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Diagnostics and Identification of Diseases,
Insects and Mites
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and Monica A. Hurtado Ruiz

Abstract Rapid and reliable diagnostic methods for arthropod pests and pathogens
allow for a rational and efficient use of plant protection products. Traditional detec-
tion methods based on visual assessment of plant symptoms, isolation, culturing in
selective media, and direct microscopic observation of pathogens are frequently
laborious, time-consuming and require extensive knowledge of classical taxonomy.
Molecular techniques are faster, more specific, sensitive, and accurate than tradi-
tional techniques. Plant viral and bacterial diagnostics have been traditionally based
on serological methods, such as ELISA or Lateral Flow Devices. New molecular
techniques (qPCR, digital PCR, microarray) have been developed, optimized and
validated in the last years with different applications to pest and pathogen detection
and identification. HTS technologies are having an enormous impact on biological
sciences, allowing the determination of genome variation within a species or a pop-
ulation. The use of field techniques, such as LAMP and portable platforms, is a
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promising tool to early and quickly detect pests. One of the critical points of on-site
detection consists in the use of simple and user-friendly nucleic acid extraction
procedure, involving a low number of steps. The choice of the diagnostic technique
depends on the balance between the reliability and the cost of the analysis.

Keywords Digital PCR - ELISA - High throughput sequencing - In field
diagnostics - LAMP - Lateral flow devices - Microarray - Molecular markers -
Phylogeny - Real time PCR

8.1 Introduction

Arthropod pests and diseases negatively influence greenhouse production of vege-
tables and ornamentals. Preventive measures to avoid planting contaminated mate-
rial are of crucial importance in the context of an integrated pest management.
Rapid and reliable diagnostic methods allow a rational and efficient use of plant
protection products and constitute an important requirement for the development of
the horticultural sector. The trend in the European Union for detecting plant patho-
gens, outlined in the European and Mediterranean Plant Protection Organization
(EPPO) protocols, integrates phenotypic, serological, and molecular techniques.
The present chapter provides information on new methods for fast, accurate, reli-
able, and early detection of arthropod pests and pathogens.

8.2 Plant Pathogen Diagnostics

The easy spread of fungal spores, virus and bacteria combined with the intense glo-
balization are key factors to allow the movement of pathogens around the world,
which can become invasive in new areas and even cause the total destruction of the
crop. The traditional detection methods based on visual assessment of plant symp-
toms, isolation, culturing in selective media, and direct microscopic observation of
pathogens are frequently laborious, time-consuming and require extensive knowl-
edge of classical taxonomy. The observation under microscope or stereoscopic
microscope is used to determine the causal agent of the disease taking into consid-
eration pathogenicity tests and morphological features, such as size and shape of the
conidia and colony characteristics, such as colour. However, many microorganisms
can produce the same symptoms in the plant making difficult the correct identifica-
tion of the causal agent. As many plant pathogens remain latent in the planting
material, and in very low numbers, methods of high sensitivity, specificity, and reli-
ability are required. The difficulty of culturing some species in vitro and the inabil-
ity for accurate quantification of the pathogen are other limitations. Early detection
of pathogens in seeds and plant materials is of key importance to avoid further
spreading and introduction of new pathogens into growing areas where they are not
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present yet. These limitations have led to the development of molecular approaches
with improved accuracy and reliability. Molecular techniques are faster, more spe-
cific, sensitive, and accurate than traditional techniques and they can identify non-
cultivable microorganisms and facilitate early disease management decisions. The
development of new instruments and platforms and the continuous increase of
bioinformatics-data have been allowed the use of bioinformatics-based techniques
as metagenomics, comparative genomics and genome sequencing as routine analy-
sis. However, these techniques are associated with enormous quantity of informa-
tion, which can only be managed by skilled personnel.

8.2.1 Immunological Methods

Advances in antibody production have boosted the development of new methods for
the detection of plant pathogens. Polyclonal and monoclonal antisera are used to
develop diagnostic systems to use in routine laboratories or for on-site detection.
Plant viral and bacterial diagnostics have been traditionally based on serological
methods, such as ELISA (Enzyme-linked immunosorbent assay) or LFD (Lateral
Flow Devices) specific for the target organisms (Boonham et al. 2014). ELISA tests
allow the diagnosis of the disease due to the use of specific antibodies against the
target organisms. Commercial kits have been developed for the detection of phyto-
pathogenic fungi, such as Botrytis cinerea, Rhizoctonia solani, Pythium spp. or
Septoria spp., bacteria, such as Acidovorax avenae subsp. citrulli, Clavibacter
michiganensis, Pseudomonas syringae, Ralstonia solanacearum, Xanthomonas
spp., and a high number of virus.

On the other hand, the first LFD, designed by Danks and Barker (2000), based on
the agglutination of only one band, simplify the interpretation of the results and the
use on-site (Tomlinson et al. 2010a; Hodgetts et al. 2015). Despite the cost effec-
tiveness of the serological methods, DNA-based methods have replaced antibody-
based diagnosis analysis due to lower sensitivity of the serological methods, risk of
false positives and negatives, and necessity of specific antibodies for each target.

8.2.2 DNA-Based Methods

DNA based methods are focused on the amplification of one or some regions of the
DNA using specific primers and the comparison of the sequence with worldwide
accessible databases, such as GenBank (https://www.ncbi.nlm.nih.gov/genbank/),
databases of a specific genomic sequence, or databases of a genus, such as the
Fusarium genome database hosted by the Broad Institute (https://www.broadinsti-
tute.org/), to identify the causal agent of a disease. The main step includes an ampli-
fication of a target DNA or cDNA using primers or probes following a qualitative or
quantitative polymerase chain reaction (PCR or qPCR). Both approaches require
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the assessment of the sensitivity and specificity of the primers, by using taxonomically
closely related genera/species, morphological ‘look-a-likes’ isolates, or other spe-
cies commonly found in the target host.

