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Plant viral diseases result in productivity and economic losses to agriculture, necessitating 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.
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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 .

Viral diseases affect crop growth, reduce yield, influence the survival of scions, and impact fruit quality,

consequently causing significant economic losses .

Major crop viral disease incidents and economic consequences have been reported worldwide . In 1993–

1994, tomato yellow leaf curl virus decreased tomato production by 75% and cost more than USD 10 million in the

Dominican Republic . Cotton leaf curl virus caused nearly 30% cotton yield loss worth USD 5 billion in Pakistan

between 1992 and 1997 . 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 . 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 . Atallah et al.  reported that Grapevine leafroll disease (GLD) 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 . 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 . 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.
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Managing viral disease in the field can be challenging due to its insidious and persistent nature. Unlike other

pathogens, plant viruses are incorporated in the plant genome and therefore cannot be eliminated using chemicals

. 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 . 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 .

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 . 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 .

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 protein . 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 .

Replication can occur in most cells—mesophyll, epidermis, parenchyma, phloem companion, and bundle sheath

. 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 .

These physiological changes can be visualised and detected as disease symptoms. For example, Gutha et al. 

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 . Moreover, other phytochemicals that can be influenced by

plant viruses include carbohydrates, polyphenols, and oxidative enzymes such as peroxidase, catalase, ascorbate

peroxidase, and superoxide dismutase . These chemicals can be indirectly and non-destructively estimated by

eyes or optical sensors as an indication of virus infection (Figure 1).
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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 . 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 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. Serological methods developed in the

mid-1960s use antibodies produced from an animal’s immune system to detect plant viruses . The enzyme-

labelled antibodies that bind to specific viral proteins (antigens) are readily observable and measurable through

spectrophotometry . In 1977, using the ‘double-antibody sandwich’ (DAS) form of enzyme-linked

immunosorbent assay (ELISA), Clark and Adams  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 continues 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
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nitrocellulose membrane strip with coloured nanoparticles to produce results ; 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 .

Nucleic acid-based methods have been used for plant virus detection since 1979 and directly target viral DNA or

RNA fragments . In 1985, the revolutionary nucleic acid-based polymerase chain reaction (PCR) method was

developed by Saiki et al. , 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 . Based on PCR, many modifications 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 . 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 . Several studies have shown that RT-PCR is more sensitive than ELISA for plant virus detection, with

fewer false-negative results . 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 . The loop-mediated isothermal amplification (LAMP) technique is a promising method developed in

2000 by Notomi et al. . 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 sequencing, is a powerful technology that can

rapidly sequence the entire viral genome . 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 . Fluorescence in situ hybridisation (FISH) uses fluorescent-labelled probes to detect the target

virus nucleic acid . 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 . Flow cytometry (FCM) can detect multiple plant viruses simultaneous in a sample . 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 .

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 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 . 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
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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 . 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 . 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 complexity of symptoms . 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 developed 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 .

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 . Biological indexing continues to be used as a

complementary method to lab-based testing methods . However, the major disadvantage of using indicator

plants is the long duration from inoculation to the development of disease symptoms; this process could take

several weeks to months . In addition, symptoms of indicator plants may also vary based on environmental

conditions. Constable et al.  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 . The

different sensors can measure specific regions of the electromagnetic spectrum, from ultraviolet (UV) to long-wave
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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  and increases 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 . Figure 2 illustrates various sensing technologies, their spectral

ranges, and platforms that can be used for plant viral disease detection.

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 . 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 .

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 , potentially providing millimetre spatial resolution images for

plant viral disease detection.
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In the order of increasing spectral detail, researchers 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 . 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 in recent studies using computer

vision techniques . In addition, low altitude, high-resolution aerial photos from UAV have produced a high-

popularity in-field plant disease detection .

Multispectral sensors measure specific spectral wavelength regions across the electromagnetic spectrum; different

regions or bands can be selected depending on the purpose of usage . Multispectral cameras have been

commonly used in remote sensing to explore land use, characterise vegetation, and monitor the environment and

urban structures . For agricultural purposes, the spectral bands in multispectral cameras are selected based on

the vegetation characteristics of light absorption and reflection at different wavelengths. Typically, 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 . 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 .

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 . 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 .

A hyperspectral imaging system provides both spatial and spectral information to produce a 3-dimensional (3D)

data cube . Hyperspectral imaging data present a potentially significant advantage in plant disease studies at

broader scales. MacDonald et al.  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. . Wang et al.  used

proximal sensing hyperspectral images to predict tomato spotted wilt virus infected region on the bell pepper plant.

This entry 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 . Many studies have used Chl-Fl as

the laboratory’s analysis tool for plant virus infection and demonstrated the likelihood of using Chl-Fl to detect plant

virus infection at an early disease stage . 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 . The thermal sensor is predominantly
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used in precision agriculture to detect and monitor crop biotic and abiotic stress . Spatial and temporal

thermography patterns have shown potential for the early detection of viral disease. For example, Chaerle et al.

 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.  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, Nuclear 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 spectroscopy has the capability to detect plant virus infection at an early stage 

. Some portable Raman spectroscopy is also available for in-field use . NMR spectroscopy is used to

determine the chemical and physical properties of matter. Some studies used NMR spectroscopy to detect plant

metabolic changes caused by virus infection . 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

.
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