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Abstract
The spores (conidia) of the bean anthracnose fungal pathogen, Colletotrichum lindemuthianum, adhere to the aerial parts of plants to
initiate the infection process. In previous studies we have shown that the Colletotrichum spores are surrounded by a ﬁbrillar spore coat,
comprising several major glycoproteins. Previous evidence showed that a monoclonal antibody (UB20) that recognised these
glycoproteins was able to inhibit adhesion of spores to a hydrophobic surface. In this paper we have further studied the role of the spore
coat in adhesion, germination and fungal development by studying the effects of UB20 and protease treatment of spores. The latter
treatment has previously been shown to remove the spore coat. Spores germinate on glass, polystyrene and water agar, however,
appressoria only develop on glass or polystyrene, showing a requirement for a hard surface. Removal of the spore coat with protease
inhibits adhesion at 30 min, before the secretion of ECM glycoproteins. Protease treatment also inhibits the development of appressoria
and reduces pathogenicity on leaves. Incubation of spores with the MAb UB20 inhibits adhesion at 30 min, but does not affect
appressorium formation or pathogenicity. The results suggest that an intact spore coat has two functions; it is required for adhesion to a
hydrophobic surface and for the detection of a hard surface necessary for appressorium formation. We suggest that contact with a hard
surface, rather than adhesion, is the key event leading to appressorium formation.
r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Interactions of spores of fungal plant pathogens with a
substratum can be important for germination, appressorium formation and efﬁcient infection of susceptible hosts.
Spore contact with a hard surface has been shown to be
important for germination and/or appressorium formation
for many fungal pathogens that infect the aerial parts
of susceptible plants, e.g. the rice blast fungus Magnaporthe
grisea [1], Botrytis cinerea [2] and the anthracnose
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fungi Colletotrichum gloeosporioides [3,4], C. trifolii [5],
C. coccodes and C. dermatium [3]. Whether the surface is
hydrophilic or hydrophobic can also affect germination
and/or appressorium formation, e.g. C. lagenarium germinates more effectively on hydrophilic surfaces [6], whereas
C. graminicola and Phyllosticta amelicida germinate and
produces appressoria preferentially on hydrophobic surfaces [7–9]. In some cases, chemical cues are also required
for appressorium formation e.g. the avocado pathogen,
C. gloeosporioides requires ethylene and avocado wax to
trigger appressorium formation, but these are only effective
after the spores have been in contact with a hard surface
for 2 h [4,10]. Studies on Colletotrichum species and
M. grisea have shown that genes encoding proteins
involved in cell signalling, e.g. calmodulin, protein kinase,
CAMKinase, MAP kinases as well as other functions,
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including ubiquitination, are switched on shortly after
spore contact with a hard surface [5,11–15]. Other studies
have shown that speciﬁc signalling pathways are involved
in germination and appressorium formation after contact
of spores with a hard surface [2,3].
Spore adhesion to the substratum can provide the spore
with stability and time to receive stimuli required to initiate
the signal transduction pathways essential for germination
and appressorium formation. Adhesion has been implicated as being required for spore germination (e.g. Phyllosticta ampelicida and other Phyllosticta species [16,17],
C. graminicola [7,8] and C. trifolii [18]) and appressorium
development (e.g. M. grisea [19]; C. graminicola [7,8]). It
has also been shown that adhesion of C. graminicola spores
is required for efﬁcient infection of corn leaves [20].
Disruption of the adhesion of fungal spores to leaves can
lead to them becoming dislodged by environmental factors
such as wind and rain.
The surface features of fungal spores and germ-tubes
that mediate the detection of a hard surface and adhesion
have not been fully characterised in any system. Studies on
spore adhesion in several Colletotrichum species suggest
that both passive and active processes are involved. In
C. graminicola and C. musae, initial adhesion involves preformed proteins at the spore surface followed by synthesis
and secretion of adhesive proteins at the tip of the
conidium, which are released before germination [21–23].
For Blumeria graminis, a conidial ECM is rapidly released
after spore contact with the substratum and this is an active
process [24,25]. For M. grisea, a pre-formed adhesive is
released upon spore contact with a surface, then ECM
glycoproteins are secreted which consolidate adhesion of
germ-tubes and appressoria [26]. A gene encoding a
putative ECM protein, EMP1, has been identiﬁed in
M. grisea [27]. Zoospores of the Oomycete pathogen,
Phytophthora cinnamomi, release an adhesive with many
copies of a motif found in adhesins of animals and malarial
parasites [28]. Some fungal spores have a spore coat or
distinct layer of material outside of the spore wall. In
Phyllosticta ampelicida this has been implicated as having
a role in adhesion and spore germination [16] and in
Discula umbrinella the spore coat has been implicated in
adhesion [29].
Many studies on the adhesion and signalling processes
outlined above have utilised fungi of the genus Colletotrichum, which are important and successful plant pathogens causing both pre- and post-harvest infections in
temperate and tropical environments [30,31]. We have used
C. lindemuthianum, the hemibiotrophic bean anthracnose
fungus, for our studies. Using transmission electron
microscopy (TEM), spores of C. lindemuthianum have
been shown to possess a carbohydrate-rich, ﬁbrillar spore