Fusarium oxysporum is a worldwide-distributed soilborne and seedborne patho-
gen, which can cause high losses in favourable conditions. It is a good candidate to
explain the difficulty present in developing some diagnostics assay, to obtain spe-
cific assays. The species includes both pathogenic and non-pathogenic strains. Over
100 formae speciales have been identified within the pathogenic strains based on
the host species. No morphological features can distinguish the formae speciales or
the races (identified in function of the virulence patterns on different host cultivars).
Many studies have been performed to determine molecular markers able to distin-
guish the formae speciales and the elongation factor 1-alpha, the LSU, IGS or poly-
galacturonases genes could be useful target regions (Mbofung et al. 2007; Hirano
and Arie 2009). PCR based assays were developed for the detection of a specific
forma specialis (F. oxysporum f.sp. lactucae on lettuce seeds) (Mbofung and Pryor
2010) or even for its quantification by qPCR (F. oxysporum f.sp. melonis on cucur-
bits) (Haegi et al. 2013). RAPD (Random Amplification of Polymorphic DNA) and
other fingerprint assays have been used to determine monomorphic bands specific
for a forma specialis, such as F. oxysporum f.sp. niveum, causal agent of Fusarium
wilt on watermelon (Lin et al. 2010), F. oxysporum f.sp. radici-lycopersici or F. oxy-
sporum f.sp. radicis-cucumerinum (Validov et al. 2011).

In addition, the high number of transposable elements on the Fusarium genome
has also exploited to design specific assays within the species: Foxy transposable
elements have been used to discriminate F. oxysporum f.sp. fragariae (Suga et al.
(2013), Fotl to determinate the presence of a new F. oxysporum pathogenic on Paris
daisy (Argyranthemum frutescens L.; Pasquali et al. 2004), or even the to discrimi-
nate races among F. oxysporum f.sp. lactucae using the Skippy and Han-solo ret-
rotransposons (Pasquali et al. 2007; Gilardi et al. 2016).

Specific-primers assays for the diagnosis of Phytophthora, an important oomy-
cete genus, have been designed and tested for P. nicotianae and P. cactorum (Li
et al. 2011), P. cactorum, P. megasperma, P. plurivora, P. pseudosyringae and
P. quercina from soil samples (Nowakowska et al. 2017), or P. infestans in potato
(Hussain et al. 2017). Specific primers have also been developed for phytopatho-
genic bacteria, such as Pantoea ananatis, Burkholderia spp., and Enterobacter in
onion (Asselin et al. 2016).

8.2.3 Barcode Sequences

One of the most critical points in the DNA-based methods is the selection of a cor-
rect genetic marker or barcode, which is informative enough to obtain a species-
level identification or even sub-species identification. A barcode is a short and
standardized DNA sequence in a well-known gene, which is useful for the identifi-
cation of species. The Internal Transcribed Spacer region (rDNA ITS) has been
proposed by the Consortium for the Barcode of Life (CBOL) as the primary fungal
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barcode (Begerow et al. 2010). The ITS region is part of the fungal ribosomal RNA
genes and is present in a variable number of copies in the genome, ranging from 30
to 30,000 copies in eukaryotes (Prokopowich 2003), is composed by the conserved
genes 18S (small ribosomal subunit), 5.8S, 28S (large ribosomal subunit) and 5S
present only in some species. Two highly variable spacers flanked the 5.8S region,
ITS1, and ITS2 are variable enough to determinate the species in the majority of the
genera. The ITS region has been considered an optimal barcode due to the high
number of copies, the easy amplification using universal primers such as ITS1 and
ITS4 (White et al. 1990), the robust primers sites constructed in conserved regions
of the 18S and 28S genes and the variability among species.

However, the ITS, due to its high variability among species, can cause problems
in the identification of higher phylogeny ranks, such as families or orders, where
other genetic regions should be used. On the other side, in many fungal genera the
ITS is not decisive enough to differentiate the species and other molecular regions
have been used. The elongation factor 1-alpha (EF1-a) gene, which codes for an
elongation factor for protein translation, has been widely used to determine the spe-
cies of Fusarium. In addition, the intergenic spacer region (IGS) of the nuclear
ribosomal operon has been used as barcode for several formae speciales of F. oxys-
porum (Mbofung et al. 2007; Gherbawy et al. 2008; Srinivasan et al. 2010, 2012;
Bertoldo et al. 2015). Other genes, such as beta tubulin, which codifies for the beta
tubulin protein in the microtubules, have been demonstrated useful markers in other
pathogenic and mycotoxigenic fungi such as Penicillium spp. (Frisvad 2014) and
for some oomycetes.

In the case of oomycetes, the cytochrome oxidase subunit I and II were useful to
identify species and sub-species with more resolution than the ITS within Pythium
spp. pathogenic for leafy vegetables (Levesque and De Cock 2004). Other mito-
chondrial genes, such as cox2, nad9, rpsI0 and secY, produced consistent results
with the data from nuclear genes within Phytophthora genus (Martin et al. 2014).

A common approach is to combine different molecular markers for taxonomic
purposes in a multilocus sequencing analysis (MLSA). In the MLSA analysis, the
sequence of different gene sequences is concatenated and phylogenetic analysis
could be carried out for species or sub-species identification obtaining a more accu-
rate classification due to the higher amount of genetic information used.

In the case of bacteria, the 16S rRNA was used as universal barcode for bacteria
identification. It is composed by 9 highly variable regions (V1-V9) ranging from 30
to 100 bp involved in the secondary structure of the small ribosomal subunit. The
most common primers — 27F and 1492R — have been designed by Weisburg et al.
in 1991.

