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Abstract

Alternative measures to chemical fungicides are needed to control Phytophthora megakarya, the main causal agent of black pod dis-
ease in Central and West Africa. Precolonized plate and detached cacao pod assays were used to screen fungal isolates for mycopara-
sitism on P. megakarya. Of over 200 isolates screened, only Trichoderma asperellum isolates 659-7, PR10, PR11, and PR12 were capable
of necrotrophic mycoparasitism in both assays. Additional in vitro mycoparasitism assays demonstrated that T. asperellum 659-7, PR10,
PR11, and PR12 were mycoparasitic on Phytophthora capsici, Phytophthora citrophthora, and Phytophthora palmivora; other causal
agents of black pod worldwide. Culture filtrates from these T. asperellum isolates contained substantial laminarinase activity and lesser
amounts of caboxymethylcellulase activity which could function in degrading cell walls of Phytophthora during mycoparasitism.
Sequence analysis of the gene for translation elongation factor 1 (tef1) confirmed the identification of these isolates as T. asperellum.
Molecular fingerprinting using RAPD and UP-PCR demonstrated high genetic similarity between isolates 659-7, PR11, and PR12
and high dissimilarity between PR10 and the other three isolates. Cacao trees sprayed with T. asperellum 659-7, PR10, PR11, or
PR12 had a significantly lower percentage of diseased pods than the nontreated control in both short-term and long-term field screening
experiments, but not lower than that for the chemical fungicide control treatment. Data presented here demonstrate for the first time the
potential of mycoparasitic isolates of T. asperellum for suppression of black pod of cacao in Cameroon.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Cacao (Theobroma cacao L.) is one of the most impor-
tant cash crops in Cameroon and other countries in Central
and West Africa (Assoumou, 1997) as cacao beans are used
to manufacture chocolate. More than two million farmers
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grow cacao on smallholdings in this region resulting in
approximately 70% of the world’s crop (Lass, 2004). Cacao
is usually grown as an understory crop with cacao trees
forming a closed, integrated foliar canopy 2–3 m above
the ground. Cacao pods usually take 5–6 months to mature
after pollination (Fulton, 1989) and all stages of pod devel-
opment are susceptible to black pod disease, or Phytoph-

thora pod rot. Black pod is the most important disease
affecting cacao in Cameroon and currently threatens sus-
tainability of the crop (Bowers et al., 2001).

Among the Phytophthora species causing black pod,
Phytophthora palmivora and Phytophthora capsici have
worldwide distribution, Phytophthora megakarya is con-
fined to Central and West Africa, and a fourth Phytophtho-
ra species causing black pod, P. citropthora, has been
detected in Bahia, Brazil (Erwin and Ribeiro, 1996; Kellam
and Zentmeyer, 1986). In addition, P. heveae has been
found to cause black pod disease in some countries (Erwin
and Ribeiro, 1996). P. megakarya is thought to be the most
aggressive causal agent of black pod in Central and West
Africa (Dakwa, 1984,1987; Opoku et al., 2000). P. megak-

arya is especially severe in Nigeria and Cameroon and cur-
rently threatens the Ivory Coast, the world’s largest cacao
producer. In Cameroon, P. megakarya from cacao hosts
are genetically diverse but have been identified as one
mating type (A1), leading to the hypothesis of a
predominant clonal reproduction of the pathogen
(Ducamp et al., 2003).

Phytophthora spp. attacks all portions of the cacao plant
with major economic losses resulting from infection of the
pod (Evans and Prior, 1987; Gregory, 1974). Cankers on
main stems can also result in yield loss due to branch die-
back, defoliation, wilted pods, and in some cases tree
death. Inoculum that initiates black pod comes from soil,
infected roots, stems, leaves, and cankers on plant parts
(Bowers et al., 2001; Erwin et al., 1983; Evans and Prior,
1987). Epidemics develop from a series of foci that arise
continuously throughout the season, especially from
infected pods located high in the canopy (Ndoumbe-Nkeng
et al., 2004).

Control of black pod is challenging because Phytophtho-

ra spp. persist in soil and plant debris for years and suscep-
tible pods remain on the cacao tree through most of the
year (Erwin et al., 1983; Evans and Prior, 1987). Alternate
methods of control are needed as current methods are lim-
ited. Current methods include shade management, phyto-
sanitation, application of copper and metalaxyl-based
fungicides, and the use of resistant cultivars (Bowers
et al., 2001; Ndoumbe-Nkeng et al., 2004). Phytosanitary
pod removal is labor-intensive but can be effective, consist-
ing of removal of mummified pods from the cacao tree at
the beginning of the season followed by the regular
removal of diseased pods (Ndoumbe-Nkeng et al., 2004;
Soberanis et al., 1999). Heavy reliance on chemical fungi-
cides in existing control regimens may lead to resistance
of the pathogen to fungicides (Davidse et al., 1981; Fontem
et al., 2005) while runoff from heavy rainfall, common in

cacao growing regions of West Africa, may lead to soil
and water pollution. Development of cultivars with field
resistance to black pod pathogens, P. palmivora in particu-
lar, is being actively sought at various locations worldwide
(Efombagn et al., 2004; Iwaro et al., 1998; Saul-Maora and
Namaliu, 2003; Surujdeo-Maharaj et al., 2001). However,
all genotypes of cacao in farmer fields in Cameroon are sus-
ceptible to P. megakarya (Omokolo et al., 2002).

Biological control of plant pathogens has attracted sig-
nificant recent attention as an alternative disease manage-
ment strategy due to its ability to provide
environmentally–friendly disease control, particularly
when included in an integrated pest management strategy.
Reports have indicated that biological control of cacao dis-
eases is possible (Bastos et al., 1981; Hebbar et al., 1999;
Holmes et al., 2004; Krauss and Soberanis, 2001). This
paper describes the isolation, identification, possible mode
of action, and initial evaluation of mycoparasitic isolates of
Trichoderma asperellum with potential for biological con-
trol of black pod of cacao in Cameroon.

