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Introduction 

Unlike the diverse population of antibodies found 
in the sera of immunised animals, a preparation of 
monoclonal antibodies (MAbs) consists of homo- 
geneous antibody molecules. They all have the 
same specificity and affinity for an antigenic 
determinant or epitope. MAbs are produced in 
vitro from a clonal population of hybridoma cells 
[Goding, 1983; Campbell, 1984; Harlow and Lane, 
1988]. MAbs have been widely applied in many 
areas of the medical, veterinary and agricultural 
sciences because their use confers the advantages 
of defined specificity and the ready availability 
of unlimited quantities of a standardised reagent. 

Polyclonal antisera have been used to identify 
plant viruses and provide information on sero- 
logical relationships since the early days of plant 
virus research [Matthews, 1991], and since the 
early 1980s MAbs have been produced to more 
than 60 viruses in 20 different virus groups [Van 
Regenmortel and Dubs, 1993]. Most plant viruses 
have simple genomes (c. 6 kb of ssRNA) protected 
by a protein coat consisting of multiple copies of 
a single polypeptide. The coat protein, although 
encoded by only a small part of the genome, can 
have other important functions besides a protec- 
tive role. It can interact with virus nucleic acid 
molecules to initiate particle assembly [Bloomer 
et al., 1978], regulate replication [Houwing and 
Jaspers, 1987], elicit plant resistance genes 
[Goulden et al., 1993], mediate transmission by 
vectors [Harrison and Robinson, 1988] or be 
required for systemic movement of virus within 
the host plant [Saito et al., 1990; Quillet et al., 
1989]. Subtle changes in regions of the coat 
proteins involved in these biological functions that 
result in alteration or destruction of an epitope can 
be detected by MAbs. MAbs are therefore useful 

tools to study the antigenic structure and molec- 
ular ecology of viruses. In addition they have been 
widely used to detect and identify viruses at the 
strain-, species- and genus level. 

Until the advent of MAbs, serological methods 
were not widely used to study plant patho- 
genic fungi, bacteria, mycoplasma-like organisms 
(MLOs) or nematodes mostly because of the 
relatively wide range of cross-reactivity of poly- 
clonal sera raised to these more complex organ- 
isms [Davies, 1994; Clark, 1992; Dewey, 1992]. 
However, MAbs have now been developed that are 
specific for genus, species and isolate (or life- 
stage) of these organisms. MAbs are used in detec- 
tion and diagnosis, as well as in ultrastructural 
studies of host-pathogen interactions. The fol- 
lowing sections highlight some recent research 
involving the use of MAbs to help answer ques- 
tions in both fundamental and applied areas of 
plant pathology with particular emphasis on plant 
virology. 

Viruses 

Antigenic structure 
Virus epitopes are usually classified according to 
whether they are composed of amino acid residues 
that are contiguous in the linear sequence of 
a polypeptide called 'continuous epitopes', or 
whether they are formed by amino acids that come 
together on folding or association of polypep- 
tide chains called 'discontinuous epitopes' [Van 
Regenmortel, 1990]. In addition viral epitopes are 
classified depending on whether they are present 
on different states of the particle proteins e.g. 
cryptotopes are only reactive when the particles 
are disassembled, neotopes when the particles are 
intact, and metatopes are reactive in both intact 
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and disassembled particles [Van Regenmortel, 
1990]. Some information about the location of 
epitopes can be obtained by testing MAb reac- 
tivity with synthetic peptides, fusion proteins or 
mutant strains, and by visualizing binding in the 
electron microscope. In this way detailed infor- 
mation about the antigenic structure has been 
obtained for tobacco mosaic tobamovirus [TMV; 
Van Regenmortel and Dubs, 1993], beet necrotic 
yellow vein virus [BNYVV; Commandeur et al., 
1992, 1994], potato mop-top furovirus [PMTV; 
Pereira et al., 1994], tobacco rattle tobravirus 
[Legorburu, 1993], potato leafroll luteovirus 
[PLRV; Torrance, 1992a] and some potyviruses 
[Andreeva et al., 1994; Jordan, 1992]. 

In studies with TMV, a group of MAbs were 
identified that reacted with a metatope present on 
one extremity of the virus particles, and by using 
immunoelectron microscopy and gold-labelled 
MAbs it was established that they reacted with the 
end that contained the 5' end of the RNA [Dore 
et al., 1990]. These MAbs were used to show that 
the stacked disk structures formed by TMV sub- 
units are bipolar. Further studies showed that some 
(but not all) of the MAbs specific for the end con- 
taining the 5' extremity inhibited translation of 
TMV particles in an in vitro translation system, 
and therefore may have inhibited cotranslational 
disassembly of the virus particles [Saunal et al., 
1993]. 