coat which is not found on either germ-tubes or
appressoria. The spore coat is composed of densely packed
ﬁbres arranged perpendicularly to the cell wall, and
possesses a number of irregularly shaped pores giving it a
honey-comb like appearance [31,32]. Similar structures
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have also been observed in P. ampellicida [9], C. truncatum
[33] and D. umbrinella [29]. In previous studies, we found
evidence showing that the adhesion of C. lindemuthianum
spores involves pre-formed glycoproteins that are present
in the specialised spore coat. The spore coat was removed
from spores using hot water and SDS treatments, and
analysis by SDS-PAGE showed that the spore coat was
composed of relatively few glycoproteins, with a major
component at 110 kDa. A monoclonal antibody (MAb),
UB20, that binds primarily to spores [34] and to this major
glycoprotein, was able to inhibit the adhesion of spores to
polystyrene dishes [35] in an adhesion assay that was
adapted from that used by Mercure et al. [22]. In addition,
polystyrene beads were shown to bind to the 110 kDa
glycoprotein on Western blots [35]. Overall, the evidence
suggested a role for the spore coat in the initial stages of
C. lindemuthianum spore adhesion to hydrophobic surfaces.
After spore germination, the germ-tubes and appressoria
of C. lindemuthianum are surrounded by an extracellular
matrix (ECM) of secreted glycoproteins, some of which
have been identiﬁed with MAbs UB26 and UB31
[32,36,37]. These antibodies label footprints of ECM
material remaining on glass slides after removal of adherent cells by sonication, suggesting that they recognise
adhesive components.
As described above, in previous studies we established
that incubation of C. lindemuthianum spores with the MAb
UB20 inhibited adhesion to a hydrophobic surface [35].
The aims of the studies reported in this paper were to
determine the role of the spore coat in germination,
appressorium formation and pathogenicity of this fungus
and to determine the relationship between spore adhesion
and these processes. This was achieved by examining the
effects of UB20 or protease treatment of spores in a variety
of assays. In addition, we have explored the importance of
spore interactions with a hard surface leading to appressorium formation, and the role of the spore coat. The
results suggest that the spore coat of C. lindemuthianum has
at least two functions; it is necessary for adhesion of spores
to a hydrophobic surface and it is required for interactions
with a hard surface to initiate the differentiation of
appressoria. However, the spore coat is not required for
spore germination to occur, and the adhesion of spores is
not required for subsequent appressorium formation;
contact with a hard surface is the key event required for
the latter to occur.
2. Materials and methods
2.1. Fungal culture and preparation of washed spores
Race k (Long Ashton Research Station (LARS) culture
no. 137) and race g (ATCC 56987; LARS 129) cultures of
C. lindemuthianum (Sacc. and Magn.) Briosi & Cav. were
grown on a medium described by Mathur et al. [38] and
maintained as described previously [34]. Spores were
obtained from 7 day-old cultures by washing with 50 ml
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of distilled water (dH2O). The removal of the water-soluble
acervular mucilage from spores [39] was achieved by
centrifuging twice at 1200 g, for 10 min at room temperature (18 1C). Spore surface extracts were prepared by
resuspending washed spores (approx. 1  108) in 250 ml
deionised water and heating to 90 1C for 10 min [35].
2.2. Monoclonal antibodies
MAbs used in indirect immunoﬂuorescence (IIF) experiments (see below) were in the form of tissue culture
supernatants (TCS) produced by growing mouse hybridoma cell lines. MAbs UB20 [34], UB26 and UB31 [32,37]
were raised against different fungal infection structures.
MAb UB20 binds to the spore coat of C. lindemuthianum
[34,35], whereas UB26 and UB31 bind to glycoproteins
present in the ECMs surrounding germ-tubes and appressoria [32,34,36]. MAb UBIM22, raised against rat bone
cells [40], does not cross-react with fungal infection
structures and was used as a negative control. The MAbs
UB20 and UBIM22 are both IgG1 and were puriﬁed from
TCS by precipitation with saturated ammonium sulphate,
followed by dialysis and passage through a protein G
column (Sigma, UK). The IgGs were eluted with 100 mM
glycine, pH3 [41].
2.3. Indirect immunofluorescence
Multiwell glass slides (ICN Biomedicals Ltd, High
Wycombe, Bucks, UK), were cleaned with 2% (w/v) Decon
90 detergent, 5% (v/v) acetic acid and rinsed thoroughly
with dH2O, before silanisation by immersion in dimethyldichlorosilane in 2% (v/v) 1,1,1, trichloroethane for 2 min
(BDH/Merck Ltd, Poole, Dorset, UK). Slides were then
allowed to air dry and traces of solvent were removed by
heating to 180 1C for 30 min. Spore suspension (50 ml of
5  105 spores ml1) was placed in the wells of these slides
and incubated at 23 1C in a humid box in the dark for
various times. After incubation, the slides were rinsed once
in dH2O and the spores were ﬁxed with 4% (w/v)
paraformaldehyde for 1 h. Fungal cells were immunolabelled with MAbs followed by rabbit anti-mouse IgG
antibody conjugated with ﬂuorescein isothiocyanate
(FITC-RAMIG) as described previously [34]. Slides were
observed with a Zeiss Axiophot microscope using differential interference contrast and UV-epiﬂuorescence.
2.4. Assessment of spore germination and appressorium
formation
Spores were tested for their ability to germinate and
form appressoria on different surfaces. Drops (25 ml) of
spore suspension (5  105 spores ml1) were incubated on
acid-washed multiwell glass slides, slides coated with 2%
water agar, or polystyrene Petri dishes for 24 h, in a humid
box in the dark, at 23 1C. The samples were then observed
with the  25 objective of an inverted microscope and the

