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1. Introduction

Successful penetration and colonization of plant tissues by most fungal pathogens
requires differentiation of specialised cell types or infection structures, e.g. germ ,tubes,
appressoria, penetration hyphae, infection hyphae and haustoria. Each cell type is
adapted to a particular role in the infection process, e.g. adhesion, contact-sensing,
penetration and nutrient uptake [22,32]. Molecular genetic techniques, such as
differential or subtractive hybridization and mutational analysis, are being used to
identify genes involved in the morphogenesis and function of these infection structures.
For example, many genes that are specifically expressed or up-regulated during the
formation of appressoria by Colletotrichum, Magnaporthe and rust fungi have now been
cloned [7,8,23,24,27,29,55,69,76]. Some of these genes have been sequenced and
disrupted to determine their role in the infection process [24,69]. These approaches have
so far been restricted to infection structures that can be obtained in vitro, such as
appressoria. Identification of genes expressed by infection structures formed following
host penetration is more difficult due to contamination with host mRNAs, although
recent advances in the isolation of such structures from infected tissue may alleviate this
problem [19,30,50]. .
An alternative approach is to use monoclonal antibodies (MAbs) to identify
differentiation-related proteins and carbohydrates.
MAbs can be raised against
previously uncharacterised molecules that may only be minor components of a complex
mixture [16J. Thus, following immunization with whole cells or crude cell extracts,
MAbs binding to molecules of interest can be selected using suitable screening assays.
This approach has been used to study cell surface components of the zoospores and cysts
of Phytophthora and Pythium spp. [15,20J, and the intracellular infection structures of
Erysiphe pisi [30J and Rhizobium spp. [l0].
We have used MAbs to study infection structures formed by the anthracnose fungus,
Colletotrichum lindemuthianum, on tissues of Phaseolus vulgaris. In this chapter, we
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describe methods for the isolation of these structures from bean leaves and for the
production of cell type-specific MAbs. Our research has focused on (a) the extracellular
matrices (ECMs) surrounding conidia, germ-tubes and appressoria, (b) the plasma
membrane of appressoria and (c) the biotrophic interface between intracellular hyphae
and living host cells. Potential applications of the MAbs in the diagnosis and taxonomy
of Colletotrichum are also discussed.
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Figure I. Diagram showing the infection structures produced by C. lindemuthianum during infection ofa bean
epidermal cell Conidium (C), appressorium (A), infection vesicle (IV) and primary hypha (PH). Reprinted
from Pain et al. [50] with permission of the Trustees of The New Phytologisl.

2. Cytology of Infection Process
The cytology of infection of P. vulgaris by C. lindemuthianum is well-documented
[5,28,35,40,42,43,48,73]. The infection structures produced by this pathogen are
illustrated diagrammatically in Figure 1.
2.1. PRE-PENETRATION DEVELOPMENT
Freeze-substitution studies have shown that the conidia of Colletotrichum species are
coated with a layer of short, densely-packed fibres, which are arranged perpendicular to
the cell wall (Figure 2) [37,7]], In the case of C. lindemuthianum, this 'spore coat'
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contains irregularly-shaped pores, and is rich in glycoproteins contammg vicinal
hydroxyl groups and N-acetylgalactosamine residues [41,47]. The spore coat may
function in the initial rapid attachment of conidia to substrata, which appears to involve
hydrophobic proteins on the spore surface [36,61,77].
The conidia of C. lindemuthianum germinate in free water to form narrow germ
tubes, which are enveloped by a fibrillar sheath containing basic proteins and a-linked
galactose residues [51]. Germ-tubes of several other Colletotrichum species are also
surrounded by a fibrillar sheath [1,18,26,71]. The germ-tube sheath could perform
several important functions, including adhesion to host surfaces, protection from
dessication, maintenance of extracellular ion balances and deployment of fungal enzymes
[38,39,59]. Negative-staining showed that the germ-tube sheath of C. Iindemuthianum
contains long, loosely-arranged, hair-like structures or 'fimbriae', which protrude from
the cell surface (Figure 3) [51]. Fimbriae have been detected in a wide range of other
fungi, including C. graminicola [12,57,75], and may be involved in adhesion or contact
sensing [12,58].

