be used. Commonly used methods include linear discriminant analysis
(LDA), naive Bayes (NB), random forest (RF), support vector machines (SVM), k-nearest
neighbours (KNN), partial least square (PLS) and spectral angle mapper (SAM). Grisham
etal. [98] used an SD-2000 Ocean Optics spectrometer to measure the change in chlorophylls
and carotenoids in asymptomatic sugarcane leaves infected with sugarcane yellow leaf
virus. The authors used the LDA model to predict the infected and non-infected plants at
64% and 72% accuracy, respectively. Sinha et al. [96] used a hand-held spectroradiometer
to identify GLD. Two statistical algorithms quadratic discriminant analysis (Q-DA) and NB
were used for the spectral data analysis. They obtained the results with 93-99% accuracy
using Q-DA and 71-99% using NB. Using PLS discriminant analysis, Pagay et al. [159]
detected virus infection in three grape varieties (Pinot noir with GLRaV-3, Shiraz with
grapevine virus A (GVA) + GLRaV-3, and Riesling with GVA) with 96%, 91%, and 88%
accuracy using an ASD FieldSpec-3 spectroradiometer. Polder et al. [160] compared four
types of sensors (RGB, spectrophotometer, hyperspectral imaging, and Ch-FI imaging)
versus visual assessment to classify tulip breaking virus infection. Using an LDA classifier,
they found the best performance was from the hyperspectral image data, with 73%, 77%,
and 87% accuracy in three tulip varieties. Griffel et al. [94] differentiated spectral reflectance
curves of Potato Virus Y infected plants. This study used NIR and SWIR bands to achieve an
accuracy of approx. 90% taking the visual assessment as a reference. Al-Saddik et al. [161]
used two methods discriminant analysis (DA) and SVM to classify grapevine yellows
phytoplasma disease with different combinations of VIs. The result showed that SVM
had an accuracy of approx. 97%, and this model performed better than DA, which had
an accuracy of 95%. Afonso et al. [97] studied asymptomatic citrus tristeza virus infected
plants using time series leaf hyperspectral data. They obtained prediction accuracies
ranging from 60-90% across four treatments using the KNN algorithm. A study by Bendel
et al. [162] evaluated a hyperspectral camera system in both glasshouse and field situations
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to detect GLD from symptomatic and asymptomatic plants. In this study, four methods
were used for spectral data analysis: LDA, PLS, multi-layer perceptron (MLP), and radial
basis function network with relevance (rRBF). Comparison of results showed that MLP
had better classification accuracy in the VNIR range (400-1000 nm), and rRBF had better
performance in the SWIR range (1000-2500 nm). This study achieved accuracies up to 100%
for the symptomatic plants; it also achieved 100% classification accuracy on asymptomatic
Aligote variety and 85% on Pinot Noir variety, which demonstrated the potential of using
the hyperspectral camera to detect asymptomatic diseases.

Some recent studies in plant viral disease detection used neural networks for hyper-
spectral image analysis. Zhu et al. [156] compared six different algorithms PLS, SVM,
RE, least squares SVM (LS-SVM), extreme learning machine (ELM), and backpropagation
neural network (BPNN) for TMV detection. The overall prediction accuracy ranged from
75% to 97%, with the best performance by two machine learning methods, ELM and BPNN,
respectively. Another study by Wang et al. [101] aimed to detect tomato spotted wilt virus
infection at an early stage with hyperspectral imaging. In this study, a new deep learning
algorithm, Outlier removal auxiliary classifier generative adversarial nets (OR-AC-GAN),
modified from the GAN network, was used to classify the hyperspectral data. This net-
work was trained to classify three groups healthy, diseased, and background at the pixel
level from the hyperspectral image. OR-AC-GAN performed better than 1D-CNN and
normal AC-GAN methods with an accuracy of 98%. Moreover, the study showed that this
new model was an improvement over classical band selection methods such as maximum
variance principal component analysis (MVPCA), fast density-peak-based clustering, and
similarity-based unsupervised band selection. The 3D convolutional neural networks (3D
CNN) use 3D kernels to produce feature maps that can perform better than traditional clas-
sification methods in hyperspectral images [163]. Recently, several studies used 3D CNN
algorithms to classify land types based on public satellite hyperspectral data to improve
accuracy compared to traditional machine learning methods [164-167]. However, very few
studies have been conducted in plant viral disease detection. Nguyen et al. [168] demon-
strated that the early detection of grapevine vein-clearing virus could be achieved using a
proximal sensing hyperspectral camera, Specim IQ. They compared the conventional 2D
CNN to 3D CNN, which utilises the spatial and spectral information simultaneously from
the hyperspectral image for modelling and showed that the accuracy of the 3D CNN is
higher than the 2D CNN.

