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Abstract: Various diseases and pests cause serious damage to vegetable crops during the growing
season and after harvesting. Growers attempt to minimize losses by protecting their crops, starting
with seed and seedling treatments and followed by monitoring their stands. In many cases, synthetic
pesticide treatments are applied. Integrated pest management is currently being employed to
minimize the impact of pesticides upon human health and the environment. Over the last few
years, “smart” approaches have been developed and adopted in practice to predict, detect, and
quantify phytopathogen occurrence and contamination. Our review assesses the currently available
ready-to-use tools and methodologies that operate via visual estimation, the detection of proteins
and DNA/RNA sequences, and the utilization of brand-new innovative approaches, highlighting the
availability of solutions that can be used by growers during the process of diagnosing pathogens.

Keywords: phytopathogen; diagnostic; serology; PCR; LAMP; RPA; barcoding; NGS; CRISPR/Cas;
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1. Introduction

As a source of vitamins, minerals, and other nutrients, vegetables constitute an im-
portant food component that is produced and traded worldwide. As with other cultivated
species, vegetables grow in tandem with beneficial or harmful microbiota that affect the
yield and quality of crops. These microbiotas exist in fields, and the global movement
of plant material (vegetable seeds, seedlings, and produce) provides opportunities for
phytopathogens to cross borders and spread to new areas. It has been shown that the
number of phytopathogens in different regions is associated with the volume of imports.
In this way, the risk of pathogenic species expansion from one country to another has been
increasing [1,2]. To prevent invasions, several control systems have been set up by na-
tional authorities, following the recommendations of scientists and international bodies [3].
Growers also try to prevent locally occurring plant pathogens from invading their crops,
and they carefully monitor the possible spread of new phytopathogens from neighboring
regions [4].To successfully cope with vegetable pathogens, preventive measures should be
taken, and consideration should be given to soil management, seed treatment, the cultivar’s
natural resistance, and the various monitoring systems that are suited to conventional,
biotechnological, and organic farming, forming part of the IPM recommendations [5]. The
ability to capture the pathogen upon its first attack as early as possible, as in the early
infection stage, allows growers to make appropriate and effective management decisions. It
is apparent that tools for disease diagnosis and pathogen identification are greatly needed.
Otherwise, it would not be possible to take preventative steps and set up management
measures in cases of infection [6].
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Several approaches and techniques have been developed to facilitate the diagno-
sis, monitoring, and study of phytopathogenic agents in plants and [7–9] various veg-
etable species. Some of these techniques have been validated and are used by accredited
laboratories for official controls [6,10–12]. Others have significant potential for applica-
tion in “smart” farming [7,9], possibly leading to the implementation of phytopathogen
surveillance through intelligent and goal-oriented analysis, planning, and observation [13].
Currently, the importance of smart approaches for disease diagnosis on farms is increas-
ing [14,15]. We aimed to map fully validated procedures employed in official controlsand
concurrently tools at various technological readiness level (TRL) that are usually verified
in a single laboratory only [16] to determine their future potential as new devices for
phytopathogen detection [16].

2. Symptomatic Diagnosis

Symptomatic evaluation was once the sole option for disease identification in field
crops. However, the symptoms of individual diseases, especially at the onset of their devel-
opment, can be ambiguous. Therefore, this approach is based on experience and requires
highly skilled specialists [17,18]. The organisms that cause plant diseases are very small (mi-
croscale) and can, therefore, only be detected by lay farmers based on the impacts of their
attacks. As experts are not always available when needed, several options have been intro-
duced and tested in efforts to improve the available diagnostic approaches. Mainly, these
include simple phytopathogen cultivation tests [19], but these tests are time-consuming
and dependent on mycological skills and laboratory infrastructure. Moreover, they are
not sufficiently sensitive to enable detection in the early stages of infection. Previously,
higher-level image analysis of crop diseases was not particularly effective; however, its
applicability has been enhanced when combined with smart tools, such as videos or mobile
phones linked to knowledge bases (e.g., the system VACDDS [20]). Various computational
algorithms and diagnostic models have been tested to improve visual evaluation and
further identification [21,22]. The existence of precise databases of sufficiently adequate
images has been [23] reported to be the basic prerequisite for enabling such a system to
be functional. These precise tools for phytopathogen interception are still expensive and,
in the case of vegetables, not sufficiently advanced. Several factors, such as the unclear
outlines of lesions, uneven coloring of leaves, and variability in lighting conditions, among
others, hinder analysis [24]. The currently available image-based techniques have been
reported to be precise under well-defined experimental conditions, but when they are
moved to the field, higher precision and reliability are required. Thus, there exists a great
demand for tools that can facilitate the precise detection of pathogens for individual crops.

3. Serological Tests

Serological tests are widely used in diagnostics. They work by exploiting the plurality
of antibody reactions to pathogens. The enzyme immunoassay (EIA) is employed to detect
the presence of a ligand, e.g., proteins in a liquid sample using antibodies directed against
the protein to be measured. One modification, the enzyme-linked immunosorbent assay
(ELISA) [25], is commonly used as a standard analytical method. ELISA is used not only
in human diagnostics but also in the agricultural sector, particularly for the detection of
certain plant viruses, fungal phytopathogens, and viral pathogens. Usually, the assay
detects proteins (e.g., a viral coat protein) specific to an individual genus or species via
polyclonal or monoclonal antibodies [26]. The detection of these proteins is accomplished
by complexing antibodies and antigens to produce measurable, usually colored results.
The efficiency of the method is often improved by amplifying the primary signal. Although
ELISA is the most common means of testing, many other approaches have been described,
published, and used in practice.

Other immunoassays, exploiting ready-to-use lateral-flow devices (LFDs), are now
available on the market, in which specific antibodies are used for detection and color
signaling. Such tests are well-known for their use in the monitoring of human diseases,



Agronomy 2023, 13, 1211 3 of 25

e.g., COVID-19, and they are characterized by their ease of use. The results are easy to
interpret; thus, they are commonly used for in-field diagnosis. The advantage of LFDs is
that they can be used without the need for sophisticated instruments and equipment. These
methods are characterized by their speed; they are considered to be rapid, while also being
inexpensive and suited to high-throughput diagnostics (Figure 1). On the other hand, other
approaches such as DNA-based methods are more sensitive and amenable to multiplexing.
LFDs require a priori knowledge of each pathogen. Furthermore, the test is not suited to
non-target screening.
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Figure 1. Detection of Phytophthora ssp. in tomato plants infected artificially with P. infestans via
lateral-flow strips: A1, healthy plant (negative control); A2, negative strip; B2, positive strip; and B1,
infected plant.

At the same time, a number of DNA/RNA detection approaches have been developed.

4. Polymerase-Chain-Reaction (PCR)-Based Methods for Phytopathogen Detection

Polymerase chain reaction (PCR) is a DNA-based method, as outlined by Mullis and
Kaloona [27], that allows for the amplification of selected DNA sequences using a pair of
primers, including a short DNA sequence typical of the individual species and individual
genotypes surrounding specific DNA stretches. With these primers, along with the enzyme
Taq, polymerase-multiplied quantities of target sequences can be visualized. PCR is able to
capture even a minute amount of the targeted DNA. Theoretically, even a single copy can be
captured, but practically speaking, the limit of detection depends on the matrix, and it can
be as low as tens of copies of the target. The procedure requires the isolation of DNA/RNA
from the analytical target, and the efficiency of the amplification depends on the quality of
the extraction process. The important qualities of PCR, as used in diagnostics, are its high
specificity, afforded by knowledge of phytopathogen-specific DNA/RNA sequences, and
the possibility of designing primers that target selected stretches of DNA [28].

A modification of PCR was introduced a few years ago, when the specificity of PCR was
improved as a third-sequence specific primer (probe) was exploited Heid et al. (1996) [29].
In this approach, the probe is fluorescently labelled, and during the synthesis of a new
amplicon copy, the fluorescent signal is captured. The approach is composed of real-time
PCR (qPCR, if used for target quantification) [30] and digital PCR [31,32]. Real-time PCR
may serve as a method for either detection or relative quantification, while digital PCR can
be used for the absolute quantification of amplicon copy numbers in the assay. Compared
with real-time PCR, digital PCR limits the problems associated with the purity of the
extracted DNA through special partitioning. The listed properties of real-time and digital
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PCR mean that they are well-suited to a wide range of applications in phytopathogen
diagnostics [33]. As PCR-based techniques (Figure 2) are capable of detecting even just
a few copies of the target, even a small number of individual virus particles or bacterial
or fungal cells can be detected [34]. Thus, these techniques may provide information
in the early stages of infection, when the symptoms of infections are barely visible but
phytopathogens are already present in the tissue. In addition, multiplex assays, e.g., the
detection of several pathogenic species in a single reaction, may be used. Multiplexing
reduces the cost and time required to determine the pathogen load [35].