8.2.4 Quantitative PCR

The quantitative PCR or real time PCR (rt-PCR) (Heid et al. 1996; Raso and
Biassoni 2014) consists in a PCR amplification with the real time measure of the
accumulated product, by using intercalating dyes, such as SYBR GREEN or EVA
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Green, or probes, such as TagMan probes or Scorpion. The intercalating dyes allow
the DNA quantification by fluorescent measurement after each replication cycle and
comparing the results against a standard curve of known concentration of the target
DNA. The specificity of the assay could be increased by a TagMan qPCR, where the
primers are combined with a TagMan probe, a short oligonucleotide designed inter-
nally in the amplification product and labelled in the 5" with a fluorophore and a
quencher in the 3’. The annealing of the TagMan probe to the DNA does not pro-
duce any fluorescence due to the proximity between the quencher and the reporter,
whilst the detection of the fluorescence occurs during the extension step when the
DNA polymerase excides the TagMan nucleotides and therefore the quencher and
fluorophore. The fluorescence is measured after each cycle and is later related with
the accumulation of the product using absolute quantification methods (with stan-
dard curve) or relative quantification methods (comparing the target gene with an
endogenous gene). One of the most important characteristics of this technique is the
high sensitivity, which allows the determination of a plant pathogen even at femto-
gram level. The real time has been also miniaturized to obtain real time portable
instruments (Koo et al. 2013).

This technique permits the determination of the presence and quantity of plant
pathogens (Schaad and Frederick 2002; Sanzani et al. 2014; Mirmajlessi et al. 2016;
Amaral Carneiro et al. 2017). Several gPCR assays have been recently developed
for ascomycetes, such as Alternaria solani and A. alternata, causal agents of potato
early blight and brown spot (Leiminger et al. 2014; Kordalewska et al. 2015), or for
oomycetes, such as Bremia lactucae (Kunjeti et al. 2016), Plectospherella cucume-
rina (Gilardi et al. 2016), Pythium irregulare and P. ultimum directly from soil sam-
ples (Schroeder et al. 2006). The diagnosis of quarantine pathogens has to be
accurate and rapid and qPCR assays have been developed in the last years for sev-
eral quarantine pathogens, such as Potato Spindle Tuber Viroid (PSTVd) (Boonham
et al. 2004).

8.2.5 Droplet Digital PCR

Digital PCR (dPCR) has been introduced in the last decade as a highly sensitive,
precise and accurate acid nucleic quantification technique (Hindson et al. 2011).
Initially described by Sykes et al. (1992), the dPCR combines the advantages of the
end-point PCR, which consists in a semi-quantitative analysis measured by gel elec-
trophoresis, and the qPCR, which uses fluorescence measurements of the accumu-
lated products compared with a control (standards curve or reference gene). It is
based on the detection of fluorescent probes without the necessity of the qPCR
controls. The sample is diluted and partitioned into 20,000 droplets to obtain single
template molecules, and, in each droplet, single amplifications occur. Subsequently,
the droplets are quantified as positive or negative for the target sequence in function
of the detection of fluorescence or not. Poisson statistics analysis of the positive and
negative numbers allows the absolute quantification of the target sequence. This
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technique overcomes the sensitivity issues and the difficulties in determining single
nucleotide mutations and it is resilient to PCR inhibitors from plant, soil or water
samples (Racki et al. 2014). dPCR assays have been developed for Ralstonia sola-
nacearum causing potato brown rot (Dreo et al. 2014; Gutiérrez-Aguirre et al. 2015).

8.2.6 In Field Diagnostics Methods

The use of molecular techniques directly in the field on glass or plastic slides has
been studied since the early 1980s. The first on-site test used in the diagnosis of
plant pathogen was based on latex agglutination for the detection of plant viruses
(Talley et al. 1980; Fribourg and Nakashima 1984). Since then, the objective has
been to develop the fastest and more sensitive test, which produces results in short
times without common laboratory tools and instruments.

One of the critical points of on-site detection consists in the use of simple and
user-friendly nucleic acid extraction procedure, involving a low number of steps.
The matrix rupture to extract the DNA usually combines enzymatic, chemical and
mechanical methods to obtain the total cell disruption and a high extraction yield.
However, the high yield with total disruption could be accompanied by the inhibi-
tion of downstream analyses. Post-extraction concentration and purification through
a membrane or beads are widely performed. Many rapid, simple and easy protocols
to extract the DNA in the field use membrane discs. However, the alkaline extrac-
tion is the most useful and easy technique for DNA extraction. Though it had been
initially used for the extraction of plasmid from bacteria (Bimboim and Doly 1979),
it has been recently optimized for a quick crude DNA extraction from plant mate-
rial. Chomczynski and Rymaszewski (2006) used the polyethylene glycol-based
method to lyse the cells and release the DNA to perform PCR. This type of nucleic
acid extraction has been used to obtain a crude extract, which could be easily
obtained by mechanical disruption of the cells directly in field.

Inexpensive but accurate tests should be used for routine programs including
certification, breeding, plant quarantine or germplasm screening, or more diagnos-
tics needs in the laboratory. The end-users are generally inexpert in molecular biol-
ogy techniques, but the tests developed should maintain high specificity and
sensitivity to avoid false positives and false negatives. The inspection in the fields
requires easy techniques with a simple interpretation of the results. On-site testing
is carried out in many cases with seeds without evident symptoms or plant material
in pre-symptomatic infection stage where the pathogen is unnoticeable. The failure
of an inspection test may allow the spread of the pathogen or the disease development
until visible symptoms. A high sensitivity is a desirable characteristic in this type
of tests.

Lateral Flow Devices (LFD) have been used for on-site testing, but the lower
sensitivity compared to nucleic-acid methods as well as the difficult and long anti-
body production process is time-consuming and challenging, specially to detect
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species or lower taxonomical levels. Moreover, the multiple detection of pathogens
in the same assay could be a problem using this type of method.

