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INFECTION PROCESS AND HOST DEFENSE RESPONSES IN COMPATIBLE AND
INCOMPATIBLE INTERACTIONS BETWEEN COWPEA (VIGNA UNGUICULATA)

AND COLLETOTRICHUM GLOEOSPORIOIDES
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Caixa Postal 6033, CEP 60450-970, Brazil; zDepartamento de Biologia, Universidade Federal do Ceará,
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kEMBRAPA–Agroindústria Tropical, Ceará, CEP 60511-110, Brazil

The infection process of Colletotrichum gloeosporioides was examined by light microscopy on two cowpea
genotypes, BR 3 Tracuateua and TE 97-411. In the susceptible genotype BR 3 Tracuateua, the pathogen acted
as an intracellular hemibiotroph. Invasion of cowpea primary leaves occurred preferentially through the leaf
epidermal cells by penetration tubes that emerged from appressoria. The penetration tube swelled within 48 h
to form a spherical infection vesicle inside the epidermal cell in a biotrophic interaction. Subsequently, it
became multilobed and multiseptated. By 4 d after inoculation, one or more large primary hyphae emerged
from the lateral lobes and grew intracellularly and further colonized several adjacent epidermal host cells,
characterizing the necrotrophic phase of infection. Primary leaves of the resistant cowpea genotype, TE
97-411, showed enhanced penetration resistance to C. gloeosporioides associated with higher epidermal H2O2

accumulation beneath appressoria and primary germ tubes, papilla formation, and increased phenylalanine
ammonia-lyase activity, possibly related to accumulation of phenolic compounds and host cell wall lignification.
Macroscopic examination of the primary leaves revealed the presence of shrunken necrotic lesions characteristic
of anthracnose in infected BR 3 Tracuateua, whereas in the genotype TE 97-411, cell death was also observed but
only in a reduced percentage of the infection sites. In summary, the results obtained in this study suggested that TE
97-411 is the resistant genotype to C. gloeosporioides compared with BR 3 Tracuateua because it developed more
effective defense responses against the establishment of the pathogen.

Keywords: Colletotrichum gloeosporioides, cowpea, defense responses, infection process.

Introduction

Cowpea is an important food legume that provides calo-
ries, proteins, minerals, and vitamins (Maia et al. 2000) to a
large number of people living in the drier regions of tropical
and subtropical countries, particularly in parts of Asia, Oce-
ania, the Middle East, Africa, and Central and South America
(Singh et al. 2002). Unfortunately, cowpea is susceptible to a
wide range of pests and pathogens that attack all plant parts
during its life cycle. These include viruses, bacteria, fungi,
nematodes, and insects that restrain production, particularly
grain yield.

Fungi are among the most serious pathogens that infect
cowpea. In the genus Colletotrichum, various species, includ-
ing C. dematium, C. destructivum, and C. gloeosporioides,
are considered major cowpea pathogens worldwide and
cause important economic losses. Apart from the economic
impact, Colletotrichum is used as a model system for study-

ing infection processes. To infect their hosts, Colletotrichum
species use different strategies, depending on the fungus spe-
cies and the plant attacked. They can invade the host cells
to establish intracellular hemibiotrophic infections or can
employ a subcuticular, intramural strategy or, alternatively,
a combination of both (Bailey et al. 1992). For example,
C. destructivum isolates that attack cowpea and alfalfa,
and C. gloeosporioides, which infects round-leaved mallow
(Malva pusilla) leaves (Wei et al. 1997), were shown to em-
ploy an intracellular hemibiotrophic strategy (Latunde-Dada
et al. 1996, 1997). In this mode of nutrition, the fungus has
an initial biotrophic phase in which it feeds on living host
cells, and the host is symptomless. This is followed by a de-
structive necrotrophic phase in which the fungus causes exten-
sive degradation of host cells, and symptoms become visible.
However, C. capsici, which causes brown blotch in cowpea
(Emechebe 1981), invades cowpea tissues through an initial
subcuticular, intramural, necrotrophic mode of infection. Ac-
cordingly, following penetration of the cuticle, this fungus
does not immediately enter the cell lumen but develops be-
neath the cuticle within the periclinal and anticlinal walls of
epidermal cells (Pring et al. 1995; O’Connell et al. 2000).
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Isolates of C. gloeosporioides (Penz.) Penz and Sacc. cause
anthracnose on a wide range of hosts, particularly in the
tropics, where they affect fruits and legumes (Manners et al.
2000). It has been suggested that the cowpea anthracnose
pathogen should be regarded as a form of C. gloeosporioides
and not as the pathogen C. lindemuthianum associated to
the anthracnose of Phaseolus beans (Emechebe and Florini
1997). This study investigated the infection process of one
C. gloeosporioides isolate on cowpea leaves in compatible
and incompatible interactions and, in addition, assessed im-
mediate defense responses performed by the host.