1 
 

 
Figure 2. Real-time PCR quantification of Fusarium fungi in plant tissue: A, calibration standards
(red); B, infected sample (violet).

With regard to plant pathogen detection/quantification, we found many protocols for
vegetable phytopathogen species, but true validation reports, as required by the Minimal
Performance Criteria (MIQE) [36], are not available. The in-lab verification followed by
the full validation of published and forthcoming methods is a necessity for researchers
to rely on their performance after the provision of comparable results across different
laboratories [36–40]. To ensure uniform test performance across laboratories, international
standards and guidelines have been issued by the International Organization for Stan-
dardization (ISO) that are used by accredited testing laboratories [41]. Thus, PCR-based
methods can be used in a harmonized manner.

Since the discovery of the PCR principle, the scope of PCR application has expanded due
to the combination with other molecular procedures. One PCR modification, immunocapture–
reverse transcription–polymerase chain reaction (IC-RT-PCR) [42], has been suggested as a
standard method for the highly sensitive analysis of plants infected with a range of RNA
viruses [43,44]. In this method, the preliminary purification of virus particles and viral
RNA from the plant material may be bypassed. In addition, in contrast to PCR, all of the
ingredients and enzymes in the assay, e.g., temperature, ionic strength, and pH, are able to
work under the same conditions. The procedure may, thus, be accomplished in a single
step with one tube. IC-RT-PCR was found to be more sensitive than ELISA, being able
to distinguish between TMV and ToMV [45,46]. Applications of PCR-based methods for
vegetable pathogens are summarized in Tables 1–3.

It is apparent that PCR has undergone a number of modifications [47], but the direct
field application of PCR-based methods is limited. For this reason, scientists continue to
search for other assays that can be carried out under isothermal conditions.

Farmer-friendly SMART approaches call for small, affordable tools, and some PCR
types may be a suitable platform for this purpose. ddPCR (digital droplet PCR) may
be a suitable candidate. As the reaction occurs in a greater number of small droplets,
Chen et al. [48] suggested using a home-made platform to run the reaction and smart-
phones to detect the results. As reported, the system could capture several copies of the
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target and be used by non-experts. No direct comparison with ddPCR has been published
thus far. The design of specific PCR primers requires some knowledge [49,50], which might
still be an obstacle for routine farm applications. However, this is a good example of a DIY
(do-it-yourself) application.

5. Isothermal Amplification

The amplification of nucleic acid is a proven procedure but requires experience, lab
equipment, and time. Over the past two decades, interest has increased in the possibility
of using isothermal amplification systems as an alternative to the most extensive and
long-standing method for amplifying nucleic acids, the polymerase chain reaction. The
main advantage of isothermal amplification is that it does not require expensive laboratory
equipment for thermal cycling. Thus far, several procedures have been developed [51].

5.1. Loop-Mediated Isothermal Amplification (LAMP)

Currently, LAMP (loop-mediated isothermal amplification) of DNA is the most widely
used approach implemented under isothermal conditions. It was originally validated in
relation to hepatitis B virus (HBV) by Notomi and coworkers [52]. LAMP involves sophis-
ticated primer design and a specific polymerase, and no temperature cycling is needed,
thereby relinquishing the need for expensive thermocyclers. Since it was first introduced,
this method has become popular, as it is considerably simpler and less demanding than
PCR. As the technique is sufficiently robust, LAMP has found application in phytopathogen
detection [53–55]. It was soon demonstrated that the technique is applicable to the identifi-
cation of both DNA and RNA matrices in plants [56]. LAMP products can be detected by
the naked eye with the use of neutral red dye, which is another advantage of the method.
LAMP diagnostics thus allow for immediate analysis and results without the need for
specialized and expensive instrumentation. To date, several options for the visualization
of the products have been introduced, as well as possibilities for their combination with
smartphone applications [57,58]. Becherer et al. [59] summarized the current knowledge
regarding the method’s performance parameters (e.g., its robustness, accuracy, precision,
reproducibility, and repeatability) under different configurations (e.g., using various types
of apparatuses and assays) commonly employed in clinical diagnostics. The authors stated
that its diagnostic specificity and sensitivity are well-developed, but they also suggested
conducting investigations of its repeatability (intra-assay variance) and reproducibility
(inter-assay variance), which were carried out in only 6% of the published cases that they
reviewed. This is a serious challenge for researchers developing assays for phytopathogen
diagnostics. Moehling et al. [60] highlighted the parameters that should be addressed
during assay optimization. Guidelines for validation are offered by the ISO standards [61].
Because of the simplicity of the assay, it can be performed by less-skilled personnel, and
this has led to the adoption of the LAMP assay by plant pathologists, opening up possi-
bilities for its use in in-field diagnosis [62]. Currently, several companies offer easy-to-use
diagnostic kits, with others in development (see Tables 1–3).

5.2. Isothermal Amplification of Nucleic Acid by Recombinant Polymerase—RPA

Another method among the isothermal amplification procedures is recombinase poly-
merase amplification (RPA) [63]. Here, specific DNA fragments are isothermally amplified
using complementary primers resembling those used in PCR for the template DNA, in
addition to a set of three enzymes, polymerase, and a DNA-binding protein to enable ampli-
fication, instead of the Taq polymerase used in PCR. The system allows for the amplification
of DNA via synthesis to extend the DNA/RNA strand, directly combining both DNA and
RNA [64,65]. This technique has attracted great attention because it is insensitive to Taq
polymerase inhibitors, and the DNA does not need to be isolated. Previous publications
have reported the acceptable limit of detection of the assay [66,67]. Stringent optimization
of reaction conditions is highly recommended, as inhibition may occur due to enzyme com-
petition. Piepenburg et al. [64] highlighted the possibility of using a sandwich arrangement
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as an apparatus-free assay. In addition, when combined with lateral flow dipsticks (LFD),
RPA is reported to be just as fast, accurate, and easy to perform as PCR, thus representing
a highly promising approach [68–70]. It is only a matter of time before this procedure
is extended to the detection of various phytopathogens. The simultaneous detection of
multiple phytopathogenic species is still a problem to be solved, although Bai et al. [71]
suggested using RPA in combination with microfluidics in human diagnostics.

5.3. SMART Modifications

SMART techniques including DIY (do-it-yourself) devices that do not require well-
equipped laboratories are in their infancy. Several examples of DIY technologies have
been proposed in medical diagnostics. Bektas et al. [72] introduced a streamline technique
called ALERT (Accessible LAMP-Enabled Rapid Test) for COVID-19 detection that is easy
to carry out. The procedure can be carried out in one tube but requires PCR primers
verified a priori. The COVID-19 assay itself is well-validated. It would be helpful to
verify the suitability of the protocol for testing vegetable diseases and to use known LAMP
primers. DNA/RNA-specific extraction procedures that complement the ALERT approach
are yet to be developed, as vegetable tissues differ in their phenolic compounds and starch
contents [73,74]. As farmers are usually not experts in PCR diagnostics, ready-to-use tools
need to be provided by commercial companies or at least by scientists.

6. CRISPR-Based Techniques

In recent years, new procedures have appeared that can detect and quantify viruses
and other phytopathogens in various substrate materials, ranging from human tissues
to foodstuffs and environmental components. These are mainly procedures that use not
only high-capacity sequencing, but also clustered regularly interspaced short palindromic
repeats (CRISPR), and the associated protein, CRISPR/Cas, represents a system that is
better-known as a tool used for genome editing [75–77] As the system is able to easily rec-
ognize specific sequences, its usefulness for the detection of specific sequences is apparent.
The specific properties of CRISPR/Cas proteins, known as “molecular scissors”, mean that
they may be used to bind specified DNA and RNA sequences, making it possible to employ
them for diagnostic purposes [78]. CRISPR/Cas-based techniques target both DNA and
RNA; thus, they have the advantages of nucleic-acid-based techniques, meaning that high
levels of specificity and sensitivity are retained.