Using the Pepscan technique [Geysen et al., 
1987], continuous epitopes have been identified 
by the reactions of MAbs with short (6-8 amino 
acids) peptides in the linear sequence of the coat 
protein [Trifilieff et al., 1991; Torrance, 1992b; 
Pereira et al.,  1994; Commandeur et al., 1994]. 
For example, in the PMTV coat protein, MAb 
SCR 69 reacted with the octapeptide AEIGERKA 
(amino acids 2 to 9, numbered from the N 
terminus). SCR 69 was also shown to react on the 
surface along the sides of intact particles by 
immunogold labelling [Pereira et al., 1994], pro- 
viding evidence that the N terminus is surface- 
located. These results are in contrast to findings 
with BNYVV (a possible member of the furovirus 
group that has a different soil-borne plasmodio- 
phorid fungal vector), where the C terminus of the 
coat protein is located on the surface along the 
sides of particles, and amino acids at the N 
terminus form an epitope exposed at one extremity 

of the particles [Lesemann et al., 1990; Koenig et 
al., 1990; Commandeur et al., 1992]. 

Differences in binding affinity of TMV MAb 
57P to a set of related 13-mer peptides spanning 
amino acids 134-146 in the TMV coat protein 
sequence were measured using the BIAcore instru- 
ment produced by Pharmacia Biosensor AB, 
Sweden [Altschuh et al., 1992]. The tests showed 
that three residues (140-N, 143-S and 144-F) were 
key contributors to MAb binding, and changing 
any one of them abolished binding. The authors 
postulate that these residues are brought together 
in a helical conformation (that mimics the struc- 
ture in the protein) to form the epitope. They also 
showed that amino acid changes outwith the key 
residues affected MAb association and dissocia- 
tion rate constants to a small extent. 

A different approach using site-specific muta- 
genesis was taken to identify a key amino acid that 
influences binding of MAb MCA-13. MCA-13 
reacts with isolates of citrus tristeza closterovirus 
(CTV) causing severe symptoms on citrus hosts, 
but not with isolates causing mild symptoms. 
Examination of the coat protein sequences of 8 
mild and 10 severe isolates revealed only a few 
differences at the amino acid level, of these the 
amino acid at position 124 was the most con- 
served, being either phenylalanine in the severe 
isolates or tyrosine in the mild isolates. MAb 
MCA-13 reactivity was abolished in the coat 
protein of a severe isolate of CTV when pheny- 
lalanine-124 was changed to tyrosine by mutage- 
nesis. Conversely, MCA-13 reacted with the coat 
protein of a previously non-reactive mild isolate 
when tyrosine-124 was changed to phenylalanine 
[Pappu et al., 1993]. These results show that MAb 
binding can be abolished by a difference of a 
single amino acid residue. 

Knowledge of the antigenic structure of viruses 
also helps to characterise the MAbs. MAbs that 
bind to specific epitopes, or regions on the surface 
of the particles that may influence function (e.g. 
a feature important for recognition in transmission 
by the vector) can be used per se, or used to pro- 
duce anti-idiotypic antibodies [Hu and Rochow, 
1988; van den Heuvel et al., 1994], to investigate 
that function. 

Molecular  ecology 
For several viruses it has been shown that the 



particle proteins are adapted for transmission by 
vectors [Harrison and Robinson, 1988]. The fol- 
lowing examples show that MAbs can be used to 
detect variation among particle protein epitopes 
that correlate with transmission. Potyviruses are 
a very large group of viruses (over 150) which 
have filamentous particles. They are transmitted 
by aphids in a non-persistent (non-circulative) 
manner, virus particles are acquired and inoculated 
in a few minutes. Transmission is not highly 
aphid-specific and most viruses can be transmitted 
by several aphid species. The N- and C-termini 
of the coat protein sub-units are located at the 
outer surface of the particles [Shukla and Ward, 
1989]. The N-terminal part of potyvirus coat 
protein plays a role in aphid transmission and 
the amino acid triplet DAG, found near the N 
terminus of many aphid transmissible potyviruses, 
is associated with transmissibility [Harrison and 
Robinson, 1988; Atreya et al.,  1990]. The triplet 
DAS is associated with aphid non-transmissibility 
in tobacco etch potyvirus [Allison et  al. ,  1985]. 
Recent work has shown that there is a correlation 
between aphid transmission of potato virus A 
(PVA) and reactivity with MAb A5B6 [Andreeva 
et  al . ,  1994]. This MAb readily detected aphid 
non-transmissible isolates of PVA by ELISA and 
immunoblotting assays, but reacted weakly or not 
at all with transmissible isolates. Pepscan analysis 
showed that MAb A5B6 reacted with the octapep- 
tide AETLDASE (amino acids 1 to 8) in the non- 
transmissible isolate B 11 [Andreeva et  al . ,  1994]. 
Recent work indicates that aphid transmissible 
isolates differ from non-transmissible isolates in 
this N-terminal sequence [L Andreeva, personal 
communication]. 

