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11.1 In t roduct ion

Detection of propagules of plant pathogens in plants, seed, vegetative propagating
materials and in plant products is an essential component of disease
management strategies. Detecting and identiffing pathogens provides the basis
for understanding their biology and selecting appropriate control strategies.
Consequently, improved methods for disease and pathogen recognition and
indexing are constantly being sought.

Indexing is the term used for any procedure that tests for the presence of
known pathogens, particularly viruses, in plants. With the move from wild or
mixed culture to monoculture with single crop genotypes, the risk of epidemics
has greatly increased. Since epidemics are driven by the amount of initial
inoculum and the rate at which uninfected plant tissue becomes infected, it is
desirable to have diagnostic or indexing procedures which allow that initial
inoculum to be detected. Early pathogen detection allows early implementation of
control strategies and avoids the possibility of damaging epidemics developing.
Indexing is also important in certification schemes producing 'disease-free'

planting or propagating material. Ideally, the indexing technique should be highly
sensitive so that not only can inoculum levels be kept below the thresholds at
which epidemics are initiated, but planting material free of the pathogen can be
chosen. Indexing is also important in implementing quarantine strategies to keep
countries free from exotic diseases.

Disease is generally recognised by obvious symptoms of infection such as
lesions, necrosis, chlorosis, stunting or malformation. The level at which a
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disease becomes apparent depends to a large extent on the ability of the observer
to recognise the disease. Many diseases remain undetected. Observed reductions
in crop yield have often been attributed to host genotype or agronomic practices,
even when the action of a pathogen is the actual cause. For example, stunting of
sugarcane that closely resembles growth under water deficit can also be caused
by the fastidious xylem colonising bacterium CLauibacter xgLi, subsp. xgti. Pea
seed-borne mosaic virus remained undetected and reached high levels in pea
breeder's lines in many countries through lack of indexing. Similarly, multiple
virus infections of vegetatively propagated crops such as strawberries have
caused serious crop losses which were only recognised once the viruses had been
removed from planting material and the true yield potential of disease free plants
became apparent.

Other forms of undetected disease can result from root infections by fungi or
nematodes or from hidden biochemical 'lesions' arising from reduced net
assimilation rates, changes in starch or water utilisation, changes in hormone
levels and organelle or membrane damage. It is possible that 'invisible' losses of
up to l5o/o can occur with many plant pathogens without induction of obvious
disease symptoms. Even greater losses compared to disease free plants can occur
when the incidence of infected plants is so high that the infected plants are
regarded as the 'norm', a phenomenon that has occurred with potatoes infected
with potato viruses X or Y. Obviously, absence of visible disease symptoms does
not necessarily indicate freedom from pathogen-induced losses. It is necessary
therefore for plant pathologists to have techniques for detecting the presence of
each type of potential pathogen in seed and in propagating materials.

D i sease-cau s i n g agents

The biotic agents of disease can be broadly classified according to their
relationship with their host. The extracellular pathogens such as parasitic
plants, nematodes, fungi and bacteria grow outside the cells of their host but may
colonise intercellular spaces or xylem vessels or produce intracellular haustoria.
Intracellular pathogens include pathogens with cell membranes which may be
entirely located in the vascular tissue (vascular wilt fungi, fungal endophytes,
fastidious phloem-infecting bacteria, flagellate protozoa and phy[oplasmas) and
those which are not membrane bound and which parasitise the protoplast of cells
(viruses and viroids).

Indexing for most extracellular pathogens is routine, using traditional
procedures of isolation, in vitro culturing and microscopy to identi$r pathogens.
However, it may take days or weeks for a fungus to produce diagnostic spores.
Such a delay is not acceptable when trying to decide on a control strategy or
when a rapid response is required to eradicate or curtail the spread of a newly
introduced pathogen. Indexing for many intracellular pathogens is complex
because they are obligate biotrophs. Phytoplasmas, viruses and viroids cannot be
cultured away from living plant cells. It is necessary, therefore to look to serologr
and the newer molecular technologies for techniques for detecting and identifring
extracellular and intracellular pathogens which cannot be adequately identified at
present.

Principles of diagnosis
Diagnosis can be defined as either the identification of a disease or the
identification of the agent that causes the disease. Complete diagnosis requires
the identification of both the disease and the causal agent using Koch's
postulates to establish pathogenicity. With latent diseases, where infection does
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not result in the immediate expression of symptoms, which is a common
situation with viruses, viroids and some fungi such as anthracnose fungi in
fruits, diagnosis relies on detection of the pathogen rather than recognition of the
disease. Once the symptoms of disease appear, it is too late to apply control
measures.

Biological dlagnostic methods rely on the transmission and amplification of
the pathogen in alternative (indicator) hosts that develop obvious symptoms.
These methods test the biological properties of pathogens and early successes in
the control of intracellular pathogens were largely due to identifring the causal
agents by biological tests. The sensitivity of biological tests is usually determined
by the minimum number of pathogen propagules required to initiate infection. It
may take f 0-450 particles of a virus to successfully initiate a new infection.
Inoculation with fewer particles could result in a false negative result.

Non-biological diagnosis or component analysis depends on the recognition
of components specific to the pathogen or pathogen group. Electron microscopy,
immunology, nucleic acid hybridisation and polymerase chain reaction (PCR)
amplification are examples of component analysis. These methods provide
information on the presence of an organism but give no information about
biological properties such as transmissibility and pathogenicity. Some non-
biological detection methods are nearly as sensitive as biological tests. Future
refinements in methods such as those involving PCR may change this in favour of
component tests. Component analysis is particularly appropriate when
experimental transmission methods for intracellular pathogens are not available
(e.g. with monocotyledons which cannot be grafted to test for presence of viruses),
when incubation times before symptom development are long or when disease
symptoms are not apparent. Of course, component analysis can be used in
conjunction with biological tests to provide evidence of the absence or presence of
a pathogen.