Material and Methods

Biological Materials and Inoculation

The isolate of the fungus Colletotrichum gloeosporioides
was cultured on potato dextrose agar (PDA, Difco, Detroit,
MI) under continuous fluorescent lighting at 25�C. For mo-
lecular identification of the fungus isolate, its genomic DNA
was purified from mycelium using a CTAB-based protocol
(Warner 1996). The internal transcribed spacers (ITS1 and
ITS2) and the 5.8S coding region of the nuclear ribosomal
DNA (rDNA) was amplified by polymerase chain reaction
(PCR) using the primers ITS4 (TCCTCCGCTTATTGATA-
TGC) and ITS5 (GCAAGTAAAAGTCGTAACAAGA). Ampli-
fication reactions were performed in a final volume of 25 mL
containing 300 ng of genomic DNA (template); 20 mM Tris–
HCl; pH 8.4; 50 mM KCl; 1.5 mM MgCl2; 100 mM of each
dATP, dCTP, dGTP, and dTTP (Amersham Biosciences, São
Paulo); 12.5 pmol of each primer; and 0.5 units of Taq DNA
polymerase (Amersham Biosciences). PCR reactions were car-
ried out in an MJ-Research (Watertown, MD) PTC-200 thermo-
cycler programmed for an initial denaturation step (4 min
at 94�C) followed by 35 cycles of 1 min at 94�C, 1 min at
55�C, and 2 min at 72�C. The last cycle was followed by a fi-
nal incubation of 10 min at 72�C. Control samples containing
all reaction components except DNA were always used to test
that no self-amplification or DNA contamination occurred.
Amplification of the DNA band with the expected size was
checked by analyzing a 2-mL aliquot of PCR reactions by
1.0% agarose gel electrophoresis (Sambrook et al. 1989).
Once the specificity of the amplifications was confirmed, PCR
products were purified from the remaining reactions using
GFX PCR DNA and a Gel Band Purification kit (Amersham
Biosciences). The concentration of the purified PCR products
was determined by measuring the absorbance at 260 nm
(A260) of a 10-fold dilution. DNA sequencing was performed
with the DYEnamic ET terminators cycle sequencing kit
(Amersham Biosciences), following the protocol supplied by
the manufacturer, and both strands were sequenced using the
primers ITS4 and ITS5. Sequencing reactions were then ana-
lyzed in a MegaBACE 1000 automatic sequencer (Amersham
Biosciences). The determined sequence was then compared to
those already deposited in the GenBank using the Basic
Local Alignment Search Tool (BLAST) (Altschul et al. 1990).

Spore suspensions of the fungi were prepared by washing
the surface of 12-d-old cultures with sterile distilled water
and passing the suspension through a four-layer muslin cloth
to remove fungal mycelia and other debris. The conidium

suspension was adjusted in sterile water to a known concen-
tration after counting in a Neubauer chamber and used as in-
oculum.

Seeds of cowpea genotypes resistant (TE 97-411 [hereafter,
TE97]) and susceptible (BR 3 Tracuateua [hereafter, BR3]) to
C. gloeosporioides were obtained from EMBRAPA–Meio-
Norte (Piauı́, Brazil). Seeds were surface disinfected with 1%
(v/v) hypochlorite (0.05% active chloride) for 3 min, rinsed
exhaustively with distilled water, soaked in distilled water for
10 min, and sown in 0.5-L pots containing autoclaved
(120�C, 1.5 KGF, 30 min) river sand. They were kept at 27�–
35�C in a greenhouse exposed to natural light and daily irri-
gated with autoclaved (120�C, 1.5 KGF, 20 min) water for
up to 4 d after sowing. Subsequently, they were irrigated with
five times diluted Hoagland and Arnon (1950) nutritive solu-
tion modified as described by Silveira et al. (2001). Ten days
after they were sowed, healthy plantlets were selected and
transferred to a growth chamber kept at 25�–30�C, 85%6

5% relative humidity with a 12-h photoperiod at an intensity
of ca. 200 mmol s�1 m�2 photosynthetically active radiation.
Two days later, the primary leaves were inoculated by apply-
ing two 25-mL-equidistant droplets of spore suspension (4 3

105 mL�1 in sterile distilled water) to each side of the adaxial
leaf blade separated by the main vein. Control plants were
inoculated with sterile water. Leaves were collected at 0, 12,
24, 48, 72, and 96 h after inoculation (HAI) to analyze phe-
nylalanine ammonia-lyase activity and at 1, 2, 3, 4, 5, 6, 8,
11, 16, and 22 d after infection to carry out the microscopic
analyses.