8.2.7 Isothermal Amplification in the Field

Despite the advantages of the PCR and qPCR as diagnostic tools, their field applica-
tion requires a complex equipment. These techniques are widely diffused among
routine centralized laboratories where diary samples arrive from inspections and
certifications. On-site diagnostic methods developed based on an antigen-antibody
reaction, such as LFD, have been overcome by DNA-based methods. In field detec-
tion methods need to be specific and sensitive, easy to be interpreted and simple for
the end-user.

Isothermal methods, which require a less complex equipment, present some
advantages in contrast to PCR-based methods. The use of an isothermal water bath
to perform the amplification, instead of a thermal cycler, has been considered an
advantage to develop loop-mediated isothermal amplification (LAMP). A wide
number of molecular techniques based on isothermal conditions have been taken
into consideration, such as NASBA (acid-sequence-based amplification), 3SR (self-
sustained sequence replication) and SDA (strand displacement amplification).
However, these amplification methods have some drawbacks that LAMP overcame
such as the use of a precise instrument to detect the product due to the low specific-
ity becoming useless in the routine diagnosis. SDA overcomes some of these short-
comings by using four primers but it produces a high number of background
products and the modified nucleotide increase the total cost of the technique making
it unaffordable for phytopathological diagnostics.

The LAMP assay is able to amplify few copies of the target DNA in less than 1 h
with high specificity and low susceptibility to inhibitors from the host matrix. The
combination with the crude extraction method based on alkaline disruption of cells
showed great potential for on-site detection (Franco-Ortega et al. 2018a).

The visualization of the results includes colour change reactions with HNB or
calcein and MnCl,, which vary from violet to blue and from orange to green after
the reaction, respectively. Positive amplifications can be detected also due to an
increase in turbidity caused by the precipitation of magnesium pyrophosphate
observable only after centrifugation. The above-mentioned methods are quite sub-
jective among the different users, particularly around the detection limit. Another
visualization procedure includes the addition of intercalating dyes, such as SYBR
Green and PicoGreen at high concentration, however the risk of cross-contamination
increases with the amount of DNA produced using this reagent. A lower number of
manipulations reduce possible cross-contaminations, which can cause false positive
reactions.

The easiest procedure to detect positive LAMP results is the Real Time LAMP
using instruments such as the OptiGene Genie II® and Genie III®. These small size
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and battery-powered platforms have been designed as a suitable tool for on-site
detection with closed-tubes to reduce post-amplification contaminations.

The conjunction of crude extraction procedures with the detection by real-time
procedures to reduce the number of steps to analyse the samples and the risk of
contamination is the most effective and suitable procedure to identify or confirm the
causal agent of a disease in symptomatic material.

The high specificity of the LAMP assay has been exploited for the identification
of the different formae speciales within F. oxysporum, such as F. oxysporum f.sp.
ciceris using HNB (Ghosh et al. 2015), Fusarium oxysporum f.sp. lactucae (Franco
Ortega et al. 2018b), or even races within a forma specialis as F. oxysporum f.sp.
lycopersici race 1 (Ayukawa et al. 2016) using the portable Genie [I®. LAMP
assays for other Ascomycota as Botrytis cinerea (Tomlinson et al. 2010b; Duan
et al. 2014), and Basidiomycota as Rhizoctonia solani (Patel et al. 2015) have been
also developed and validated. Within the oomycetes, some LAMP assays have been
designed in the last years for Phytophthora nicotianae (Li et al. 2015), P. capsici
(Dong et al. 2015) and Pythium aphanidermatum in tomato (Li et al. 2011). For
plant pathogenic bacteria, LAMP assays have been developed for ‘Candidatus
Liberibacter solanacearum’ (Ravindran et al. 2015) and Ralstonia solanacearum
(Lenar¢ic et al. 2014) in potato.

The ease of using LAMP assays for the end users, has favoured the development
of seed tests, overcoming the time consuming traditional approach of blotting,
which is still recommended by the International Seed Testing Association (Abd-
Elsalam et al. 2011; Franco Ortega et al. 2018b) or soil tests (Chen et al. 2013; Peng
et al. 2014).

8.2.8 Microarray

DNA chips, DNA microarrays or macroarrays consist of a solid glass slide onto
which dots of nucleic acid probes or primers have been printed. Each probe or
primer is complementary to a target region in the genome of different genera/spe-
cies, so the identification of the genus/species present in complex samples exploits
the DNA hybridization, such as environmental samples, can be determined in a
single assay (Zhou and Thompson 2002). Microarrays have been widely used in
multiple gene expression studies, but they could be used to determine multiple bac-
terial or fungal species (Lievens et al. 2012), viruses (Boonham et al. 2007) or even
mixtures of microorganisms, such as Pantoea ananatis and Maize Dwarf Mosaic
Virus (MDMYV) in maize (Krawczyk et al. 2017). This method allows a comprehen-
sive vision of the population (Kristensen et al. 2007) or studying the population
dynamics with high sensitivity, low reagent consumption, rapid and low cost
approach. Miniaturized devices for DNA diagnostics, called ‘lab-on-a-chip’, have
been applied to determine oomycetes species, such as Phytopthora ramorum and
Pythium spp. (Julich et al. 2011).



240 D. Spadaro et al.
8.2.9 High throughput Sequencing

In the last years, high throughput sequencing has become a feasible tool, which has
been adopted across many biological fields, such as diagnosis of human, animal and
plant diseases, population genetics and microbiology. Whole genome sequencing
(WGS) approaches allow obtaining a comprehensive view of the genomics of
a sample.

Since the first original Roche 454 platform, the innovation in the technologies
has revolutionized the microbial ecology and the plant pathology diagnosis. High
throughput Sequencing (HTS) platforms with long-read sequencing technologies
are helping to resolve long repeated and complex sequences, which have been prob-
lematic to assemble with short-read sequencing platforms.