percentage germination and appressorial development were
calculated from 10 random ﬁelds of view.
2.5. Adhesion assay
An adhesion assay based on a method described by
Mercure et al. [22] was adapted for use with C.
lindemuthianum spores [35]. Spores were diluted to a ﬁnal
concentration of 1  106 spores ml1 with dH2O. The spore
suspension (50 ml) was pipetted into 3  5 mm2 marked
areas on the base of polystyrene Petri dishes (5 cm
diameter, Sterilin) or multiwell glass slides (ICN). After
incubating for the appropriate time at 18 1C, 10 random
ﬁelds of view per marked area were counted using the  25
objective on an inverted microscope. After the addition of
6 ml of dH2O the Petri dish was rotated on an orbital
shaker for 10 s at 500 rpm. Random ﬁelds of view were then
recounted as before and the percentage adhesion calculated
by dividing the number of conidia/germinated conidia that
remained attached by the number that had originally
settled onto the polystyrene.
To test the effect of sodium azide or cycloheximide
treatment on the adhesion of spores, aliquots of spore
suspension (75 ml) were incubated with 75 ml of varying
concentrations of the compound being tested and incubated at 18 1C for 15 min before addition to Petri dishes as
described above.
2.6. Effects of protease treatment and MAbs on spore
adhesion, germination and appressorium formation
To test whether removal of the spore coat had any effect
on adhesion, germination or appressorium formation,
spores were treated with protease (Pronase E: Sigma,
Poole, Dorset, UK). Spores, harvested and washed as
described above, were incubated for 30 min at 30 1C in
5 mg ml1 protease dissolved in 10 mM Tris-HCl, pH 7.6.
Protease denatured by heating to 95 1C for 10 min was used
as a control. Spores were then washed three times by
centrifugation at 3000g for 10 min. The supernatant was
discarded and spores were diluted to a concentration of
5  105 spores ml1 before applying 25 ml to polystyrene
Petri dishes or glass slides. Adhesion, spore germination
and appressorium formation were then measured as above.
In preliminary experiments, spores treated with protease
were washed up to ﬁve times by centrifugation, but the
results obtained were similar to those obtained for spores
washed three times.
To test the effects of MAbs on adhesion, germination or
appressorium formation, aliquots (25 ml) of spore suspension (1  106 spores ml1) were mixed with 25 ml the
puriﬁed IgG (either UB20 or UBIM22, 50 mg protein ml1)
and were pipetted into 3  5 mm2 marked areas on
polystyrene Petri dishes. Percentage adhesion, germination
and appressorium formation were then determined as
described above.
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2.7. Pathogenicity assay