Table 1 provides a summary of the studies using optical sensing technologies and the
modelling methods for plant viral disease detection.

Table 1. Examples of studies on detecting plant viral disease using different optical sensing technolo-
gies and modelling methods.

Disease Modelling Ground Truthing

Sensing System Platforms/Device Methods Plant Virus Methods Reference
RGB imaging HandC};i(iI{ gigital CNI(SI(’)S;XI NIS[\TN, Multiple diseases  Labelled in dataset [135]
RGB imaging Hanciclgicél{ gigital AlexNet, VGG16net Multiple diseases ~ Labelled in dataset [169]

. . A rail system/ Tulip breaking
RGB imaging Digital cameras R-CNN virus ELISA [136]
RGB; .Mult.ispectral UAV/DJI P4, ANN Tomato yel.low leaf PCR [170]
imaging SlantRange 3P curl virus
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Table 1. Cont.

Sensing System Platforms/Device Diseal\sllee{\}/{g((iislling Plant Virus Grmﬁ‘igg&ghing Reference
UAV and Satellite/DJI
. P4, Sony QX1, .
RGB; multispectral . RetinaNet, SVM, Banana bunchy .
imaging MicaSense RedEdge, Random forest top virus Visual assessment [137]
WorldView?2,
PlanetScope, Sentinel 2
Multispectral : Wheat streak Visual assessment
imaging Satellite/Landsat 5 TM MLC mosaic Virus and ELISA [146]
Multispectral Grapevine
L ISP Satellite/(N/A) ACCA leafroll-associated ~ Visual assessment [147]
imaging :
virus 3
Multispectral; Handheld/ASD - : Beet necrotic
hyperspectral FieldSpec FR Logistic regression yellow vein virus ELISA [149]
Grapevine
Hyperspectral H%?gg%%é?g D SDA leafroll-associated RT-PCR [95]
virus 3
Indoor proximal Suearcane vellow
Hyperspectral setting /SD-2000 LDA 8 24 RT-PCR [98]
fi . leaf virus
iber optic
. Classification and Grapevine Visual assessment
Hyperspectral Aircraft/Headwall re . .
! . . . gression tree leafroll-associated and ELISA and [100]
imaging Photonics VNIR E Series (CART) virus 3 RT-PCR
Hyperspectral Handheld, Gcean PCA, KNN Citrus Iristeza  RTPCR and gPCR [97]
Grapevine
Handheld/ASD leafroll-associated
Hyperspectral FieldSpec 3 PLS-DA virus 3, and RT-PCR [159]
Grape virus A
Handheld/ASD : Visual assessment
Hyperspectral FieldSp e/ o4 SVM Potato virus Y and RT-PCR [94]
Handheld/SVC Grapevine
Hyperspectral HR-1024i, SVC PLSR, SMLR leafroll-associated RT-PCR [96]
Spectra Vista virus 3
Indoor proximal
Hyperspectral X OR-AC-GAN, Tomato Spotted .
imaging S setting/V10E MVPCA, FDPC Wilt Virus Inoculated virus [101]
pecim ImSpector
Harvest machine Grapevine Visual assessment
Hyﬁﬁfgﬁdml mounted/ HySﬁex LDA, rII){]B% MLE, leafroll-associated and ELISA and [162]
ging VNIR & SWI virus 1, 3 RT-PCR
Grapevine
Hyperspectral Hag} Sl};leslg e/ ;“E}’SD PLS leafroll-associated qPCR [171]
virus 3
Hyperspectral SVM, RF, 2D CNN, Grapevine vein Tested in the
imaging Handheld/SPECIMIQ and 3D CNN clearing virus previous study [168]
RGB, Chl-Fl, Handheld /Nikon D70, LDA Tulip breaking Visual assessment [160]
hyperspectral ASD FieldSpec Pro FR virus and ELISA
Indoor proximal Abutilon mosai
Chl-Fl imaging setting /Chl-FI VI: Fm/Fm’-1 v lvci)rus osalc Visual assessment [104]
image system
Indoor proximal Pepper mild
Chl-Fl imaging setting /Customized LDA pper o Inoculated virus [105]
. - mottle virus
Chl-Fl imaging
Indoor proximal setting
Chl-Fl, and handheld / Cucumber green Inoculated virus
hyperspectral, ImSpector V10E LDA, SDA mottle mosaic and Visual [172]
thermal imaging SPAD-meter virus assessment