A different form of aphid transmission is found 
in the luteoviruses. This group of phloem-limited 
viruses are transmitted persistently. Vector speci- 
ficity of luteoviruses is well developed, and each 
virus is transmitted efficiently by only one or a 
few aphid species. Vector specificity is correlated 
with the antigenic properties of the capsid protein 
[Rochow, 1970; Harrison and Robinson, 1988]. 
The virus particles pass selectively from the 
hindgut into the haemocoele and circulate in the 
haemolymph through the aphid body [Gildow, 
1993]. Evidence from ultrastructural studies with 
barley yellow dwarf luteoviruses (BYDV) indi- 
cates that vector specificity is mainly determined 
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by the ability of luteovirus particles to cross from 
the haemocoele into the cells of the accessory 
salivary glands, in particular the ability to cross 
the salivary basal lamina and basal plasmalemma 
[Gildow 1990; Gildow and Gray, 1993]. Virus par- 
ticles were identified in thin sections by labelling 
the excised salivary glands with virus-specific 
antibodies and then ferritin-labelled second anti- 
bodies before fixation and embedding the tissue 
[Gildow and Rochow, 1980]. Particles of PLRV 
have also been identified in thin sections of aphids 
by direct labelling of particles (pre- and post- 
embedding) with MAb conjugated to gold [Garret 
et  al. ,  1991]. The passage of the MAV strain of 
BYDV through the basal lamima was impeded (as 
judged by visual examination of thin sections in 
the electron microscope and transmission studies) 
when virions were mixed with MAV-specific 
MAbs but not when mixed with RPV-specific 
MAbs before micro-injection into the aphid 
haemocoele [Gildow and Gray, 1993]. The three 
MAV-specific MAbs tested (either as whole 
antibody or Fab fragments) impeded transmission 
of virus particles: 0-18% of aphids transmitted 
virus compared with 68% of aphids injected with 
an unrelated anti-RPV MAb. No virus particles 
were observed in thin sections of the basal lamina 
or intracellularly in the accessory salivary gland 
cells in treatments with the specific MAbs, 
whereas many particles were observed in these 
tissues in the control treatments. These results 
indicate that MAb binding interfered with virus 
capsid recognition and penetration of the basal 
lamina. The attached MAbs may have prevented 
recognition of particles by steric hindrance or it 
is possible that these MAbs reacted with epitopes 
important for recognition of virus capsid by 
membrane receptors. The authors concluded that 
Fab fragments of MAbs were not useful in 
studying interactions between virus capsid and 
salivary gland membranes. However, further work 
on these lines may be more productive if smaller 
fragments of antibodies such as single chain 
Fv or Fd fragments (produced by recombinant 
antibody techniques, see below) that are specific 
for determinants found on transmissible isolates 
are used. 

PLRV isolates that differ in transmission effi- 
ciency were serologically indistinguishable when 
tested with polyclonal antisera but were distin- 
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guished in tests with a panel of MAbs. Two MAbs, 
SCR 8 and 10 reacted weakly with poorly trans- 
mitted isolates of PLRV [Tamada et al., 1984; 
Massalski and Harrison, 1987]. These poorly 
transmitted isolates were shown to be acquired and 
retained in the aphid, indicating that the particles 
were unable to pass from haemolymph to salivary 
gland cells [Tamada et al., 1984]. Therefore 
the MAbs possibly recognize an epitope on the 
transmissible virus particles that is important to 
mediate passage across the basal lamina and/or 
basal plasmalemma. 

Using sensitive forms of ELISA incorporating 
MAbs, it is possible to measure virus concen- 
tration in individual aphids, and to measure 
virus acquisition and retention by single aphids 
[Torrance, 1987; Barker and Torrance, 1990]. 
Tests with MAb MAC 92 specific for an English 
BYDV- RPV-like isolate showed that both R. padi 
(an efficient vector) and S. avenae (an inefficient 
vector) acquired virus and the virus was detected 
in individual S. avenae after the aphids had fed for 
a further two days on healthy oats [Barker and 
Torrance, 1990]. These tests provide a different 
line of evidence that the virus can pass from the 
gut to the haemocoele in both efficient and inef- 
ficient vectors. The tests also showed that virus 
concentration in aphids does not increase after 
leaving source plants providing evidence that the 
virus does not multiply in the vector, and similar 
results have been obtained with the same kinds of 
tests on PLRV in aphids [Tamada and Harrison, 
19811. 

