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SUMMARY

 

Moniliophthora perniciosa

 

 (= 

 

Crinipellis perniciosa

 

) causes one
of the three main fungal diseases of 

 

Theobroma cacao

 

 (cacao),
the source of chocolate. This pathogen causes Witches’ broom
disease (WBD) and has brought about severe economic losses in
all of the cacao-growing regions to which it has spread with yield
reductions that range from 50 to 90%. Cacao production in South
America reflects the severity of this pathogen, as the yields in
most of the infected regions have not returned to pre-outbreak
levels, even with the introduction of resistant varieties. In this
review we give a brief historical account and summarize the
current state of knowledge focusing on developments in the
areas of systematics, fungal physiology, biochemistry, genomics
and gene expression in an attempt to highlight this disease.

 

Moniliophthora perniciosa 

 

is a hemibiotrophic fungus with two
distinct growth phases. The ability to culture a biotrophic-like
phase 

 

in vitro

 

 along with new findings derived from the nearly
complete genome and expression studies clearly show that these
different fungal growth phases function under distinct metabolic
parameters. These new findings have greatly improved our
understanding of this fungal/host interaction and we may be at
the crossroads of understanding how hemibiotrophic fungal
plant pathogens cause disease in other crops.

 

Historical summary of WBD:

 

The first WDB symptoms
appear to have been described in the diaries of Alexandre Rod-
rigues Ferreira (described as 

 

lagartão

 

; meaning big lizard) from
his observations of cacao trees in 1785 and 1787 in Amazonia,
which is consistent with the generally accepted idea that

 

M. perniciosa

 

, like its main host 

 

T. cacao

 

, evolved in this region.

The disease subsequently arrived in Surinam in 1895. WBD
moved rapidly, spreading to Guyana in 1906, Ecuador in 1918,
Trinidad in 1928, Colombia in 1929 and Grenada in 1948. In each
case, cacao production was catastrophically affected with yield
reductions of 50–90%. After the arrival of 

 

M. perniciosa

 

 in Bahia
in 1989, Brazil went from being the world’s 3rd largest producer
of cacao (347 000 tonnes in 1988–1990; 

 

c

 

. 15% of the total
world production at that time) to a net importer (141 000 tonnes
in 1998–2000). Fortunately for chocolate lovers, other regions of
the world such as West Africa and South East Asia have not yet
been affected by this disease and have expanded production to
meet growing world demand (predicted to reach 3 700 000
tonnes by 2010).

 

Classification: 

 

Moniliophthora perniciosa

 

 (Stahel) Aime &
Phillips-Mora: super-kingdom Eukaryota; kingdom Fungi; phylum
Basidiomycota; subphylum Agaricomycotina; class Agaricomycetes;
subclass Agaricomycetidae; order Agaricales; family Marasmiaceae;
genus 

 

Moniliophthora

 

.

 

Useful websites: 

 

www.lge.ibi.unicamp.br/vassoura/,
nt.ars-grin.gov/taxadescriptions/keys/TrichodermaIndex.cfm,
www.worldcocoafoundation.org/info-center/research-

 

updates.asp, www.ars.usda.gov/ba/psi/spcl

 

INTRODUCTION

 

A fungus by any other name

 

The causal agent of Witches’ broom disease (WBD), 

 

Moniliophthora
perniciosa

 

 (Stahel) Aime & Phillips-Mora, is a hemibiotrophic
fungal pathogen of cacao, 

 

Theobroma cacao 

 

L. (Malvaceae)
(Fig. 1A,B). Along with frosty pod rot (FPR) and black pod rot

 

*
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(BPR), WBD is one of the three most important diseases of this crop
in the Western Hemisphere (Evans, 1980; Purdy and Schmidt, 1996).
This fungus was first described as 

 

Marasmius perniciosus

 

 Stahel,
but in 1942 Singer transferred it to 

 

Crinipellis

 

 as 

 

C. perniciosa

 

(Stahel) Singer. It was known under this name until 2005, when
Aime and Phillips-Mora (2005) used DNA sequencing to demon-
strate that it was very closely related to the FPR pathogen,

 

M. roreri

 

 (Cif.) H.C. Evans 

 

et al

 

. (2003), and only distantly related
to the type species of 

 

Crinipellis

 

. The formation of hybrids (sterile
and unstable but intermediate in morphology with clamp con-
nections) between 

 

M. roreri 

 

and 

 