The following discussion is divided into diagnosis using the component
analysis approaches of serology (immunology) and nucleic acid-based methods.
Many of these techniques were first developed in the medical sciences before
being applied to the plant sciences and, in the present situation, to plant
pathology. Readers with an interest in the area of diagnostics should be familiar
with recent progress and trends in the medical sciences and molecular biology.
Serologr has found many uses in the detection and identification of viruses but
less so with other pathogens since the relatively more complex composition of
these organisms makes the identification of specific antibodies difficult. Viroids
are not immunogenic so that serolosr cannot be used for diagnosis. Nucleic acid-
based methods are appropriate for all plant pathogens. Parasitic plants (e.g.
Orobanche spp., Cuscuta spp. etc.) will not be discussed because little molecular
work with these organisms has been published.

11.2 Serological methods
Serologr is the use of specific antibodies to detect their respective antigens in test
samples. Antibodies are composed of immunoglobulin (Ig) proteins produced in
the body of an animal in response to the presence of antigens which are usually
foreign proteins, complex carbohydrates, polynucleotides or lipopolysaccharides.
Each antibody is specific to a particular antigen and will bind to it.

Antigens and antibodies
Proteins are the most important antigens for distinguishing pathogens such as
viruses. The nucleic acid of a virus particle is enclosed in a protein coat which
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may have several epitopes. An epitope is a restricted part of a molecule which
acts as an antigenic determinant. It has a three-dimensional structure
complementary to that of the antigen binding site on the antibody. For protein
antigens, epitopes comprise 5-7 amino acids.

Immunogenicity (the capacity of an antigen to induce an immune response)
depends on the animal used, the method of immunisation and the
physicochemistry of the antigen molecule. The features of proteins which
determine their immunogenicity and antigenic specificity are size (which should
exceed 5,OOO Daltons), number of epitopes (there should be at least two per
molecule), structure (they should have a stable 3-dimensional conformation that
will expose the same epitopes on the exterior of the molecule) and nature of the
epitopes as determined by sequence of amino acids and conformation. Hidden
epitopes (cryptotopes) may be exposed if the protein is denatured. Some epitopes
may arise from the interaction of amino acids on neighbouring proteins
(neotopes). It is possible for two proteins to have identical epitopes, but no other
similarities and for them to cross-react in serological tests.

The immunoglobulin composition of antibodies has a basic structure
consisting of two identical light (L) chains and two identical heavy (H) chains.
Their internal bonding is by hydrogen and disulphide bonds creating a
symmetrical Y-shaped molecule (Fig. 11.I). There are five classes of immuno-
globulins designated IgG (the main class), IgA, IgM, IgD and IgE. Each ciass has a
different heavy chain while the light chains are the same in all classes.
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Fi$ure 11.1 Adiagramof anantibodymolecule,showingthearrangementof thel ight
{L) and heavy (H) chains and the sites where variation in the amino acid
sequences at the N-termini confers specificity on the antigen binding site.
(From Van Regenmortel, 1982.)

Binding sites of antibodies consist of the hypervariable regions at the termini of
the L chain (about 25 amino acids) and the H chain (about 4O amino acids). The
binding site is a relatively shallow cleft formed by the interaction of the
hypervariable regions of both H and L chains. It is large enough to accommodate
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a peptide of 5-7 amino acids (i.e. an epitope). The hinge region at the fork of the Y
allows flexibility so that the binding sites on the 'prongs' of the immunoglobulins
can simultaneously bind to two identical epitopes between lO and 20 nm apart.

The binding of antigens with antibodies obeys the laws of mass-action. Thus
the rate of formation of the complex is proportional to the concentration of
reactants. At equilibrium, the rates of association and dissociation are equal.

In the production of polyclonal antibodies (antibodies harvested from an
immunised animal which have been formed in response to each of the epitopes of
the injected molecule) in an immune serum or antiserum it is usual to inject
animals (rabbits, mice, rats) with the antigen at intervals of 10-16 days.
Techniques are also available for the production of antibodies in the yolk of
chicken eggs. Small amounts of antigen (between l0 pg and lO mg) are injected
intravenously, intramuscularly or subcutaneously. An adjuvant such as Freund's
adjuvant can be used to enhance immunogenicity. The antigen should be highly
purified as any impurities can lead to the production of non-specific antibodies
that might interfere with subsequent use of the antiserum. Virus particles from
infected plant material are prepared for use as antigens by disrupting the host
cells and isolating the particles through procedures including differential
centrifugation. Small sample bleeds are conducted to test the serum for antibody
titre. Usually after two booster injections the titre peaks and as much blood as
possible is collected. Antiserum is collected after clotting and stored. IgGs can be
purified by procedures such as chromatography if the antibody is to be
conjugated (linked) to a label molecule for use in other tests.

Production of monoclonal antibodies (antibodies prepared to a single epitope
through in vitro culturing of cell lines derived from single antibody-secreting cells)
has been made possible by the discovery of hybridomas which are fusions
between the antibody-producing cells and bone marrow tumour (myeloma) cells.
The hybridoma cells multiply in vitro and each culture derived from a single cell
produces an epitope-specific antibody. The IgG produced by the one cell line will
be uniform and monospecific. Monoclonal antibodies have the advantage of being
highly specific and can detect variation within serogroups constructed through
the use of polyclonal antibodies. However, their production is labour intensive
and they may be too specific for some purposes so that related vimses may not
be detected.