Polystyrene

Glass

100

% Adhesion

The ability of spores to infect 10 day-old detached bean
leaves was tested as follows. Spores were washed twice and
diluted to a concentration of 1  106 spores ml1. The
spore suspension (3 ml) was pipetted onto the abaxial leaf
surface, spread with a soft brush, and incubated for
approximately 4 days in a humid box at 17 1C. Epidermal peels were then taken to assess by light microscopy
whether appressoria and intracellular hyphae had formed.
To test whether MAb UB20 affected the ability of
conidia to infect bean leaves, 1.5 ml of spore suspension
(1  106 spores ml1) was incubated with 1.5 ml UB20 IgG
(50 mg protein ml1), and then spread over the leaf surface.
Spores pre-treated with protease and heat-denatured
protease, as described above, were also tested in the leaf
assay.
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Fig. 1. Time course of spore adhesion on glass and polystyrene. Spores
were incubated for various times before adhesion was determined. Error
bars indicate the standard deviation of the mean of three replicates.

3. Results
3.1. Spore germination and appressorium formation
Germination and appressorium formation were assessed
after C. lindemuthianum spores were allowed to settle onto
glass (hydrophilic, hard surface), polystyrene (hydrophobic, hard surface) or water agar (hydrophilic, soft surface).
The results showed that spores germinated on all these
surfaces but appressoria only developed on glass or
polystyrene (Table 1). Spores that germinated in liquid
culture (e.g. Czapek medium) did not differentiate appressoria in any conditions tested (results not shown). These
experiments, and those described below, were generally
repeated at least three times and representative results have
been presented.
3.2. Characteristics of spore adhesion
A time-course study of spore adhesion on polystyrene
and glass was performed. Polystyrene has a similar
hydrophobicity to bean hypocotyls [35], whereas acidwashed glass is hydrophilic. The results showed that
adhesion to polystyrene was rapid and almost 100% after
10 min, whereas on glass, adhesion after 10 min was low
(o20%) and gradually increased over a 2 h period (Fig. 1).
Although Colletotrichum spores are embedded in a

Table 1
Spore germination and appressorium formation on different substrata
Substratum

Germinationa (%)

Appressoriaa (%)

Water agar
Glass
Polystyrene

50.774.3
65.875.9
62.375.2

0
50.375.2
53.176.1

a

Germination and appressorium formation were assessed after 24 h
incubation on each substrate. Results are the means7the standard errors
from three replicates.