Unlike other DNA-based methods, in this case, the HTS opens the door to mul-
tiple detection of even unknown species of bacteria, fungi or viruses, in a short time
and with a low cost. As it is well known, only a small percentage of microorganisms
can be cultured limiting the knowledge about the community present in a sample.
However, during the analysis of the metagenomic-data it is essential to use high-
quality database of the barcode, to avoid unclassified or misidentified operational
taxonomic unit (OTUs). The most critical points are the not user-friendly bioinfor-
matics pipelines, which require trained people with advanced informatics skills to
facilitate the rapid and precise analysis and interpretation of the results. However,
despite these drawbacks, HTS has been applied in the last years to multiple projects
such as “The 1000 Fungal Genomes” project (http://1000.fungalgenomes.org/)
managed by the Department of Energy of the USA to obtain the genome of 1000
fungal species from over 500 families. The interest of this project is to improve the
knowledge of the genes involved in pathogenicity or virulence by using compara-
tive genomics. The new available genomes could be used to obtain sequences spe-
cific for a genus/species/forma specialis/race. Specific primers for F. oxysporum f.
sp. conglutinans on Brassica oleracea have been designed after comparative
genomics among different formae speciales (Ling et al. 2016; van Dam et al. 2016)
and arrays have been developed for Alternaria longipes and A. alternata after com-
parative genomics (Hou et al. 2016). Within the Alternaria genus, the species iden-
tification is controversial: often the results of traditional methods conflict with
DNA-based taxonomy performed using informative nuclear and mitochondrial loci,
such as ITS, BTUB, EF-la, glyceraldehyde-3-phosphate dehydrogenase, actin,
plasma membrane ATPase and calmodulin. The HTS approaches could overcome
this taxonomic troubles, and substitute the MLSA approach (Woudenberg et al.
2015; Lawrence et al. 2016). Genomic data have been also useful to design real time
LAMP assays for Pseudoperonospora cubensis (Rahman et al. 2017). Furthermore,
HTS data have been used to design E-probes from different phytopathogens (bacte-
ria, virus, fungi, and oomycetes) for E-probe Diagnostic Nuclei Acid Analysis
(EDNA) (Stobbe et al. 2013; 2014).

Powerful advances in HTS technologies have been specially applied in virology
(Adams et al. 2009; Boonham et al. 2014; Al Rwahnih et al. 2015; Roossinck et al.
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2015). The most common methods for virus detection in plants are based on sero-
logical tests or DNA-based methods, such as PCR, however the low viral load in
some samples makes difficult virus detection and identification. On the opposite,
HTS technologies have improved the ability for WGS analysis and metagenomics
removing the necessity of routine analysis, and therefore they have boosted the
discovery of novel virus species (Adams et al. 2013a) or the complete genome
sequencing of viruses (Adams et al. 2013b).

8.3 Detection and Identification of Insects and Mites

All arthropods have multiple genomes, mostly included in one of the following
three categories: nuclear, mitochondrial and symbiont-associated DNA. Each
genome has a different type of transmission, phylogenetic origin and variation rate
that will determine which one should be selected as source for molecular markers.

Genetic information contained in the nuclear genome can be divided into differ-
ent categories depending on their function and location in the chromosomes. These
categories are non-repetitive (single-copy genes), middle-repetitive (ribosomal
RNA, transfer RNA, histones, or transposable elements, among others) and highly
repetitive DNA (satellite DNA). Moreover, DNA fragments between genes, the
intergenic spacers (non-coding sequences), can be used as markers depending on
the mutation rate and the purpose of the study.

Mitochondria and their haploid genome are inherited cytoplasmically and are
transmitted primarily through maternal gametes. This genome is organized in a
single circular chromosome where genes can be found in both DNA strands, some-
times with overlapping coding sequences. Because of its bacterial origin, the mito-
chondrial genome is made of a single continuous coding region being this a
substantial difference compared with eukaryotic nuclear genes. The nature (bacte-
rial origin) and transmission mode (maternal without recombination; evolution
bottlenecks) of the mitochondrial genome affect its mutation rate. These character-
istics make it especially valuable for phylogenetic studies. In addition, the actual
gene composition and synteny (order of genes) are conserved enough to be used to
compare between taxa. The main disadvantage of using mitochondrial DNA in
arthropods is its maternal inheritance, which makes male dispersal patterns to be
lost in those species where these patterns differ from females. Thus, for monitoring
such populations, the use of nuclear DNA-based markers would be more convenient.

Arthropods keep intimate intra- and extracellular relationships with a diverse
group of microorganisms (viruses, bacteria, rickettsias and yeasts), and often these
relationships are obligate as none of the parts can live without the other one. These
microorganisms have their own genome, which have been recently related to specia-
tion and evolution of some insect Orders. This symbiont DNA is mainly transmitted
by maternal lineage, as mitochondrial DNA, with the same restrictions (genera-
tional bottlenecks, single chromosome, gene structure and high mutation rate).
However, as the relationship between arthropods and their symbiont is not as old as
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that of mitochondria, the mutation rate of symbiont DNA is related to the evolution
of the relationship. Therefore, it is possible to track symbiosis establishment and
host speciation by studying the co-evolution of both genomes.

8.3.1 Arthropod Molecular Markers

In recent years, many molecular markers have been used not only to differentiate
arthropod populations and species, but also to increase our understanding of their
genetics (Behura 2006). These techniques have also shed light on the origin of inva-
sive species and their distribution into new habitats (Xie et al. 2006). They have also
facilitated the study of natural enemies commonly used in classical, inundative or
conservation biological control (Symondson et al. 2002; Greenstone 2006). A large
number of molecular markers have been developed and used in crop protection
studies. Isozymes were the first molecular markers used, but they are now virtually
obsolete. They are defined as variants of a single enzyme, performing the same or a
similar biochemical function. The variants are due to differences in the enzyme
amino acid sequence, which originates differences in their electrical charge and
molecular weight. Isozymes have been used to analyse the diets of some predatory
arthropods (Murray and Solomon 1978; Solomon et al. 1996).