2. Materials and methods

2.1. Fungal and straminopilous isolates and their culture

conditions

Fungal and straminopilous (formerly oomycetes) iso-
lates used in this study are listed in Table 1. Over 200 fun-
gal isolates from soil were obtained from the upper 8 cm of
agricultural soils (cacao, cocoyam, banana fields) in Cam-
eroon. Soil (10 g) was mixed in 50 ml sterile distilled water
(SDW) and 1 ml of the soil suspension plated onto Potato
Dextrose Agar (PDA) amended with 0.015% (w/v) Rose
Bengal and 0.025% (w/v) chloramphenicol. For isolating
Trichoderma spp., soil diluted as above was plated onto
semi-selective Trichoderma Medium E (TME) agar (Pap-
avizas and Lumsden, 1982). Isolation of Trichoderma

spp., was also attempted from cocoyam (Xanthosoma sag-

itifolium) tubers, an inter-crop of cacao. Rotted coco yam
tubers (10 g) from Yaoundé, Cameroon were blended with
SDW and plated onto TME agar. For further purification,
agar discs (5-mm diameter) containing fungal mycelia, were
inverted, placed on water agar plates, incubated in the lab
at room temperature, and individual hyphae emerging on
water agar plates isolated and subcultured on PDA until
pure cultures were obtained. Endophytes of cacao isolated
from healthy leaves in a previous study and identified as
Geniculosporium spp. (Tondje et al., 2006) were also
included in this study.

Phytophthora species reference cultures were obtained
from core collections at CIRAD (Agricultural Research
Centre for International Development, Montpellier,
France), and IRAD (Institut de Recherche Agricole pour
le Developpement, Yaoundé, Cameroon), and maintained
on V8 agar medium (Mitchell and Kannwischer-Mitchell,
1992) or stored in SDW on small pieces of V8 agar. All
stock cultures were stored in SDW on small plugs of
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PDA (Jones et al., 1991). Trichoderma isolates were also
maintained on half-strength PDA (1/2 PDA) and a collec-
tion of Trichoderma isolates is maintained at �80 �C in the
Systematic Botany and Mycology Laboratory, USDA-
ARS, Beltsville, MD.

2.2. Precolonized plate method for selection of mycoparasites

of P. megakarya

A precolonized plate method (Krauss et al., 1998) was
used to assay the mycoparasitic ability of candidate fungi
towards P. megakarya NKOM-00. Sterile filter paper discs
(5-mm diameter, Whatman No. 1) were placed on top of
the mycelium of fungal isolates that had been grown 5 days
on PDA, and the fungal cultures were incubated for an
additional 4 days. Filter paper disks, overgrown with
hyphae of individual fungal isolates, were placed on top
of mycelia of 10-day-old cultures of the pathogen on V8
agar. Growth of the fungal isolate on mycelia of the path-
ogen was observed daily following a 3-day incubation per-
iod at 25 �C. The following system was used to rate
mycoparasitism: 3+, the entire culture of P. megakarya

was colonized within 14 days; 2+, the entire culture of P.

megakarya was colonized between 14 and 21 days; 1+,
the entire culture of P. megakarya was colonized after 21
days; �, no growth on the P. megakarya NKOM-00 myce-
lia was observed. There were three replicate plates per iso-
late in each experiment and the experiment was performed
twice.

2.3. Detached pod assay for estimation of mycoparasitism by

fungal isolates towards P. megakarya

Isolates that showed promise in the precolonized plate
assay were screened for suppression of P. megakarya on
detached cacao pods using a modification of the method
of Krauss et al. (1998). Mycoparasitic fungal isolates and
P. megakarya NKOM-00 were grown 10 days on PDA
and V8 agar, respectively, in 10-cm diameter Petri plates.
A 0.5· 5-cm strip of the mycoparasitic colony was removed
from the 10-day-old culture, inverted, and placed on top of
the mycelium of P. megakarya on V8 agar at the P. megak-

arya colony margin. Plates were incubated 24 h to allow
the mycoparasite to attach to the mycelium of P. megak-

arya. Five parallel strips, each 1-cm wide, were marked
on the bottom of the plate perpendicular to the strip of
the agar containing inoculum. A single perpendicular strip
of agar was removed after 1, 2, 4, 6, and 8 days, segmented
into 1-cm pieces, and placed onto a single detached green
cacao pod in a closed container lined with moist paper.
The segment containing the overlaid agar strip served as
the positive control for mycoparasitism. Cacao pods were
rated for symptoms of black pod disease after a 2-day incu-
bation period. The following rating system was used: 2+,
normal development of symptoms of black pod after 6–7
days (including the 2-day incubation period); 1+, delayed
and weak symptoms of black pod; and �, no symptoms
of black pod. There were two replicate pods per isolate
and the experiment was performed twice.

2.4. Evaluation of candidate mycoparasites on four
Phytophthora species

An additional in vitro assay was conducted to determine
mycoparasitism by four promising Trichoderma isolates
(659-7, PR10, PR11, and PR12), against P. megakarya iso-
lates M309 and NS269, P. palmivora isolate P881, P.

citrophthora isolate BR62, and P. capsici isolates Tri3
and MHU76.2. Twenty-one plugs (4-mm diameter) from
each of the pathogen isolates tested were cut from the edge
of an actively growing 6-day-old colony growing on half-
strength V8 (1/2V8) agar, and placed mycelium-side down
on 10-day-old cultures of Trichoderma isolates growing on
1/2PDA. After 4, 6, 8, 12, 18, 24, and 48 h coincubation
with Trichoderma, three replicate plugs of each pathogen
isolate · T. asperellum isolate combination were removed
and placed on 1/2V8 agar plates containing 50 mg/L beno-
myl (1/2V8B). Plugs of mycelium from pure cultures of
each Phytophthora isolate and each Trichoderma isolate