water-soluble mucilage which contains self-inhibitors of
germination [39], this had no role in adhesion and, in fact
inhibited adhesion slightly, when compared to washed
spores (results not shown). In all subsequent adhesion
assays the water-soluble mucilage was removed by washing
spores.
IIF was used to determine at what stage, after incubation of spores on hydrophobic silane-coated glass
slides, the adhesive glycoproteins present in the ECMs
of germ tubes and appressoria (recognised by MAbs
UB26 and UB31) were expressed. Labelling with both
UB26 and UB31 was not observed until incubation of
spores on slides for a period of 60 min, usually at one end
of the conidium (Fig. 2A–D). Labelling of developing germ
tubes by UB26 (not shown), and appressoria by UB31 (Fig.
2E and F) was much stronger after 5 h incubation on slides.
At all time points, UB20 strongly and uniformly labelled
the surface of all spores (results not shown, but similar to
labelling shown previously e.g. by Pain et al. [34]. UBIM22,
the negative control antibody, did not label any of the
samples.
On the basis of these results, we judged that adhesive
ECM glycoproteins recognised by UB26 and UB31 were
not released until 1 h after incubation of spores on slides,
so that the initial adhesion of spores observed on polystyrene at o1 h (Fig. 1) was not due to this secreted
ECM. This was further investigated by assessing adhesion
of spores to polystyrene at 30 min i.e. before ECM
secretion. Incubations at low temperature (4 1C) or in the
presence of sodium azide, a respiratory pathway inhibitor showed that adhesion was not inhibited (Table 2).
Cycloheximide, a protein synthesis inhibitor, caused a
small reduction in adhesion, though this was not signiﬁcant (P40.05). Azide and cycloheximide treatment
inhibited germination and appressorium formation of
spores, assessed after a 24 h incubation, showing that
they were having profound effects on spore metabolism
(Table 2).
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Fig. 2. Immunoﬂuorescence labelling of spores, germ-tubes and appressoria on silanised glass slides. Samples were labelled with MAbs UB26 or UB31
and viewed by DIC (A,C,E) or epi-ﬂuorescence microscopy (B,D,F). Spores were incubated on slides for 1 h before labelling with UB26 (A,B) or UB31
(C,D). The antibodies labelled one end (arrow heads) of some of the spores, although germ-tubes were not apparent at this stage. After 5 h incubation of
spores (s) on slides, germ-tubes (arrow) were seen and appressoria (a) had developed and these were strongly labelled by UB31, (E,F). Bar ¼ 10 mm.

Table 2
Effects of various treatments on spore adhesion, germination and appressorium formation
Treatmenta

Sodium azide
Cycloheximide
4 1C

Adhesionb (%)

Germinationb (%)

Appressoriab (%)

Control

Tested

Control

Tested

Control

Tested

87.972.7
88.277.4
86.878.6

92.874.6
70.376.8
92.975.3

57.677.6
69.679.9
60.477.9

16.273.5
0
0

26.776.6
23.773.9
40.677.3

2.771.2
0
0

a

Spores were incubated in 2 mM sodium azide or 25 mg ml1 cycloheximide or at 4 1C.
Adhesion was measured on polystyrene after a 30 min incubation and germination and appressorium formation after 24 h incubation. Results are the
means7the standard errors from three replicates.
b

Table 3
Effects of protease treatment and UB20 treatment of spores on adhesion at 30 min and 24 h, and on germination and appressorium formation
Treatmenta

Adhesion at 30 minb (%)

Adhesion at 24 hb (%)

Germinationc (%)

Appressoriac (%)

Control
Protease
Inactivated-protease
UB20
UBIM22

89.279.0
13.473.0
92.879.7
21.7714.7
100.271.6

79.672.2
91.0714.6
N.D.
84.2719.9
94.3721.2

38.577.5
27.270.74
39.076.0
35.975.7
46.378.9

29.975.6
0
28.374.6
32.274.0
35.677.5

a

Spores were pre-treated with protease, heat inactivated protease, UB20 or UBIM22.
The % adhesion was determined after 30 min and 24 h incubation on polystyrene dishes. Results are the means 7 of three replicates. N.D: not
determined.
c
Germination and the percentage of spores which had differentiated appressoria was assessed after 24 h incubation.
b

3.3. Effects of removal of the spore coat and the MAb UB20
on germination and appressorium formation
The role of the spore coat in the processes described above
was tested by using two treatments. Protease treatment
removes the spore coat, but leaves the spore wall intact [35].