M. perniciosa

 

 attests to the
relatedness of these two species (Griffith 

 

et al

 

., 2003). These two
species now form a separate lineage of Marasmiaceae that
includes several members of 

 

Crinipellis 

 

Section 

 

Iopodinae

 

, which
formerly comprised the pink/purple-pigmented members of the
genus 

 

Crinipellis

 

 (Aime and Phillips-Mora, 2005; M.C. Aime
unpublished data; G.W. Griffith, unpublished data). In addition
to causing WBD on cacao, 

 

M. perniciosa

 

 is also capable of causing
disease on several members of the Solanaceae (Bastos and
Evans, 1985) and other unrelated tropical hosts (Griffith and
Hedger, 1994a; Griffith 

 

et al

 

., 2003; Resende 

 

et al

 

., 2000).

 

Moniliophthora perniciosa

 

 is believed to have originated and

coevolved with host plants in the Upper Amazon River basin on
the eastern side of the Andes (Purdy and Schmidt, 1996), while
the origin and evolution of 

 

M. roreri

 

 is believed to be in central
or north-eastern Colombia (Phillips-Mora 

 

et al

 

., 2007).

 

DISEASE PROGRESSION

 

WBD of cacao begins with the production of basidiospores from
small pink basidiomata (mushrooms) formed on previously infected
plant tissues, including pods and affected vegetative tissue.
Airborne dispersal of the basidiospores primarily occurs during
nocturnal periods. Under high humidity (Frias 

 

et al

 

., 1991), the
basidiospores have the ability to infect any meristematic cacao
tissues including shoots, flowers and young developing fruits
(Evans, 1980). Infection through stomatal openings by basidiospore
germ tubes has been reported on several occasions (Frias 

 

et al

 

.,
1991; Sreenivasan and Dabydeen, 1989; Suarez, 1977), with Frias

 

et al

 

. (1991) also observing infection through the bases of
damaged trichomes on unhardened flushes. At this stage in the
disease cycle, the density of fungal mycelium in the plant is very
low (Orchard and Hardwick, 1988; Penman

 

 et al

 

., 2000) and the
fungus is in the biotrophic growth phase, which is recognized by

Fig. 1 WDB disease in the field. (A) An infected 
cacao grove in Bahia, Brazil. (B) An uninfected 
cacao grove in Bahia, Brazil. (C) Infected tree with 
WBD symptoms of dry brooms, parthenocarpic 
fruits and an infected pod. The ovals with the white 
dashed lines represent dry brooms. The ovals with 
the solid white lines show parthenocarpic fruits. 
The white arrow points to a diseased pod. (D) 
Infected tree with WBD symptoms with a single dry 
broom. The oval with the dashed white line 
encircles the dry broom.
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the production of wider convoluted intercellular hyphae that lack
clamp connections (Evans, 1980).

Early observation of the nuclear status of this mycelium in
cacao meristems suggested that it was uninucleated (Calle 

 

et al

 

.,
1982), although Griffith and Hedger (1994c) found this to be
much more variable (up to ten nuclei per cell) in biotrophic
mycelium formed in dual culture with potato callus. During the
biotrophic phase, the fungal/host interaction produces the
distinctive symptoms of WBD: hypertrophy and hyperplasia of
the tissues distal to the infection site (Holliday, 1980), loss of apical
dominance, proliferation of auxiliary shoots, and the formation of
abnormal stems resulting in a broom-like structure called a green
broom. Infection of the cauliform flowers results in the formation
of cushion brooms or small parthenocarpic fruits (Fig. 1C). After

1–2 months of developmental alterations, necrosis and death of
the infected tissues occurs distal to the original infection site,
thus forming the structure called a dry broom (Evans, 1980; Law-
rence

 

 et al

 

., 1991) (Fig. 1C,D). None of these necrotic tissues
form abscission layers so the infected necrotic tissues remain
attached. Sometime during or before the death of the infected
tissues, the fungus proliferates and colonizes necrotic or dead host
cells and undergoes a morphological change with hyphae becoming
narrower and less convoluted, with clamp connections and regular
binucleated (dikaryotic) mycelium, known as the saprotrophic
phase. The exact timing, mechanisms and signalling factors
involved in the developmental alterations of both the plant and
the fungus remain unknown. Following alternating wet and dry
periods (Almeida

 

 et al

 

., 1997), basidiocarp production (Fig. 2A,C)