Table 1
Isolates used in this study

Isolate Source/comments

Pathogens
Phytophthora capsici 185-E Cacao Research Unit/cacao/Trinidad
P. capsici MHU76.2 M. Ducamp/cacao/Mexico
P. capsici Tri3 M. Ducamp/cacao/Trinidad
P. citrophthora BR62 M. Ducamp/cacao/Brazil
P. megakarya M309 M. Ducamp/cacao/Cameroon
P. megakarya MK-1 Cameroon
P. megakarya NKOM-00 Cameroon
P. megakarya NS269 M. Ducamp/cacao/Cameroon
P. palmivora P881 M. Ducamp/cacao/Jamaica

Potential biocontrol agents
Fusarium solani BCX This study/cacao leaf/Nkometou,

Cameroon
Geniculosporium sp. BC13 Tondje et al. (2006)/cacao

leaf/Nkometou, Cameroon
Geniculosporium sp. BC108 Tondje et al. (2006)/cacao

leaf/Nkometou, Cameroon
Geniculosporium sp. BC118 Tondje et al. (2006)/cacao

leaf/Nkometou, Cameroon
Geniculosporium sp. BC177 Tondje et al. (2006)/cacao

leaf/ Nkometou, Cameroon
Trichoderma asperellum 659-7 This study/soil in banana plantation/

Loum, Cameroon
T. asperellum PR10 This study/Xanthosoma sagittifolium/

Etoug-Ebe, Cameroon
T. asperellum PR11 This study/X. sagittifolium/

Etoug-Ebe, Cameroon
T. asperellum PR12 This study/X. sagittifolium/Etoug-Ebe,

Cameroon

Unknown isolate BC252a This study/Nkometou, Cameroon
Unknown isolate BC134 This study/Nkometou, Cameroon
Unknown isolate BC150 This study/Nkometou, Cameroon
Unknown isolate BC181 This study/Nkometou, Cameroon

a Unknown Basidiomycete.
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were also plated on 1/2V8B agar as controls. All plates
were wrapped in aluminum foil and incubated at 25 �C.
Growth of the Phytophthora isolates on the 1/2V8B agar
plates was checked microscopically after 7 days. The exper-
iment was performed twice.

2.5. Enzyme assays

Phytophthora capsici 185-E and P. megakarya MK-1
were grown in Potato Dextrose Broth and clarified carrot
liquid medium (Erwin and Ribeiro, 1996), respectively, 14
days at room temperature and 110 rpm. Mycelium was col-
lected by filtration, washed in SDW, autoclaved, collected
by filtration, freeze dried, ground, and included in media
as described below. T. asperellum isolates 659-7, PR10,
PR11, and PR12 were cultured in 250 ml Erlenmeyer flasks
containing 30 ml Wiendling’s minimal salts (Jones and
Hancock, 1987) plus 0.2% (v/v) glycerol, 0.2% (w/v)
hyphae of P. capsici 185-E, or 0.2% (w/v) hyphae of
P. megakarya MK-1 for 10 days at room temperature and
110 rpm. Three replicate cultures of each isolate, grown
in each medium, were passed through sterile cheesecloth
followed by a 0.2-lm filter. Fresh weight of mycelia from
each replicate culture was determined. The culture filtrate
was stored at �80 �C until used.

To determine carboxymethylcellulase (CMC’ase) activ-
ity, culture filtrate was mixed with 50 mM succinate buffer,
pH 5.5, and 0.2% (w/v) carboxymethylcellulose (Sigma
Chemical Co., St. Louis, MO) and incubated at 37 �C.
For crystalline cellulase activity, culture filtrate was mixed
with 50 mM succinate buffer, pH 5.5, or 50 mM ACES (N-
[2-acetomido-]2-aminoethanesulfonic acid; Sigma Chemi-
cal Co.) buffer, pH 6.5, and 0.2% (w/v) crystalline cellulose
(Sigmacell, Cat. No. 33504, Sigma Chemical Co.) and incu-
bated at 37 �C. For laminarinase activity, culture filtrate
was mixed with 50 mM succinate buffer, pH 5.5, and
0.2% (w/v) laminarin and incubated at 37 �C. Reducing
sugars liberated due to CMC’ase, crystalline cellulase, or
laminarinase activity were determined by the method of
Nelson (1944) with a glucose standard. One unit of
CMC’ase, crystalline cellulase, or laminarinase activity
was defined as the amount of enzyme that released 1 lg
glucose reducing equivalents/min/ml of culture. Protease
activity was determined by incubating culture filtrate with
100 mM succinate buffer, pH 5.5, or 100 mM ACES buffer,
pH 6.5, and 200 lg azocoll (Catalogue No. A4341, Sigma
Chemical Co.) at 30 �C (Chavira et al., 1984). One unit
of protease activity was the amount of enzyme that
increased the optical density at 520 nm one U/h/ml of
culture.

2.6. Characterization of select Trichoderma isolates

Trichoderma isolates that showed promise as mycopara-
sites of P. megakarya (659-7, PR10, PR11, and PR12) were
identified based on morphological features following
Samuels et al. (1999) as T. asperellum (see http://

www.nt.ars-grin.gov/taxadescriptions/keys/Trichoderma-
Index.cfm). This species does not grow at 37 �C.

For tef1 sequencing, extraction of genomic DNA was
performed as reported previously (Dodd et al., 2002). A
portion of tef1 containing the large fourth and short fifth
introns was amplified using primers EF1-728F (Carbone
and Kohn, 1999) and TEF1 rev (Samuels et al., 2002).
Sequences from both DNA strands were obtained using
the BigDye Terminator cycle sequencing kit and an
Applied Biosystems 3100 DNA sequencer (Applied Biosys-
tems, Foster City, CA). Sequences were assembled using
Sequencher 3.1 (Gene Codes, Ann Arbor, MI), aligned
using ClustalX 8.1 (Thompson et al., 1997), and visually
adjusted using MacClade 4.06 (Maddison and Maddison,
1992; Swofford, 2003). Gaps were treated as missing data.
The nucleotide sequences of portions of tef1 from T. asper-

ellum isolates 659-7, PR10, PR11, and PR12 are deposited
in GenBank under Accession Nos. EF186000, EF185998,
EF186002, and EF185999, respectively.