Figure 2. Transverse section through an un germinated conidium of C lindemuthianum prepared by propane
jet-freezing and freeze-substitution and stained for carbohydrates using periodic acid-thiocarbohydrazide-silver
proteinate.. The spore coat (arrow heads), cell wall (asterisks) and glycogen granules (G) are stained. Bar =
1 Ilm. Figure 3. Conidial germ-tube (CG) of C lindemuthianum growing on a Forrnvar-coated EM grid,
stained with sodium phosphotungstate. Long fimbriae (arrowheads) protruding from the cell surface are
negatively-stained. Bar = I Ilm.
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Following contact with the plant cuticle, conidial genn-tubes cease apical growth and
their tips swell and differentiate to fonn appressoria. Maturation of the appressorium
involves the deposition of new wall layers containing melanin and the secretion of an
ECM. The latter coats the domed region of the cell, fonning a thickened ring around
its base and extending outwards over the substratum as a thin film [5,51,70]. The ECM
around C. lindemuthianum appressoria contains fimbriae, basic proteins, and residues of
mannose, galactose and N-acetylglucosamine [41,51]. This material is likely to be
involved in the finn adhesion of appressoria to the plant surface.
A pore develops in the ventral cell wall and becomes encircled by a funnel-shaped
elaboration of the inner appressorial wall, called the appressorial cone [28]. A narrow
infection peg or penetration hypha develops as an extension from the cone and penetrates
host epidennal cells directly, through the cuticle and cell wall. Penetration of these
barriers probably involves fungal enzymes, although appressoria can exert considerable
mechanical pressure [5,32,34].
2.2.
INTRACELLULAR BIOTROPHIC PHASE AND THE PLANT-FUNGAL
INTERFACE
. Following initial penetration, a large globular infection vesicle expands within the
epidennal cell. Large-diameter primary hyphae later develop from the infection vesicle,
fonning an entirely intracellular mycelium, without true detenninate haustoria. In a
susceptible bean cultivar, host cells initially survive penetration; they plasmolyse
nonnally, exclude penneability tracers and retain nonnal ultrastructure [44]. The host
plasma membrane expands and invaginates around the developing infection vesicles and
primary hyphae through the synthesis and inco!1'oration of a large amount of new
membrane material. However, in contrast to the extrahaustorial membranes around
haustoria of obligate biotrophs, there is no evidence that the host plasma membrane
invaginated around intracellular hyphae of C. lindemuthianum becomes structurally or
physiologically specialised [40]. Moreover, there is no structure equivalent to a
haustorial neckband binding the host plasma membrane to the cell wall of
Colletotrichum.
In common with most intracellular biotrophs, the infection vesicles and primary
hyphae of C. lindemuthianum are surrounded by an interfacial matrix layer, which
separates the fungal wall from the host plasma membrane [40,44]. The liquid or gel-like
matrix is rich in carbohydrates and appears to be a product of both plant and fungal
activity. Immunogold cytochemistry has indicated the presence of fungal glycoproteins
in the matrix [45], while the observation of numerous host Golgi and secretory vesicles
around intracellular hyphae suggests that host products are also released into the matrix
by exocytosis [32,40]. Exocytosis appears to be coupled to membrane re-cycling and
possible endocytosis of material from the matrix into the host cell, since clathrin-coated
pits are abundant in the invaginated region of the host plasma membrane [32,40].
Intracellular hyphae become enmeshed by large numbers of host microtubules that are
closely appressed to the invaginated plasma membrane [32]. The interface between
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intracellular hyphae and living host cells is likely to have a key role in recognition
phenomena and nutrient transfer [66].