Panels of MAbs have been used to build epitope 
profiles to distinguish serologically related viruses 
that cause similar diseases. Cassava mosaic 
disease was described at the beginning of this 
century but it was only shown to be caused by a 
virus, called African cassava mosaic geminivirus 
(ACMV), in the early 1980s [Bock and Woods, 
1983]. Subsequent work with MAbs has helped 
to show that cassava mosaic disease is, in fact, 
caused by three different geminiviruses. A panel 
of 17 MAbs produced to a west Kenyan isolate 
of ACMV gave different reaction patterns with 
different isolates of viruses causing mosaic in 
cassava. For example, MAb SCR 20 reacted with 
11 different virus isolates, whereas other MAbs 
(SCR 11 and 33) reacted with only two or three 
[Swanson, 1992; Swanson and Harrison, 1994]. 

The MAbs were used to compare reactivities of 
cassava-infecting geminiviruses and the resulting 
epitope profiles distinguished three different 
groups of isolates. These groups also differ in geo- 
graphic location, each region separated by major 
natural barriers to spread. Viruses in group A were 
found in countries in Africa west of the Rift valley 
and South Africa, those in group B, in countries 
east of the Rift valley in coastal Kenya, coastal 
Tanzania, Malawi and Malagasy, and those in 
group C, in India and Sri Lanka. These serogroups 
could also be distinguished in other ways includ- 
ing when comparisons were made of nucleotide 
sequences, and the differences were considered 
great enough to justify separation into three dif- 
ferent viruses called ACMV, East African cassava 
mosaic virus and Indian cassava mosaic virus 
[Hong et al., 1993]. Cassava was brought to Africa 
and India from South America during the 16 
to 18th centuries. Since geminiviruses have not 
been found infecting cassava in South America, 
Harrison and Robinson [1988] proposed that the 
cassava became infected by isolates of gemi- 
niviruses that were already present in the par- 
ticular region in other plant species, so the 
distribution of the three viruses may reflect the dif- 
ferent routes of introduction of cassava. 

Virus detection 
The use of MAbs in routine virus detection has 
been reviewed recently [Van Regenmortel and 
Dubs, 1993; Torrance, 1992b; Jordan, 1992] and 
the key points can be summarised as follows: (i) 
MAbs possess a very high degree of specificity for 
an epitope and therefore can distinguish epitopes 
unique to individual virus strains or common to a 
virus group. (ii) Use of MAbs in routine testing 
ensures a uniformity and standardisation between 
tests that is highly desirable. (iii) However, the 
epitope recognised by the MAb must be stable 
under the conditions of the test or false negatives 
will result. (iv) Some MAbs are sensitive to 
environmental conditions (pH, salt, freezing), or 
do not work in certain assay formats (e.g. lose 
activity when used to coat microtitre plates). 
Production of a MAb (or MAbs) with all of the 
desired properties, correct binding specificity, as 
well as the necessary robustness to be used in dif- 
ferent test formats, is time-consuming and expen- 
sive. In purely commercial terms the expense may 
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be justified for MAbs used in large-scale routine 
testing for viruses of crops where the health status 
is guaranteed by certification schemes (e.g. 
potatoes, tree fruit, bulbous ornamentals), or other 
plant health monitoring (e.g. screening micro- 
propagated plants, breeding lines for virus resis- 
tance, or virus infection of seed lots) where very 
large numbers of tests are done annually. 
Nevertheless, there are other kinds of tests that 
may need to be done on a smaller scale, such as 
for the provision of plant passports for movement 
of plants between different countries within the 
EU, and for which it is highly desirable to have 
uniform standard tests with readily available 
defined reagents. In these instances the develop- 
ment costs may need to be funded by the EU or 
individual state governments. 

There are several groups of viruses where indi- 
vidual members have epitopes in common with 
others in the group, and these viruses can poten- 
tially pose a problem when using MAbs for diag- 
nosis because reaction with a single MAb does not 
necessarily confirm virus identity. For example, in 
the luteovirus group, tests have shown that there 
is a complex network of serological interactions 
among luteoviruses [D'Arcy et  al. ,  1989; van den 
Heuvel e t  al. ,  1990]. Sometimes this cross-reac- 
tivity can be used to advantage, for example, MAb 
PAV IL-1 raised to the PAV strain of BYDV can 
distinguish beet infecting beet mild yellowing 
virus from non-beet infecting beet western 
yellows. This MAb has been used to detect and 
identify the viruses in individual aphids as part 
of a disease forecasting scheme to prevent un- 
necessary use of pesticides [Smith et  al. ,  1991]. 
However, for accurate diagnosis of luteovirus 
diseases, if virus-specific MAbs are not available, 
it is best to use a panel of MAbs with defined 
epitope specificity. 