RAPD analysis was performed with RAPD primers
OPA12, OPA17, OPB01, OPB03, OPB04, OPB05,
OPB06, and OPB13 (Operon GmbH, Cologne, Germany)
(Fargues and Bon, 2004). Primers were selected based on
intra-specific polymorphism observed in previous analyses
of T. asperellum. UP-PCR analysis was performed with
three primer combinations: L45/AA2M2, L45/As15inv,
AA2M2/As15inv, and the primers L45, L15/As19, and
AA2M2 alone, as described in Cumagun et al. (2000). Each
RAPD and UP-PCR assay was repeated using templates
from two sets of DNA extractions and different DNA con-
centrations to ensure reproducibility of patterns. The pres-
ence or absence of positional homologous RAPD or UP-
PCR bands was scored 1 or 0 for all isolates, with polymor-
phic bands considered. A binary similarity matrix based on
the simple mismatch coefficient was generated considering
dominant markers, as recommended by Kosman and
Leonard (2005), in NTSYSpc Version 2.2 (Rohlf, 1997).
The simple mismatch coefficient was determined as follows:
SM (i1, i2) = (n � b � c)/n where SM (i1, i2 ) is the sim-
ilarity between two individuals i1 and i2; n is the total num-
ber of polymorphic loci represented in the sample; b is the
number of positions where individual i1 has a band, but i2
does not; and c is the number of positions where individual
i2 has a band, but i1 does not.

2.7. Field screening of T. asperellum isolates for

mycoparasitic activity against P. megakarya

Field screening experiments to test the biocontrol activ-
ity of T. asperellum isolates were conducted, with 15- to 20-
year-old hybrid cacao trees, at two different locations in
Cameroon (Esse and Nkoemvone) in 2002 and 2003,
respectively. No chemical pesticides had been applied at
either of these locations for at least 2 years prior to these
experiments and both locations showed considerable black
pod disease pressure. Routine management practices such
as weeding, fertilization, and pruning were used prior to
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and during the trials. Diseased pods were removed from
cacao trees immediately prior to initiation of field trials.

The six treatments tested in the field screens were T.

asperellum isolates 659-7, PR10, PR11, and PR12; Rido-
mil Plus (120 g metalaxyl and 600 g cuprous oxide per
kg product) chemical standard; and a nontreated (water)
control. For the initial short-term field screen at Esse,
the conidial suspensions of Trichoderma isolates were pre-
pared by flooding 8-day-old V8 agar cultures of Tricho-

derma with SDW and harvesting spores by scrapping the
plates gently. Spore suspensions were adjusted with
SDW to 108 colony-forming units (CFU)/ml after mixing
with sterile cassava flour as a carrier in 3000 ml plastic
containers. Suspensions were made fresh and transported
to the field. As the long-term field screen at Nkoemvone
required larger quantities of the formulations, it was
decided to mass produce each T. asperellum isolate by
solid-state fermentation according to Hebbar and Lums-
den (1999) with rice as the solid matrix. Incubation was
at 26 �C in constant light (ambient light during the day,
fluorescent light at night). Spores were extracted from
the solid matrix using a 100-lm diameter sieve and mixed
with cassava flour and diluted with SDW as described
above. Treatments were arranged in a completely random-
ized block design with five replicate blocks of four trees
per treatment at Esse and four replicate blocks of twenty
five trees per treatment at Nkoemvone. Biocontrol treat-
ments were applied every 2 weeks with a backpack sprayer
starting in September, 2002 at Esse and July, 2003 at
Nkoemvone at a rate of 150 ml per tree; which was equiv-
alent to 1.5 · 1010 CFU/tree.

The evaluation period started approximately 7 days
after the first spray. For the preliminary small-scale field
screen at Esse, this evaluation started during the second
week of September 2002 and lasted 3 weeks. For the
large-scale field screen at Nkoemvone, the evaluation
began early July 2003 and lasted until late November
2003. In both trials the following data were collected
weekly for the first 3 m above ground for each cacao tree:
number of diseased pods and number of healthy pods hav-
ing exceeded the ‘cherelle’ stage (>10 cm in size). Pods
>10 cm in size was evaluated to differentiate from cherelle
wilt, which is usually observed in pods smaller than
10 cm in length. Percent diseased pods per tree was calcu-
lated with the formula: [(number of diseased pods per
tree)/(total pods per tree)] · 100. Rainfall data were
recorded monthly at both field sites. The diseased pods
were removed once they were rated as diseased.

Data were analysed using the generalized linear model
with the SAS GENMOD procedure in SAS (SAS Institute,
Cary, NC) with significance evaluated at P 6 0.05. Means
were separated using contrast statements. For count values
the link function was log while the link function was logit
for percent diseased pods per tree. Data expressed as per-
centages were arcsine-transformed prior to analysis.
Back-transformed means are presented. The deviance (gen-
eralization of error sum of squares in analysis of variance

and the likelihood ratio v2) was used to test the model
for goodness of fit (Ndoumbe-Nkeng et al., 2004).

3. Results

3.1. Isolation and screening for mycoparasites of black pod

pathogens

Initial screens with fungal isolates were conducted
against P. megakarya as this is the most important black
pod pathogen in Central and West Africa. Several hundred
fungal isolates, including 200 Trichoderma spp. isolates
from two agricultural soils (cocoyam rhizosphere, cacao
farms) and adjoining tropical forests were screened for
mycoparasitism of P. megakarya isolate NKOM-00 using
a precolonized plate method (Krauss et al., 1998). Isolates
obtained from previous studies such as unidentified fungi
and leaf endophytic Geniculosporium species (Tondje
et al., 2006) were also included in the screening tests. In this
study, Trichoderma strains were below detection levels
(<10/g soil) in the cacao agroecological systems. They
were, however, easily isolated from the forest soils and
non-cacao soils such as rhizosphere and tubers of cocoyam.
Only nine isolates including four Geniculosporium isolates,
one unidentified isolate and four T. asperellum isolates
(659-7, PR10, PR11, PR12; identified from morphological
features) showed promise as mycoparasites on P. megak-

arya (Table 2). All four of the T. asperellum isolates com-
pletely colonized mycelium of P. megakarya grown on V8
agar within 14 days.