2.3. NECROTROPHIC PHASE
About 24 hours after penetration, the host plasma membrane loses functional integrity
and infected cells gradually senesce and die [44]. However, biotrophy is re-established
in each newly-colonised cell, so that infected cells at the advancing margin of the
primary mycelium are alive, while previously infected cells are dead. Approximately
4 days after initial penetration, narrow, thin-walled secondary hyphae develop as
branches from the larger primary hyphae. This change in hyphal morphology is
associated with an abrupt switch to a destructive, necrotrophic mode of nutrition.
Secondary hyphae develop intramurally, as well as intracelluarly, rapidly dissolving host
cell walls and killing host protoplasts ahead of infection [43,44]. The appearance of
secondary hyphae coincides with an increase in the activity of endo-pectin lyase, an
enzyme capable of killing and macerating bean tissues [72]. C. lindemuthianum is thus
a facultative biotroph or hemibiotroph, initially feeding on living host cells before
switching to necrotrophy [43]. C. truncatum and the cowpea anthracnose fungus also
have an initial intracellular biotropl ic phase and dimorphic primary and secondary
mycelia [4,49]. However, in these fur.gi biotrophy is confined to a single host epidermal
cell.

3. Production of MAbs
MAbs were prepared using mice inoculated with two types of immunogen; homogenates
of conidia with short germ-tubes grown in liquid culture [52], or homogenates of
infection structures isolated from bean leaves [SO]. The latter were obtained by
homogenizing infected bean leaves, removing plant debris by filtration through a 45 /lm
nylon mesh and collecting the fungal structures by isopycnic centrifugation (IPC) on
Percoll, an inert suspension of colloidal silica [62]. The resulting preparation typically
contained 2.5-4% intracellular hyphae (i.e. infection vesicles and primary hyphae), 3%
conidia, 50% appressoria and 40% chloroplasts, together with some plant cell wall
fragments and starch grains [SO]. Approximately 2 x 10 5 intracellular hyphae can be
obtained per gram of leaf tissue, of which over 70% are alive, as shown by their staining
with fluoresce in diacetate, normal ultrastructure and ability to grow in nutrient media

[SO] ..
. A serious problem associated with immunization with complex mixtures of antigens
is that the immune response can be dominated by highly antigenic determinants, such
as the oligosaccharide side-chains of glycoproteins, which may be common to many
molecules [10]. Various techniques have been developed to obtain antibodies to less
abundant or less antigenic molecules, including chemical immunosuppression [74],
cascade selection [10], neonatal tolerization [20] and co-immunization [6]. In the hltter
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technique, polyclonal antisera generated against a mixture of antigens lacking the
antigens of interest block the production of unwanted antibodies, possibly through the
production of anti-idiotypic antibodies.
We used a co-immunization procedure in an attempt to generate MAbs specific for
the intracellular hyphae of C. lindemuthianum [53]. First, a polyclonal antiserum was
raised against an IPe preparation taken from bean leaves 40 hours after inoculation,
which contained conidia, appressoria and plant contaminants but no intracellular hyphae.
This antiserum was then incubated with an IPe preparation taken four days after
inoculation, when intracellular hyphae were present. The mixture was used to immunise
further mice, from which MAbs were prepared by conventional methods. The resulting
hybridomas were screened for cell type-specific binding by indirect immunofluoresence
(see below), using infection structures isolated from leaves.
From one such' experiment we obtained MAbs specific for intracellular hyphae
(three), conidia (one), appressoria (one), germ-tubes and appressoria (one) and
chloroplasts (ten). Although intracellular hyphae comprised less than 4% of the
immunogen, three out of the 16 MAbs obtained were specific for this cell type,
suggesting that co-immunization was effective in increasing the immune response to such
hyphae. The relatively small number of hybridomas produced appears to be a feClture
of the co-immunization procedure [6].
.