Light Microscopy

All light microscopy analyses were conducted after the cow-
pea leaves were decolorized by incubation in 1.5 g L�1 tri-
chloroacetic acid (TCA) in a 3 : 1 (v/v) mixture of ethanol þ
chloroform for 48 h with at least three changes of the bleach-
ing solution. To detect autofluorescence as an indicator of phe-
nolic compound accumulation (Borden and Higgins 2002),
the leaves were soaked in 0.1 M KH2PO4/K2HPO4 buffer at
pH 9.0 for 24 h, and the leaf pieces with infection sites were
placed on glass slides in a few drops of the phosphate buffer.
Alternatively, phenolics were visualized by soaking the leaf
pieces in 50-mM citrate buffer at pH 3.5 for 1 h, followed
by staining with 0.5 g L�1 toluidine blue for 10 min. Pheno-
lic compounds were visualized as violet blue structures. To
detect callose (papillae) formation, after the leaf pieces were
treated with phosphate buffer, as previously described, they
were stained with a 0.1 g L�1 buffered solution of aniline
blue for 2 h (Borden and Higgins 2002). To examine cellu-
lose and chitin-bearing fluorescent structures, the decolorized
tissues were first treated with 100 g L�1 KOH followed by
1.0 g L�1 (w/v) calcofluor white MR2 (Sigma, São Paulo),
whereas nonfluorescent structures were visualized by treat-
ment of the same leaf tissues with 0.4 g L�1 Evans blue. Lig-
nification was visualized after the decolorized leaf pieces
were immersed in 70% (v/v) ethanol containing 10 g L�1

phloroglucinol for 16 h, which stains lignified cell walls red
orange. Excess stain was washed out with Milli-Q grade
water. The leaf piece was mounted on a microscope glass slide,
cleared by drop-washing with concentrated HCl (ca. 2 min),
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and covered with a glass coverslip to which a few drops of
glycerol were added (Mlı́cková et al. 2004).

To detect H2O2 accumulation in the primary leaves, DAB
(39-39-diaminobenzidine; Sigma) was infiltrated according to
Thordal-Christensen et al. (1997). Stems of cowpea plantlets
harvested at different periods after inoculation were cut 2 cm

above the cotyledon insertion region, and the cut end of the
upper plantlet part was immersed in a solution containing
1.0 mg DAB mL�1. DAB was dissolved in Milli-Q grade wa-
ter adjusted initially to pH 3.0 with 1.0 N HCl and heated at
50�C, followed by an addition of 1.0 N NaOH adjusted to pH
4.0. After 8 h treatment, leaves were excised and decolorized

Fig. 1 Micrographs. a, Infection structures of Colletotrichum gloeosporioides in the primary leaves of BR3 cowpea genotype (compatible

interaction) during the biotrophic phase 48 h after inoculation (HAI). b, A detailed view of an infection structure at 72 HAI. c, Germ tubes that

ramified and produced multiple melanized appressoria or anastomosed (arrowheads) at 8 d after infection. d, Anastomosis of two conidia, which
give rise to nonmelanized appressoria at 24 HAI. Appressorium (AP), germinating conidium (GC), germ tube (GT), penetration tube (PT), stoma

(S). Staining was done with calcofluor and Evans blue (blue staining). Bars ¼ 10 mm.

Fig. 2 Micrographs showing infection structures of Colletotrichum gloeosporioides in the primary leaves of TE97 cowpea genotype

(incompatible interaction). a, Germinating conidia (GC) adhered preferentially above the spaces between epidermal cells and stoma (S) within
48 h after inoculation. b, Germinating conidia and appressoria (AP) within 6 d after infection. c, Detailed view of indirect penetration by the germ

tube (GT) of C. gloeosporioides through stoma. Staining was done with calcofluor and Evans blue (blue staining) for a and b and aniline

lactophenol blue for c. Scale bars ¼ 20 mm for a and b and 10 mm for c.
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with TCA/ethanol/chloroform as previously described. To vi-
sualize concomitantly the fungal structures, the DAB-treated
leaf pieces were further stained in 0.5 g L�1 aniline blue in
lactophenol for 2–3 min at 70�C (Balows et al. 1991). Fungal
structures were strongly stained blue.