Of these nine isolates, only T. asperellum isolates 659-7,
PR10, PR11, and PR12 were capable of necrotrophic
mycoparasitism on P. megakarya isolate NKOM-00 in a
detached pod assay (Table 2). All four of these T. asperel-

lum isolates killed, or weakened, P. megakarya within 8
days of coincubation on V8 agar so that inoculum of P.

megakarya from V8 agar failed to cause black pod on
detached green cacao pods. The rate of necrotrophic myco-
parasitism was most rapid with T. asperellem PR11.

An additional in vitro mycoparasitism assay was con-
ducted with T. asperellum isolates 659-7, PR10, PR11,
and PR12 against two additional isolates of P. megakarya

(M309, NS269) as well as P. capsici, P. citrophthora, and
P. palmivora (Table 1). Collectively these Phytophthora iso-
lates represent almost all of the species known to cause
black pod worldwide (Erwin and Ribeiro, 1996; Kellam
and Zentmeyer, 1986). All four T. asperellum isolates were
capable of causing cessation of growth on ½V8B agar
media by all black pod pathogens after coincubation for
a period of 24 h or less (data not shown). Consistent with
results from the detached pod assay, T. asperellum isolate
PR11 led to cessation of growth by these black pod patho-
gens more quickly than the other T. asperellum isolates; all
Phytophthora isolates with the exception of P. capsici Tri3
failed to grow after 12 h or less coincubation with PR11.
T. asperellum isolate PR12 was similar to PR11 in rate of
lysis on all Phytophthora isolates with the exception of
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P. capsici MHU 76.2. The benomyl in 1/2V8B plates
completely inhibited growth by T. asperellum 659-7,
PR10, PR11, and PR12 controls. There was substantial
growth from all control plugs of all Phytophthora isolates
on 1/2V8B agar when not coincubated with the T. asperel-

lum isolates (data not shown). Similar results were obtained
in a second experiment (data not shown).

Culture filtrates from T. asperellum isolates 659-7, PR10,
PR11, and PR12 all contained substantial laminarinase
activity and much lesser amounts of CMC’ase activity
(Table 3); enzyme activities potentially capable of degrad-
ing cell walls of Phytophthora during mycoparasitism.
Laminarinase and CMC’ase activities in culture filtrates
from all four isolates of T. asperellum were at least fivefold
higher when these isolates were grown on hyphae of P. cap-

sici or P. megakarya than when grown on glycerol. This
suggests that production of these enzyme activities was
induced in the presence of these two species of Phytophtho-

ra. Mycelial fresh weight trended higher in T. asperellum

cultures grown on P. capsici or P. megakarya, possibly
due to the initial inclusion of 0.06 g of mycelia of these
pathogens in these media. However, greater biomass of
T. asperellum in cultures grown on these pathogens could
not account for the higher associated CMC’ase and lamin-
arinase activities. Mycelial fresh weight in cultures grown
on P. capsici or P. megakarya was never greater than twice

that of cultures grown on glycerol. Protease and crystalline
cellulase activities were below detectable thresholds in cul-
ture filtrates from T. asperellum isolates 659-7, PR10,
PR11, and PR12 grown on all media tested. Protease and
crystalline cellulase assays were conducted at both pH 5.5
and at pH 6.5 (data not shown).

3.2. Identification and differentiation of T. asperellum
isolates

Following morphological identification, the identity of
the T. asperellum isolates was confirmed by sequencing
the gene for translation elongation factor 1 (tef1). When
gaps were considered as missing, the pairwise base differ-
ence analysis as implemented in PAUP showed that isolates
PR11, PR12, and 659-7 had identical tef1 sequences and
differed from PR10 in 4 positions or 0.75% (data not
shown). Genetic relatedness between the T. asperellum iso-
lates 659-7, PR10, PR11, and PR12 was deepened based on
randomly amplified polymorphic DNA (RAPD) and uni-
versally primed PCR (UP-PCR) fingerprinting patterns.
Regardless of the molecular marker technique used, the
number of polymorphic loci was high. Eight primers were
used in RAPD analysis, producing 97 scorable amplicons,
of which 39 were polymorphic (40% of total). Three primer
combinations and three primers alone were used for UP-

Table 2
Mycoparasitism of Phytophthora megakarya NKOM-00 by fungal isolates

Isolate Precolonized plate assaya Detached pod assayb

Days coincubation prior to no black pod disease symptoms

Agar segmentc: control 1 cm 2 cm 3 cm 4 cm 5 cm

Trichoderma asperellum 659-7 3+ 4f 4 6 6g 6g 6
T. asperellum PR10 3+ 2h 4 4 6 6 8
T. asperellum PR11 3+ 1 2h 4 4 4 6
T. asperellum PR12 3+ 2h 2 4 4 6 6
Geniculosporium sp. BC13 3+ >8 >8 >8 >8 >8 >8
Geniculosporium sp. BC108 3+ >8 >8 >8 >8 >8 >8
Geniculosporium sp. BC118 2+ >8 >8 >8 >8 >8 >8
Geniculosporium sp. BC177 3+ >8i >8i >8 >8 >8 >8
Unknown isolate BC252d 2+ >8 >8 >8 >8 >8 >8
Unknown isolate BC150 + NDe

Unknown isolate BC134 + ND
Unknown isolate BC181 + ND
Fusarium solani BCX + ND

a The following system was used to rate mycoparasitism: 3+, the entire culture of P. megakarya was colonized within 14 days; 2+, the entire culture of
P. megakarya was colonized between 14 and 21 days; +, the entire culture of P. megakarya was colonized after 21 days; �, no growth on hyphae of
P. megakarya NKOM-00.

b Isolates were considered necrotrophic mycoparasites on P. megakarya NKOM-000 if no symptoms of black pod disease were evident in this assay by 8
days coincubation. Note that the positive control P. megakarya NKOM-00 applied alone, always caused disease and that symptoms in controls were
evident within 8 days.