The MAb UB20 binds to the major glycoproteins present in
the spore coat [35]. Removal of the spore coat with protease
treatment reduced germination, but totally inhibited the
formation of appressoria (Table 3). However, incubation of
spores with the MAb UB20 IgG did not affect either
germination or appressorium formation (Table 3).
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Fig. 3. Immunoﬂuorescence labelling of germinating spores with UB26. Spores and protease-treated spores were incubated on glass slides for 24 h before
labelling with UB26 and viewed by DIC (A,C) or epi-ﬂuorescence microscopy (B,D). UB26 labelled the germ-tubes (not shown) and appressoria (a) that
developed from untreated spores (A,B) and labelled germ-tubes (g) formed by the protease-treated spores (C,D). Appressoria did not form in the latter
condition. Bar ¼ 10 mm.

Fig. 4. Epidermal peels from bean leaves inoculated with untreated spores (A), spores pre-treated with protease (B) and spores pre-treated with UB20 (C).
Samples were observed by DIC microscopy. Untreated spores and spores pre-treated with UB20 developed appressoria (arrows) and intracellular hyphae
(I), however, spores pre-treated with protease formed germ-tubes (G), but did not develop appressoria. Bar ¼ 10 mm.

3.4. Effects of removal of the spore coat and the MAb UB20
on adhesion
Protease-treatment of spores considerably reduced adhesion when compared to that of untreated spores after

incubation for 30 min on polystyrene (Table 3). Similar
effects were observed after incubation of spores with MAb
UB20, in agreement with a previous report [35]. However,
adhesion of spores/germinated spores after 24 h incubation
on slides was unaffected by removal of the spore coat by
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protease treatment or by UB20 (Table 3). In order to
determine whether ECM glycoproteins had been secreted
by protease-treated spores and germ-tubes that had
adhered after 24 h incubation on glass slides, these
structures were labelled with UB26 and observed by IIF.
The results showed labelling by this antibody of adhered
spores, with germ-tubes emerging from them, although no
appressoria had developed (Fig. 3).
3.5. The role of the spore coat in pathogenicity
The role of the spore coat in the development of
infection structures and pathogenicity of C. lindemuthianum on bean leaves was tested by treating spores with
protease or the MAb UB20. Protease-treated spores
produced no appressoria on leaves and subsequently the
fungus could not penetrate the host plant and form
intracellular hyphae (Fig. 4). There were no symptoms of
infection on leaves (Fig. 5). Coating spores with UB20 did

Fig. 5. Pathogenicity tests on excised leaves inoculated with untreated
spores (A), spores pre-treated with protease (B) and spores pre-treated
with UB20 (C). Leaves were photographed 7 days after inoculation. Dark,
spreading lesions were visible on the leaf surfaces shown in A and C.