Examination of multiple sequence alignments 
of 10 luteovirus coat proteins showed that they 
contained similar or identical amino acids in many 
areas [Mayo and Ziegler-Graaf, 1995], suggesting 
a reason why there are so many cross-reacting 
lutcovirus MAbs. The sequences were examined 
using a secondary structure prediction programme, 
and they were compared with a general model for 
the shell domain of the sub-units of other small 
icosahedral viruses comprising an eight stranded 
13 barrel. Such alignments can be used to predict 

peptide sequences that are exposed at the surface 
of the particles, and virus-specific or group- 
specific MAbs might be raised using peptides con- 
taining unique or common sequences. 

The potyviruses are another group where there 
is a great deal of homology in the coat protein 
sequences [Shukla and Ward, 1989]. Virus-specific 
epitopes are found especially in the N-terminal 
part of the coat protein where there is a large 
amount of variation in amino acid sequence 
between viruses, whereas regions of conserved 
sequence are located in the central part or so- 
called trypsin resistant core, and potyvirus group- 
specific MAbs have been produced that react with 
epitopes in this region [Shukla and Ward, 1989; 
Jordan, 1992]. A subgroup-specific MAb (PTY- 
1) was obtained by immunisation with a mixture 
of intact and denatured virions of seven poty- 
viruses [Jordan and Hammond, 1991]. PTY-1 
detects a cryptotope present in the majority 
(135/143) of aphid-transmitted potyviruses tested 
[Jordan and Hammond, 1991; Jordan, 1992]. 
Analysis of bacterially-expressed coat protein 
deletion mutants of BYMV isolate GDD indicated 
that the PTY-1 epitope was in the region of amino 
acids 135-160 [Jordan, 1992], in the so-called 
trypsin resistant core [Shukla and Ward, 1989]. 
Examination of the known amino acid sequences 
of the coat proteins of the different potyviruses 
shows that in the sequence 136-QGEWTM- 
MDGEEQVTYPLKP of BYMV-GDD there are 
nine amino acids (letters in bold type) in common. 
Moreover, in some of the viruses 140-T is changed 
to a somewhat similar amino acid V, and 145-E is 
changed to the similar amino acid D, therefore the 
putative epitope may be located in the heptapep- 
tide 139-WTMMDGE. A MAb, SCR 39 produced 
to potato V potyvirus reacted with 20/30 aphid- 
transmitted potyviruses in a sandwich ELISA 
where the virions were trapped by homologous 
antisera [Farmer, 1989]. It was deduced that SCR 
39 detected a cryptotope just on the border of the 
trypsin-resistant core comprising amino acids 242- 
QEENTER. This sequence is also common to 
many potyviruses and one would predict that MAb 
SCR 39 would react with a greater number of 
potyviruses in a test where the virus antigen is 
denatured, such as the format used with PTY-1. 
MAbs specific for the amino acid sequences in the 
N-terminal region of potyvirus coat proteins have 
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been found to be virus-specific [Jordan, 1992] 
and it might be expected that virus-specific 
MAbs would be obtained by using unique peptide 
sequences as immunogens. Werkmeister et al. 
[1991] could not produce PVY-specific MAbs by 
immunising mice with peptides and performing 
the standard PEG-mediated fusion on the spleno- 
cytes, but they did produce several specific MAbs 
by a process of peptide-mediated electrofusion. 
The technique involves performing an electrofu- 
sion of the following mixture: splenocytes from 
mice immunised with PVY coat protein, biotin- 
labelled peptide (comprising the 30 N-terminal 
amino acids of PVY coat protein), streptavidin and 
biotin-labelled myeloma cells. 

Non-structural virus-coded proteins 
There are many reports of the use of antisera to 
locate, and investigate serological relation- 
ships among non-structural virus-coded proteins 
[PurcifuU and Hiebert, 1992; Niesbach-K16sgen 
et al., 1990; Berna et al., 1986; Wellink et al., 
1988]. However, work with MAbs has mostly 
been limited to potyvirus inclusion proteins; for 
example, Suzuki et al. [1989] investigated the dis- 
tribution of cylindrical (CIP) and amorphous (AIP) 
inclusion proteins in pumpkin leaves infected with 
watermelon mosaic virus 2 (WMV2) with MAbs 
specific for these proteins. Also, two MAbs to 
WMV2 AIP reacted with the AIP-like protein 
found in leaves infected with soybean mosaic 
virus but no cross-reactions were found with the 
AIPs of four other potyviruses [Suzuki et al., 
1991]. A MAb specific for the 49 kDa nuclear 
inclusion proteins of tobacco etch potyvirus was 
shown to inhibit the self-processing reaction in 
which the 49 kDa proteinase is cleaved from its 
75 kDa precursor [Slade et al., 1989]. A MAb 
raised to a 112 kDa protein produced in Cucumis 
metuliferus plants infected with papaya ringspot 
potyvirns also reacted with the 51 kDa AIP, a 
second MAb reacted with both the 112 kDa 
protein and proteins of 70, 64 and 47 kDa which 
are also present in the infected plants, but not with 
the 51 kDa. These results provide evidence for the 
hypothesis that the proteins are derived from the 
112 kDa protein in vivo [Yeh et al., 1992]. 