c Parallel strips of V8 agar, previously colonized by P. megakarya, were cut perpendicular to the agar strip containing inoculum of the mycoparasite and
segmented prior to being placed on the detached cacao pod. Control agar segment contained the inoculum of the mycoparasite. 1 cm, 2 cm, 3 cm, 4 cm,
and 5 cm, the agar segment was 1 cm, 2 cm, 3 cm, 4 cm, and 5 cm, respectively, from the agar inoculum.

d Unknown sterile Basidiomycete.
e ND, not determined.
f Weak symptoms of black pod disease after 2 days.
g Weak symptoms of black pod disease after 4 days.
h Weak symptoms of black pod disease after 1 day.
i Weak symptoms of black pod disease after 8 days.
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PCR, resulting in 86 scorable amplicons, of which 26 were
polymorphic (30% of total). The average number of ampli-
cons per primer was 14 in UP-PCR, which was slightly
higher than the 12 obtained with the RAPD approach.
Overall similarity values, calculated based on a total of
65 data from both two marker techniques, are presented
in Table 4. Similarity coefficients between isolates ranged
from a minimum of 0.05, between PR10 and 659-7 to a
maximum of 1.00 between PR11 and PR12. None of the
RAPD or UP-PCR fingerprinting patterns led us to differ-
entiate PR11 from PR12. Interestingly, genetic similarity
values for these T. asperellum isolates were consistent with
the rates of lysis of Phytophthora spp. presented above.

3.3. Screening of T. asperellum isolates under field conditions

Field screening experiments were conducted in two
stages to demonstrate the potential for suppression of
black pod disease with T. asperellum isolates 659-7,
PR10, PR11, and PR12; a short 3-week experiment to
screen the isolates, followed by a longer 18-week experi-
ment in the following year. The initial 3-week screen was
conducted during the rainy season (177 mm of rainfall

recorded) in September, 2002 near Esse, Cameroon. All
T. asperellum isolates provided disease suppression in this
trial (Table 5). Treatments with isolate PR11 or Ridomil
Plus provided the best control followed by isolate PR10
and then by isolates PR12 and 659-7. Percent diseased pods
per tree in the treatment containing isolate PR11 was con-
sistently low throughout the 3-week trial with less percent
diseased pods per tree than the chemical control until week
three. During the three week screen, the treatment contain-
ing T. asperellum PR12 had the greatest number of total
pods per tree followed by the treatment containing isolate
PR10 and the chemical control. There was considerable
disease pressure during this trial as evidenced by an
increase in percent disease in the nontreated water control.
Diseased pods per tree increased to 29% over the 3-week
trial from less than 5% diseased pods per tree at the initia-
tion of the trial. Diseased pods were removed from the
trees immediately prior to the trial.

An 18-week, large-scale field screen was conducted with
these isolates of T. asperellum starting in July, 2003 near
Nkoemvone, Cameroon. There was considerable rainfall
during this 5 month screening as well (average 200 mm
per month). The experiment was subdivided into three

Table 3
Enzyme activities associated with culture filtrates from isolates of Trichoderma asperellum grown on various media

Isolate Mediuma Fresh Wt (g)b CMC’asec Laminarinasec

T. asperellum 659-7 W + G 0.37 ± 0.05 NDd 0.021 ± 0.01
W + Pc 0.57 ± 0.05 3.23 ± 0.27 · 10�3 0.19 ± 0.01
W + Pm 0.73 ± 0.05 2.87 ± 0.31 · 10�3 0.17 ± 0.00

T. asperellum PR10 W + G 0.47 ± 0.05 ND ND
W + Pc 0.53 ± 0.05 3.42 ± 0.19 · 10�3 0.25 ± 0.00
W + Pm 1.00 ± 0.08 3.31 ± 0.00 · 10�3 0.18 ± 0.01

T. asperellum PR11 W + G 0.33 ± 0.09 ND 0.04 ± 0.00
W + Pc 0.37 ± 0.05 3.31 ± 0.34 · 10�3 0.20 ± 0.01
W + Pm 0.70 ± 0.14 3.59 ± 0.30 · 10�3 0.24 ± 0.01

T. asperellum PR12 W + G 0.43 ± 0.05 ND 0.04 ± 0.00
W + Pc 0.50 ± 0.08 3.69 ± 0.60 · 10�3 0.25 ± 0.00
W + Pm 0.60 ± 0.08 3.31 ± 0.00 · 10�3 0.25 ± 0.02

a Trichoderma asperellum isolates were grown in Wiendling’s minimal salts (Jones and Hancock, 1987) plus 0.2% (v/v) glycerol (W + G), Wiendling’s
minimal salts plus 0.2% (w/v) hyphae of Phytophthora capsici (W + Pc), and Wiendling’s minimal salts plus 0.2% (w/v) hyphae of P. megakarya (W + Pm).

b Fresh weight (g) of mycelium after growth T. asperellum isolates on various media.
c One unit of CMC’ase and laminarinase activity was defined as the amount of enzyme that released 1 lg glucose reducing equivalents/min/ml of culture.
d ND, not detectable. Lower limits of detection were 0.30 · 10�3 units for CMC’ase and laminarinase activities.

Table 4
Matrix of similarity values for four potential biocontrol isolates of
Trichoderma asperellum based on combined data from banding patterns
with RAPD and UP-PCR approachesa

Isolate 659-7 PR10 PR11 PR12

659-7 1.00
PR10 0.05 1.00
PR11 0.81 0.14 1.00
PR12 0.81 0.14 1.00 1.00

a Similarity values were calculated with the simple mismatch coefficient
from 65 polymorphic amplicons generated from eight RAPD and six UP-
PCR fingerprinting patterns of these four isolates.