Light microscopic examinations were made with an Olym-
pus System BX60 microscope and fluorescence collected at
590 nm with the aid of an Olympus System Attachment
BX-FLA device. Images were acquired with Olympus photo-
micrography system PM-20. The experiments were repeated
three times with three replications.

Phenylalanine Ammonia-Lyase Assay

Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) activity
was measured combining the methods previously described
by Mori et al. (2001) and El-Shora (2002) with some modifi-
cations. Briefly, cowpea primary leaves were homogenized
with a mortar and pestle in an extraction buffer (0.5 M Na-
acetate buffer, pH 5.2, containing 0.5 M NaCl) in an ice
bath. The homogenate was filtered through one layer of

cheesecloth and centrifuged at 10,000 g for 20 min at 4�C.
The supernatant was dialyzed exhaustively against the ex-
traction buffer and used as a source of crude enzyme for as-
saying PAL activity. Protein was estimated by the method of
Bradford (1976), using BSA as a standard. The reaction mix-
ture (0.9 mL) contained 0.48 mL 0.1 M Tris–HCl buffer (pH
8.8), 0.02 mL 0.05 M b-mercaptoethanol, 0.2 mL 0.04 M
L-phenylalanine, and 0.2 mL cowpea leaf extract. Incubation
was performed at 30�C for 1 h, and the reaction stopped
with the addition of 0.1 mL 6 N HCl. In the blank tube,
L-phenylalanine was added after incubation and the addition
of HCl. The reaction mixture was then centrifuged at 10,000
g for 10 min at 25�C, and the absorbance of the supernatant
measured at 290 nm. One unit of enzyme activity equals the
amount (pmol) of trans-cinnamic acid produced in 1 s and
expressed per gram fresh leaf mass (pmol g�1 FM s�1).

Results

To confirm the identity of the fungus species used in this
work, the complete sequence of the ITS region of rDNA

Fig. 3 Micrographs. a, Spherical infection vesicle (IV) with a short neck region (arrow) emerged from an appressorium of Colletotrichum
gloeosporioides. b, Multilobed vesicle (MV) with lateral lobes inside the primary leaves of BR3 cowpea genotype within 48 h after inoculation.

Staining was done with calcofluor and Evans blue. Scale bars ¼ 10 mm for a and b.

Fig. 4 Micrographs. a, Irradiation of secondary hyphae (SH) from a multilobed vesicle (MV) colonizing adjacent host cells in the primary leaf

of TE97 genotype at 96 h after inoculation. b, Radiation of melanized secondary hyphae (MH) of Colletotrichum gloeosporioides emerging from

the primary leaf cuticle of BR3 genotype and initial formation of acervulus, resulting from aggregation of secondary hypha (SH), showing two
visible melanized setae (MS) at 16 d after infection. Staining was done with aniline lactophenol blue. Scale bars ¼ 10 mm for a and 20 mm for b.
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(ITS1, 5.8S, and ITS2) was determined and deposited in the
GenBank (accession no. DQ868520). The lengths of ITS1
and ITS2 were 167 and 157 bp, respectively. A BLAST search
revealed that the whole sequence (ITS1þ 5:8Sþ ITS2) had
an identity of 99% or greater with ITS sequences from differ-

ent isolates of Colletotrichum gloeosporioides, and all match-
ing sequences were from this same species.

The infection process of the C. gloeosporioides isolate was
analyzed in the primary leaves of BR3 (susceptible) and
TE97 (resistant) cowpea genotypes by light microscopy. After

Fig. 5 Comparison (a, b) of the necrotic lesions (arrows) formed in the primary leaves of BR3 and TE97 cowpea genotypes infected with
Colletotrichum gloeosporioides at 8 d after infection. a, Left: BR3; right: TE97. b, Left: TE97; right: BR3. Necrotic symptom development

observed in the primary leaves (c, d) and stems (e, f ) of BR3 cowpea genotype (compatible interaction) at 21 d after infection. In all pictures, two

25-mL drops of 4:10 3 105 conidia mL�1 were deposited at each side of the primary leaf main vein and brushed over the entire adaxial leaf surface.
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inoculation of cowpea primary leaves with C. gloeospor-
ioides, conidia produced a septum across the middle of the
spore and generated a germ tube at the end of which a mela-
nized appressorium differentiated within 24 HAI (fig. 1b). A
great number of appressoria were observed both in BR3 (fig.
1) and TE97 (figure not shown) 1 d after inoculation and for
several days after. In BR3, however, it was observed that some
germ tubes ramified, generating multiple appressoria. Hyphal
anastomosis was also noticed after 24 HAI (fig. 1c, 1d).