4. Characterisation of Antigens
Information on the molecular nature of the antigens recognised by the MAbs can be
obtained using Western blotting and antigen modification techniques. The apparent
molecular weight of the antigens is determined by separating proteins solubilised from
cells or membranes using SDS-polyacrylamide gel electrophoresis, transfer of the
proteins to nitrocellulose and Western blotting. However, some proteins are only
labelled when separated under non-reducing conditions. This may indicate that the
antibody recognises a conformational epitope.
The antigenic determinant or epitope recognised by an antibody is in the order of
four to eight amino acids or sugar residues. Digestion of blotted proteins with a
proteolytic enzyme, e.g. pronase or trypsin, will prevent binding of the MAb if a protein
epitope is recognised. Similarly, if a MAb no longer binds after treatment of the blotted
samples with sodium periodate, which oxidises vicinal hydroxyl groups, the antibody
probably recognises a carbohydrate epitope in a glycoprotein antigen. However,
carbohydrate epitopes lacking vicinal hydroxyl groups are not sensitive to periodate.
Antigens can be treated in a variety of ways before separation by SDS-PAGE and
Western blotting. For example, digestion with peptide-N-glycosidase will remove N
linked carbohydrate side-chains from glycoproteins [31]. If the MAb recognises a
protein epitope, the resulting bands in the Western blot will have a lower molecular
weight when compared with untreated samples. Pre-treatment with trifluoromethane
sulphonic acid removes both N- and O-linked side-chains, decreasing the apparent
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molecular weight of glycoprotein antigens [14]. Phase-partitioning in the detergent
Triton X-114 allows the separation of hydrophobic proteins, which partition into the
detergent phase, from hydrophilic proteins, which partition into the aqueous phase [56].
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Figure 4. Western blots of proteins extracted from infection structures of C. lindemuthianum isolated form
bean leaves. Proteins were separated by SDS-PAGE on 7.5 % acrylamide gels under non-reducing conditions,
transferred to nitrocellulose and probed with (a) UB20, (b) UBn, (c) UB25, (d) UB26, (e) UB27 and (t)
UBIM22 (a control antibody raised to rat bone cells). M, (x 10')) are given to the left of the blots.

5. Localisation of Antigens
For indirect immunofluoresence labelling, infection structures were obtained in vitro by
allowing conidia to genninate on multiwell slides or Fonnvar-coated EM grids, while
infection structures isolated from leaves were air-dried onto gelatin-coated microscope
slides. The cells were then labelled using conventional procedures, with or without pre
fixation with 4% fonnaldehyde [53].
For EM-immunogold labelling, a post-embedding method was used.
The
carbohydrate epitopes recognised by MAbs UB20 and UB22 (see below) were well
preserved by aldehyde fixation, dehydration by the Progressive Lowering of Temperature
method [11] and low temperature embedding in LR White resin [52]. However, the
protein epitopes recognised by MAbs UB25, UB26 and UB27 (see below) were poorly
preserved by this method. Localisation of these antigens was achieved using cryo
fixation and freeze-substitution [51,53,54]. Cells on polycarbonate or cellophane
membranes were cryo-fixed by plunging into liquid propane [21] or by propane jet
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freezing [17]. For infected tissues, it was necessary to use high-pressure freezing, since
this is the only method currently available for cryo-fixation of thick specimens (up to
0.5 mm) without the fonnation of damaging ice crystals [33]. After freeze-substitution
in osmium-acetone, samples were embedded at -20°C in LR White resin [53]. Although
osmium tetroxide is generally not recommended for immunocytochemistry of protein
antigens, its inclusion in the freeze-substitution fluid did not prevent MAb binding.
To allow labelling of both sides of the section, grids were immersed in the immune
reagents, while the use of small (5 nm) l;olloidal gold particles further increased labelling
efficiency [64]. Silver-enhancement was necessary to visualise the gold probe at low
magnifications [53].

Figures 5-9. Immunofluorescence labelling of germlings of C. lindemulhianum grown on glass slides. Bars
Figure 5. UB20 labels conidia strongly but appressoria (asterisks) are weakly labelled. Figure 6.
UB22 labels the conidium (asterisk) and a fibrillar sheath (arrowheads) around the germ-tube. Figure 7.
UB26 labels a fibrillar sheath (arrowheads) around the germ-tube, but not the conidium (asterisk). Figures
8 and 9. Fragments of appressorial cell walls, containing penetration pores (arrows), remaining attached to
a glass slide after ultrasonic disruption, viewed with differential interference contrast (8) or epi-fluorescence
(9). UB26 labels haloes (arrowheads) around the disrupted appressoria and a track marking the previous
position of a germ-tube (asterisk).
= 10 I-lm.