The formation of antibody-antigen complexes causes precipitation and
agglutination. Assays which use this reaction are termed precipitin tests. A wide
range of precipitin tests have been developed, including liquid tests in tubes, ring
tests in tubes, single gel diffusion tests, double gel diffusion tests,
immunoelectrophoresis and agglutination tests with latex or other markers. In a
precipitin test, the titre of an antiserum is usually expressed as its dilution
endpoint (the lowest concentration at which precipitation is visible). The
precipitin test is also used for determining the serological differences between
homologous and heterologous interactions. Moreover, in double diffusion tests in
gels, serological differences are indicated by the appearance of spurs at the
junctions of precipitin lines which develop between adjacent wells containing
heterologous and homologous antigens (Fig. 6.5). Homologous interactions occur
when antiserum reacts with the strain of the organism used to inject the animal.
Heterologous interactions occur with strains closely related to the strain used to
produce the antiserum, but the inability of the antiserum to precipitate all of the
heterologous antigen leads to the appearance of a spur.
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I m m u n o-el ectron microsc o py

Direct observation of antigenic virus particles which have been either selectively
bound to the membrane of an electron microscope grid by pretreating the
membrane with antibody (immunosorbent electron microscopy or IEM) or by
observing antibodies bound to the particles after they have been attached to the
membrane (decoration) allows the serotype of particles to be determined. Thus
rod-shaped particles may be assigned to the genus Potguints on the basis of their
particle morpholog (shape and size), whereas decoration may allow the virus to
be identified to species level.

Enzyme linked immunosorbent assay

Amplification through the binding of an enzyme to the antibody has led to the
development of a large range of sensitive methods for pathogen diagnosis. The
most commonly used method is double-antibody sandwich (DAS) en4lrne linked
immunosorbent assay (ELISA) in which the antibody is adsorbed to the internal
surface of a well in a polystyrene microtitre plate. A test sample is added and if
antigens (virus particles, for example) are present they wiil bind to the antibody.
The wells are washed free of unbound contaminants before an antibody combined
with an errzyrl:.e such as alkaline phosphatase is added. The conjugant binds to
the antigenic agent. Excess conjugant is washed from the wells and a
chromogenic substrate is added. If the antigenic agent is present then the
presence of the enzyme will convert the substrate into a coloured product (Fig.
f 1.2). Following the reaction, the presence and intensity of colour is correlated
with the amount of antigen in the sample using a specialised reading apparatus.

Wush

Figure 11.2 Steps involved in (DAS) ELISA. (A) The antibody is allowed to adsorb to the
walls of the well. (B) The test solution is added and if antigen is present it
will bind to the antibody. (C) The wells are washed and conjugated antibody
is added. {D) The wells are washed again and the chromogenic substrate is
added. If the antigen is present the conjugated enzyme will convert the
substrate to a coloured product. A colour change signifies a positive
reaction. (From Clarke and Adams, 1977.)

To simplify ELISA, and to remove the need for large volumes of reagents,
microtitre plates and reading apparatus, samples from plants can be bound to
nitrocellulose membranes and then exposed to the antibody. The antibody is
detected either by conjugating it with an enzyme as described above (single
antibody dot immunobinding assay, SADD or by using a second labelled antibody
which binds to the first antibody (dot immunobinding assay, DIBA). With DIBA, if
the first antibody was produced by immunising a rabbit, the second antibody is
produced by immunising another animal such as a goat with the IgG fraction of a
rabbit. This creates a general probe for any antibody produced in a rabbit. Anti-
rabbit antibodies conjugated with labels such as peroxidase or alkaline
phosphatase are readily available commercialiy. Since these reactions are not
confined to a well it is important that the substrate used yields an insoluble
product on reaction with phosphatase. A commonly used reaction is that between
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alkaline phosphatase, 5-bromo-4-chloro-3-indolyl phosphate (BCIP), and
nitroblue tetrazolium (NBT). Cleavage of the phosphate from the BCIP precipitates
the indoxyl group which is subsequently detected by the NBT. An insoluble blue
colour occurs at the reaction site on the membrane, indicating a positive
serological reaction. A number of other labels such as fluorescent and
chemiluminescent compounds may also be used for this purpose.

Much of the technology described above has been synthesised into a
convenient system for detecting plant pathogens. Specific monoclonal antibodies
are bound to strips (dip-sticks) of nitrocellulose which can be carried into the
field, allowing the ELISA reactions to be carried out in situ. Sap or juice from
plants under examination is placed on the coated surface. Any pathogen cells or
particles with the specific epitope are trapped, the dip-stick is washed and treated
with the second antibody-enzyrne conjugate before washing and developing the
reaction. The major limitation with the method is the requirement that the
pathogen must be present at high enough concentrations in the tissue for the
reaction to proceed to a level that can be detected. Dip-stick assays using a
polyclonal antiserum can detect as few as 1OO resting spores of Plasmodiophora
brassicae per gram of soil and do not cross-react with other soil fungi such as
Spong o sp or a subte rr ane a.

Summary of the use of serology as a diagnostic tool
Diagnosis using serological methods has many advantages. Although antibodies
may take several weeks to produce, they are generally stable for long periods if
stored correctly and produce results quickly. They have wide application for
general and specific recognition of unique epitopes of many micro-organisms but
have been under-utilised in the diagnosis of plant pathogens other than viruses.
Tests using antibodies have improved greatly. They are now suitable for both
laboratory and field conditions, can identiff strains within species, are sensitive
to the nanogram level and take less time to carryr out.

There are some limitations to the use of antibodies in pathogen diagnosis.
Firstly, the nature of the crossreactions between heterologous antibody-antigen
complexes are not well understood so the degree of relatedness between
crossreacting isolates cannot be estimated. Secondly, diagnosis is based on only
part of the organism's structure such as the coat protein of a virus which
represents only a small proportion of the information about the virus. Thirdly,
serology is only useful when the antiserum has been prepared or when an
antigen is available for producing an antiserum. Finally, serology is of no use for
identifring previously undescribed pathogens.