In both cowpea genotypes, adhesion of C. gloeosporioides
spores and appressoria to the adaxial surface of cowpea pri-
mary leaves occurred preferentially above the spaces between
epidermal cells (fig. 2a, 2b), and fungal penetration occurred
throughout the epidermal cells, typical of a direct process.
However, in TE97, penetration through stomata, characterizing
an indirect process (fig. 2c), was also observed more often than
in BR3. The presence of an internal light spot visible in the mel-
anized appressorium within 24 HAI in both genotypes indi-
cated that the appressorium produced a penetration pore and
peg as represented typically in figure 1a for BR3. Furthermore,
the fungus had penetrated the cuticle and had begun to grow in
the underlying epidermal wall. However, germinated conidia,
melanized appressorium, and the presence of penetration pore
structure that appressorium has produced were more frequently
observed in BR3 than in TE97. Moreover, in both genotypes
the penetration peg swelled to form a spherical infection vesicle

with a short neck region inside the epidermal cell (fig. 3a),
which developed bulbous lateral lobes 48 HAI. Subsequently
they became multilobed and multiseptate (fig. 3b), and large
primary hyphae emerged and grew intracellularly (figure not
shown), characterizing the biotrophic phase of infection. Be-
yond 96 HAI, thin intracellular secondary filamentous hyphae
grew out from the lateral lobes and colonized adjacent host
cells (fig. 4a). However, in TE97, there were fewer infection
sites per leaf presenting similar fungal development as above,
and the area of necrosis was smaller than that of BR3 (fig. 5).
Furthermore, in BR3, 16 d after inoculation, aggregation of
secondary septate hyphae was also noticed, albeit sparsely, rep-
resenting the initial formation of an acervulus, showing two
visible melanized setae (fig. 4b). Thus, in this work, C. gloeo-
sporioides apparently succeeded in establishing a more defined
compatible interaction with the BR3 genotype.

Indeed, the macroscopic observations were in agreement
with the microscopic findings. Accordingly, large water-
soaked necrotic lesions on the surface of BR3, characteristic
of a cowpea variety susceptible to anthracnose, were present
not only at the site of spore inoculation but also spread to
numerous cells and tissues distant from the infection site
(fig. 5).These included stems (fig. 5e, 5f ), indicating that the
fungus grew systemically. These extensive necrotic lesions
were also well evident by light microscopy (fig. 6). However,
in TE97, only a few small necrotic lesions restricted to the

Fig. 6 Micrographs showing necrotic lesions in the primary leaves of BR3 cowpea genotype infected with Colletotrichum gloeosporioides.
Several appressoria (AP) are visible in the necrotic regions. a–d, Necroses spreading through several cells at 5, 11, 16, and 22 d after infection,

respectively. Staining was done with aniline lactophenol blue. Scale bars ¼ 20 mm for a–c and 40 mm for d.
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site of infection (fig. 5a [right], 5b [left]), similar to those ob-
served in incompatible relationships between cowpea and
Colletotrichum fungi, were visible in the primary leaves.
Moreover, although the fungus had rapidly completed its life
cycle in TE97, it was restricted to the inoculation site with-
out colonizing neighboring cells or distant tissues. Addition-
ally, light microscopic examination of the inoculated primary
leaves in the incompatible interaction between TE97 and C.
gloeosporioides showed in this cowpea genotype the typical
hypersensitive response (HR), papilla formation beneath the
appressorium (fig. 7a) and cytoplasmic aggregation in undam-
aged cells adjacent to the necrotic ones (7b) in the early stages
of fungal infection, within 48 HAI, during the biotrophic
phase of the pathogen. Accordingly, in addition to the HR of
TE97, papilla formation beneath the appressorium (fig. 7a)
and cytoplasmic aggregation in undamaged cells adjacent to
the necrotic ones (fig. 7b) were visible. At the same time,
H2O2 accumulation, as indicated by reddish brown staining,
occurred in the region of papilla formation, beneath and ra-
dial to the appressoria, and in the region subjacent to the
germ tube (fig. 7c, 7d), as well as in the epidermal cells under-
going HR (fig. 7b). In BR3, callose formation and H2O2 accu-
mulation were consistently much less intense and presented
lower frequency of HR compared with TE97.