6. MAbs UB20, UB22 and UB26 Recognise Extracellular Glycoproteins on Conidia,
Germ-tubes and Appressoria
MAbs U820 and U822, which had been raised to gennlings grown in liquid culture,
bound to different carbohydrate epitopes carried on two distinct sets of glycoproteins
with a wide range of molecular weights (Figure 4) [52]. Immunofluorescence of
gennlings grown on glass slides showed that U820 strongly labelled the spore coat, with
only weak labeJling of genn-tubes and appressoria (Figure 5). In contrast, UB22
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labeJled the fibrillar sheath around germ-tubes strongly, while appressoria and the apices
of conidia were labelled less strongly (Figure 6). Fimbriae were not labeJled by this
antibody [O'Connell, unpublished data]. EM-immunogold labelling of infected bean
tissue showed that both MAbs labelled the cell walls of biotrophic intracellular hyphae
and the interfacial matrix that surrounds them, supporting earlier conclusions that the
interfacial matrix contains fungal glycoproteins [45].
MAb UB26, which had been produced by co-immunization with fungal structures
isolated from leaves, recognised a protein epitope on two high molecular weight
glycoproteins (133 and 146 kDa) which contain both 0- and N-linked carbohydrate side
chains (Figure 4) [51]. Immunofluorescence of fungal structures isolated from bean
leaves and immunogold labelling of infected tissues showed that UB26 bound to germ
tubes and appressoria but, unlike UB22, did not bind to conidia or intracellular hyphae
[51]. Labelling of germlings grown in vitro showed that UB26 bound to the germ-tube
sheath (Figure 7), but the antibody did not label fimbriae in negatively-stained
preparations [51).
UB26 also labelled a halo of material surrounding appressoria [51). When
appressoria which had formed on glass were disrupted by sonication, the upper portion
of the cell was removed, leaving a small fragment of appressorial wall aroJnd the
penetration pore attached to the glass (Figure 8) [70). The halo surrounding ·these
appressorial fragments was still labelled by UB26 (Figure 9), suggesting that the
glycoproteins recognised by this antibody adhered firmly to the glass substratum. The
glycoproteins also appear to be physically attached to the fungal cell wall, since they
were not released into liquid culture media and were not removed by repeated washing
during the isolation of germ-tubes and appressoria from infected leaves [51). These
results suggest that the glycoproteins recognised by UB26 are involved in the adhesion
of germ-tubes and appressoria to substrata.

7.
UB27 Recognises a Glycoprotein Unique to the Plasma Membrane of
Appressoria
MAb UB27 was obtained by co-immunization with fungal structures isolated from bean
leaves [54). Immunofluorescence of such isolated cells showed that the antibody bound
only to appressoria and not to any other fungal cell type. This specificity for appressoria
was confirmed by immunogold labelling of freeze-substituted fungal germlings, grown
either on plastic membranes or on plant surfaces (Figures 10 and 11). Within
appressoria, the antigen was concentrated along the plasma membrane-wall interface,
although the cell wall and ECM were also weakly labelled. Labelling was absent from
the basal penetration pore and a region surrounding the pore, including the appressorial
cone (Figure 10). An identical labelling pattern was observed with immunofluorescence,
using appressoria mechanically removed from leaves or disrupted by ultrasonic vibration
or freeze-fracture. In such appressoria, the internal surface of the cell wall was intensely
labelled, except for a circular region around the penetration
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Figure 10. Section through the base of an appressorium of C. lindemuthianum formed on a polycarbonate
membrane, cryo-fixed by plunge-freezing in liquid propane and immunogold labelled with UB27 (5 nm
colloidal gold with silver enhancement). The plasma membrane is labelled, except in the region of the
penetration pore (arrow) and appressorial cone (arrowheads). Bar = 1 flm. Figure 11. Section through the
base of an appressorium formed on a bean hypocotyl, cryo-fixed by high-pressure freezing and immunogold
labelled with UB27. Labelling of the plasma membrane and appressorial wall (AW) stops at the point
indicated by the arrow. A flattened cisterna of smooth membrane (arrowheads) is associated with the
unlabelled region of the plasma membrane. Bar = 0.5 flm. Figure 12. Section through the base of an
appressorium formed on a bean hypocotyl (chemical fixation and dehydration), stained with PACP. The
plasma membrane lining the appressorial wall (AW), appressorial cone (AC) and penetration pore (arrow) is
uniformly stained. A cisterna of smooth membrane (arrowheads) encircling the pore is not stained. Bar = 0.5
flm. Figures 13 and 14. Fragments of appressorial cell walls, containing penetration pores, remaining
attached to a glass slide after freeze-fracture (crushing under liquid nitrogen), labelled with UB27 and viewed
with differential interference contrast (13) or epi-fluorescence (14). The internal surface of the wall is labelled,
except for a circular region around the pore. Bar = 10 flm. Figures 10 and 11 reprinted from Pain et al. [54]
with the permission of Springer-Verlag.

pore (Figures 13 and 14). Intact appressoria, on the other hand, were poorly labelled by
UB27 in immunofluorescence experiments, presumably because the antibodies could not
penetrate the melanised cell wall.