Fig. 2 Basidiocarps and pod rots resulting from 
M. perniciosa infection of cacao. (A) Basidiocarps 
on a dry broom at various development stages. (B) 
A basidiocarp on a dry broom after spore release. 
The white arrow shows the accumulation of the 
spores on the dry broom. (C) Basidiocarp 
development on a dry broom in the field. (D) Pod 
rot caused by M. perniciosa. Longitudinal view. (E) 
Pod rot caused by M. perniciosa. Transverse view.
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and subsequent spore formation (Fig. 2B) can occur on any
infected necrotic tissue, thus completing the disease cycle.
Basidiocarp formation and spore production from a single dry
broom can occur repeatedly over a period of several years. One
additional feature of the biotrophic phase that has been observed
in senescing green brooms (Suarez, 1977), in leaf trichomes
(Sreenivasan, 1991) and in potato callus dual culture (Griffith and
Hedger, 1994c) is the formation of chlamydospores. The role of
these thick-walled intercalary spores in WBD is not known but
they may represent a dormant phase following host infection. The
life cycle with images of the fungal stages at the various host
symptom stages are depicted in Fig. 3.

 

Moniliophthora perniciosa

 

 is also responsible for one of the
main pod rotting diseases of cacao, previously know as Crinipellis
pod rot (Maddison 

 

et al

 

., 1995) (Fig. 2D,E). 

 

Theobroma cacao

 

produces large thick pods that contain 30–40 seeds that require
approximately 6 months to reach maturity. The developing fruits
are susceptible to infection throughout their growth and young
pods will abort if infected during the first few weeks. As the pod
grows, infection progresses, eventually causing a watery rot on
mature pods with the complete loss of the seeds, while later
infections of more mature pods will result in a partial loss of the
seeds. This has become especially important in Brazil, as most of
the cacao clones with resistance to apical meristem infections are
still susceptible to this pod rot.

 

Theobroma cacao

 

 is typically grown in an environmentally
friendly production system resulting in the conservation of large
regions of tropical rainforest as a shade canopy for the understory

growth of cacao. This typically helps to preserve habitat for
numerous animal and bird species found in these regions (Rice
and Greenberg, 2000). With the production losses associated
with WBD, tropical landowners are forced to convert their land to
other production systems that normally require the destruction of
the forest cover. Therefore, WBD not only affects the supply of
cacao but also has a major impact on the conservation of tropical
environments where cacao is grown.

 

M.  PERNICIOSA

 

 SPECIES COMPLEX AND 
BIOTYPES

 

The species 

 

M. perniciosa

 

 consists of a number of geographically
separated populations that infect a broad range of different
hosts. This species was first subdivided into three different varieties
(var. 

 

perniciosa

 

, var. 

 

ecuatoriensis

 

 and var. 

 

citriniceps

 

) according
to morphological characters of the basidiocarp (Pegler, 1978).
However, plant pathologists, using data based on breeding biol-
ogy and host specificity, currently classify 

 

M. perniciosa 

 

into four
different biotypes (C, H, L and S) (Table 1). The C-biotype infects
species of 

 

Theobroma

 

 and the closely related genus 

 

Herrania

 

(Malvaceae). The S-biotype infects a diverse range of hosts within
the Solanaceae (Bastos and Evans, 1985), while the H-biotype,
which has recently been identified, infects 

 

Heteropterys acutifolia

 

(Malpighiaceae) (Griffith 

 

et al

 

., 2003; Resende 

 

et al

 

., 2000).
Isolates of the L-biotype are found on liana vines and plant debris,
especially of the species 

 

Arrabidaea verrucosa 

 

(Standl.) A.H. Gentry
(Bignoniaceae) (Evans, 1978; Griffith and Hedger, 1994a,b;

Fig. 3 Disease progression (left to right). The images of the fungal stage above represent the progression of the fungus from the biotrophic phase to the saprotrophic 
phase and the typical mycelial structures and nuclei number at each symptomatic stage shown below. (A) Infection by penetration through stomatal opening. (B) 
Growth of the green broom. (C) Necrosis of infected tissues. (D) Dry broom. (E) Basidiocarp and spore formation.
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Hedger 

 

et al

 

., 1987). Griffith and Hedger (1994b) found that
basidiocarps often formed on the bark of apparently healthy vines
with only a single report of broom-like symptoms (H. C. Evans,
personal communication). Furthermore, Griffith and Hedger
(1994c) found that L-biotype basidiospores were able to form the
characteristic biotrophic mycelium associated with broom tissues
in dual culture with potato callus. The L-biotype exhibits an out-
crossing reproductive strategy (bifactorial heterothallism; the
most common outcrossing mechanism in the Agaricomycotina),
which contrasts with the primary homothallism of the C-, S- and
H-biotypes (Griffith and Hedger, 1994b). Consistent with its
outcrossing breeding strategy, levels of local genetic diversity for
L-biotype populations are much higher than for other biotypes
(Griffith, 2004; Griffith and Hedger, 1994b).