Phenolic compound deposition (fig. 8a, 8b) and the pres-
ence of autofluorescent structures (data not shown) apart
from cell wall lignification (fig. 8c, 8d) were also noted
within 72–120 HAI in both TE97 and BR3 genotypes. How-
ever, these responses were more prominent for TE97 (fig. 8a,
8c) in comparison to BR3 (fig. 8b, 8d). For instance, in agree-
ment with the higher phenolic compound accumulation in
TE97, it was noticed that in the inoculated primary leaves of
this resistant genotype, PAL presented two phases of higher
activity (P � 0:05) at 12 h and from 24 to 72 HAI (fig. 9),
compared with the susceptible genotype BR3. PAL catalyzes
the elimination of ammonia from L-phenylalanine to trans-
cinnamic acid. Cinnamic acid in turn is the precursor of lig-
nins, flavonoids, and coumarins, which makes PAL a key
enzyme in the metabolism of phenylpropanoids in plants.

Discussion

Analysis of the whole nucleotide sequence of the
ITS1þ 5:8Sþ ITS2 regions of rDNA from the Colletotri-
chum isolate of this study showed 99% or greater identity
with ITS sequences from different isolates of Colletotrichum
gloeosporioides. Comparison of the ITS1 and ITS2 sequences

Fig. 7 a, Autofluorescent stoma (S) and papilla (PP) in the primary leaves of TE97 cowpea genotype infected with Colletotrichum
gloeosporioides at 72 h after inoculation (HAI). Papilla was detected under UV. b, Cytoplasmic aggregation (CA) in undamaged cells and
accumulation of H2O2 beneath hyphal structures as seen by accumulation of DAB (39-39-diaminobenzidine; reddish brown staining) occurring in

the primary leaves of TE97 at 8 d after infection. c, d, Accumulation of H2O2 (reddish brown staining) beneath and/or radial to conidium (GC),

germ tubes (GT), and appressoria (AP) of C. gloeosporioides in the leaf tissues of TE97 within 48 HAI. Staining was done with aniline lactophenol

blue and DAB. Scale bars ¼ 10 mm.
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(this study) with those from C. gloeosporioides f.sp. aeschy-
nomene (Nirenberg et al. 2002; GenBank accession no.
AJ301986) revealed only two differences, an insertion/dele-
tion in the first spacer (at site 117 in the alignment) and a
mutation (T$ C) in the second one at position 38. Latunde-
Dada et al. (1999) showed that the nucleotide sequences of
the amplified D2 and ITS-2 regions of the rDNA from a Col-
letotrichum species causing latent infection and anthracnose
in cowpea had 95%–96% identity with isolates of C. gloeo-
sporioides from Aeschynomene virginica, Stylosanthes scabra,
and Mangifera indica. Thus, on the basis of the nucleotide se-
quences of ITS1, 5.8S, and ITS2 regions of rRNA, the Colle-
totrichum isolate of this study belongs to the species C.
gloeosporioides with the ability to cause anthracnose in cow-
pea.

It was shown here that this isolate of C. gloeosporioides
penetrated the cuticle and epidermal cell wall of both TE97
and BR3 genotypes by means of a narrow penetration peg
that emerged from the appressorium base. This mode of pen-
etration is common among various Colletotrichum species
(Wharton and Uribeondo 2004) in which differentiation of
the appressorium is essential for penetration of the plant cuti-
cle and cell wall and involves a combination of mechanical
force, in the form of high turgor pressure, and enzymatic
degradation (O’Connell et al. 2000; Latunde-Dada 2001).
Penetration of the leaf tissues was also achieved through sto-

matal openings, although less frequently, by means of undif-
ferentiated germ tubes (fig. 2c). This rare indirect mode of
penetration was reported to occur in cowpea, cv. IT82E-60, by
a Colletotrichum species causing latent anthracnose (Latunde-
Dada et al. 1999).