11.3 Nucleic acid-based methods

Nucleic acids are responsible for information content and transfer in all
organisms. Deoxyribonucleic acid (DNA), the major constituent of chromosomes,
consists of two strands of sugar and phosphate molecules arranged in a double
helix and linked by substances called bases which occur in complementary pairs.
Hydrogen bonds between the bases adenine (A) and thymine (T) and cytosine (C)
and guanine (G) on opposite sugar-phosphate strands hold the strands together.
Each phosphate-sugar-base group is referred to as a nucleotide. Ribonucleic acid
(RNA) is either single or double stranded and contains the bases adenine, uracil,
cytosine and guanine. In double stranded RNA, the complementary base pairs are
adenine and uracil and cytosine and guanine. DNA-RNA hybrids can also be
created and are the basis of hybridisation techniques which will be discussed
later. Heating or treatment with solutions of high pH causes the strands to
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separate. On cooling they re-anneal (reslmthesise) as the base sequences on each
strand reform hydrogen bonds with the complementary sequence on the
alternative strand. DNA can be cut at specific sites in the sequence by DNA
endonucleases or restriction enzymes isolated from bacteria and named
accordingly (e.g. .Eco RI from Escherichia coliBYI3 and HindIII from HaemophtLus
qflueruaR6).

The base sequences which make up nucleic acids encode genes which are the
basic units of inheritance and largely determine the shape and structure of
organisms. The total genetic material of a cell is called its genome. While some
genes encoding proteins, such as cytochrome c, are found in many phyla, there is
considerable variation among taxonomic groupings in other genes. This variability
may be exploited in diagnostics using techniques based on chromosome number
and length, hybridisation and/or the polymerase chain reaction.

Modern techniques for analysing nucleic acids are so sensitive that under ideal
conditions, a single cell can be detected and identified and in the case of genes
such as the ribosomal DNA genes, which are present in many copies in the
genome of a single cell, less than one cell may be necessary for detection and
identification. Nucleic acid-based methods can distinguish the class, family,
genus, species and even pathotype of a pathogen. Some techniques based on PCR
methodoloSr can detect pathogens in soil, water and air. They can also be used to
re-examine herbarium specimens long after the specimen has died (so long as
some DNA molecules have survived intact) to determine its classification and
relatedness to extant cultures.

Karyotyping
Karyotyping separates the chromosomal complement of cells through pulsed-field
gel electrophoresis (PFGE) or contour-clamped homogeneous electric field (CHEF)
electrophoresis. It has been used to distinguish between and within genera and
species of some pathogens, especially fungi, in which the size of the genome can
vary greatly among isolates of the same fungus. Karyotyping has provided
evidence for the horizontal transfer of chromosomes between asexually
reproducing pathotypes of some fungal pathogens and will help explain how
virulence evolves in such populations. The plant pathogenic protozoan
(Phgtomonrc sp.) which causes hartrot disease of coconuts can be distinguished
from other pathogenic and non-pathogenic members of the same group by the
sizes of the mini-circles of DNA formed when the DNA comprising the kinetoplast
(organelle near the base of the flagellum) is separated. The equipment needed and
the procedures involved preclude karyotyping from being a generally useful
method of detecting plant pathogens.

Hybridisation

Hybridisation refers to the hydrogen bonding of complementary sequences of DNA
and/or RNA to form a stable duplex molecule. Hybridisation methods also allow
the amount of similarity between the nucleic acids of related pathogens to be
estimated so that sequence similarities can be recognised without sequencing
being carried out. The components of hybridisation-based diagnostic systems are
a nucleic acid target, a nucleic acid probe and a method to detect hybridisation
between probe and target. The sensitivity of hybridisation methods is high and
allows detection of molecules in the picogram (10-12 g) range.
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Probe development

Probes are labelled DNA or RNA sequences which are complementary to the
target nucleic sequence. They may represent either the complete target sequence
or only part of it. They may be prepared in several different ways. If the target is
to be a virus or viroid RNA sequence, the probe can be prepared by using a
reverse transcriptase which in the presence of random primers, nucleotide
triphosphates (one of which is labelled) and the purified RNA sequence,
synthesises a labelled complementary DNA (cDNA). This allows detection of the
viral RNA in the absence of information about its base sequence. If the base
sequence is known, short labelled oligodeoxynucleotides complementary to part
of the target can be synthesised artificially. Most commonly, parts of the target
sequence are cloned into a plasmid vector.

Probes are prepared from these cloned fragments. Usually total nucleic acids
(genomic, mitochondrial and chloroplast, if applicable) are extracted, digested
with restriction enzyme(s), ligated into a bacterial plasmid or cosmid (carrier of
genetic material), transformed into and cloned in a strain of the bacterium
Escherichta coli,. The self-replicating plasmids will replicate in the bacterial cell
and will further increase in number as bacterial colonies derived from single cells
multiply. The clones are isolated by disrupting the bacterial cells. Many methods
are commercially available to label the clones with a reporter label such as 32P,

digoxigenin or biotin. The labelled clones are then used as probes to detect
variations in base sequences (polymorphisms) that might be diagnostic at the
level of resolution required. For example, it is possible to generate probes derived
from chromosomal DNA of Phgtophthora citrophthora that are specific to strains of
the same species but do not hybridise to DNA from other species of Phgtophthora
or several other strains of P. cttrophthora.

For hybridisation, nucleic acids of probe and target are mixed, denatured into
single strands by heating to more than 9O"C and cooled to allow the strands to
reanneal. If a sequence complementary to that of the probe exists in the target
sequences, then the probe will bind to the target to form a duplex. Strands with
no complementary sequences will not hybridise but as the degree of identity
increases the chance of binding also increases. Mismatches in the strands will
influence the stability of the duplexes formed. The efficiency of hybridisation is
influenced by nucleic acid concentrations, temperature, salt concentration and
time. The temperature of denaturation of any duplex in solution is commonly
referred to as the melting temperature (T-) and is influenced by the proportion of
each base in the sequence such that the T- of short duplexes can be estimated
by the formula 4(number of G+C residues) + 2(number of A+T residues)oC.
Sequences with the highest complementarity have the highest melting
temperature while mismatches between probe and target sequences reduce the
Tr,r. Salt concentration also affects the stability of the duplex with the general rule
that higher salt concentrations give more stability. Manipulation of temperature
and salt concentration will therefore influence the relative stability of hybrids.
Generally, lower temperatures and higher salt concentrations permit
hybridisation between even partly mismatched strands whereas increasing the
temperature and/or reducing the salt concentration increases stringency, so that
only completely matched strands remain as stable duplexes.