A B-biotype isolate was once described infecting a plantation
of 

 

Bixa orellana

 

 that was adjacent to a cacao farm in Bahia, Brazil
(Bastos and Andebrhan, 1986; Griffith and Hedger, 1994a). The
authors reported that this isolate was unable to complete its life
cycle on 

 

B. orellana

 

 (Bastos and Andebrhan, 1986) and the isolate
was later proven to be genetically identical to isolates of the C-
biotype found in Bahia (Andebrhan and Furtek, 1994). Therefore,
we do not consider the B-biotype as a distinct subgroup of this species.

Phylogenetic analysis was undertaken by de Arruda 

 

et al

 

.
(2005) to determine the species connection with regards to the
C-, S- and H-biotypes. These authors compared the three biotypes
by combining morphological data (light and scanning electron
microscopy of reproductive structures) with genetic variation
data shown in RFLP patterns and sequence analysis of the inter-
nal transcribed spacer (ITS) region of the rDNA. They found that
the H-biotype could be distinguished from the other two biotypes
at the species level and proposed the new species 

 

Crinipellis
brasiliensis

 

 (de Arruda 

 

et al

 

., 2005). Phylogenetic analyses to
compare the whole spectrum of biotypes and determine the
extent of the speciation process have not been conducted.

 

GENETIC DIVERSITY AND PATHOGENICITY OF 
THE C-BIOTYPE

 

The genetic variability of C-biotype isolates from the cacao-
producing region of Bahia, Brazil, has been evaluated with
various molecular markers with the goal of measuring the extent
of host specificity and genetic variability in different geographical

regions. RAPD genotyping revealed that C-biotype isolates from
Bahia grouped together with B and S isolates found nearby, thus
suggesting a possible ‘jump’ of isolates to alternative host plants
(Andebrhan and Furtek, 1994). However, a more detailed RAPD
analysis performed in 1999 by the same group showed that
isolates from Bahia formed two distinct groups, with some isolates
grouping with C-biotypes from the Amazon, but not with the S-
or B-biotypes (Andebrhan 

 

et al

 

., 1999). These two groups appeared
to give creditability to the reports of two independent introduc-
tions into the State of Bahia, leading the authors to conclude that
WBD in Bahia was introduced from Amazonian isolates. Subse-
quent molecular studies have utilized: RFLP analyses of the
mitochondrial DNA, ITS and the intergenic spacer (IGS) region
of the rDNA (de Arruda

 

 et al

 

., 2003a); ERIC-PCR genomic finger-
printing (de Arruda 

 

et al

 

., 2003b); AFLP analysis using nine
pairs of primers (Ploetz 

 

et al

 

., 2005); and, most recently, micro-
satellite analysis coupled with electrophoretic karyotyping
(Rincones 

 

et al

 

., 2003, 2006). All of these studies have confirmed
the host specificity of the different biotypes, due to the fact that
isolates from different biotypes fail to group together independ-
ent of geographical proximity. Moreover, these studies have
shown that the genetic variability of the C-biotype isolates of

 

M. perniciosa

 

 is greater in the Amazon when compared with the
State of Bahia, with the latter region showing only two main
genotypic groups, thus adding support to the hypothesis of two
independent introductions (Andebrhan 

 

et al

 

., 1999). Furthermore,
C-biotype isolates have been shown to form clonal populations
that correlate with geographical proximity (Ploetz 

 

et al

 

., 2005;
Rincones 

 

et al

 

., 2006), which is consistent with the non-outcrossing
breeding strategy exhibited by the C-biotype (Griffith and Hedger,
1994c). Nevertheless, in spite of the clonal population structure
of this biotype, pathogen populations have broken the resistance
of cacao trees after a few generations (Bartley, 1986). Moreover,
genetic variability was observed at the chromosomal level in
several C-biotype isolates from Bahia 15 years after their introduction
(Rincones 

 

et al

 

., 2006). These authors also observed multiple
copies of transposable elements throughout the genome of

 

M. perniciosa

 

 and proposed that the chromosomal rearrangements
observed could be caused by ectopic recombination or through
the activation of these elements (Rincones 

 

et al

 

., 2006). Studies
are now being conducted to characterize the numerous transposable
elements found in the genome of 

 

M. perniciosa

 

.