The necrotic lesions that developed on BR3 were numer-
ous and reached cells distant from the infection site, indicat-
ing that the fungus succeeds in colonizing this cowpea
genotype. In contrast, in TE97, although the fungus had rap-
idly completed its life cycle, it was restricted to the infection
site without colonizing neighboring cells. The macroscopic
examination of the whole plantlet (fig. 5a, 5b) was in agree-
ment with the observation above. Indeed, only few small di-
ameter necrotic lesions, restricted to the site of infection,
were visible in the primary leaves of TE97. They did not en-
large and were unable to spread to reach neighboring or dis-
tant cells and tissues until the end of the experimental
period, at 21 d after infection. This could be a localized de-
fense response that prevents further fungal spread.

Typical anthracnose lesions (tan to brown, shrunken, and
lenticular) on susceptible varieties enlarge rapidly and coa-
lesce to girdle stems, peduncles, and petioles. In contrast, le-
sions on resistant varieties are tiny, necroctic flecks or
lenticular, and shiny reddish brown (Emechebe and Florini
1997). In this study, the necrotic spots on TE97 restricted to
the sites of inoculation in the cowpea primary leaves (fig. 5a,

Fig. 8 Deposition of phenolic compounds (PC; blue violet staining circles) beneath and around appressoria (a, b) and cell wall lignification
(brown reddish staining) (c, d) of primary leaves of TE97 (a, c) and BR3 (b, d) genotypes within 5 d after infection with Colletotrichum
gloeosporioides. Appressorium (AP), germinating conidium (GC), lignification (LG), stoma (S). Scale bars ¼ 10 mm for a, c, d and 20 mm for b.
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5b) might be associated with an HR. This response might re-
sult from the generation of reactive oxygen species. Indeed,
H2O2 accumulation was evident in the regions of papilla
(callose) formation, beneath the appressorium, and in the re-
gions subjacent to the germ tubes and radial to some cells
(fig. 7b–7d).

In addition to HR and papilla formation beneath the ap-
pressorium in TE97 (fig. 7a), cytoplasmic aggregation in un-
damaged cells adjacent to the necrotic ones (fig. 7b) was
visible. Cytoplasmic aggregation may have resulted from the
rearrangement of fine actin filaments at the potential infec-
tion sites, as reported for Nicotiana benthamiana leaf epider-
mal cells inoculated with C. destructivum and C. graminicola
(Shan and Goodwin 2005). Strong H2O2 accumulation was
found in effective papillae and associated cytosolic vesicles in
both susceptible and resistant wheat lines to Blumeria grami-
nis (Erysiphe graminis f.sp. tritici), indicating the important
role of H2O2 in effective papillae formed as a general plant
defense against powdery mildew (Li et al. 2005). For in-
stance, in barley attacked by the powdery mildew fungus
(B. graminis f.sp. hordei), H2O2 accumulation was not de-
tected in noneffective papillae of cells that had been success-
fully penetrated (Hückelhoven et al. 1999).

In this study, it was also observed that the presence of au-
tofluorescent papillae (callose) beneath the appressoria in the
primary leaves was more frequent in the resistant genotype
TE97 (Fig. 7a) than in the susceptible BR3. Callose deposi-
tion and autofluorescent structures were not observed in
control plants. Callose deposition and autofluorescence are
markers associated with lesion formation during HR (Lee
and Hwang 2005). Generally, papilla formation takes place
during fungal infection and is a widely recognized early
response of host plants to microbial attack. It has an impor-
tant role in preventing fungal penetration in the host cells
(Thordal-Christensen et al. 1997; Hückelhoven et al. 1999).

Thus, in this study, it is assumed that the higher H2O2 accu-
mulation and papilla formation in the resistant genotype,
TE97, at the early stages of fungal development, during the
biotrophic phase of C. gloeosporioides, are very important
defense responses to this incompatible reaction. Probably
early H2O2 accumulation functions both as an antibiotic
agent and as a signal to trigger a wide array of defense-
related genes (Lee and Hwang 2005), which leads to HR and
other defense responses.

Antifungal activity of H2O2 was seen in our laboratory.
Accordingly, 5 mM and 25 mM H2O2 concentrations were
able to inhibit germination and mycelial growth, respectively,
of C. gloeosporioides (figure not shown). Thus, unsuccessful
colonization and spread of C. gloeosporioides in TE97 tissues
may have also resulted from the inability of the fungus to
prevent local H2O2 accumulation, supporting the hypothesis
that H2O2 may play a crucial role in cowpea defense against
C. gloeosporioides. For instance, it was reported that the re-
sistance of the white barley mutant albostrians to the biotro-
phic fungus B. graminis f.sp. hordei was enhanced in the
white leaves, probably as a result of H2O2 accumulation in
the leaf sites where conidia were germinating (germinating
hyphaeþ appressorium) and in the region of papilla in addi-
tion to the expression of various defense genes (Jain et al.
2004).