The non-structural protein 3A from cucumber 
mosaic virus was detected in in vitro translation 
mixtures by immunoprecipitation with each of five 

3A-specific MAbs. In addition, it was located 
in the nucleoli of CMV-infected tobacco cells 
by immunogold labelling of ultrathin sections 
with 3A specific MAb 3H12 [MacKenzie and 
Tremaine, 1988]. 

Tomato spotted wilt tospovirus (TSWV) is 
transmitted to a range of economically important 
plant hosts (including vegetables and ornamentals) 
in a persistent manner by species of thrips, of 
which the western flower thrips (Frankliniella 
occidentaIis) is thought to be the most important 
[Ullman et al., 1993]. A polyclonal antiserum 
raised against the NSs non-structural protein was 
used to detect this protein in insect and plant cells 
[Ullman et al., 1993]. Presence of NSs was taken 
as proof of replication as the NSs protein is found 
in TSWV-infected cells but not in virions. MAbs 
raised to TSWV NSs have been used to devise an 
ELISA to identify thrips that may be potential 
vectors of TSWV [Bandla et al., 1994]. The zwit- 
terionic detergent Empigen BB was incorporated 
in the antibody diluent in the tests on thrips 
because it substantially decreased non-specific 
background reactions [Bandla et al., 1994]. 

Fungi and bacteria 

Detection, diagnosis, quantification 
Recent reviews by Dewey [1992], Dewey and 
Thornton [1994], Stead [1992] and Schots et al. 
[1994] show that it is possible to raise genus-, 
species- and pathovar or isolate-specific MAbs to 
detect and quantify fungal and bacterial plant 
pathogens. Because of the more complex struc- 
tures and life cycles of these organisms, it is 
obviously important to select an appropriate 
immunogen for MAb production, for example, a 
component unique to isolate, species, or life-stage. 
However, it is not always possible to identify 
these types of compounds and some degree of 
serendipity is often involved. Species-specific 
MAbs have been raised against several fungal 
pathogens by immunising mice with fluid obtained 
by simply rinsing the surface of a mycelial colony 
grown on a slant culture with 1 ml phosphate 
buffered saline (PBS), spores, zoospores and 
hyphal fragments have also been used [Dewey, 
1992]. 

Eyespot, Pseudocercosporella herpotrichoides, 



is one of several stem base pathogens that attack 
cereals. These stem base pathogens cause similar 
symptoms but eyespot is the only one that causes 
significant yield losses in winter cereals and 
responds to fungicide treatment. Identification 
is usually confirmed by laboratory culture but 
eyespot is slow growing in culture and its presence 
is often masked by the other faster-growing stem 
base pathogens. The results of the laboratory tests 
are usually obtained too late to give effective 
prior warning for spray application [Priestley and 
Dewey, 1993]. Eyespot-specific MAbs were raised 
by immunizing mice with an ammonium sulphate 
precipitated extract from freeze-dried mycelia 
[Priestley and Dewey, 1993]. The MAbs were used 
to detect eyespot in plants at 8 and 15 days after 
infection (visible symptoms only appeared after 
21 days). Development of these kinds of assays 
are important for early identification and diagnosis 
of disease in order to prevent unnecessary appli- 
cations of fungicides. 

Rhizoctonia solani is a soil-borne pathogen of 
a wide range of crop plants and ornamentals. 
MAbs specific for R. solani were produced by 
immunising mice with the acetone-precipitated 
fraction of the solution from a mycelial surface 
rinse or with a suspension of lyophilised mycelia 
[Thornton et al., 1993]. Immunofluorescence 
microscopy showed that the MAbs reacted with 
antigens present on the surface of the fungal 
hyphae [Thornton et al., 1993]. Immunofluores- 
cence and ELISA based assays were devised to 
detect live propagules of R. solani in soil by a 
nutrient enrichment technique where the fungus is 
cultured for 48 h before testing. These assays were 
used to quantify R. solani inoculum in soils. 