89
In Western blots of appressorial proteins (Figure 4), UB27 recognised a protein
epitope in a single glycoprotein (Mr 48-50 kDa) with large, O-linked carbohydrate side
chains. In phase-separation experiments, the glycoprotein partitioned into the detergent
phase, indicating that it is a hydrophobic protein and possibly an integral membrane
component [54].
The region of appressorial plasma membrane not labelled by UB27 was sometimes
closely associated with a flattened cisterna of smooth membrane, which appeared to form
a ring around the penetration pore (Figure 11). This membrane ring, which was also
visible in chemically-fixed appressoria, was not stained by periodic acid-chromic acid
phosphotungstic acid (PACP, Figure 12), suggesting that it is not derived from the
plasma membrane. We therefore speculate that this structure is a component of the
fungal endomembrane system.
Our data provide the first evidence that the plasma membrane of Colletotrichum
appressoria is differentiated into two distinct domains; one containing the glycoprotein
recognised by UB27 and another, around the penetration pore, from which it is absent.
Physical links between this glycoprotein and components of the cell wall and/or
cytoskeleton may be involved in maintaining separation between the two mrmbrane
domains [54]. Using PACP staining, Smereka et al. [65] found that the plasma
membrane of Venturia inaequalis appressoria is also specialised around the penetration
pore. However, the plasma membrane of C. lindemuthianum appressoria was uniformly
stained by PACP (Figure 12). Since the appressorial plasma membrane is continuous
with that of the infection peg and infection vesicle, specialization of the plasma
membrane in the pore region might be a necessary preparation for subsequent penetration
and intracellular biotrophic development within host cells.
The distribution of the glycoprotein recognised by UB27 within appressoria suggests
that it may play a role in establishing cell polarity, perhaps by determining the position
of the penetration pore. Alternatively, it could be involved in the synthesis is or
assembly of wall polymers specific to the appressorium.

8. UB25 Recognises Glycoproteins Restricted to the Surface of Biotrophic
Intracellular Hyphae
MAb UB25, which had been obtained by co-immunization with infection structures
isolated from bean leaves [53], bound specifically to infection vesicles and primary
hyphae in immunofluorescence experiments (Figures 15 and 16). In Western blots, this
antibody recognised a protein epitope carried on a set ofN-linked glycoproteins (Figure
4).
Immunogold labelling of bean tissues prepared by high-pressure freezing and freeze
substitution showed that these glycoproteins were present in the cell walls of intracellular
infection vesicles and primary hyphae and in the interfacial matrix layer that surrounds
them (Figure 17). In contrast, the glycoproteins were not detected around primary
hyphae growing in intercellular spaces. They were also absent from hyphae
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Figures 15 and 16. Immunofluorescence labelling with UB25 of infection structures of C Iindemuthianum
isolated from bean leaves, viewed with differential interference contrast (15) or epi-f1uorescence (16).
1nfection vesicle (arrow) is labelled but appressoria (asterisk), conidium (C) and chloropJasts (arrowhead) are
not. Bar = 10 flm. Figure 17. Part of a primary hypha in a bean epidermal cell, cryo-fixed by high-pressure
freezing and immunogold labelled with UB25 (5 nm colloidal gold with silver enhancement). The fungal wall
(asterisks) and interfacial matrix (Mx) are labelled, but the host cytoplasm (HC) and fungal cytoplasm (FC)
are not. Bar = 0.5 flm Figures 18 and 19. Immunofluorescence labelling with UB25 of germling penetrating
a Forrnvar plastic membrane (100 nm thick), viewed with bright field (l8) or epi-fluoresence (19). The
conidium (C), conidial germ-tube (arrow) and appressorium (A) above the membrane and the appressorial
germ-tube (asterisk) below the membrane are not labelled. Bar = 10 flm Figures 17-19 are reprinted from
Pain et al. [53] with permission of the Trustees of The New Phytologist.