The number of available molecular markers greatly increased after 1983, when
KB Mullis conceived the Polymerase Chain Reaction (PCR) (Loxdale and Lushai
1998). These markers are differentiated according to the technique used, being the
most common RFLPs (Restriction Fragment Length Polymorphism), RAPDs
(Random Amplified Polymorphic DNA), AFLPs (Amplified Fragment Length
Polymorphism), SCARs (Sequence-Characterized Amplified Region), SSRs
(Simple Sequence Repeats) or microsatellites and SNPs (Single Nucleotide
Polymorphisms). Microsatellites might have been the DNA molecular markers
most used in ecology and population genetics (Guichoux et al. 2011). The avail-
ability of an increasing number of genomes in the databases has increased the gen-
eration of inexpensive microsatellite markers (Ge et al. 2013).

It has been traditionally considered that two individuals belong to the same spe-
cies if they are able to mate and produce fully fertile offspring. However, nowadays
this definition of species is being questioned. About 20 concepts based on genetic
observations, biology, ecology, evolution and phylogenetics are considered to deter-
mine speciation, and only half of them recognize the processes of reproduction and
competition as factors that contribute to the process of species evolution (Behura
2006). The speciation concept has benefited from the development of molecular
techniques as isozymes and DNA markers, like RAPD and RFLP (Landry et al.
1993; Antolin et al. 1996; Silva et al. 1999; Unruh and Woolley 1999; Zhu and
Greenstone 1999; Zhu et al. 2000). RAPD, RFLP and AFLP markers, as well as
microsatellites, have also been proven to be effective for species differentiation and
population genetic studies. The integrative taxonomy, which takes into account
classical taxonomy and the amplification of DNA fragments, has proved to be very



8 Diagnostics and Identification of Diseases, Insects and Mites 243

useful in the differentiation of arthropod species (Ros and Breeuwer 2007; Matsuda
etal. 2012; Castaié et al. 2013; Tyagi et al. 2015). These techniques are also becom-
ing generalized in taxonomic studies of the entomofauna that lives in agricultural
ecosystems (Gomez-Polo et al. 2013, 2014). However, in some cases, they are not
informative enough to establish the real phylogenetic relationships among groups.
Sequencing has arisen as the definitive technique for this purpose. The sequence
analyses of nuclear ribosomal DNA (nrDNA) and mitochondrial DNA (mtDNA)
have been used in these studies. The information they provide can contribute to
answer relevant taxonomic questions for the biological control of pests, where cryp-
tic and genetically close species are common (Hurtado et al. 2008a). There are no
fixed rules to establish the amount of genetic variation associated with speciation.
As in the case of taxonomic information, the boundaries between species should be
the sum of the evidence obtained from several sources, including geographical,
morphological, behavioural and genetic data.

8.3.2 Molecular Markers for Phylogeny and Phylogeography

Nuclear, ribosomal and mitochondrial DNA sequences are often used as molecular
markers in phylogenetic studies of insects and mites (Yang et al. 2011). The nuclear
ribosomal DNA and, in particular, the Internal Transcribed Spacer 2 (ITS2) is one
of the most important markers in molecular systematics and evolution (Yli-Mattila
et al. 2000; Ben-David et al. 2007; Hurtado et al. 2008a). For phylogenies at low
taxonomic levels, the ITS2 region is usually recommended, as well as the 18S, 28S
and the mitochondrial cytochrome oxidase I gene (COI). Compared with the ITS
regions, the COI shows a low variability that limits the resolution of phylogenetic
relationships to intraspecific and interspecific level (Yang et al. 2011). In general,
the mitochondrial genome is highly conserved at the level of family and genus
(Yuan et al. 2010). Mitochondrial sequences are greatly appreciated in taxon dif-
ferentiation with a relatively recent divergence not exceeding several million years
(Dabert 2006). These sequences are widely used as phylogenetic markers and their
use to clarify the phylogeny in mites has increased during the last years (Gu et al.
2014). For example, several phylogenetic studies use the COI gene as a molecular
marker in tetranyquids (Navajas and Boursot 2003; Ros and Breeuwer 2007) and
other mite families, such as phytoseiids (Jeyaprakash and Hoy 2009; Tixier et al.
2011) or astigmatids (Yang et al. 2011). Pérez-Sayas et al. (2015) have established
species boundaries, species barcodes and phylogenetic relationship among several
clades of those groups. Sequence identity with a 10% of divergence has been
established as species delimitation character, allowing to establish a barcode dataset
for Acari identification (Pérez-Sayas 2016).