The current gold standard for nucleic acid detection—real-time PCR—requires highly
qualified personnel and advanced laboratory equipment. The agro-industry is, however,
seeking approaches that allow for high-throughput screening and do not require sophisti-
cated reagents or instrumentation. CRISPR/Cas technology, when merged with isothermal
technologies, can be used to establish sensitive and cheap detection assays [79], as has
been proven in human diagnostics, e.g., for COVID-19 and several other viruses [80]. A
CRISPR/Cas-based assay, similar to an isothermal amplification, can be accomplished
in less than 30 min at a single temperature, and it can be combined with commercially
available fluorescent dye to enable its visualization. These properties render rapid in-field
diagnosis easy, as has been demonstrated with plant RNA viruses [81]. In the literature, a
simple assay has been described that can be accomplished within an hour and interpreted
using simple equipment that is also suitable, in principle, for the diagnosis of viruses in
plants. The rapid deployment of assays for the onsite detection of vegetable pathogens is a
highly likely future development, and the first examples of such a technology have already
published [82,83].

Other studies have shown that it is possible to efficiently combine lateral flow chem-
istry and CRISPR diagnostics. Based on this idea, there is a possibility of introducing rapid,
reliable, specific, and cheap diagnostic kits in the near future [84,85]. In-field applicable and
sensitive tools for the vegetable sector may be also appear in the near future [86]. Depending
on the price of the final product, the utilization of such tools may be widespread. However,
Selvam et al. [87] noted that more research on specificity and sensitivity in individual cases
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must be performed. Some authors have highlighted that most CRISPR/Cas-based diag-
nostics are not suited to quantitative detection. However, recently, Wu et al. [88] reported
on a new chip system that has been verified for the diagnosis of human pathogens. The
assay uses a combination of LAMP, CRISPR/Cas, and digital PCR. The authors claimed
that it has superior sensitivity and inhibition tolerance. Such a procedure might be another
candidate for vegetable phytopathogen quantification.

7. Barcoding

DNA barcoding represents a combination of molecular genetics, DNA sequencing,
and bioinformatics approaches for the expeditious, detailed, and automatable cataloging
of species using short, conserved gene regions [89]. Barcoding is a procedure in which
individual DNA sequences can be used to identify an organism unique to the species level,
e.g., a unique identifier. This approach is widely used not only in molecular diagnostics but
also in schemes designed to trace goods via barcodes that can be used by customers, e.g., in
a supermarket, hence the name “barcoding” (https://ibol.org/about/dna-barcoding. ac-
cessed on 20 January 2023). These individual DNA sequences possess specific features
that are typical of the conserved regions within each species but are highly variable be-
tween species. In addition, highly conserved sequences must flank the site to allow for
PCR primer design. Several genes have been proven to present such properties, and they
are now widely used. Among them, ITSs (ribosomal internal transcribed spacers) are
considered to be sufficiently precise. Thus, an ITS was recently designated as the official
barcode for fungi [90,91]. Specific sequences, once amplified by PCR, subsequently undergo
sequencing. Comparisons of the resulting sequences with the data in existing databases
(BOLD, UNITE and NCBI) can then be conducted [92].

Barcoding is used by control laboratories to identify harmful and, in particular, quar-
antine microorganisms based on the requirements of competent authorities, such as the
EPPO, national bodies, or, in the EU, the EU plant health legislation [93].

Currently, the so-called metabarcoding method is employed for the simultaneous
identification of multiple targets using multiple genes for barcoding, together with high-
throughput sequencing (i.e., next-generation sequencing—NGS) [94]. As observed in
nature, multiple phytopathogen infections can occur in a single plant, and their competi-
tiveness, suppression, or synergism may impact on the visible symptoms. The capacity for
multiplexing under natural field conditions is therefore highly necessary [95].

Recently, similar to PCR-based methods, guidelines on how to assess the reproducibil-
ity of the report were published [96,97]. Precise, validated protocols are required to use the
method for control purposes [98].

8. Overview of Nucleic-Acid-Based Assays for the Detection of Vegetable Pathogens

In order to map the exploitation of the most frequently used principles reported in the
literature, we searched the WOS database for publications over the last 5 years using specific
strings of keywords covering purpose (detection, identification, diagnostic), in combination
with plant species name and disease names. Published protocols were developed and
verified only by single laboratories and thus belong to TRL 4 – 7, i.e. not directly applicable
in wide practice. Through this approach current trends can be assessed.

8.1. Application of Different Nucleic-Acid-Based Tools for the Detection of Viral Diseases
in Vegetables

Viruses are invisible entities that damage humans, animals, or plants, including
vegetables. They are the most genetically diverse organisms and are rapidly evolving. In
general, viruses are characterized by small genomes that encode only a few proteins. Their
variability makes it difficult to control them in plants, and DNA-based methods are often
used for their detection, as outlined in Table 1.

https://ibol.org/about/dna-barcoding
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Table 1. List of methods suited to the detection of viral infections of vegetables that have been
published in the Web of Science database.

Virus Method Species Reference

Alexivirus RP PCR Garlic, onion [99]

Begomoviruses RT PCR Tomato, pepper [100]

Begomoviruses LAMP Chili [101]

BPMV Lateral flow +RT CPA Bean [102]

BPMV RT CFA LF Bean [102]

CCYV RT RPA Cucurbit [103]

CCYV RT RPA Cucumber [103]

CCYV RT RPA Pea [103]

CGMMV RTqPCR Cucumber [104]

CMV Immunoassay, DAS ELISA Cucumber, tomato [105]

CMV DAS ELISA Tomato, pepper [105]

Multiple Nested PCR Multiple [106]

Multiple RT PCR Multiple [107]

Multiple NGS Multiple [108]

Multiple PCR, NGS Multiple [109]

Multiple PC, RT PCR Sweet potato [110]

Multiple RT PCR Garlic, onion [111]

Multiple hybridization Artichoke [112]

Multiple DAS-ELISA, IC-RTT PCR Garlic, onion [11]

MYMV CRISPR-Cas (CCI) Legumes [86]

OYDV serological Garlic, onion [113]

OYDV RT PCR+DAS ELISA Garlic, onion [113]

OYDV RT LAMP Onion [114]

PLRV, PVY Isothermal (RT LAMP) Potato [115]

PLRV, PVY, PVM, PVA, PVX and PVS. RT PCR (real-time DiRT-PCR) Potato [116]

PMMoV IC-RT-PCR (TAS-ELISA Pepper [26]

Poleovirus NGS Garlic, onion, leek [117]

PsTDV RT PCR Solanum [118]

PVY Isothermal RT RPA Potato [119]

PVY, PLRV, ToTV and ToCV NGS Wild potato [120]

RNA virus NGS Potato [121]

SPCV Immunoassay (ELISA) Potato [122]

SPLCVs NGS, Sanger Sweet potato [95]

Sweepotvirus Lateral flow + RT RPA Sweet potato [123]

TMV, BWVV2 LAMP False starwort [124]

ToBRF RT PCR Tomato [125]

ToBRFV RT PCR Tomato [126]

ToBRFV ddPCR Tomato [127]

ToBRFV ddPCR Tomato [127]
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Table 1. Cont.

Virus Method Species Reference

ToBRFV ddPCR Tomato [127]

ToBRFV RT PCR Tomato [128]

ToLCJoV LAMP Tomato [101]

ToLCJoV LAMP Chili [101]

ToLCJoV LAMP Chili [101]

ToLCNDV qPCR Tomato [129]

ToMMV, ToBRFV RT PCRT (duplex) Tomato [130]

ToMV Immunoassay Tomato [131]

ToMV, ToBRFV CRISPR-Cas Tomato [132]

ToNStV RT-LAMP Tomato [133]

ToYLCV Lateral flow dipstick RPA Tomato [134]

TST RT-PCR Potato [135]

TSWW RPA Tomato [136]

TuYV LAMP Brassica [137]

TuYV LAMP isothermal Turnip [137]

TYLCSV, TSWV Raman spectroscopy Tomato [138]

TYMV RT PCR Brassica [139]

WMV RTqPCR Watermelon, cucurbits [140]

Figure 3 presents viruses, plant species, and detection methods in a Sankey diagram
(generated using the SankeyMATIC online tool, available at https://sankeymatic.com/
build/ accessed on 21 December 2022) and shows interactions between the virus types,
methods of detection, and host species. The figure indicates that PCR-based methods
have been exploited most frequently during the past five years. The crops for which
the greatest numbers of detection methods have been introduced appear to be tomatoes,
brassica vegetables, peppers, and chili.