Diagnostic methods based on the hybridisation of nucleic acids are carried out
either in solution or with the target fixed to a solid phase (solid-liquid).
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Sol uti o n hyb ridi sati on

Both the target and probe are denatured by heating and then allowed to hybridise
at a temperature approximately 2O-25'C below the estimated T*. Addition of a
single-strand specific nuclease such as S1 nuclease will digest the unpaired
strands. Duplexes can be recovered and assayed.

In plant virologr the target genomes are RNA or DNA. For an RNA virus the Rot,
or temperature of recombination, factor expresses the relationship between the
concentration of the target and the time of the reaction for a given size of RNA.
The calculation assumes that standard conditions, with respect to salt
concentration, pH and temperature apply and that the probe occurs in excess.
Thus.

concentra )  *^ '  _- -^r^^+:r^R^t = mol. nucleotide litre-I. sec^T' ribonucleotide mean molecular weight (320)

R"t is related to 0/o hybridisation and a Rot curve (which is sigmoidal) can be
used to describe the relationship between Rot and the amount of hybridisation
(Fig. 11.3). The mid-point (Rotryz) of the Rot curve is a constant for a given set of
conditions. For low molecular weight RNAs the Rot172 is lower than for a high
molecular weight RNA. This is because hybridisation occurs more rapidly as the
molecular complexity of the target decreases. Plotting a Rot curve allows the
conditions of concentration and time for maximum hybridisation to be
determined while plotting Rot versus 0/o hybridisation allows the concentration of
a target of known size to be calculated by substitution in the above equation.

-4  -3  -2  -1  -O

Log Rot  (mo l  sec  l i t re - l )

Figure 11.3 (A) A Rrt curve showing the kinetics of hybridisation of complementary DNA
to homologous RNA with a molecular complexity of about IO,OOO
nucleotides. The R"t172 value is indicated with an arrow at the midpoint of
the curve. (B) &trzz curves as in A showing the different levels of
hybridisation for homologous RNA (O) and heterologous RNAs (C, A). Note
that the &trlz value (arrowed) is similar for all curves. (From Abu-Samah
and Randles. 1981.)
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Sol i d- | i q ui d hyb rid i sati on

At present, solid-liquid hybridisation is the more popular method for conducting
hybridisations in the analysis of viroids, viruses, phytoplasmas, bacteria, fungi
and nematodes. The target nucleic acid is bound to a solid phase such as a
nitrocellulose or nylon membrane. Variations of solid-liquid hybridisation include
Southern blotting (DNA blots), Northern blotting (RNA blots), dot blots and slot
blots. In Southern and Northern blotting, the nucleic acid is transferred from an
electrophoretic gel to the membrane or filter while in dot blots and slot blots, the
nucleic acids are applied directly to the membranes sometimes under a slight
vacuum to draw the sample into the membrane. A seldom used variation is to
hybridise with the dry gel in which the target nucleic acid was separated.

The steps involved in solid-liquid hybridisation include:
. denaturation of the target nucleic acid by incubating in the presence of mild

afkaX,
. transfer of nucleic acid to the membrane,
. fixation to ensure that the nucleic acid is bound (the membrane may be baked

or cross-linked by exposure to ultraviolet light although the high binding
capacity of modern membranes largely make fixation unnecessary),

. prehybridisation with an excess of an agent that will block any free binding
sites on the membrane which would trap the probe,

. hybridisation in the presence of the probe at a temperature which will allow
optimal binding of the probe to the target (if it is present),

. washing to remove unbound probe (manipulation of temperature and salt
concentration of the washes will affect stringency) and

. visualisation of the result.
If the probe has been labelled with radio-isotopic 32P then the membrane is

exposed to X-ray film or radiation sensitive plates in a phosphorimager which
when developed will show black bands, slots or dots to indicate where the probe
successfully hybridised (Fig. f 1.4). This is called autoradiography. The probe can
also be labelled to allow chemical detection. Labelling with biotin, digoxigenin or
f luorescein offers a number of subsequent means of colorimetric or
chemiluminescent detection.

Fi$ure 11.4 Example of a dot blot hybridisation assay, in which viral DNA samples have
been fixed to a nylon membrane, probed with a radioactive probe then
autoradiographed to detect radioactivity. The retention of the isotope
labelled probe at a site indicates a positive reaction. (From Randles et al.,
r992.)

The acron5rm RI'LP (restriction fragment length polymorphisms) describes the
use of restriction enzymes, gel electrophoresis and hybridisation with labelled
probes to detect variations in DNA. Mutations or other variations in the
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distribution of sites cut by the restriction enzymes will lead to the DNA being cut
into fragments of different lengths. These RFLPs can be separated by gel
electrophoresis (Fig. 11.5). A southern blot is then performed. With appropriate
probes, RFLPs often provide a repeatable 'fingerprint' of the genome.
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Figure 11.5 Examples of autoradiographs of RFLP analyses in which genomic DNA of
isolates of Scterotinia scLerottorum were digested with restriction
endonuclease BamIII, separated on agarose gels, transferred to a nylon
membrane and probed with a genomic DNA probes labelled with 32P.
(Courtesy of Merrick Ekins, University of Sueensland.)