growing on the plant surface and from appressorial genn tubes (Figures 18 and 19),
which are fonned in vitro after penetration of plastic membranes and are
developmentally equivalent to infection vesicles. The glycoproteins recognised by UB25
are thus entirely confined to the biotrophic interface between intracellular hyphae and
living host protoplasts.
While the glycoproteins identified by UB25 are only expressed on the surface of
intracellular hyphae, the expression of other glycoproteins, e.g. those recognised by MAb
UB26 and the lectin GSI-B4, appears to be suppressed (see above) [51]. Thus, the
fungal cell wall becomes specialised during growth within living host cells, in contrast
to the host plasma membrane, which appears to remain largely unmodified [40]. Such
changes in the composition of the fungal cell surface presented to the host plasma
membrane may be important in the establishment of a compatible interaction and
maintenance of host cell viability. This view is supported by the finding that
glycoproteins recognised by UB25 are present very soon after initial penetration of
epidennal cells, when the fungus first contacts the host plasma membrane.
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9. Use of MAbs for Selective Cell Enrichment
Although intracellular hyphae were purified 3000-fold from leaf homogenates after IPC
on Percoll, such preparations still contained only 2.5-4% hyphae, due to major
contamination with other fungal cell types and plant components (see above). The
specificity of MAb UB25 for these hyphae was exploited to purify them further using
immunomagnetic separation. IPC preparations were first incubated with UB25, washed
by centrifugation and then incubated with magnetic beads coated with goat anti-mouse
IgG antibodies. Magnetic separation enriched the intracellular hyphae lO-fold, yielding
a sample which contained 30-40% hyphae, of which 60% were viable [50]. More
recently, it has been possible to obtain preparations containing up to 95% intracellular
. hyphae with yields of 1-3 x 10 5 per gram of leaftissue. This was achieved by washing
hyphae attached to the magnetic beads with buffer and repeating the magnetic separation
step (N.A. Pain, unpublished results). Immunomagnetic separation has been widely used
in animal cell biology and microbiology for the purification of cells, bacteria and viruses
from mixed populations [62], but this is the first report of its use for the purification of
fungal cells. The purified intracellular hyphae are now being used for further
immunizations to generate specific antibodies.

10. Interspecific Cross-reactions of MAbs and their Relevance to the Taxonomy
and Diagnosis of ColIetotrichum
Until recently, the taxonomy of the genus Colletotrichum was very confused and in some
cases inaccurate, being based largely upon host origin and descriptive criteria such as
conidial size and morphology. Many isolates with indistinguishable morphologies were
given different names simply because they were obtained from different host plants. As
a result, more than 1000 different species were recognised by von Arx in 1957 [3].
When host origin was given less emphasis, the number of species was reduced to less
than 40 [68].
C. lindemuthianum was initially viewed as a host-specific form ofC. gloeosporioides
[3] but was later regarded as a distinct species [67,68]. In a recent molecular analysis,
based on sequences of rDNA, Sherriff et al. [63] compared isolates of C.
lindemuthianum from bean (P. vulgaris) and cowpea (Vigna unguiculata) with other
species of Colletotrichum. The results revealed several important findings (Figure 20).
First, C. lindemuthianum from bean is clearly not a form of C. gloeosporioides. Second,
the cowpea anthracnose fungus is neither a form of C. lindemuthianum nor of C.
gloeosporioides; its present taxonomic status remains unclear [4]. Finally, these data
clearly show that C. lindemuthianum is closely related to three other species, namely C.
orbiculare (= C. lagenarium), C. malvarum and C. tri/olii, which are distinct from all
other members of the genus. It was thus proposed that C. lindemuthianum is a
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Phaseolus-specific fonn of a species complex which should be correctly regarded as C.
orbiculare (Berk. et Mont) [63].
Associated morphological and cytochemical studies on conidia revealed new criteria
that were valuable in identifying C. lindemuthianum and other fonns of C. orbiculare
[46]. When produced, the conidia of all Colletotrichum species are aseptate, and in
species of the C. orbiculare complex they remain aseptate after gennination. However,
in all other species a septum is produced in conidia during gennination. Conidia of the
C. orbiculare complex also differ from those of all other species in being coated with
glycoproteins that are recognised by the lectin BPA [41,46].
c. orbiculare
C.