Phylogeographic studies within and among species are a very effective way to
study the origins and impact of the colonization process. It is not easy to determine
how colonization of invasive species has taken place. It is difficult to know if a pest
has arrived due to human intervention or it has appeared as an explosion of an
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already existing species, which was in a very low population density. If new habitats
are colonized by individuals that come from an initial introduction event and their
subsequent expansion, there will be a bottleneck. Over time, the settler population
will continue to diverge genetically from the initial population, with a loss of alleles.
This process corresponds to a genetic drift, which represents one of the engines that
drives evolution. With a sufficient number of generations after isolation, the alleles
found in the invading population will become monophyletic. That means that they
share an ancestral allele, which can be used to trace back the population of origin.
The degree of monophyly depends on two parameters: the effective population size
and the number of generations since the invasive species was separated from the
initial population (Roderick and Navajas 2003). Molecular markers can provide
information about the origin and spread of a pest or a natural enemy. One of the
reasons why mtDNA has been successfully used in phylogenetic studies is because
it is very informative when it is used with restriction enzymes. The mtDNA is also
much more sensitive than other markers for the detection of bottlenecks, since the
effective size of mtDNA is one fourth of the chromosomal genes, thereby genetic
structure changes of the population are better detected (Roehrdanz et al. 2002). The
mitochondrial COI gene has been used in populations with founder effects and bot-
tlenecks, such as those resulting from invasion processes (Gillespie and Roderick
2002). In the case of phytophagous pest mites, several studies have used molecular
markers to determine genetic diversity, as well as population or species differentia-
tion and invasion history (Navajas et al. 2002; Bailly et al. 2004; Carbonnelle et al.
2007; Hurtado et al. 2008b; Uesugi et al. 2009; Boubou et al. 2012). Microsatellites
have become one of the most popular molecular markers used for population dif-
ferentiation (Guichoux et al. 2011). They are common in eukaryotic organisms and
have a very high polymorphism. Several microsatellite loci have been isolated for
the two-spotted spider mite, Tetranychus urticae and other related mite species
(Nishimura et al. 2003; Uesugi and Osakabe 2007; Sabater-Muiioz et al. 2012) and
they have already been used for mite population genetic studies (Bailly et al. 2004;
Li et al. 2009; Aguilar-Fenollosa et al. 2012, 2016; Pascual-Ruiz et al. 2014).

8.3.3 Molecular Markers for Biological Control

Biotechnology and genomics have become an indispensable tool also in studies
related to crop protection and biological control. New insights into the ecology,
population structure and biological control of pest species have benefited from the
application of these molecular techniques, which have increased the speed, sensitiv-
ity and accuracy of pest detection, diagnosis and management.

In classical biological control, natural enemies are usually searched where the
pest is indigenous. Species that have a worldwide distribution are expected to have
high levels of genetic variability, however, when considering introduced control
agents, its genetic diversity can drop by means of character fixation and heterozy-
gotes loss. With the use of DNA-based markers, natural enemies can be studied like
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the pest, to determine the population structure, which allows selecting the appropri-
ate races or biotypes of the control agent adapted to the local race of the target pest.
The phylogenetic relationships can determine changes or adaptations of the biologi-
cal control agent to the host. It can also identify patterns of establishment and
expansion of the introduced biological control agent. Moreover, to maximize the
success of introduction it is necessary to mass-produce and release natural enemy
populations with a high genetic variability. In addition, a population introduced into
anew habitat has to compete with a wide range of organisms that may not be present
at their place of origin. In general, an appropriate estimate of genetic variability can
help in determining the survival potential, adaptation to mass-breeding process, and
release in the field. Thus, predators, parasitoids or entomopathogens may have a
greater chance to adapt to new habitat, respond to new environmental conditions
and control the pest properly. However, mass breeding is a limiting process that
could induce an increase of consanguinity and a decrease of genetic variability by
genetic drift. In such process, some of the natural enemy traits (as insecticide resis-
tance, host-detection ability, etc.) can be lost and the biological control program
could be compromised. Molecular markers can provide information on whether
these traits are going to remain unchanged during rearing (quality control system)
and also become powerful tools for monitoring releases (Roderick and Navajas 2003).

Sequence determination is the ultimate polymorphism detection system, as it
allows to clearly identify a single individual. In the last decade, HTS is having an
enormous impact on biological sciences allowing the determination of genome vari-
ation within a species or a population. Comparative genome analysis of the forth-
coming genome sequences will allow the identification of highly conserved gene
families, conserved regulatory elements, repeated elements, ingested prey, symbi-
onts, etc., on which new markers will be designed (Kaufman et al. 2002; Belosludtsev
et al. 2004). Furthermore, new targets for pest control based on interference RNA
(RNAI) on species-specific genes, symbionts suppression through plant biotechnol-
ogy or by new generation pesticides will become available in the near future (Wang
et al. 2011).

8.3.4 Arthropod Trophic Interactions

Monoculture systems, where a plant species is grown in a wide area, could be per-
ceived as a simplification of a natural ecosystem. In these systems, the concept of
trophic chain has been traditionally assumed as the relationship between a
phytophagous pest and a single biological control agent. However, the concept of
trophic relationships in biological control had been changing towards the existence
of multiple ecological interactions that form complex networks (Gonzélez-Chang
et al. 2016). The methodology traditionally used for establishing relationships
between plants, pests and natural enemies were tedious and provided limited infor-
mation. In some cases, it also depended on the nature of the natural enemy (predator
or parasitoid) and feeding regime (chewing or sucking). In the past, the effect caused
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by predators was usually determined by direct observation in the field, being some-
times replaced, in the case of chewing predators, by dissection and the subsequent
morphological identification of the solid residues present in their gut (Sunderland
et al. 1987; Breene et al. 1990). In sucking predators, which suck the liquid content
of the prey, as many polyphagous predators do (i.e. bugs, spiders, etc.), predation
can be evaluated by the presence of the remaining exoskeletons of the predated
preys in the field, although in some cases it is difficult or impossible. Therefore, the
analysis, identification and quantification of these multitrophic relationships using
traditional methods based on direct observation or dissection followed by visual
identification of stomach contents was complicated. However, studies that use
molecular methods to analyse prey DNA within predators, allow shedding light on
the understanding of these multitrophic dynamics and their application to improve
biological control (Furlong 2015; Gonzalez-Chang et al. 2016; Gurr and You 2016).
The molecular techniques used can be classified into two main groups, those used
for protein detection and those for DNA detection. The first are based either on
detection of isozymes, as mentioned above or on the development of specific poly-
clonal or monoclonal antibodies followed by a subsequent analysis by serological
techniques based on antigen-antibody reaction, like ELISA (Enzyme-Linked
Immunosorbent Assay) (Greenstone 1996; Agusti et al. 1999a). These serological
techniques allow a fast analysis of a large number of predators, although the devel-
opment of the antibodies is very expensive and laborious (Symondson et al. 1999).
They are also specific to only one developmental stage (egg, larva or adult) of the
pest, underestimating the total predatory activity on a particular prey. In general, the
most common antibodies have been developed for the detection of the eggs vitelline
(main egg protein), allowing the detection of only eggs and gravid females, and
excluding nymphs and adult males. For this reasons, the use DNA-based method-
ologies to analyse predator gut contents began to gain ground. Although serial anal-
ysis of PCR-based markers can be a bit more laborious, the development of
molecular markers is much faster, cheaper and simpler than monoclonal antibodies.
These techniques allow knowing the real prey spectrum of a polyphagous predator
and/or to determine the range of predators that can feed on a particular pest species.