Several researchers agree with the fact that phenolic com-
pound accumulation precedes both lignification and pro-
grammed cell death and constitutes one of the first defense
responses of resistant plants (Cohen et al. 1990). Chen and
Heath (1994) reported HR in cowpea in response to the rust
fungus Uromyces vignae. Further, they showed that exoge-
nous reactive oxygen species scavengers, such as the enzymes
superoxide dismutase and catalase, diminished the frequency
of epidermal cells displaying autofluorescence, 24 h after fun-
gal inoculation (Chen and Heath 1994). In this study, pheno-
lic compounds accumulated in the primary leaves of both
cowpea genotypes, BR3 and TE97, when inoculated with C.
gloeosporioides (fig. 8a, 8b). The activity of PAL, the first en-
zyme of the biosynthesis pathway of phenolic compounds,
was assessed. In the resistant genotype, TE97, a two-phase
kinetic was observed for PAL activity (fig. 9). A rapid and
transient increase of PAL activity within 12 HAI and a sec-
ond prolonged increase in PAL activity between 48 and 72
HAI over that of BR3 were noticed. Phase 1 might be associ-
ated with the higher phenolic compound accumulation (fig.
8a, 8b) at the early stage (within 48 HAI) of attempted pene-
tration and the higher number of autofluorescence structures
present in cowpea primary leaves of TE97 compared with
BR3 (fig. 7a). Recently, Adandonon et al. (2004) reported
higher phenol contents in cowpea-tolerant cultivars infected
with Sclerotium rolfsii compared with the susceptible one.
They observed that the highest increase in phenol content
was found from 48 HAI, and the net effect of inoculation
was a 630% increase in solubleþ insoluble phenolics in the
stems of tolerant cultivars in comparison with the contents of
susceptible ones, wherein increases averaged only 212%.

In our study the increase in PAL activity in phase 2 was
probably associated with the biosynthesis of phenolic com-
pounds that accumulated preceding lignification to reinforce
the host cell wall (Cohen et al. 1990) against pathogen

Fig. 9 Time course of PAL activity in the primary leaves of BR3

and TE97 cowpea genotypes inoculated with Colletotrichum gloeo-
sporioides. Bars represent standard deviation, and values are com-
pared at each time point. Asterisks show significant differences

(P < 0:05) according to Student’s t-test.
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penetration. Similarly, a two-phase kinetic was observed for
the PAL activity in the leaves of resistant coffee plants (Coffea
arabica and Coffea congensis) at 48 and 120 HAI, associated,
respectively, with phenolic compound accumulation and lignifi-
cation response, which arrested the growth of the orange rust
fungus (Hemileia vastatrix) (Silva et al. 2002). These authors
also reported the presence of autofluorescence at the stomatal
guard cells and at subsidiary cells. We observed this in our study
(fig. 7a) and, additionally, in the mesophyll (as an indicator of
resistance). Enhanced resistance to the necrotrophic fungus Cer-
cospora nicotianae and to the oomycete Phytophthora parasitica
f. nicotianae was associated with the overexpression of PAL ac-
tivity in transgenic tobacco (Way et al. 2002).

In the incompatible interaction between soybean (Glycine
max) and Phytophthora sojae, HR, phenolic compound accu-
mulation, lignification, and glyceolin (phytoalexin) biosyn-
thesis were observed. In contrast, for the susceptible variety
(cv. Harosoy) these responses were less prominent (Mohr and
Cahill 2001). In this work, the red coloration developed
around the cell walls of the resistant genotype TE97 after
treating its cleared primary leaves with fluoroglucinol-HCl
and after inoculation with the fungus Colletotrichum gloeo-

sporioides. This suggests a marked deposition of lignin in the
epidermal cells (fig. 8c). In contrast, this response was mini-
mal (fig. 8d) in the susceptible genotype BR3.

In conclusion, it is suggested that resistance of the cowpea
genotype TE97 to the hemibiotrophic fungus C. gloeospor-
ioides is correlated, at least partly, to HR reaction, higher
early H2O2 accumulation, enhanced PAL activity with the
consequent increase in phenolic compound deposition, en-
hanced cell wall lignification, and callose (papilla) formation
during the early stages of infection.
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