More specifically, it can be observed that the majority of methods are related to the
detection of tomato diseases, e.g., ToBRFV or ToLCJoV, as the worldwide tomato production
for the year 2022 was reported to be 37.3 million tones [141].

8.2. Applications of Different Tools for the Detection of Bacterial Diseases in Vegetables

Bacterial diseases can be visually identified, and their quantification in plants can be
achieved by means of colony-counting assays. An infection will have already spread by this
stage, and it may be difficult to handle, which is why the prevention of bacterial infections
requires early detection In addition to methods based on barcoding, which are suited
to precise identification, PCR is used, including modifications that enable quantification.
Several new approaches are currently being tested, including the CRISPR/Cas methodology,
which may be used as a tool for genome editing, but also represents a novel, highly precise
detection method [142,143]. The table summarizes the methods that have been used over
the past 5 years to develop detection assays for bacterial infections published on the WoS.
Table 2 summarizes the currently applicable tools for the detection and quantification of
various bacterial species.

https://sankeymatic.com/build/
https://sankeymatic.com/build/
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Table 2. List of methods suited to the detection of bacterial infections in vegetables that have been
published in the Web of Science database.

Bacteria Method Species Reference

Bacterial Spot RPA Tomato [144]
Clavibacter PCR Tomato [145]
Clavibacter ddPCR Tomato [146]
Clavibacter Multiplex qPCR Tomato [147]
Clavibacter Multiplex qPCR Tomato [148]
Clavibacter Multiplex qPCR Tomato [149]

Curtobacterium LAMP Legumes [150]
Erwinia, Acidovorax CRISPR/Cas Vegetable [151]

Multiple PCR, NGS Multiple [109]
Multiple Bar-coding Multiple [152]

Pectobacterium LAMP Radish [153]
Pseudomonas qPCR Mung bean [154]

Pectobacterium LAMP Celery [155]
Pectobacterium PCR Cabbage [156]
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Table 2. Cont.

Bacteria Method Species Reference

Pectobacterium Multiplex PCR Potato [157]
Pectobacterium Multiplex qPCR Multiple [158]
Phytoplasmas CRISPR/Cas Potato [142]
Pseudomonas LAMP Tomato [159]
Pseudomonas LAMP Pea [160]
Pseudomonas qPCR Tomato [161]
Pseudomonas Multiplex qPCR Cucumber [162]

Ralstonia LAMP Potato [163]
Ralstonia Multiplex qPCR Zingiberaceae [164]

Salmonella, Clavibacter cultivation Potato [165]
Xanthomonas LAMP Beans [166]
Xanthomonas PCR Brassica [167]

Yersinia ddPCR, qPCR Multiple [168]

The plant bacteria detection methods, individual bacterial species, and the correspond-
ing crop species listed in Table 2 are also presented in a Sankey chart (see Figure 4) (pro-
duced using the SankeyMATIC online tool, available at https://sankeymatic.com/build/
accessed on 21 December 2022), allowing for the extraction of significant findings.

Agronomy 2023, 13, x FOR PEER REVIEW 12 of 27 
 

 

 
Figure 4. Sankey chart representing the relationships and interconnections between bacteria, detec-
tion methods, and corresponding crop species. 

8.3. Applications of Different Tools for the Detection of Fungal Diseases of Vegetables 
Fungi represent a major threat to crop production today and will continue to do so 

in the future [169]. We retrieved data from the WoS database to identify emerging tools 
for vegetable fungal pathogen diagnostics described over the last five years. From the 
overview, one can conclude that research studies have focused on the development of 
PCR-based assays that are specific to individual fungal phytopathogens. Such assays can 
be used for the detection of early infections when visual symptoms have not yet been 
revealed, as in the case of other vegetable pathogens. See table 3. 

Table 3. List of methods suited to the identification of fungal infection in vegetables that have been 
published in the Web of Science database. 

Fungus Method Species Reference 
Alternaria Targeted chem.anal. Tomato [170] 
Atlernaria Multiplex PCR Brassica [171] 
Botrytis Species-specific PCR Onion [172] 
Botrytis PCR Onion [172] 
Botrytis qPCR Onion [173] 

Downy mildew RT PCR Lettuce [174] 
Erysiphe Palczewski Visual + smarphone Robinia [175] 

Foot rot and head rot disease 
(S.rolfsii) 

ITS PCR seq. Cabbage [176] 

Fusarium ITS barcoding Potato [177] 
Fusarium Visual/image anal. Onion [178] 
Fusarium PCR-RFLP Pea [179] 

Figure 4. Sankey chart representing the relationships and interconnections between bacteria, detection
methods, and corresponding crop species.

It is apparent that PCR-based tools are still prevalent, but CRISPR/Cas-based methods
have also been employed. PCR-based and LAMP techniques are used mainly for tomato
crops, and some could be exploited for multiple crops.

The majority of the methods are suited to the detection of Clavibacter, Pseudomonas,
Pectobacterium, and Xanthomonas species.

https://sankeymatic.com/build/
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8.3. Applications of Different Tools for the Detection of Fungal Diseases of Vegetables

Fungi represent a major threat to crop production today and will continue to do so
in the future [169]. We retrieved data from the WoS database to identify emerging tools
for vegetable fungal pathogen diagnostics described over the last five years. From the
overview, one can conclude that research studies have focused on the development of
PCR-based assays that are specific to individual fungal phytopathogens. Such assays can be
used for the detection of early infections when visual symptoms have not yet been revealed,
as in the case of other vegetable pathogens. See Table 3.

Table 3. List of methods suited to the identification of fungal infection in vegetables that have been
published in the Web of Science database.

Fungus Method Species Reference

Alternaria Targeted chem.anal. Tomato [170]

Atlernaria Multiplex PCR Brassica [171]

Botrytis Species-specific PCR Onion [172]

Botrytis PCR Onion [172]

Botrytis qPCR Onion [173]

Downy mildew RT PCR Lettuce [174]

Erysiphe Palczewski Visual + smarphone Robinia [175]

Foot rot and head rot disease (S.rolfsii) ITS PCR seq. Cabbage [176]

Fusarium ITS barcoding Potato [177]

Fusarium Visual/image anal. Onion [178]

Fusarium PCR-RFLP Pea [179]

Fusarium qPCR Asparagus [180]

Fusarium PCR Tomato [181]

Fusarium PCR Onion [182]

Fusarium ITS barcoding Chili [183]

Fusarium, Rhizoctonia Cultivation Potato [165]

Multiple NGS Tomato [184]

Hyaloperonospora Rt PCR Cucumber [185]

Late blight LAMP Potato, tomato [186]

Multiple PCR, NGS Multiple [109]

Multiple e-NOSE Garlic [171]

Multiple Machine vision Cucumber [187]

Multiple ITS RNA seq Brassica [187]

Multiple Image analysis Brassica [188]

Multiple Robotic vision Bean, pea [189]

Multiple ITS RNA seq Bean [190]

Multiple RT PCR Fabaceae [191]

Multiple Machine vision Cucumber [185]

Multiple Multiplex PCR Cucumber [192]

Multiple ITS barcoding Tomato [193]

Pectobacterium carotovorum Sensors Lettuce [194]
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Table 3. Cont.

Fungus Method Species Reference

Plasmodiophora Species-specific PCR Brassica [195]

Plasmodiophora PCR, SNPaSHOT Brassica [196]

Powdery mildew Spectral data Cucumber [197]

Powdery, down mildew Multiplex qPCR Cucumber [198]

Pseudoperonospora RT PCR Cucumber [199]

Rhizoctonia Multiplex RTPCR Lettuce [200]

Rhizoctonia PCR, RTPCR Pulse crop [197]

Rust IR spectroscopy Multiple [201]

Sclerotinia Spec.specif. PCR Carrot [202]

Sclerotinia RTPCR Potato [203]

Sclerotinia Spec.spec. PCR Lettuce [202]

Sclerotinia Spec.spec. PCR Lettuce [204]

Sclerotinia PCR Garlic [205]

Sclerotinia ITS RNA seq. Mung bean [206]

Tomato powdery mildew RT PCR Tomato [207]

Waitea circinata ITS rDNA seq Brassica sp. [208]

In general, the listed PCR-based assays are highly sensitive. Based on the literature
reviewed in the current study, the fungi, detection methods, and the corresponding crop
species presented in Table 3 are also presented in a Sankey chart shown in Figure 5 (pro-
duced using the SankeyMATIC online tool, available at https://sankeymatic.com/build/
accessed on 21 December 2022), allowing for the extraction of significant findings.
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It is apparent that most of the published methods refer to the detection of Fusarium
and Sclerotinia species. The most widely used detection techniques for fungi are nucleic-
acid-based techniques, and the visual identification applications mainly concern tomato,
cucumber, and brassica crops.