not affect pathogenicity on bean leaves (Fig. 5) and there
was no effect of the antibody on appressorium formation
(Fig. 4).
4. Discussion
4.1. C. lindemuthianum spores adhere to a hydrophobic
surface before the release of ECM glycoproteins that
consolidate adhesion
The evidence presented in this paper shows that adhesion
in C. lindemuthianum is a two-stage process beginning with
the initial passive adhesion of the spore to a hydrophobic
surface, followed by consolidation of adhesion with the
secretion of ECM glycoproteins prior to, and during,
germination. The evidence for this is as follows. In previous
studies, high molecular weight ECM glycoproteins with
adhesive properties, surrounding germ-tubes and appressoria of germinating C. lindemuthianum spores, have been
identiﬁed with the MAbs UB26 and UB31 [32,36,37]. In the
present work, we have shown that these antibodies label
the apices of spores, as early as 1 h after incubation of
spores on a substratum, and before observable germination. These antibodies also labelled the emergent germtubes and differentiating appressoria.
However, in adhesion assays, C. lindemuthianum spores
clearly adhered to a hydrophobic, polystyrene surface as
early as 10 min after settlement, well before germination
and the secretion of ECM. The evidence obtained with
metabolic inhibitors and the use of incubations at low
temperature suggests that metabolic activity is not required
for the initial adhesion of spores to a hydrophobic surface,
i.e. before ECM secretion. Protease treatment of spores
inhibited adhesion to polystyrene and, since the protease
was washed off the spores before the assay, this provides
further evidence to suggest that there is no release of
adhesive material once the spores are applied to the slides.
Spores did not adhere rapidly to the surface of hydrophilic
glass, but adhesion to glass gradually increased concomitantly with the secretion of the adhesive ECM glycoproteins recognised by UB26 and UB31.
The results of sodium azide and cycloheximide treatment
of spores are similar to ﬁndings on the maize anthracnose
pathogen C. graminicola [22]. However, the results with
azide are contrary to previously published ﬁndings on
C. lindemuthianum adhesion [42]. The discrepancy may
result from the fact that these authors measured adhesion
at 1 h incubation, when secretion of ECM proteins is taking
place (see above).
Adhesion of C. lindemuthianum spores is similar to that
reported for several other fungi e.g. Botrytis cinerea,
Discula umbrinella, Phyllosticta ampelicida and Bipolaris
sorokiniana, in which there is an initial phase of adhesion
mediated by hydrophobic interactions before the secretion
of an adhesive ECM [7,9,29,43,44]. This mechanism
of adhesion is clearly different to that of some other
fungal pathogens in which pre-formed adhesive is secreted
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on contact with a surface e.g. M. grisea [26] and
N. haematococca [45].
The polystyrene surface has similar hydrophobicity to
bean hypocotyls [35] and this suggests that the adhesion of
C. lindemuthianum spores mediated by these early interactions is an important part of the normal infection process
to attach the fungal spores to the plant host [20].
4.2. Appressorium formation requires spore contact with a
hard surface but does not require spore adhesion mediated by
hydrophobic interactions
The results showed that spores of C. lindemuthianum
germinated on glass and polystyrene, but less well on water
agar, whereas appressoria only developed on glass and
polystyrene. Therefore spore surface contact with a hard
surface is required for appressorium formation, but this
surface does not need to be hydrophobic. Furthermore, an
initial phase of passive adhesion of spores to a hydrophobic
surface is not required for appressorium formation since
appressoria developed on glass. These ﬁndings therefore
suggest that rapid, passive adhesion of spores to a
hydrophobic surface and contact with a hard surface
leading to appressorium formation are independent events.
Results on other Colletotrichum species, including
C. gloeosporioides [13], C. trifolii [5], C. acutatum [46] and
C. graminicola [8] have also shown that contact with a hard
surface is required for appressorium formation. Most fungi
will germinate without a requirement for contact with a
hard surface, although some fungi, e.g. Phyllosticta species
and C. graminicola require initial attachment for germination as well as appressorium formation [7–9,17].
4.3. The spore coat is required for rapid adhesion of spores
to a hydrophobic surface but is not required for the
subsequent secretion of ECM glycoproteins
Previous work has shown that the MAb UB20, which
recognises several spore coat proteins of C. lindemuthianum, inhibits adhesion when added to spores [35] and this
was conﬁrmed in the present study. Treatment of spores
with a protease that removes the spore coat signiﬁcantly
reduced adhesion when compared to control spores,
providing further evidence that the spore coat mediates
the initial adhesion in C. lindemuthianum. In addition, since
the protease was removed prior to the assay, this shows
that adhesion depends only on the pre-formed spore coat
and not on any released material. However, neither
protease nor UB20 treatment of spores prevented adhesion
when assessed at 24 h, and neither treatment blocked the
secretion of ECM glycoproteins. Thus, the spore coat is not
required for interactions with a substratum that leads to
this second phase of adhesion.
Evidence from TEM studies on D. umbrinella and
P. ampellicida spores shows that, like C. lindemuthianum,
they have a distinctive extra layer, or sheath, outside of the
wall; this layer is rich in glycoproteins, but lacks the
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polysaccharides characteristic of fungal walls [9,29].
A further similarity with C. lindemuthianum is that removal
of the outer layers of glycoproteins with protease also
inhibits spore adhesion in these two fungi [9,29].