The blackleg disease of potato caused by 
Erwinia carotovora subsp, atroseptica (Eca) is 
tuber-borne. Eca is often present together with E. 
carotovora subsp, carotovora (Ecc; associated 
with soft rot of stored tubers) at low levels on 
potato tubers. Contaminated tubers are the main 
source of inoculum producing infection in the 
daughter plants and it is important to quantify 
the numbers of viable Eca and Ecc cells on seed 
tubers [P~rombelon et al., 1993]. MAbs have been 
produced that distinguish between these closely 
related bacteria and they have been used success- 
fully in ELISA [Vernon-Shirley and Burns, 1992; 
Hyman et al., 1995]. 
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Quantification is important to successful inte- 
grated pest and disease management, in risk 
assessment work, and in screening for efficacy or 
to optimize the application of fungicides or pesti- 
cides. Development of disease prediction models 
requires accurate monitoring of pathogen popula- 
tions over time, identification of strains or deter- 
mining the incidence of recombination events. 
ELISA formats are well suited to quantitative 
studies, they can be used successfully with a 
variety of different matrices (they are usually not 
affected by components of soil/plant tissue) and 
have a wide dynamic range (i.e. can detect high 
or low levels of pathogen). ELISAs provide 
cheap, sensitive tests, that are well suited to large- 
scale testing (thousands of samples), as well 
as requiring minimal technical/laboratory skills. 
Furthermore, incorporation of MAbs in ELISA 
provides improved standardisation and specificity. 

Dot-binding or dipstick assays have proved 
useful in detection of fungal pathogens. In these 
tests, the sample is applied to a support membrane 
(e.g. nitrocellulose, polyvinylidene difluoride or 
nylon) and then the immunolabelling, washing and 
staining steps are done directly on the membrane. 
A positive reaction is denoted by an insoluble 
coloured precipitate [Miller et al., 1992; Thornton 
et al., 1993; De Ruiter et al., 1994]. This method 
has been further developed by Cahill and Hardham 
[1994] to detect Phytophthora cinnamomi 
zoospores by chemotaxis. They impregnated mem- 
branes with different compounds so that the motile 
zoospores of the fungal pathogen were attracted to 
the membrane where they encysted and were 
detected by immunoassay with species-specific 
MAbs. 

The surface located molecules on zoospores 
and cysts are likely to play an important role in 
the early stages of infection. MAbs raised to P. 
cinnamomi antigens have been used in immuno- 
fluorescence and immunogold labelling techniques 
for ultrastructural studies on the cell coat and 
internal organelles of zoospores, as well as studies 
of changes in the surface properties of zoospores 
during encystment [Hardham et al., 1991; Gubler 
and Hardham, 1991]. 

Host-pathogen interactions 
MAbs raised to bacterial and fungal antigens have 
also been used to study host-pathogen interactions. 
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Compatible and incompatible interactions between 
Xanthomonas campestris pv. vesicatoria and its 
pepper host were studied by immunogold labelling 
in the electron microscope using MAbs raised 
against xanthan (the main component of extracel- 
lular polysaccharide; EPS). The contribution of 
EPS to colony development and differentiation in 
the intercellular space was examined, and the 
product of avirulence gene AvrBs3 was located 
within the cytoplasm of the bacterial cells by 
labelling with specific polyclonal serum [Brown 
et al., 1993]. 

MAbs raised to plant cell surface compo- 
nents expressed during colonization of pea by 
Rhizobium were used to investigate common 
features of pea roots colonized by the arbuscular 
mycorrhizal fungus Glomus versiforme. Antigens 
detected by the MAbs accumulated to different 
extents during invasion of pea root by rhizobial or 
mycorrhizal infection. The antigen recognised by 
MAb MAC 265 is thought to play a role in plant 
defence [Perotto et al., 1994]. 

MAbs specific for cellulase enzymes, cellobio- 
hydrolase I (CBHI) and endoglucanase I (EGI), of 
the soft rot fungus Trichoderma reesei have been 
used for affinity purification of EGI, and in ultra- 
structural studies conjugated to gold sol to locate 
enzyme binding sites and help to define their 
action on aspen cellulose microfibrils [Nieves 
et al., 1991]. 

Mycoplasma-like organisms 

MLOs are phloem-limited obligate pathogens and 
hence it is difficult to prepare immunogen sub- 
stantially free of host components. Nevertheless 
MLO enriched extracts of vascular tissue from 
infected hosts such as Vicia faba or Catharanthus 
roseus [Clark, 1992; Caudwell et al., 1988] have 
been used to produce MAbs specific for several 
MLOs including Moli~res [Kenyon and Clark, 
1993], flavescence dor6e [FD; Schwartz et al., 
1989] and primula yellows diseases [Clark et al., 
1989]. These MAbs have been used in a range 
of tests such as ELISA, immunofluorescence 
microscopy and electron microscope examination 
of immunogold-labelled, glutaraldehyde-fixed 
tissue sections [Clark, 1992] to detect and identify 

the MLOs, as well as for affinity purification of 
FD-MLO [Seddas et al., 1993]. 