trifolii

c. malvarum
C.

lindemutbianum

graminicola
, . - - - - - - - - - - C. acu ta tum
, . - - - - - - - - cowpea anthracnose fungus
' - - - - - C.

capsici

' - - - - - - - - - - - C. gloeosporioides

Figure 20. Dendrogram, based on analysis of ITS2 and 02 rDNA sequences, illustrating the relatedness of
the C orbiculare complex (C orbiculare, C trifolii, C malvarum and C lindemuthianum) and their
distinction from other members of the genus. Scale: 2 mm horizontal distance is equivalent to 0.1 %
difference in nucleotides. Data taken from Sherriff et al. [63].

The patterns of cross-reaction shown by MAbs raised to cells of C. lindemuthianum
correlate well with these molecular and morphological data and fully support the
distinction made between the C. orbiculare complex and other species. For example,
when the MAbs UB20 and UB22 were screened by ELISA for cross-reaction with 12
Colletotrichum species, UB20 bound only to members of the C. orbiculare complex,
while UB22 also cross-reacted weakly with C. acutatum, C. graminicola and C.
gloeosporioides. Neither MAb cross-reacted with the cowpea anthracnose fungus [52].
Similarly, MAb UB26 cross-reacted with the genn-tubes and appressoria of all members
of the C. orbiculare complex in immunofluorescence experiments but did not bind to
those of six other species, which included the cowpea anthracnose fungus [51].
Some of the MAbs may be valuable for disease diagnosis and epidemiological
studies. For example, UB20 and UB26 could be used to distinguish between the C.
orbiculare complex and morphologically similar species, such as C. gloeosporioides,
that affect the same crop [52). Preliminary results indicate that UB20 can be used in
rapid spore agglutination and dot-blot tests [O'Connell, unpublished data]. These and
other applications of MAbs in the diagnosis of fungal diseases have been reviewed
recently by Dewey and Oliver [13].
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TABLE 1. Binding characteristics of MAbs for cell surfaces of C. Iindemuthianum conidia and infection
structures, and nature of the antigens recognised

MAb

Molecular nature of
glycoproteins
recognised (kDa)

Epitope
recognised

Conidia

Germ-tubes

Appressoria Intracellular
Hyphae

UB20

(29-205)

CHO

++

+

+

+

UB22

(50-205)

CHO

+

++

+

+

UB26

(133, 146)
N- and O-linked
(48)

Protein

++

++

UB27
UB25

(multimers of 44)
N-Iinked

CHO

++

Protein

++

CHO carbohydrate, ++ strong, + weak, - unlabelled. Data from Pain et al. [51-54).

11. Conclusions and Future Prospects
We have used MAbs to identify and partially characterise a number of developmentally
regulated glycoproteins present in C. lindemuthianum infection structures, which may
be relevant to adhesion, morphogenesis, recognition and biotrophy. The properties of
the MAbs and the glycoproteins that they bind to are sununarised in Table 1.
The antibodies could be used in several ways to provide further information on
the nature of these glycoproteins and their role in the infection process. For example,
MAbs could be included in functional assays to study their possible inhibitory effect on
adhesion, penetration or intracellular development. They could also be used for
immunoaffinity chromatography to purify the glycoproteins for carbohydrate analysis
and amino acid sequencing [2]. Sequence information could be used to generate
oligonucleotide probes for screening a genomic or cDNA library [60]. Alternatively,
polyclonal antibodies raised to the purified proteins could be used to immunoscreen
cDNA expression libraries [60]. MAbs which recognise protein epitopes, such as UB25,
UB26 and UB27, could be used to screen expression libraries directly. Gene disruption
or replacement [9] or antisense techniques [25] would provide proof of the function of
genes cloned in these ways. Compared to differential or subtractive hybridization,
MAbs offer a more targeted, albeit slower, approach to the identification of genes
involved in the development and function of fungal infection structures and biotrophic
interfaces.
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