8.4. Commercially Available IPM Tools/Solutions

Practical applications based on research have been developed, proofs-of-concept have
been verified, and several tools have reached the highest level of technological readiness,
TRL 9 [209], which means that these tools are available on the market. Descriptions and
assessments of these methods are available at https://platform.smartprotect-h2020.eu/en
(accessed on 2 January 2023), a database developed by the SmartProtect consortium.

Generally, the attributes of these techniques are assessed according to their applicabil-
ity, e.g., the range of pathogens they can identify; their requirements for specific equipment;
the education and training necessary for the operators; their speed in making determina-
tions; and their availability in individual markets. Figure 6 shows the positive attributes of
the principal, most widely used methods.

Agronomy 2023, 13, x FOR PEER REVIEW 15 of 27 
 

 

 
Figure 6. Comparative analysis of different techniques used for plant diagnosis based on their basic 
properties (speed, demand for trained personnel, application, level of technological readiness (TRL8 
or TRL9), availability of the test in laboratories, and possibility of application in the field). 

9. Biosensors 
Biosensors are among the best approaches for obtaining easy and cheap diagnostics. 

In principle, biosensors are devices that, in our case, measure biological reactions, giving 
rise to a signal equivalent to the amount of target. Biosensors rely on a combination of 
biorecognition molecules and transducers converting one type of variation into another, 
e.g., an electric signal and a visualization system, making them easy to use [210]. They 
were first used in on-site diagnostics to identify human diseases [211–213]. The current 
techniques for producing biosensors aim to employ new materials, being manufactured 
using nanotechnologies and possessing higher biological affinity, to develop new sensors 
capable of disease surveillance on different scales. The concept has been used for detection 
of human pathogens on marketed vegetables [214–216]. To date, research has mainly fo-
cused on human pathogens that contaminate vegetable production, such as Salmonella or 
Listeria [215,217,218]. Few reports describe the use of biosensors for vegetable phytopath-
ogen detection [215,219,220]. The use of biosensors for the precise detection of vegetable 
phytopathogens needs to be evaluated in practice. Hopefully, they will find application 
in the detection and quantification of pathogens that contaminate vegetables in the near 
future [221]. 

10. E-Senses 
Other approaches do not use species-/pathotype-specific proteins, such as ELISA, or 

DNA/RNA, such as PCR or sequencing, as a target may be aimed towards metabolites 
(eNose), visual patterns such as color changes, structural changes (eEyes), or differences 
in soluble materials (eTongue), resembling the functions of the human senses. Numerous 
papers have been published describing the basic principles of these assays and showing 
the current state of the art [222–227]. 

Among the e-Senses, eNose is an approach that allows for the detection of volatiles 
released by organisms and senses volatiles using miniaturized gas chromatography in-
struments [228]. In the case of eNose, focus is placed on specific metabolites produced by 
the pathogen itself and by infected plants. 

It is known that volatiles produced by an organism undergo changes related to their 
physiological state and developmental stage. Hundreds of reports are available on com-
pounds captured upon plant infection [229,230] by various types of chromatography and 
mass spectrometry [231,232]. Thus, with libraries of volatile mixtures similar to those con-
tinuously supplemented for regular metabolomics analysis [233,234] produced upon in-
fection, simple tools might be available for farmers in the future to conduct large-scale 

0
2
4
6
8

10
ELISA

PCR

qPCR

RTqPCR

LFD

LAMP/RPA

CRISPR

Barcoding

speed training apl.range laboratory field

Figure 6. Comparative analysis of different techniques used for plant diagnosis based on their
basic properties (speed, demand for trained personnel, application, level of technological readiness
(TRL8 or TRL9), availability of the test in laboratories, and possibility of application in the field).

It is clear that test strips are suitable for quick use on farms and in greenhouses; it
follows that their use for accurate determination is even easier in laboratories.

9. Biosensors

Biosensors are among the best approaches for obtaining easy and cheap diagnostics.
In principle, biosensors are devices that, in our case, measure biological reactions, giving
rise to a signal equivalent to the amount of target. Biosensors rely on a combination of
biorecognition molecules and transducers converting one type of variation into another,
e.g., an electric signal and a visualization system, making them easy to use [210]. They
were first used in on-site diagnostics to identify human diseases [211–213]. The current
techniques for producing biosensors aim to employ new materials, being manufactured
using nanotechnologies and possessing higher biological affinity, to develop new sen-
sors capable of disease surveillance on different scales. The concept has been used for
detection of human pathogens on marketed vegetables [214–216]. To date, research has
mainly focused on human pathogens that contaminate vegetable production, such as
Salmonella or Listeria [215,217,218]. Few reports describe the use of biosensors for vegetable
phytopathogen detection [215,219,220]. The use of biosensors for the precise detection of
vegetable phytopathogens needs to be evaluated in practice. Hopefully, they will find

https://platform.smartprotect-h2020.eu/en
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application in the detection and quantification of pathogens that contaminate vegetables in
the near future [221].

10. E-Senses

Other approaches do not use species-/pathotype-specific proteins, such as ELISA, or
DNA/RNA, such as PCR or sequencing, as a target may be aimed towards metabolites
(eNose), visual patterns such as color changes, structural changes (eEyes), or differences
in soluble materials (eTongue), resembling the functions of the human senses. Numerous
papers have been published describing the basic principles of these assays and showing
the current state of the art [222–227].

Among the e-Senses, eNose is an approach that allows for the detection of volatiles
released by organisms and senses volatiles using miniaturized gas chromatography instru-
ments [228]. In the case of eNose, focus is placed on specific metabolites produced by the
pathogen itself and by infected plants.

It is known that volatiles produced by an organism undergo changes related to their
physiological state and developmental stage. Hundreds of reports are available on com-
pounds captured upon plant infection [229,230] by various types of chromatography and
mass spectrometry [231,232]. Thus, with libraries of volatile mixtures similar to those
continuously supplemented for regular metabolomics analysis [233,234] produced upon
infection, simple tools might be available for farmers in the future to conduct large-scale
analyses of crops, including vegetables. Some authors [235,236] have reported on the
practical utilization of eNose for palm tree disease detection. Borowik et al. [237] reported
on the successful utilization of eNose for the detection of Phytophtora in Quercus acorn and
later, with an improved chamber, Ciboria batschiana [238]. The same group [237] introduced
a low-cost detection procedure for phytopathogenic fungi. Although several examples of
eNose utilization have been described in the literature, only a few have undertaken the
detection of plant pathogens, and applications with vegetables have seldom been carried
out. Only one example was found to be commercially available (TRL9; for further details,
see the SMARTPROTECT platform database). Additionally, the authors of [239] noted that
eNoses may find widespread application for plant diseases diagnostics, as well as other
purposes, but more research and testing are required before incorporating this efficient tool
into agriculture practice [239]. To spread the techniques used for various vegetable species
cultivated across the world and the detection of their pathogens, tremendous effort will
be required to combine the technical basis of e-Noses and sensing of specific mixtures of
compounds. Further knowledge and verification are needed. Nevertheless, Mohammad-
Razdari et al. [240] predicted their potential for farm management. Direct comparisons
with conventional laboratory methods will be essential for routine application in practice.