Table 5
Suppression of black pod with Trichoderma asperellum treatments in a
short-term field screen conducted near Esse, Cameroona

Treatment Total pods/tree Healthy pods/tree % Diseased
pods/tree

T. asperellum 659-7 15.9 c 12.8 b 17.7 c
T. asperellum PR10 19.3 b 16.8 a 12.5 c
T. asperellum PR11 17.2 c 16.7 a 2.0 a
T. asperellum PR12 22.1 a 18.7 a 14.9 c
Ridomil Plus 19.0 b 16.8 a 7.4 b
Water control 16.9 c 11.2 b 29.1 d

a Mean values within a column followed by the same letter are not
significantly different at P > 0.05.
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observation periods prior to analysis due to varied pod
maturity stages, pod production numbers per tree, and dis-
ease pressure (due to varied rainfall). An initial period from
July to August, with low pod losses (water con-
trol = 19.3%) of younger immature pods (average 14 pods
per tree); followed by a second period of greater pod loss in
September (water control = 60% loss) and more pods
(average 18 pods) per tree. The third period (October–
November) had lower total number of pods per tree
(approximately 7 pods) in many treatments due to larger
pod losses (water control = 54% loss) compounded by the
earlier losses, and also due to the end of the production sea-
son. All T. asperellum isolates provided disease suppression
relative to the water control during at least one of the
observation periods within this screen (Table 6). Isolate
659-7 provided the best disease suppression during the
onset of the experiment (July–August). However, only the
Ridomil Plus and the PR11 treatments resulted in percent
diseased pods per tree values that were significantly lower
than the nontreated water control throughout the entire
experiment; notably during the period of higher pod losses
in September. The Ridomil Plus treatment followed by the
PR11 treatment resulted in the greatest number of healthy
pods per tree in both the September and the October–
November portions of this screen (Table 6). In addition,
significantly more total mature pods were harvested from
trees treated with Ridomil and strain PR11 than the water
control and the other (659-7, PR10, PR12) biocontrol
strains, especially during the peak pod harvest period, from
September to November, of the screening trial (Table 6).

4. Discussion

We report here the isolation of mycoparasitic T. asperel-

lum isolates that have potential to suppress black pod on
cacao in Cameroon under field conditions. To our knowl-
edge this is the first report on the isolation and application
of biological control of black pod under field conditions in
the presence of natural inoculum of P. megakarya, the
major causal agent of black pod disease in West Africa.
Curiously, in this study Trichoderma strains, quite ubiqui-
tous in most agricultural soils, were not easily isolated or
were below detection levels in the cacao-agroforestry sys-
tem. There is no explanation for this at present other than
speculation that the use of broad-spectrum fungicides such
as Ridomil suppresses populations of this soil saprophyte.
More detailed studies are needed to confirm this. The
T. asperellum isolates (PR-series) used in this study were
all from cocoyam tubers and these isolates were tolerant
to the commonly used copper fungicide, Kocide (copper
hydroxide) but not to Ridomil Plus (P. Tondje et al.,
unpublished).

Isolates of Trichoderma spp. have been demonstrated to
be mycoparasitic on a number of fungi (Harman et al.,
2004; Holmes et al., 2004; Rai and Singh, 1980; Samuels
et al., 2006; Sanogo et al., 2002; Scharen and Bryan,
1981). We used a hierarchical set of assays to screen several
hundred fungal isolates, including Trichoderma spp., using
both in vitro and in vivo mycoparasitism tests. This screen
consisted of (a) an in vitro precolonized plate screen with
P. megakarya as host; followed by (b) a detached pod assay

Table 6
Suppression of black pod with Trichoderma asperellum treatments in a long-term field screen conducted near Nkoemvone, Cameroona

Treatment Total pods/tree Healthy pods/tree % Diseased pods/tree Total mature pods harvested/100 trees

July–August
T. asperellum 659-7 15.9 b 15.2 e 4.2 a 5 b
T. asperellum PR10 15.5 b 13.9 d 9.4 b 10 a
T. asperellum PR11 13.6 b 11.9 c 10.4 b 6 b
T. asperellum PR12 15.0 b 12.7 c 13.9 c 12 a
Ridomil Plus 11.5 a 10.5 a 7.7 b 4 b
Water control 11.8 a 9.6 b 19.3 d 12 a

September
T. asperellum 659-7 19.1 b 11.6 b 39.2 b 310 c
T. asperellum PR10 18.5 b 7.4 c 58.1 c 294 c
T. asperellum PR11 19.1 b 11.8 b 37.5 b 485 b
T. asperellum PR12 15.3 a 6.6 c 55.7 c 264 c
Ridomil Plus 18.9 b 15.8 a 15.9 a 639 a
Water control 19.5 b 7.8 c 60.0 c 353 c

October–November
T. asperellum 659-7 8.9 b 4.0 c 54.4 cd 321 c
T. asperellum PR10 5.0 a 2.2 e 49.7 c 179 e
T. asperellum PR11 7.9 b 4.6 b 40.4 b 374 b
T. asperellum PR12 5.0 a 2.0 e 57.1 d 166 e
Ridomil Plus 10.1 c 8.5 a 13.8 a 788 a
Water control 8.7 b 3.6 c 57.8 d 268 d

a Analysis of data collected weekly at Nkoemvone revealed 3 periods: July–August, low diseased pod losses; September, greatest pod losses; and
October–November, number of pods/tree was low in many treatments due to large diseased pod losses in September and high number of ripened pods
(data not shown). The data were subdivided into three portions (July–August, September, October–November) prior to analysis. Mean values within a
column followed by the same letter are not significantly different at P > 0.05.
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with P. megakarya as pathogen; (c) an in vitro mycoparasit-
ism assay with additional P. megakarya isolates as well as
other causal agents of black pod (Table 1); (d) an enzyme
assay to speculate on the likely mode of action; (e) identi-
fication and differentiation of candidate isolates using both
classical and molecular methods; and finally, (f) field
screens for suppression of black pod under natural condi-
tions in Cameroon.