VARIOSCAN 3201
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4. Comparison of the Cost for Virus Detection Methods

Costs associated with plant virus testing is a major consideration for growers when
selecting detection options for viral disease management. In Table 2, we used a typical
Australian vineyard as an example to compare the cost-effectiveness of different existing
methods for grapevine virus detection. Detection methods include traditional methods
visual and indicator plant assessment; commonly used lab-based methods ELISA and
RT-PCR; proximal sensing methods RGB image, Chl-Fl sensor, Thermal image, and spectro-
radiometer; remote sensing with multispectral satellite images, manned aircraft that can
capture RGB, multispectral and thermal images simultaneously; and, finally, UAV platform
RGB, multispectral, hyperspectral, and thermal images.

The assumption is based on single virus detection in a vineyard with 3 m row spacing
and 2 m vine spacing, resulting in approx. 1700 vines ha~!. Assuming the block size is
10 ha, there are approx. 17,000 vines in total. The currency is Australian dollars. Due to
the extremely high lab costs (a commercial lab charges around AUD 100 per RT-PCR test
and AUD 50 per ELISA test) and indicator plant test methods (an estimated cost for one
indicator plant is AUD 20 per test, that includes grafting, growing, and biological index
assessment), only 1% of vines are randomly sampled for testing. In contrast, the visual
assessment and optical sensing technologies measure all vines in the block. The total cost
consists of labour for samples or data collection and testing or data processing costs for
the 10 ha block. Only operational costs are compared in this scenario; the costs of capital
assets, skill training, travelling, disease model development, and other sunk costs are not
included. Labour costs are between AUD 40 and AUD 80/hour, depending on skill. The
total cost is based on 10 ha (~17,000 vines).

Cost estimates of various virus monitoring techniques shown in Table 2 indicate that
lab-based methods are the most expensive, even at the low testing rate of 1%. However, the
methods have the highest accuracy and are generally considered “gold standards” of plant
disease detection. Satellite images provide the lowest cost option; however, due to the low
resolution of the images, their accuracy is also the lowest of the methods considered here.
In general, there is a negative correlation between the sensing distance and the accuracy
of sensing technology. In terms of the simplicity of the methods, visual assessment is
the simplest and least expensive, but the reliability varies between the inspectors and is
only feasible on symptomatic plants. Indicator plants provide relatively high accuracy but
require a long time from grafting to the development of symptoms. Hyperspectral methods
are the most complex, requiring trained operators for both data acquisition and processing.
The technique also requires longer data processing times, but it provides more spectral
information for disease modelling. In comparing remote and proximal sensing techniques,
the major difference is that, although operationally simpler, data collection time and costs
are much higher for proximal sensing per hectare for large blocks, which increases the total
cost. In terms of data type, RGB (or visible imagery) is the simplest and least expensive,
but as in the case of visual assessment, it is unable of detecting asymptomatic diseases
directly; indirect assessments through changes in phenotype may be detected, however. It
is noteworthy that the reliability of visual assessments can be improved by confirmation
of lab tests, and the robustness of the disease models can be enhanced with larger ground
truth datasets; however, lab tests cost extra.
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Table 2. Cost comparison between detection methods based on a typical Australian vineyard.
Capability for . Sample/Data
Method Type Reliability Asymptomatic stglslig%n Testing Rate C?)?frelglizg)é?st Collection Time Pf:gg{:{[)ét:st Pr?)ac?sg%re\/ D%t;e Total Cost
Detection (Man Hours) 8 8
Visual assessment Low-Medium No N/A 100% AUD 1600 40 0 0 AUD 1600
Traditional
Indicator Plants Medium Yes N/A 1% AUD 320 8 AUD 3400 Months AUD 3720
ELISA High Yes N/A 1% AUD 320 8 AUD 8500 2-3 days AUD 8820
Lab-based testing
RT-PCR Very High Yes N/A 1% AUD 320 8 AUD 17,000 2-3 days AUD 17,320
RGB Low-Medium No <Single leaf 100% AUD 640 16 AUD 1280 2 days AUD 1920
Chl-F1 Low Yes Single leaf 100% AUD 4800 80 AUD 1280 2 days AUD 6080
Proximal sensing
Thermal Low Yes Single leaf 100% AUD 2400 40 AUD 1280 2 days AUD 3680
Hyperspectral Medium Yes Single leaf 100% AUD 4800 80 AUD 2560 4 days AUD 7360
Rer;é(;tte;lsleiztr; img Multispectral Very Low Yes >Single plant 100% AUD 10/image AUD 1280 2 days AUD 1290
Remote sensin, RGB +
NSIng Multispectral + Low Yes Single plant 100% AUD 100 <05h AUD 1280 2 days AUD 1380
(Manned Airplane) Thermal
RGB Low No <Single leaf 100% AUD 200 2 AUD 1280 2 days AUD 1480
Remote sensing Multispectral Low Yes Single leaf 100% AUD 300 3 AUD 1920 3 days AUD 2220
UAV
( ) Hyperspectral Medium Yes Single leaf 100% AUD 400 6 AUD 3200 5 days AUD 3600
Thermal Low Yes Single leaf 100% AUD 300 3 AUD 1280 2 days AUD 1580
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5. Current Challenges and Future Perspectives
5.1. Current Challenges of Plant Viral Disease Detection