Practical applications of hybridisation in diagnostics

If a DNA probe is available that is highly specific to a sequence of the genome of a
particular pathogen genus, species or strain then it may oniy be necessary to
extract crude DNA from suspect tissue, bind it to a solid support, denature and
expose it to the specific probe under appropriate conditions and develop the
results. The technique is applicable to all types of pathogens. Phytoplasmas
cannot be cultivated in axenic culture which makes their identification difficult.
DNA preparations from diseased plants can be enriched for phytoplasma DNA by
bisbenzimide-caesium chloride buoyant density gradient centrifugation. Other
approaches to enrichment include isolation of the phytoplasma from phloem sieve
cells from the infected plant. The collected DNA can be digested, cloned and
tested for the presence of sequences specific to the phytoplasma. Different
phytoplasma strains can be detected in different host species and insect vectors
in dot hybridisations with biotin or PP labelled single stranded RNA probes. The
presence of pathogen DNA can be detected in seed used for sowing or the soil into
which the crop is to be planted. A probe isolated from rnaize downy mildew
(Peronosclerosporamagdis) allows detection of the pathogen in seed and does not
hybridise with DNA from several other common seed-borne fungi of maize.
Rhizoctonia soLant anastomosis group 8 can be detected in soil samples after
separating the organic fraction from soil.

Identification of specific RFLP fingerprints can assist studies of pathogen
population dynamics and epidemiology. For example, examination of RFLPs of
ribosomal and mitochondrial DNA of isolates of CgLtndrocarpon heteronema from
apple trees showed that the particular fingerprints were not related to the
localities where the trees were growing but rather to the nurseries from which the
trees were obtained. In a very large study, RFLPs were used to compare nearly
3,OOO isolates of Sclerotinia scLerotiorum isolated from across Canada and to
identify 659 genotypes that differed in frequency both spatially and temporally.
Comparison of RFLP profiles demonstrated that strains of root knot nematode
that overcame host resistance belonged to one species (MeLoidoggne maAaguensis)
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rather than being variants selected from populations of M. incogntta, M. arenaria
or M. jauanica. For viroids and viruses, which typically occur in very low
amounts, hybridisation provides higher specificity and sensitivity than serology.

The limitation of hybridisation approaches is the necessity to have sufficient
pathogen nucleic acid present to be able to detect it. A single template molecule
can only bind with a single probe therefore the fewer copies of the template the
more difficult it may be to subsequently visualise a result.

Po I yme rase c h ai n reacti o n

The limitations of the hybridisation approach have largely been overcome by the
polymerase chain reaction (PCR) which has developed since the discovery in
bacteria of the thermostable Taq DNA polymerase that can withstand the high
temperatures needed to ensure denaturation of genomic DNA. The basic
constituents of the PCR reaction are DNA polymerase, Mg** ions, the template
DNA (the DNA to be amplified), nucleotides and DNA primer or primers from
which the polymerase will extend the incorporation of bases. A primer is a short
chain of nucleotides which is annealed to the DNA template and used to initiate
the polymerase chain reaction.

A typical PCR reaction involves heating a mixture of ingredients in a suitable
buffer to more than 9O'C to denature the template DNA, cooling to a temperature
that allows the primer(s) to bind to the single strands and then changing the
temperature to around 7O"C to allow the DNA polymerase to extend the DNA
strand by incorporating nucleotides. Each base added will be the complement of
those of the template strand to which the primer hybridised. The result is two
copies of the DNA region between where the primers hybridised. Each cycle of
denaturation, annealing and extension doubles the concentration of target
sequences so that, if the reaction is IO0o/o efficient, after 3O cycles, lOe copies of
amplified sequences (fragments, amplicons) can theoretically be produced from a
single copy. Such concentrations can be visualised after gel electrophoresis by
staining with ethidium bromide and examination under UV illumination, by silver
staining, or by chemiluminescent detection. The success of the PCR depends on
its ability to ampliff sequences that differentiate the pathogen under test from the
host, other pathogens and saprophytes. Hence the choice of primers is of utmost
importance.

Reverse transcriptase PCR
PCR can be used without serious modification for all the major pathogen groups
except the RNA viruses. For these, the RNA must be copied to complementary
DNA by reverse transcription using the viral errzyrne reverse transcriptase (RT)
and a specific primer in the process of reverse transcriptase PCR (RT-PCR). The
DNA produced can be further amplified by PCR (Fig. f l.6) or subjected to other
manipulations. RT-PCR can be used to detect viruses in plant material and viral
nucleic acids in soil, fog, clouds and streams.

Primer development
The choice of primers is critical to the specificity of PCR detection methods.
Primers that amplify a specific diagnostic fragment can be designed around
polymorphic amplicons detected by comparing DNA 'fingerprints' of the test
pathogen with those of isolates of the same pathogen, of related pathogens or of
the substrate in which the pathogen is to be detected. DNA fingerprints can be
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generated using several methods of which the most popular are RAPDs, DAFs
and AFLPs.

With RAPDs (random amplified polymorphic DNA), the primers are 9-10 bases
long and the PCR is run with an annealing temperature between 35 and 38'C. In
analysis of fungi this often results in as many as 15 distinct bands being resolved
on an agarose gel (Fig. Il.7). DAF (DNA amplification fingerprinting) utilises
smaller (5-8 bases) primers and a thermocycling regime in which the annealing
temperature starts at 55"C and decreases in subsequent cycles. The PCR
products are separated on polyacrylamide gels and silver stained. When applied
to the fungus Fusanum oxaspontm f.sp. cubense, up to 50 bands were resolved
including bands specific to certain vegetative compatibility groups of the fungus.
AF'LP (amplified fragment length polymorphisms) analysis uses a combination of
restriction digest, ligation to specific priming sites and amplification with a
limited set of primers. The result is many hundreds of amplicons of various sizes
which can only be resolved on long sequencing-type polyacrylamide gels. AFLPs
have been used to fingerprint potato cyst nematode populations and to analyse
inter- and intra-specific variation in the fungal pathogens Fulura Juluia and
Pgrenopeziza bras sicae.