Once a target gene sequence of each agent involved in the food chain is identi-
fied, it is necessary to design species-specific primers for the detection of prey
within the predator. It is important that the primers are specific to each prey in order
to avoid the amplification of other non-target species. Prey DNA detection is pos-
sible if the amplified fragment is present in multiple copies and if the amplified
sequences are short, as they are degraded during digestion and can be detected for a
longer time after ingestion (Agusti et al. 1999b; Zaidi et al. 1999). Therefore,
multicopy regions, such as the COI and COII mitochondrial genes, have been used
(Agusti et al. 2003a, b; Chen et al. 2000).

The first studies using DNA-based techniques related with biological control
studies in agroecosystems were those of Agusti et al. (1999b, 2000), in which two
specific molecular markers were developed to study predation by Miridae bugs on
two pest species of tomato crops in the Mediterranean area, the lepidopteran
Helicoverpa armigera (Hiibner) and the whitefly Trialeurodes vaporariorum
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Westwood. After that, these techniques have been used in numerous studies to eval-
uate predation of a large number of pest species and to identify potential biological
control agents (King et al. 2008; Moreno-Ripoll et al. 2012; Romeu-Dalmau et al.
2012). For example, the generalist predators Pardosa cribata Simon (Araneae:
Lycosidae) and Pseudophonus rufipes (DeGeer) (Coleoptera: Carabidae) present in
citrus orchards were identified as main predators of the soil stages (L3, pupae and
newly emerged adult) of the Mediterranean fruit fly, Ceratitis capitata (Wiedemann)
(Monzé et al. 2010, 2011).

Commonly, in the study of trophic relationships related to biological control, a
great variety of predatory and prey species are involved, which requires the design
of several species-specific pairs of primers to detect the potential ingested prey. This
may increase the number of necessary PCR reactions, the time and the material
resources needed. For this reason, the use multiplex PCR to simultaneously detect
multiple preys within a predator, started to be used (Harper et al. 2005). This tech-
nique is capable of using several pairs of primers in a single amplification reaction
for the simultaneous detection of several prey species (King et al. 2011; Pompanon
et al. 2012; Sint et al. 2012; Kamenova et al. 2017). It has been recently used to
study the trophic relationships between 7. urticae and P. citri and their natural ene-
mies, particularly phytoseid mites (Pérez-Sayas et al. 2015), as well as to study
predation by the five most common phytoseid species (Euseius stipulatus (Athias-
Henriot), Phytoseiulus persimilis Athias-Henriot, Neoseiulus californicus
(McGregor), Neoseiulus barkeri Hughes, Typhlodromus phialatus Athias-Henriot)
on tetranychids and trips (Goémez-Martinez et al. 2019).

Nevertheless, PCR multiplex may be limited to detect other food sources not
considered in the multiplex PCR design. In this case, the use of HTS technologies,
which is based on the massive amplification of DNA fragments using universal
primers, can be very useful, because of being able to amplify all prey DNA and
provide a much more detailed information about the trophic networks. This meth-
odology may show a higher complexity of the ecosystems, particularly about the
importance of alternative food sources or intragremial predation (Wirta et al. 2014;
Gomez-Polo et al. 2015). This method is particularly suited to agricultural studies
where the focus is often on the predation of one pest species by several potential
predator species (Boyer et al. 2016). For example, a food web comprising seven
species over two trophic levels in a Mediterranean lettuce crop has been recon-
structed using HTS (Gomez-Polo et al. 2016). However, HTS could also have some
limitations. Although these methods allow detecting the DNA of all ingested prey
species, it is necessary to have a complete sequence database with the DNA
sequences of the whole spectrum of potential prey species in order to detect and
identify them. When a DNA sequence of a particular species is not available, this
prey cannot be detected and identified. Fortunately, sequence databases, such as
GenBank, contain a large number of arthropod sequences and increase day by day.
In addition, it has been described that these techniques can produce biases when
quantifying the number of prey that the predator has actually consumed (Deagle
et al. 2013). Therefore, most of these studies provide only qualitative results, as it
happens with conventional PCR. Nevertheless, these new molecular methods are
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very powerful tools in order to evaluate existing trophic networks in agricultural
ecosystems and their impact on biological control.

8.4 Conclusions

New molecular techniques have been developed, optimized and validated in the
last years with different applications to pest and pathogen detection and identifica-
tion. The combination of traditional and molecular techniques permits to charac-
terize, detect, identify and quantify different pests and pathogens. The limit of
detection of pathogens, by comparing the molecular techniques, can reach nano-
grams of DNA for PCR, picograms of DNA for biosensors, and femtograms of
DNA for qPCR and digital PCR. HTS technologies are having an enormous impact
on biological sciences, allowing the determination of genome variation within a
species or a population. Comparative analysis of the genome sequences allows the
identification of highly conserved gene families, conserved regulatory elements,
repeated elements, uncultured pathogens, new species, symbionts, etc., on which
new markers could be designed. On the other side, the use of field techniques, such
as LAMP and portable platforms, is a promising tool to early and quickly detect
pests and a useful decision support system for appropriate pest and disease
management.
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