11. Outlook

The timely, correct, and accurate diagnosis of diseases is the fundamental basis for the
successful cultivation of agricultural crops, including vegetables. Along with early warning
systems, diagnostic tools are essential for disease management and the production of high-
quality and high-yielding vegetables. Currently, the diagnosis of plant diseases is based on
approaches developed by other sectors, e.g., medicine, and generally, they are first applied
to major crops, followed by later extension to vegetables. Commercially, specific procedures
such as ELISA, PCR, real-time PCR, and isothermal amplification are available, but these
require a priori knowledge of the target molecules used for each pathogen, and they differ
in their level of sensitivity (detection limit). Other tests have been described in the scientific
literature, but few of these that are applicable to vegetables have been adequately tested
in regard to their analytical parameters, in contrast to their use in human medicine. It can
be assumed that users will demand multiple assays, enabling the multiplex detection of a
number of pathogens simultaneously, in addition to next-generation sequencing (NGS) and
barcoding. Thus far, the difficulties lie in the high cost of such methods and in interpreting
the results. With decreases in the cost of the equipment and services and the development
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of simpler interpretation platforms, this type of technology has the potential to be extended
to use on vegetables. A second advantageous route lies in the development of simple
diagnostics in the field. Currently, isothermal amplification is advantageous due to its ease
of use and quick results. However, the use of CRISPR/Cas for diagnostics, in combination
with suitable carriers (test strips), appears to be a highly promising method, according
to publications from 2021–2022. This is especially true considering the high accuracy of
the system and the possibility of signal amplification. Overall, it is clear that the greatest
challenge for phytopathogen diagnostics is the production of affordably priced assays that
carry the possibility of multiple detections through the analysis of a single sample.

The evaluation of commercially available solutions shows that there is a wealth of
lateral flow test solutions covering a wide range of pathogens and crops, while simulta-
neously forgoing requirements for specialized equipment or training. The ELISA, LAMP,
and PCR/qPCR methods are more accurate but require specialized equipment, more time,
and trained users to perform the analyses. Thus, lateral flow tests constitute very useful
preliminary tests, being performed prior to laboratory analyses, and they can offer an early
indication of viral, fungal, and bacterial infections.

Author Contributions: J.O. drafted the outline, conducted the literature search of WoS, drafted the
theoretical portion of the review, and conceptualized the study; M.D.K. drafted the section on the
practical state of the art and conducted the comparative analysis; Z.T. performed the visualizations;
R.C. and A.K. carefully reviewed and edited the text; and J.D.M. and S.P. contributed to project
administration. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Union project H2020-RUR-1 20119, SmartPro-
tect, Grant agreement ID: 862563, and the Czech Ministry of Agriculture, Grant numbers RO0418
and RO0423.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Further information are available from the corresponding authors
upon reasonable request.

Acknowledgments: We would especially like to thank Barbora Šestáková for the excellent tech-
nical assistance and formal editing of the text, and Liga Lepse, who contributed to the SmartPro-
tect database.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Eschen, R.; Britton, K.; Brockerhoff, E.; Burgess, T.; Dalley, V.; Epanchin-Niell, R.S.; Gupta, K.; Hardy, G.; Huang, Y.; Kenis, M.; et al.

International variation in phytosanitary legislation and regulations governing importation of plants for planting. Environ. Sci.
Policy 2015, 51, 228–237. [CrossRef]

2. Kumar, P.L.; Cuervo, M.; Kreuze, J.F.; Muller, G.; Kulkarni, G.; Kumari, S.G.; Massart, S.; Mezzalama, M.; Alakonya, A.; Muchugi,
A.; et al. Phytosanitary Interventions for Safe Global Germplasm Exchange and the Prevention of Transboundary Pest Spread:
The Role of CGIAR Germplasm Health Units. Plants 2021, 10, 328. [CrossRef]

3. World Trade Organization. World Trade Report 2012; World Trade Organization: Geneva, Switzerland, 2012; p. 252.
4. Ratnadass, A.; Fernandes, P.; Avelino, J.; Habib, R. Plant species diversity for sustainable management of crop pests and diseases

in agroecosystems: A review. Agron. Sustain. Dev. 2012, 32, 273–303. [CrossRef]
5. U.S. Environmental Protection Agency. Introduction to Integrated Pest Management. 2022. Available online: https://www.epa.

gov/ipm/introduction-integrated-pest-management (accessed on 3 December 2022).
6. Miller, S.A.; Beed, F.D.; Harmon, C.L. Plant Disease Diagnostic Capabilities and Networks. Annu. Rev. Phytopathol. 2009, 47, 15–38.

[CrossRef] [PubMed]
7. Mansotra, R.; Vakhlu, J. Comprehensive account of present techniques for in-field plant disease diagnosis. Arch. Microbiol. 2021,

203, 5309–5320. [CrossRef]
8. Hariharan, G.; Prasannath, K. Recent Advances in Molecular Diagnostics of Fungal Plant Pathogens: A Mini Review. Front. Cell.

Infect. Microbiol. 2021, 10, 493–504. [CrossRef]
9. Rubio, L.; Galipienso, L.; Ferriol, I. Detection of Plant Viruses and Disease Management: Relevance of Genetic Diversity and

Evolution. Front. Plant Sci. 2020, 11, 1092. [CrossRef]

https://doi.org/10.1016/j.envsci.2015.04.021
https://doi.org/10.3390/plants10020328
https://doi.org/10.1007/s13593-011-0022-4
https://www.epa.gov/ipm/introduction-integrated-pest-management
https://www.epa.gov/ipm/introduction-integrated-pest-management
https://doi.org/10.1146/annurev-phyto-080508-081743
https://www.ncbi.nlm.nih.gov/pubmed/19385729
https://doi.org/10.1007/s00203-021-02529-7
https://doi.org/10.3389/fcimb.2020.600234
https://doi.org/10.3389/fpls.2020.01092


Agronomy 2023, 13, 1211 17 of 25

10. Gooden, J.; Samac, D.; Caffier, D.; Ophel-Keller, K.; Sheppard, J. Method Validation by Ringtesting to Establish International Standards
for Seed Testing; a Case Study. In Plant Pathogenic Bacteria; Springer: Berlin/Heidelberg, Germany, 2001; pp. 425–427. [CrossRef]

11. Aveling, T. Global standards in seed health testing. In Global Perspectives on the Health of Seeds and Plant Propagation Material;
Springer: Berlin/Heidelberg, Germany, 2014; pp. 17–28.

12. European Union Reference Laboratories. 2018. Available online: https://food.ec.europa.eu/horizontal-topics/european-union-
reference-laboratories_en (accessed on 9 April 2023).

13. Stack, J.; Cardwell, K.; Hammerschmidt, R.; Byrne, J.; Loria, R.; Snover-Clift, K.; Baldwin, W.; Wisler, G.; Beck, H.; Bostock, R.; et al.
The National Plant Diagnostic Network. Plant Dis. 2006, 90, 128–136. [CrossRef]

14. Pavithra, A.; Kalpana, G.; Vigneswaran, T. Deep learning-based automated disease detection and classification model for precision
agriculture. Soft Comput. 2023. [CrossRef]

15. Inoue, Y. Satellite- and drone-based remote sensing of crops and soils for smart farming—A review. Soil Sci. Plant Nutr. 2020,
66, 798–810. [CrossRef]

16. Raffaini, P.; Manfredi, L. Chapter 15—Project management. In Endorobotics; Manfredi, L., Ed.; Academic Press: Cambridge, MA,
USA, 2022; pp. 337–358. [CrossRef]

17. Martinelli, F.; Scalenghe, R.; Davino, S.; Panno, S.; Scuderi, G.; Ruisi, P.; Villa, P.; Stroppiana, D.; Boschetti, M.; Goulart, L.R.; et al.
Advanced methods of plant disease detection. A review. Agron. Sustain. Dev. 2015, 35, 1–25. [CrossRef]

18. Zherdev, A.V.; Vinogradova, S.V.; Byzova, N.A.; Porotikova, E.V.; Kamionskaya, A.M.; Dzantiev, B.B. Methods for the Diagnosis
of Grapevine Viral Infections: A Review. Agriculture 2018, 8, 195. [CrossRef]

19. Mancini, V.; Murolo, S.; Romanazzi, G. Diagnostic methods for detecting fungal pathogens on vegetable seeds. Plant Pathol. 2016,
65, 691–703. [CrossRef]

20. Wen, H.; Fu, Z.; Zhang, L.; Li, X.; Zhao, W. Video Assisted Diagnosis System for Cucumber Disease. J. Food Agric. Environ. 2012,
10, 857–860.

21. Wei, Q.F.; Luo, C.S.; Cao, C.Z.; Guo, Q. The Intelligent Diagnostic System of Vegetable Diseases Based on a Fuzzy Neural Network.
Appl. Mech. Mater. 2013, 321–324, 1907–1911. [CrossRef]

22. Astuti, E.; Saragih, N.E.; Sribina, N.; Ramadhani, R. Dempster-Shafer Method for Diagnose Diseases on Vegetable. In Proceedings
of the 6th International Conference on Cyber and IT Service Management (CITSM), Parapat, Indonesia, 7–9 August 2018;
pp. 643–646.