I
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Figure 11.6 A scheme for reverse transcriptase PCR in which the target RNA is first
reverse transcribed to a complementary DNA (cDNA) using a specific
primer. The cDNA is then subjected to multiple PCR cycles so that each
product becomes the template in ttre subsequent cycle.

Identification of polymorphisms opens the way for the creation of primers with
greater specificity. Isolating and sequencing the polymorphic band allows the
generation of longer primers that should be more specific to the organism from
which the band was derived. Polymorphic fragments detected through PCR can
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also be labelled and tested as probes in hybridisation experiments. For example,
a polymorphic marker detected through RAPD-PCR was cloned and used to
create a probe specific to strains of the nematode GLobodera paLLida witlr
enhanced virulence. Alternatively, highly specific probes can be sequenced and
used to design primers for use in more sensitive PCR assays. Conversion of a
probe derived from the mitochondrial DNA of the fungus GaeumannomAces
gramims to a PCR assay allowed the detection of the fungus in soil and plant
roots at lower levels than was possible with the probe.

Many acronyms exist for methods using specific primers including SCARs
(sequence characterised amplified regions), ASAPs (allele-specific associated
primers), ASOs (allele specific oligonucleotides), CAPs (cleaved amplified
polymorphic sequences) and ARDRAs (amplified ribosomal DNA restriction
analysis). With SCARs the primers are more than 20 nucleotides long and should
only ampliff a single band in a positive reaction. ASAPs have been developed for
fluorescence-based detection of amplification products in microtitre plates while
CAPs and ARDRAs use restriction digests of the amplified product to detect
diagnostic polymorphisms. ASOs require the sequence of alternative alleles to be
determined so that specific probes can be synthesised. They can detect strains of
the apple scab fungus Ventuna inaequalis with differing levels of resistance to the
fungicide benomyl conferred by point mutations in the beta-tubulin gene. PCR
was used to ampliff the appropriate DNA sequences from fungal isolates which
were then used in dot blots probed with ASO probes specific for alleles conferring
low, medium, high or very high benomyl resistance.

Fi$ure 11.7 Comparison of isolates of Sclerotrnia scLerotiorum following RAPD-PCR,
separation on an agarose gel and staining with ethidium bromide.
Polymorphisms are detected by the presence or absence of bands.
(Courtesy of Merrick Ekins, University of Queensland.)

A more directed approach to the development of specific primers is to look for
differences in the sequences of the ribosomal genes and intervening spacer
regions that might be exploited by specific primers. Prokaryotic and eukaryotic
cells contain large numbers of ribosomes for protein synthesis. Each ribosome is
composed of a complex of RNA (rRNA) and protein molecules and during cell
division large numbers of new ribosomes must be created quickly for the new cell
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to continue growing. This can only be achieved by having many copies of the
ribosomal DNA genes in the genome. These genes occur in tandem repeats
containing each of the genes for rRNA separated by intergenic transcribed spacer
(IGS) regions and within the repeat the genes are separated by intragenic
(internal) transcribed spacer (ITS) regions (Fig. 1f.8). It is thought that the
ribosomal genes, being critical for cell functioning, do not mutate at high
frequency and occur in many phyla while the ITS and IGS regions are subject to
change at various, but low, frequencies. These frequencies may be sufficient to
allow different evolutionary lineages to be separated and allow identification of
groups of pathogens from the level of phyla down to strains of the same species.

r6s 5.85 235 I65 5.85

Figure 11.8 Schematic diagram of the tandem arrangement of rRNA genes (165, 5.8S
and 23S) with intragenic transcribed spacer (lTS) regions and the intergenic
spacer (IGS) region. The genes can differ among organisms.

Comparison of ITS sequences was used to develop primers to distinguish the
fungi VerttctLLtum dahLtae and V. aLbo-atrum. Only 5 bases were different in a
sequence of 294 bases but this was sufficient for specific primers to be designed.
Sequences encoding transfer RNA (IRNA) also occur within the ITS regions of
nuclear ribosomal genes. These sequences differ among species of the bacterium
Xanthomonas. Primers developed from the tRNAile and tRNAtlu sequences
amplified in conjunction with primers on the 165 rRNA and 23S rRNA genes,
differentiated bands specific to X. albilineans. Similarly, polymorphisms in the
sequences flanking the tRNAd' gene were used to develop primers that amplified
a fragment specific to Xanthomonas campestri.s pathovars causing leaf streak
diseases of grasses and cereals. The fragment was amplified in seed known to be
contaminated and did not occur in fifty other bacteria including other
xanthomonads.

Sequence differences in the 165 rDNA genes have been exploited in the
development of primers specific to certain strains of phytoplasmas and strains of
bacteria. It should also be noted that rRNA is encoded by genes in the
mitochondrial DNA. Since mitochondria are located in the cytoplasm they follow
maternal inheritance through evolutionary lineages. Sequencing of the 165 rDNA
gene in mitochondrial DNA demonstrated differences of evolutionary significance
between the nematodes MeLotdoggne hapta and M. jauani"ca. If desired these
differences can be exploited to create diagnostic primers or probes. Comparing
sequences of the small subunit rRNA gene identified sequences specific to the
protozoan Phgtomonas and restriction enzyrne sites that could be used to
distinguish isolates associated with diseases of palm trees.

Genomes also contain long stretches of repetitive DNA sequences (satellite
DNA) which are not transcribed (copied during nucleic acid replication). The
sequence of the repeats may be a few bases (micro-satellites) or simple sequence
repeats to many hundreds of bases. PCR primers designed around the sequence
of the repeats can be used to ampliff diagnostic fingerprints. Primers have been
designed that only ampliff in M. haplaand not in other species of MeLotdoggne.

Nested PCR
Nested PCR amplifies sequences within larger amplicons. An example would be
the use of external primers that only amplified a DNA sequence from
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Phgtophthora and not from Pgthium or other Oomycota. The sequence would be
reamplified with internal primers to distinguish species of Phgtophthora. Nested
PCR has been used to detect different phytoplasmas infecting a common host.
The external primers generated phytoplasma specific amplification while the
choice of internal primers allowed discrimination of the strains of phytoplasma
present.