Nematodes 

Although serological techniques have had more 
limited use in plant nematology, two recent 
reviews by Davies [1994] and Forrest [1995] 
highlight the utility of MAbs to identify and 
quantify nematodes, and to investigate host- 
pathogen interactions. As with fungal and bacte- 
rial pathogens, some consideration must be given 
to the immunogen used to obtain the desired 
MAbs. There is a wide choice of potential target 
nematode antigens that can be used, and different 
antigens may be present to a greater or lesser 
extent during different stages of the animals' 
development. MAbs obtained by immunising 
animals with thermostable proteins from the eggs, 
or homogenates of eggs and second stage juveniles 
of potato cyst nematode species Globodera 
rostochiensis or G. pallida have been produced 
that differentiate between these species [Schots 
et al., 1989 and 1990; Robinson et al., 1993].The 
MAbs were used to devise assays to detect and 
quantitate the two species [Schots et al., 1992; 
Robinson et al., 1993]. 

Nematode secretions such as saliva, amphidial 
exudates and secreted proteins on the surface of 
the cuticle play an important role in the interac- 
tion of the nematode with plant root cells, and in 
pathogenesis. MAbs specific for components of 
nematode secretions have been used to investigate 
such host-pathogen interactions [Davies, 1994; 
Forrest, 1994; Davis et al., 1992]. Binding of the 
MAbs to the different structures can be seen using 
immunofluorescent microscopy but improved 
resolution of binding to internal components was 
obtained by examination of cryostat sections of 
3rd stage nematode larvae by laser scanning 
confocal microscopy [McGillivery et al., 1992]. 

Recombinant antibodies 

The production of MAbs can be a time-consuming 
and a relatively inefficient process. Sometimes 
many fusion experiments must be done before 
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stable hybridomas secreting MAbs of the desired 
specificity are obtained. New ways to produce 
antibodies have been developed usingDNA-tech- 
nology to clone and express fragments of antibody 
genes in bacterial systems [Orlandi et al., 1989]. 
Also, antibody fragments specific for a wide range 
of antigens can be obtained from antibody expres- 
sion libraries [Marks et al., 1991; Hoogenboom 
and Winter, 1992; Nissim et al., 1994]. The 
binding affinities and specificities of these frag- 
ments can be improved by mutagenesis and chain 
shuffling [Hawkins et al., 1992; Marks et al., 
1992a,b]. Production of recombinant antibodies 
by selection from large expression libraries has 
the potential eventually to replace conventional 
methods of antibody production involving animal 
immunisation, and culture of hybridoma cells. 
Cloned antibodies may also be useful in genetic 
engineering of crop plants to develop novel 
forms of resistance to plant disease [Schots et al., 
1992]. Cloned antibody genes have been expressed 
and shown to produce functional antibodies in 
tobacco plants [Hiatt et al., 1989]. Also, transgenic 
Nicot iana  ben thamiana  plants expressing single 
chain Fv fragments of antibody specific for arti- 
choke mottled crinkle tombusvirus (AMCV) 
showed a delay in symptom expression when chal- 
lenged by mechanical inoculation with AMCV 
compared with control plants [Tavladoraki et al., 
1993]. 

cloned genes may prove useful in developing 
resistance strategies. Application of MAbs to 
ultrastructural studies of plant-pathogen inter- 
actions using the confocal microscope should 
provide increasing clarity of resolution. Applica- 
tion of MAbs (both idiotypic and anti-idiotypic) 
might also facilitate the investigation of vector- 
pathogen interactions, such as the location of 
virus-specific receptors in vector organisms; or 
plant-pathogen interactions such as the ultra- 
structural location of avirulence gene products, 
or identification of the corresponding host gene 
products. 

In the more applied areas, production of 
pathogen-free propagation and planting material, 
worldwide movement of germplasm for plant 
breeding, and the introduction of integrated pest 
and disease management systems all require rapid 
and sensitive tests to detect, identify and quantify 
plant pests and diseases. Use of appropriate MAbs 
in an enzyme immunoassay format can meet these 
requirements for many pathogens. 
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Concluding remarks 

MAbs are sensitive and specific tools that can be 
used to help answer questions in both fundamental 
and applied plant pathology. This review has 
presented some selected examples of the use of 
MAbs: (i) to identify species-specific molecules; 
(ii) to compare molecular changes in patho- 
gen populations at the level of individual gene 
products; (iii) to identify structural features impor- 
tant in vector-pathogen or plant-pathogen interac- 
tions; (iv) to locate pathogen-specific molecules 
in plants; and (v) to detect and quantify crop 
disease. 

In the future, selection of scFv fragments from 
antibody gene libraries should make the produc- 
tion of useful antibodies more efficient, and the 
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