The in vitro precolonized plate method and the detached
pod assay narrowed the initial collection of candidate iso-
lates to a manageable number for subsequent, more time-
consuming assays (Krauss, 1996). The in vitro assay with
additional black pod pathogens and the enzyme assay were
used to demonstrate that the remaining T. asperellum iso-
lates had the potential to be mycoparasitic on a number
of causal agents of black pod occurring worldwide
(P. capcisi and P. palmivora) including additional isolates
of P. megakarya. Although laboratory bioassays employing
plant parts, such as the detached pod assay used here, do
not completely mimic natural field conditions, they were
helpful in eliminating non-performing isolates from the
screening tests. Enzyme assays with the T. asperellum iso-
lates revealed the induction and production of high levels
of degradative glucanase enzymes in the presence of the
straminopilous (P. megakarya) isolates. Straminopilous iso-
lates are known to have high levels of the b-glucan cellulose
in their cell walls. Laboratory assays have also shown the
ability of the T. asperellum isolates to be mycoparasitic on
tested Pythium species (P. Tondje, unpublished).

The final field screening step was necessary to demon-
strate the potential of these mycoparasitic T. asperellum

isolates for biological control of black pod under natural
conditions. Factors such as rainfall, water movement over
cacao plant surfaces, competition with the indigenous
microflora, and natural variation in aggressiveness of the
black pod pathogen are impossible to reproduce in the lab-
oratory. In addition, there are differences in the black pod
pathogen population at the inter- and intra-species levels,
which is further complicated by variation in cultivars of
cacao present in the cacao farms with differences in field
resistance to black pod disease. It has been shown that
the host-specific resistance in cacao is often unstable due
to the variability of the cacao population (Omokolo
et al., 2002) while different species of black pod pathogens
as well as isolates within the same species have been shown
to vary in aggressiveness (Iwaro et al., 1998; Surujdeo-
Maharaj et al., 2001).

Accurate identification of our candidate microbial con-
trol agents was critical for communication of our results,
given the high degree of misidentification of Trichoderma

species in the literature (Kullnig et al., 2001). Although
T. asperellum is among the more distinctive species in the
genus, tef1 sequences confirmed this identification for iso-
lates 659-7, PR10, PR11, and PR12. Some Trichoderma
species (e.g. Trichoderma citrinoviride and Trichoderma lon-

gibrachiatum) are known to be opportunistic pathogens of
immunocompromised mammals (Kredics et al., 2003) or to

be pathogens of agriculturally important mushrooms
(Samuels et al., 2002; Seaby, 1987). T. asperellum is incapa-
ble of growing at body temperature (37 �C), eliminating
fear that it could pose a health problem to humans, while
the mushroom pathogen, Trichoderma aggressivum (Samu-
els et al., 2002), is phylogenetically distant from T. asperel-
lum. The ability to specifically identify biological control
isolates of Trichoderma is also important in the registration
process and in analysis of performance of biological con-
trol isolates in field trials (Hermosa et al., 2001). Accurate
identification was most efficiently done through the use of
DNA-based methods.

Our fingerprinting approach proved useful for revealing
diversity and hence for differentiating at least three of our
candidate isolates for suppression of black pod disease.
In the current study, some RAPD and UP-PCR amplicons
appeared to be isolate-specific or semi-specific. Future
work will include development of sequence characterized
amplified region (SCAR) markers that selectively amplify
these diagnostic amplicons. This approach could be used
to monitor the presence of specific isolates in soil and cacao
trees, as already developed for Trichoderma atroviride
(Hermosa et al., 2001). For example, SCAR markers could
be used to verify that long-term persistence of T. asperellum

in the cacao-agroforesty system helps reduce pathogen
pressure. Indications are that T. asperellum is persistent
in the flower cushions for more than 3 months after appli-
cation and can reduce wilting of young pods (P. Tondje,
unpublished).

Results from field screening trials presented here clearly
show the potential of these T. asperellum isolates for sup-
pression of black pod and increasing harvestable pods.
Although not as effective as chemical fungicides for pod
protection, use of these isolates can be seen as a way to
reduce application rates of copper; especially in low input
cacao farming in West Africa. Farmers in these regions
have been reluctant to use expensive fungicides such as
Ridomil. The current production maximum observed
under the existing tree number per ha (�600 to 800 trees/
ha), would yield approximately 360–480 kg of dry beans
per ha even in the Ridomil treated trees (15 pods/tree is
equivalent to 600 g or dry beans/tree). The yield is still
not high enough to make expensive fungicide application
worthwhile for the farmer under our experimental condi-
tions. At least 800–1000 kg/ha is often quoted as a sustain-
able production level. Large-scale tests at several locations
in Cameroon are currently being conducted to validate
results presented here. In addition, the efficacy of biocon-
trol applications alternated with fungicides is also being
tested (personal communication, Pierre Tondje). These
multi-location and multi-year field trials are needed to
verify consistency of suppression of black pod by these
T. asperellum isolates under varied environmental condi-
tions and on farms where sporadic fungicide application
is part of the black pod disease management practice.
Pathogen genotype and virulence may vary from those in
trials reported in this work.
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It is possible that isolates more efficacious than T. asper-

ellum PR11 with better biocontrol activity and persistence
can be found within the indigenous microflora, however,
more exploration work is needed. Work is also being direc-
ted at improving disease control with these isolates with
better formulations and application methods. The cassava
flour formulation used here may not be the most ideal for-
mulation. Possible future strategies include application of
mixtures of biocontrol strains (Deacon, 1994; Krauss
et al., 1998). Mixtures of compatible biocontrol strains
are thought to have a greater probability of success under
varied environmental conditions than application of bio-
control strains individually (Meyer and Roberts, 2002). It
has been suggested that strain mixtures overcome problems
associated with genetically heterogeneous pathogen popu-
lations (Krauss et al. 1998). Krauss and Soberanis (2001)
showed that even broad host-range mycoparasites discrim-
inated significantly between individual strains of the main
pathogen.

Acknowledgments

This work was supported by the IITA/STCP (Sustain-
able Tree Crops Program), USDA-ARS-OIRP, and
MARS Inc. Particular thanks to Eric Rosenquist
(USDA-ARS) and Stephan Weise (IITA/STCP) for their
endless support and encouragement. We thank Christie
Sue Dekker (USDA-ARS), Laurie McKenna (USDA-
ARS), and Corinne Hurard (EBCL) for technical assis-
tance and Michel Ducamp (CIRAD) for providing
Phytophthora isolates and scientific advice.

References
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