Despite significant advances in the detection of plant viral disease, there remain numer-
ous challenges that can be addressed with emerging technologies. Current understanding
of plant viruses has increased due to advances in molecular diagnostic methods; however,
ascertaining the plant phenotypes resulting from virus infections remains challenging due
to the complex interactions between viruses, host genomes, and environmental factors, and
symptoms are often not distributed evenly throughout the plant [13]. The viral disease
produces variable impacts; some do not produce any symptoms, while others lead to rapid
plant decline [56]. Viruses may not necessarily cause disease in the infected plant. Some
infected plants have been shown to recover even though the virus remains in the host, sug-
gesting a level of virus tolerance, which has not received much attention to date. All these
complexities associated with viruses in plants make disease detection a challenging task.

Viral disease symptoms can be highly variable due to multiple host-pathogen—-environment
interactions. Multiple pathogens can cause co-infection in plants and make the detection of
viruses more difficult. Viral disease symptoms can also be mistaken for other pathogens
like fungi, bacteria, nematodes, and viroids; or mislead by abiotic stresses from nutrient
deficiencies (e.g., phosphorous or potassium) or water stress. Environmental impacts such
as air temperature, soil type, and edge effects also need to be considered. Mechanical
and chemical damage such as herbicide injury could cause similar stress responses on
plants as the viral disease. These complex combinations of factors could confound the
accurate detection of viruses. Thus, a complete understanding of the condition of the
plants and continuous monitoring over time is needed to improve the accuracy of viral
disease detection.

Building a robust viral disease prediction model with optical sensing technology
relies largely on the availability of accurate ground truth data from different times, disease
severities, and regions. Acquiring large amounts of data remains a challenge, requiring time,
labour, and resources. A simple method like visual assessment can gather sufficient ground
truth data for model training. However, its reliability is unsatisfactory as some infected
plants do not display visual symptoms and may lead to false negatives. Lab-based testing
methods are accurate and essential for ground-truthing; yet, the high cost limits the size of
ground truth data, which may reduce the robustness of the model. Nevertheless, none of the
diagnostic methods can guarantee 100% accuracy. For example, Pietersen and Harris [173]
discovered that even RT-PCR failed to detect GLRaV-3 in the grapevine rootstock-Richter
99 (V. berlandieri x V. rupestris). In this study, the authors found asymptomatic basal shoots
(sucker) grown from the GLRaV-3 symptomatic grapevines from an abandoned vineyard
in South Africa. They tested the scion and rootstock materials from the same vines. All
scion materials with obvious disease symptoms tested positive, but RT-PCR results of the
rootstock tissue tested negative. Therefore, understanding limitations and potential sources
of error are critical for any detection method.

5.2. Future Prospects for Optical Sensing Technology in Plant Viral Disease Detection

Speed, coverage, accuracy, and cost determine the choice of viral disease detection
methods. The complexity of the host-virus—environment interactions makes optical detec-
tion extremely challenging and requires robust models developed using reliable ground
truth data. Novel approaches provide improved ground-truthing, sensing data collection,
and data processing.

For ground-truthing, various technologies have been developed for virus diagnosis
in recent years. The COVID-19 global pandemic (since 2019) has seen an emergence of
rapid and novel testing methods, for example, the integration of plasmonic thermocy-
cling and fluorescence detection in a portable device by Cheong et al. [174], a field-effect
transistor (FET)-based biosensing devices developed by Seo et al. [175], and a microwave
immunosensor cavity resonator developed by Elsheakh et al. [176]. Some of the novel de-
vices may be applicable to plant virus diagnosis for rapid detection. The improved genomic
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sequencing and innovative bioinformatics technologies could help rapid identification of
previously unknown plant viruses and strains, which can help us better understand the
causes of symptomology, as well to build a global database of virus genomes that can
better prepare us for future outbreaks of these viruses. Field deployable testing devices are
useful for quickly determining viruses on suspected symptoms, which will aid in sample
collection efficiency and increase the confidence of visual assessment for adequate and
reliable ground-truthing. For example, a portable gene sequencing device developed by
Oxford Nanopore Technologies MinION can be used for fast plant virus detection in the
field. Various newly developed portable diagnostic tools using LAMP and LFD technology
are promising for rapid field testing [177-179].