23. Bohnenkamp, D.; Behmann, J.; Paulus, S.; Steiner, U.; Mahlein, A.K. A Hyperspectral Library of Foliar Diseases of Wheat.
Phytopathology 2021, 111, 1583–1593. [CrossRef]

24. Barbedo, J.G.A. A review on the main challenges in automatic plant disease identification based on visible range images. Biosyst.
Eng. 2016, 144, 52–60. [CrossRef]

25. Engvall, E.; Perlmann, P. Enzyme-Linked Immunosorbent Assay, Elisa: III. Quantitation of Specific Antibodies by Enzyme-Labeled
Anti-Immunoglobulin in Antigen-Coated Tubes. J. Immunol. 1972, 109, 129–135. [CrossRef]

26. Phatsaman, T.; Hongprayoon, R.; Wasee, S. Monoclonal antibody-based diagnostic assays for pepper mild mottle virus. J. Plant
Pathol. 2020, 102, 327–333. [CrossRef]

27. Mullis, K.B.; Faloona, F.A. Specific Synthesis of DNA Invitro via a Polymerase-Catalyzed Chain-Reaction. Methods Enzymol. 1987,
155, 335–350.

28. Real-Time PCR Handbook. 2012. Available online: www.gene-quantification.de/real-time-pcr-handbook-life-technologies-
update-flr.pdf (accessed on 8 April 2023).

29. Heid, C.A.; Stevens, J.; Livak, K.J.; Williams, P.M. Real time quantitative PCR. Genome Res. 1996, 6, 986–994. [CrossRef] [PubMed]
30. Stephenson, F.H. Chapter 9—Real-Time PCR. In Calculations for Molecular Biology and Biotechnology, 3rd ed.; Stephenson, F.H., Ed.;

Academic Press: Boston, MA, USA, 2016; pp. 215–320. [CrossRef]
31. Huggett, J.F.; Cowen, S.; Foy, C.A. Considerations for Digital PCR as an Accurate Molecular Diagnostic Tool. Clin. Chem. 2015,

61, 79–88. [CrossRef] [PubMed]
32. Fialova, E.; Zdenkova, K.; Jablonska, E.; Demnerova, K.; Ovesna, J. Digital polymerase chain reaction: Principle and Applications.

Chem. Listy 2019, 113, 545–552.
33. Schaad, N.W.; Frederick, R.D.; Shaw, J.; Schneider, W.L.; Hickson, R.; Petrillo, M.D.; Luster, D.G. Advances in molecular-based

diagnostics in meeting crop biosecurity and phytosanitary issues. Annu. Rev. Phytopathol. 2003, 41, 305–324. [CrossRef]
34. Kralik, P.; Ricchi, M. A Basic Guide to Real Time PCR in Microbial Diagnostics: Definitions, Parameters, and Everything. Front.

Microbiol. 2017, 8, 108. [CrossRef] [PubMed]
35. Chen, J.; Tang, J.; Liu, J.; Cai, Z.; Bai, X. Development and evaluation of a multiplex PCR for simultaneous detection of five

foodborne pathogens. J. Appl. Microbiol. 2012, 112, 823–830. [CrossRef]
36. Bustin, S.A.; Johnson, G.; Agrawal, S.G. MIQE—Guidelines for developing robust real-time PCR assays. Mycoses 2012, 55, 30.
37. Pallas, V.; Sanchez-Navarro, J.; Varga, A.; Aparicio, F.; James, D. Multiplex polymerase chain reaction (PCR) and real-time

multiplex PCR for the simultaneous detection of plant viruses. Methods Mol. Biol. 2009, 508, 193–208. [CrossRef]
38. Catara, V.; Cubero, J.; Pothier, J.F.; Bosis, E.; Bragard, C.; Dermic, E.; Holeva, M.C.; Jacques, M.A.; Petter, F.; Pruvost, O.; et al.

Trends in Molecular Diagnosis and Diversity Studies for Phytosanitary Regulated Xanthomonas. Microorganisms 2021, 9, 862.
[CrossRef]

https://doi.org/10.1007/978-94-010-0003-1_95
https://food.ec.europa.eu/horizontal-topics/european-union-reference-laboratories_en
https://food.ec.europa.eu/horizontal-topics/european-union-reference-laboratories_en
https://doi.org/10.1094/PD-90-0128
https://doi.org/10.1007/s00500-023-07936-0
https://doi.org/10.1080/00380768.2020.1738899
https://doi.org/10.1016/B978-0-12-821750-4.00015-3
https://doi.org/10.1007/s13593-014-0246-1
https://doi.org/10.3390/agriculture8120195
https://doi.org/10.1111/ppa.12515
https://doi.org/10.4028/www.scientific.net/AMM.321-324.1907
https://doi.org/10.1094/PHYTO-09-19-0335-R
https://doi.org/10.1016/j.biosystemseng.2016.01.017
https://doi.org/10.4049/jimmunol.109.1.129
https://doi.org/10.1007/s42161-019-00421-4
www.gene-quantification.de/real-time-pcr-handbook-life-technologies-update-flr.pdf
www.gene-quantification.de/real-time-pcr-handbook-life-technologies-update-flr.pdf
https://doi.org/10.1101/gr.6.10.986
https://www.ncbi.nlm.nih.gov/pubmed/8908518
https://doi.org/10.1016/B978-0-12-802211-5.00009-6
https://doi.org/10.1373/clinchem.2014.221366
https://www.ncbi.nlm.nih.gov/pubmed/25338683
https://doi.org/10.1146/annurev.phyto.41.052002.095435
https://doi.org/10.3389/fmicb.2017.00108
https://www.ncbi.nlm.nih.gov/pubmed/28210243
https://doi.org/10.1111/j.1365-2672.2012.05240.x
https://doi.org/10.1007/978-1-59745-062-1_16
https://doi.org/10.3390/microorganisms9040862


Agronomy 2023, 13, 1211 18 of 25

39. Rahman, H.U.; Yue, X.; Yu, Q.; Zhang, W.; Zhang, Q.; Li, P. Current PCR-based methods for the detection of mycotoxigenic fungi
in complex food and feed matrices. World Mycotoxin J. 2020, 13, 139–150. [CrossRef]

40. Baker, M. qPCR: Quicker and easier but don’t be sloppy. Nat. Methods 2011, 8, 207–212. [CrossRef]
41. ISO20395:2019; Biotechnology—Requirements for Evaluating the Performance of Quantification Methods for Nucleic Acid Target

Sequences—qPCR and dPCR. ISO: Geneva, Switzerland, 2019; p. 50.
42. Chikh-Ali, M.; Karasev, A.V. Immunocapture-Multiplex RT-PCR for the Simultaneous Detection and Identification of Plant

Viruses and Their Strains: Study Case, Potato Virus Y (PVY). In Plant Pathology: Techniques and Protocols; Lacomme, C., Ed.;
Springer: New York, NY, USA, 2015; pp. 177–186. [CrossRef]

43. James, D.; Varga, A.; Pallas, V.; Candresse, T. Strategies for simultaneous detection of multiple plant viruses. Can. J. Plant Pathol.
2006, 28, 16–29. [CrossRef]

44. Jacobi, V.; Bachand, G.D.; Hamelin, R.C.; Castello, J.D. Development of a multiplex immunocapture RT-PCR assay for detection
and differentiation of tomato and tobacco mosaic tobamoviruses. J. Virol. Methods 1998, 74, 167–178. [CrossRef]

45. Kokko, H.I.; Kivineva, M.; Kärenlampi, S.O. Single-Step Immunocapture RT-PCR in the Detection of Raspberry Bushy Dwarf
Virus. BioTechniques 1996, 20, 842–846. [CrossRef]

46. Kundu, J.K. A rapid and effective RNA release procedure for virus detection in woody plants by reverse transcription-polymerase
chain reaction. Acta Virol. 2003, 47, 147–151.

47. Pallas, V.; Sanchez-Navarro, J.A.; James, D. Recent Advances on the Multiplex Molecular Detection of Plant Viruses and Viroids.
Front. Microbiol. 2018, 9, 2087. [CrossRef] [PubMed]

48. Chen, L.; Zhang, C.; Yadav, V.; Wong, A.; Senapati, S.; Chang, H.-C. A home-made pipette droplet microfluidics rapid prototyping
and training kit for digital PCR, microorganism/cell encapsulation and controlled microgel synthesis. Sci. Rep. 2023, 13, 184.
[CrossRef] [PubMed]

49. Burpo, F.J. A critical review of PCR primer design algorithms and crosshybridization case study. Biochemistry 2001, 218, 1–12.
50. Singh, V.K.; Kumar, A. PCR primer design. Mol. Biol. Today 2001, 2, 27–32.
51. Asadi, R.; Mollasalehi, H. The mechanism and improvements to the isothermal amplification of nucleic acids, at a glance. Anal.