Future developments

Diagnostic techniques need to be quick, sensitive and reliable. The PCR fulfils
nearly all these requirements. Relatively crude DNA preparations can be tested
after quite simple extraction procedures. For example, PCR and RT-PCR have
been used to detect a range of DNA and RNA viruses in some plant tissues
prepared by heating to 95"C for ten minutes in the presence of a buffer and
chelating agent. PCR reactions can be completed in a few hours and the gels run.
The trend at present is away from the use of gels towards detection of the
amplicon while it is still in solution. Such an approach is far more adaptable to
automation and would be suitable for use, for example, in g6 well microtitre
plates for large scale testing. PCR can be conducted in capillary tubes so it is
conceivable that a machine could be designed with a flow-through system where
a sample is injected and undergoes thermocycling and the incorporation of
labelled nucleotides is detected as the product passes a sensor.

At present, simpler methods include ASAPs which use allele-specific associated
primers to ampli$r only a single amplicon if the test is positive. The enhanced
fluorescence produced when ethidium bromide lodges between the strands of the
double helix of the amplicon can be detected. More sensitive tests being
developed include those where a DNA probe conjugated with a fluorescent
reporter and a fluorescence quencher molecule is incorporated into the PCR
reaction. The probe is specific for a sequence of the amplification product and will
bind if successful amplification occurs. The 5' nuclease activity of Taq DNA
polymerase will cleave the probe and release the reporter molecule which can be
detected.

Another approach is PCR ELISA where the PCR reaction includes deoxyuracil
triphosphate conjugated with digoxigenin. Following PCR, the amplicons are
denatured and mixed with a specific probe conjugated with biotin. If
complementary sequences are present, duplexes will be formed labelled with
digoxigenin and biotin. In a streptavidin coated well, the biotin will bind to the
well and unbound compounds can be removed by washing. Anti-digoxigenin
antibody conjugated to a reporter err4rrl:e can be added, rewashed and developed
by addition of a substrate.

Future developments will also include detection of particular genes rather than
arbitrary sequences. This will be useful, for example, when avirulence genes or
genes encoding for pathogenicity-determining toxins are cloned and sequenced
and can be used to produce primers that accurately distinguish between
pathotypes.

Summary of the use of nucleic acid-based methods for pathogen diagnosis
Nucleic acid-based methods of diagnosis have the advantage of targeting the
genome of the pathogen. The mechanisms of hybridisation and techniques for
amplification are well described and the sensitivity of the methods exceeds that of
immunology by several orders of magnitude. Few direct comparisons of the
relative abilities of serologr, hybridisation and PCR to detect plant pathogens are
available. Dot blot hybridisation, ELISA and RT-PCR have been compared for
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detecting cucumber mosaic virus in bananas and hybridisation, ELISA and PCR
for detecting grapevine yellows phytoplasma. In both cases, PCR assays were
more sensitive than hybridisation assays which were, in turn, more sensitive
than ELISAs.

Some disadvantages of nucleic acid-based techniques include the equipment,
facilities, expertise and the time required to determine the optimum conditions
for a particular application of the technique. Further, while several serological
tests can be conducted in the field for rapid diagnoses, nucleic acid-based
methods are still centred on laboratories. The technology to develop nucleic acid-
based methods that can be used in the field is available if the need is great
enough, but the cost-effectiveness of developing such detection methods for plant
pathogens must be questioned. Because PCR is very sensitive, contamination
with foreign DNA may be a problem. The ability of the reaction to ampliff from a
few DNA molecules means that laboratory protocols must minimise the chance of
DNA aerosol contamination, especially with the use of pipettes.

11.4 Diseases of unknown etiology

Diseases of unknown etiologr are those for which the pathogen has not been
identified. Indexing by the above methods assumes that the pathogen to be
identified has been isolated and characterised, and that relevant probes are
available. Component analysis is important if virus or viroid pathogens are the
etiological agent. The differences in size and structure between viral and plant
nucleic acids can be exploited in a range of techniques including gel
electrophoretic fractionation, end-labelling, enzyrne sensitivity, dye-binding,
buoyant density, thermal denaturation profiles and electron microscopy, which
are available to isolate and characterise disease-associated nucleic acids. They
can be typed to RNA or DNA and their strandedness, linearity or circularity and
apparent size can be described. Comparison with the known properties of virus
genera and families can allow the virus to be identified tentatively to higher taxa.
Identification of the putative replicative forms of RNA viruses, which can be
readily identified as dsRNAs, has been one of the most useful advances as their
stability allows quite rigorous purification. Circular viroids and satellites, and
circular single stranded DNA and double stranded DNA are also readily separated
by 2-dimensional gel electrophoresis. Purification can lead to cloning and
sequencing and indexing procedures.

11.5 Conclus ions

New technologies based on immunological and molecular biological methods
allow the development of more rapid, more sensitive, more reliable and more
efficient means of identiffing pathogens in plants. They can be used to set up
specific tests for known pathogens, or they may be used to identiff a new
pathogen where a disease of unknown etiology occurs. They do not assay
pathogenicity, so additional experiments are needed if pathogenicity is to be
tested. A further justification for the use of new technologies is that they not only
utilise current knowledge of pathogen composition for indexing, but they can also
provide tools such as probes which can be applied to more intricate studies of
pathogen structure, host-pathogen interactions and to epidemiology.

The PCR has already made a major contribution to indexing for prokaryotic
and eukaryotic pathogens and its utilisation can only be expected to increase.
However, serological methods are better adapted for quantification of pathogens.
In the PCR, it is difficult to predict with certainty the relationship between the
number of amplicons produced and the number of initial molecules. In
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applications where total absence of a pathogen is required, such as quarantine, it
may be prudent to use a number of tests in conjunction with one another.
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