For optical sensing data collection, understanding the symptomology of viral disease
is critical. Establishing optimal crop developmental stages and time of day to capture the
optical data, e.g., at a specific incident angle of the sun, are simple approaches to increase
detection accuracy. Consistent sensing distance and stabilised sensor movement during
the data collection are important for obtaining consistent data. Sensing platforms like
autonomous UAVs, ground-based vehicles, and robots are rapidly advancing, offering
heavier payload capacities, higher endurance (longer operation duration and range), and
high positional accuracy, all of which would help collect quality sensing data while main-
taining high consistency. Optical sensors have also steadily improved in resolution, form
factor, and weight. Due to the increased demand for low altitude and proximal sensing
technology, global manufacturers compete to make higher spatial and spectral resolution
optical sensors that are lighter weight and user-friendly. Currently, due to the complexity
of the hyperspectral camera system, most high spectral resolution sensors are push-broom
type, which requires a very stable condition to operate and needs high positional accura-
cies, requiring extra processing steps to produce image data. A simple and user-friendly
hyperspectral sensor is desirable for disease detection.

In addition to the sensors introduced in Section 2, other types of sensors can be used
simultaneously to provide more information to aid in accurate disease detection. For
example, a light detection and ranging (LIDAR) sensor has been used with hyperspectral or
multispectral systems to reconstruct the image data to aid the accuracy of the positioning.
The combination of the sensors can produce a hyperspectral 3D point cloud for plant
disease classification [180-182]. A stereoscopic camera uses two or more lenses to capture
images from multiple angles in a short distance, which produces the high-resolution 3D
structure of the leaf shape and size [183]. Microwave sensors are active sensors that can
detect the object at any time of day [184]. Non-optical sensors such as chemical sensors
can also be used. For example, volatile organic compounds (VOCs) emitted by plants
can be used to indicate a diseased state. The emission of VOCs can be altered due to
virus infection. Mauck et al. [185] showed that cucumber mosaic virus infected plants
produce about 50% more total volatiles than healthy plants to attract the vectors helping the
virus invading other healthy plants. Methyl salicylate volatile emissions were increased in
TMYV infected tobacco plants to warn neighbouring plants, thereby inducing their defence
mechanisms [186]. Although disease detection using VOCs is mainly undertaken on a small
scale, such as in growth chambers or small glasshouses, novel technologies can provide
early warning in large glasshouses or the field [187,188].

For data processing, novel ML algorithms for band selection and new Vis from hy-
perspectral data can improve the accuracy of disease detection. Considering that spectral
signals change over time at different disease development stages, the disease model should
contain large datasets over different periods and be updated regularly to improve the
robustness of the models. Optimising the 3D CNN algorithm for hyperspectral image
data could improve the model accuracy for hyperspectral data. As computational power
increases, onboard mobile devices could speed up data processing, so the analysis occurs
on-the-go. The disease information can be provided to growers in near real-time using a
combination of miniature sensors and onboard computers on land vehicles or wearable
smart devices with augmented reality (AR) technology such as Microsoft Hololens.
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Overall, further development of technology in molecular diagnosis, sensors, platforms,
and data processing methods will improve plant virus detection, ultimately aiding in the
efficient management of plant viral disease.

6. Conclusions

Plant viral diseases have been shown to negatively impact crop health and, conse-
quently, decrease crop yields and global food production. The dearth of control options
makes it ever more imperative to utilise a diverse array of tools ranging from molecular
detection to optical, non-destructive approaches that provide rapid, spatial scale detection.
This combines the scientific rigour of laboratory methods with the spatial representation
and detectability of pattern of infections using spatial methods. An ongoing challenge with
the use of optical sensing technology is the increased complexity of data; this issue can be
addressed by using high-performance computers in conjunction with novel algorithms
in data processing to improve disease prediction accuracy. Additional challenges will
present themselves including the threat of emerging viruses and their variants, which
will require ongoing development of detection methodologies that vary in both cost and
accuracy. Our detailed economic analysis suggests that aerial visible imaging is the most
cost-effective approach for detection provided that symptoms are manifested on the plant.
This information gives a dollar value reference to practitioners to manage viral diseases in
their crops.
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