Biochem. 2021, 631, 114260. [CrossRef]
52. Notomi, T.; Okayama, H.; Masubuchi, H.; Yonekawa, T.; Watanabe, K.; Amino, N.; Hase, T. Loop-mediated isothermal amplifica-

tion of DNA. Nucleic Acids Res. 2000, 28, e63. [CrossRef] [PubMed]
53. Wong, Y.-P.; Othman, S.; Lau, Y.-L.; Radu, S.; Chee, H.-Y. Loop-mediated isothermal amplification (LAMP): A versatile technique

for detection of micro-organisms. J. Appl. Microbiol. 2018, 124, 626–643. [CrossRef] [PubMed]
54. Panno, S.; Matic, S.; Tiberini, A.; Caruso, A.; Bella, P.; Torta, L.; Stassi, R.; Davino, S. Loop Mediated Isothermal Amplification:

Principles and Applications in Plant Virology. Plants 2020, 9, 461. [CrossRef] [PubMed]
55. Fukuta, S.; Kato, S.; Yoshida, K.; Mizukami, Y.; Ishida, A.; Ueda, J.; Kanbe, M.; Ishimoto, Y. Detection of tomato yellow leaf curl

virus by loop-mediated isothermal amplification reaction. J. Virol. Methods 2003, 112, 35–40. [CrossRef] [PubMed]
56. Fukuta, S.; Iida, T.; Mizukami, Y.; Ishida, A.; Ueda, J.; Kanbe, M.; Ishimoto, Y. Detection of Japanese yam mosaic virus by

RT-LAMP. Arch. Virol. 2003, 148, 1713–1720. [CrossRef]
57. Tanner, N.A.; Zhang, Y.H.; Evans, T.C. Visual detection of isothermal nucleic acid amplification using pH-sensitive dyes.

Biotechniques 2015, 58, 59–68. [CrossRef]
58. Ahuja, A.; Somvanshi, V.S. Diagnosis of plant-parasitic nematodes using loop-mediated isothermal amplification (LAMP): A

review. Crop Prot. 2021, 147, 105459. [CrossRef]
59. Becherer, L.; Borst, N.; Bakheit, M.; Frischmann, S.; Zengerle, R.; von Stetten, F. Loop-mediated isothermal amplification

(LAMP)—Review and classification of methods for sequence-specific detection. Anal. Methods 2020, 12, 717–746. [CrossRef]
60. Moehling, T.J.; Choi, G.; Dugan, L.C.; Salit, M.; Meagher, R.J. LAMP Diagnostics at the Point-of-Care: Emerging Trends and

Perspectives for the Developer Community. Expert Rev. Mol. Diagn. 2021, 21, 43–61. [CrossRef]
61. ISO22942-1:2022; Molecular Biomarker Analysis—Isothermal Polymerase Chain Reaction (isoPCR) Methods—Part 1: General

Requirements. ISO: Geneva, Switzerland, 2022.
62. Cassedy, A.; Mullins, E.; O’Kennedy, R. Sowing seeds for the future: The need for on-site plant diagnostics. Biotechnol. Adv. 2020,

39, 107358. [CrossRef]
63. Glais, L.; Jacquot, E. Detection and Characterization of Viral Species/Subspecies Using Isothermal Recombinase Polymerase

Amplification (RPA) Assays. Methods Mol. Biol. 2015, 1302, 207–225. [CrossRef] [PubMed]
64. Piepenburg, O.; Williams, C.; Stemple, D.; Armes, N. DNA Detection Using Recombination Proteins. PLoS Biol. 2006, 4, e204.

[CrossRef] [PubMed]
65. Zhao, Y.; Chen, F.; Li, Q.; Wang, L.; Fan, C. Isothermal Amplification of Nucleic Acids. Chem. Rev. 2015, 115, 12491–12545.

[CrossRef] [PubMed]
66. Tan, M.; Liao, C.; Liang, L.; Yi, X.; Zhou, Z.; Wei, G. Recent advances in recombinase polymerase amplification: Principle,

advantages, disadvantages and applications. Front. Cell. Infect. Microbiol. 2022, 12, 1019071. [CrossRef] [PubMed]
67. Lau, Y.L.; Ismail, I.b.; Mustapa, N.I.b.; Lai, M.Y.; Tuan Soh, T.S.; Haji Hassan, A.; Peariasamy, K.M.; Lee, Y.L.; Abdul Kahar, M.K.B.;

Chong, J.; et al. Development of a reverse transcription recombinase polymerase amplification assay for rapid and direct visual
detection of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). PLoS ONE 2021, 16, e0245164. [CrossRef]

https://doi.org/10.3920/WMJ2019.2455
https://doi.org/10.1038/nmeth0311-207
https://doi.org/10.1007/978-1-4939-2620-6_14
https://doi.org/10.1080/07060660609507267
https://doi.org/10.1016/S0166-0934(98)00086-X
https://doi.org/10.2144/96205st03
https://doi.org/10.3389/fmicb.2018.02087
https://www.ncbi.nlm.nih.gov/pubmed/30250456
https://doi.org/10.1038/s41598-023-27470-1
https://www.ncbi.nlm.nih.gov/pubmed/36604528
https://doi.org/10.1016/j.ab.2021.114260
https://doi.org/10.1093/nar/28.12.e63
https://www.ncbi.nlm.nih.gov/pubmed/10871386
https://doi.org/10.1111/jam.13647
https://www.ncbi.nlm.nih.gov/pubmed/29165905
https://doi.org/10.3390/plants9040461
https://www.ncbi.nlm.nih.gov/pubmed/32268586
https://doi.org/10.1016/S0166-0934(03)00187-3
https://www.ncbi.nlm.nih.gov/pubmed/12951210
https://doi.org/10.1007/s00705-003-0134-5
https://doi.org/10.2144/000114253
https://doi.org/10.1016/j.cropro.2020.105459
https://doi.org/10.1039/C9AY02246E
https://doi.org/10.1080/14737159.2021.1873769
https://doi.org/10.1016/j.biotechadv.2019.02.014
https://doi.org/10.1007/978-1-4939-2620-6_16
https://www.ncbi.nlm.nih.gov/pubmed/25981257
https://doi.org/10.1371/journal.pbio.0040204
https://www.ncbi.nlm.nih.gov/pubmed/16756388
https://doi.org/10.1021/acs.chemrev.5b00428
https://www.ncbi.nlm.nih.gov/pubmed/26551336
https://doi.org/10.3389/fcimb.2022.1019071
https://www.ncbi.nlm.nih.gov/pubmed/36519130
https://doi.org/10.1371/journal.pone.0245164


Agronomy 2023, 13, 1211 19 of 25

68. Zhang, C.Y.; Yang, Y.C.; Liu, F.G.; Wang, Y.Y.; Chen, G.F. Recombinase polymerase amplification combined with lateral flow
dipstick for the rapid detection of Chattonella marina. J. Appl. Phycol. 2022, 34, 1607–1620. [CrossRef]

69. Roumani, F.; Rodrigues, C.; Barros-Velazquez, J.; Garrido-Maestu, A.; Prado, M. Development of a Panfungal Recombinase
Polymerase Amplification (RPA) Method Coupled with Lateral Flow Strips for the Detection of Spoilage Fungi. Food Anal.
Methods 2022. [CrossRef]

70. Feng, Z.Z.; Chu, X.; Han, M.N.; Yu, C.W.; Jiang, Y.S.; Wang, H.; Lu, L.Q.; Xu, D. Rapid visual detection of Micropterus salmoides
rhabdovirus using recombinase polymerase amplification combined with lateral flow dipsticks. J. Fish Dis. 2022, 45, 461–469.
[CrossRef]

71. Bai, Y.M.; Ji, J.C.; Ji, F.D.; Wu, S.; Tian, Y.; Jin, B.R.; Li, Z.D. Recombinase polymerase amplification integrated with microfluidics
for nucleic acid testing at point of care. Talanta 2022, 240, 123209. [CrossRef]
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