4.4. An intact spore coat is required for appressorium
formation
Removal of the C. lindemuthianum spore coat with
protease treatment did not affect germination, but inhibited appressorium formation. However, spores incubated
with the MAb UB20 were still able to differentiate
appressoria. This suggests that an intact spore coat is
needed for spores to respond to interactions with a hard
surface that lead to the formation of appressoria. Coverage
of spore coat glycoproteins with an antibody is clearly not
sufﬁcient to disrupt these interactions. Since incubation of
spores with the MAb UB20 inhibited the initial passive
adhesion of spores to polystyrene, this supports the view
that this rapid adhesion to a hydrophobic surface is not
required for appressorium formation.
For C. graminicola, contact and/or adhesion of germtubes to a substratum is needed for appressorium formation, and it has been shown that 44 mm of continuous
contact of the germ-tubes with a hydrophobic substratum
is required in this case [7]. However, protease-treated
spores of C. lindemuthianum still germinated and produced
adhesive ECM glycoproteins, which suggests that these
processes are not sufﬁcient to trigger appressorium
formation without the early contact of the spore with a
hard surface.

4.5. The spore coat and pathogenicity
Treatment of C. lindemuthianum spores with protease
and UB20 produced similar effects on appressorium
formation on inoculated bean leaves compared to those
obtained on artiﬁcial surfaces. Protease treatment led to
the inhibition of appressorium formation and the fungus
was not able to penetrate leaves, leading to a reduction in
pathogenicity. In contrast, UB20 treatment had no effect
on appressorium formation and no effect on pathogenicity.
Thus an intact spore coat is required for pathogenicity. In
some assays we attempted to dislodge spores from leaves
by various washing procedures, in order to assess adhesion,
but this yielded inconsistent results. Therefore, the assays
reported involved the use of inoculated leaves which were
not disturbed and it was not possible to test directly
whether the treatments were affecting adhesion of spores to
the leaf surface. However, results on C. graminicola have
shown that spore adhesion is an important factor in the
progression of pathogenicity on maize leaves [20]. Clearly,
adhesion of ungerminated spores ensures they are not
displaced from the leaf either by wind, rainfall or by the
inoculum rolling off the leaf.
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4.6. The spore coat is involved in two separate functions
The evidence presented in this paper shows that the
spore coat of C. lindemthianum has at least two functions; it
is necessary for adhesion of spores to a hydrophobic
surface and it is required as part of the mechanisms
involved in interactions with a hard surface to initiate the
differentiation of appressoria. The composition of the
spore coat is relatively simple, since it is made up of several
glycoproteins [35]. Protease treatment removes the spore
coat and its effects have demonstrated that an intact
structure is required for both adhesion and triggering
appressorium formation. UB20 binds to the major
glycoproteins in the spore coat, including the 110 kDa
hydrophobic protein, and the antibody could be blocking
spore adhesion by masking this protein. The fact that
UB20 binding to spores has no effect on appressorium
formation may suggest that covering the spore surface is
not sufﬁcient to block the perception by spores of a signal
on making contact with a hard surface. This interaction
may involve fungal cell wall and/or plasma membrane
deformation and this could explain why appressoria do not
form when spores are incubated on a soft substratum, such
as water agar, or in liquid culture. It has also been
suggested that ﬂattening of the spore wall or germ-tube
could result in stretching or tension in the plasma
membrane that could lead to the opening of mechanosensitive ion channels [7]. Overall, the results reported in
this paper, taken together with published results, show that
interactions of spores with the substratum by different
pathogenic fungal species, and also within Colletotrichum
species, are remarkably varied.
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