Table 1 Summary of the pathogenicity of the biotypes and their genetic diversity.

Host Genetic diversity

Biotype C Theobroma and Herrania spp. (Malvaceae) numerous isolates have been found*
Biotype H Heteropterys acutifola (Malpighiaceae) reclassified into a new Crinipellis species
Biotype L Arrabidaea spp. (Bignoniaceae) Extreme diversity
Biotype S Solanum spp. (Solanaceae) numerous isolates have been found*

*Indicates that isolates tend to have a geographical orientation and most genetic diversity is associated with isolates from different geographical origins.
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It is possible that the formation of heterokaryons could occur
in meristems infected by genetically different basidiospores prior
to development of the binucleate clamped mycelium in dead
brooms. Griffith (1989) reported the occurrence of numerous
somatic compatibility groupings (SCGs) among C-biotype isolates
from Napo Province, Ecuador, in contrast to coastal Ecuador
where only a single SCG was identified. However, when Shaw
and Vandenbon (2007) conducted dual inoculation of cacao
meristems with isolates from Brazil and Trinidad, they found that
the basidiocarps that were formed on the resulting dry brooms
produced basidiospores that did not germinate.

 

DISEASE CONTROL

 

Phytosanitation and chemical control

 

Management of cacao diseases including WBD (Evans and Prior,
1987; Fulton, 1989; Purdy and Schmidt, 1996; Wheeler and Suárez,
1993) has received considerable attention from the beginning of
the twentieth century. Broadly, there are four major strategies
that may be adopted: phytosanitation, chemical control, genetic
resistance and biological control. Phytosanitation, i.e. the removal
and destruction of diseased plant parts, has been shown to
reduce pod loss and delay disease epiphytotics of WBD (Rudgard
and Butler, 1987; Soberanis 

 

et al

 

., 1999). However, this strategy
is tedious and expensive, and in one study it was shown that 95%
removal was required to achieve 50% reduction in pod loss
(Rudgard and Butler, 1987).

Although widely studied (Achicanoy and Buritica, 1982;
Cronshaw, 1979; Evans and Prior, 1987; Laker, 1991; Laker and
Ram, 1992), chemical control of WBD or FPR with protectants and
systemic fungicides is not a routine practice in cacao production
because of the high costs and risks associated with cacao bean
contamination and environmental health. Furthermore, much of
the research concerning the use of fungicides for the control of
cacao diseases has not been formally published.

 

Host resistance to WBD

 

Genetic resistance to WBD exists in a number of cacao accessions,
both in wild cacao and in farmers’ selections (Bartley, 1986;
Marita 

 

et al

 

., 2001; Pires 

 

et al

 

., 1999; Pound, 1943; Umaharan 

 

et al

 

.,
2004). Among the various resistant germplasm, two Peruvian
accessions, ‘SCA6’ and ‘SCA12’, were found to have high
resistance and have thus have been most extensively used in
breeding programmes SCA 

 

=

 

 scavino (Bartley, 2001; Laker, 1990;
Pound, 1943). At least 300 improved varieties in the Interna-
tional Cacao Germplasm Database have their direct parental
contribution from these two SCA clones. SCA clone resistance
appeared to be durable based on observation in Trinidad over
50 years (Bartley, 2001; Laker, 1990). However, a strong location

effect was also observed in SCA clones and their derived prog-
enies. Clones identified as resistant in Brazil and Trinidad were
susceptible in Ecuador (Bartley, 2001). It has been hypothesized
that different populations of M. perniciosa are responsible for the
variation (Wheeler and Mepsted, 1988), suggesting that breed-
ing for WBD resistance should take into account geographical
variations within the pathogen.

Major efforts are underway to develop and use techniques
associated with marker-assisted selection (MAS) and quantitative
trait loci (QTL) mapping to accelerate the development of disease-
resistant cacao clones (Brown et al., 2005). A qualitative host–
pathogen interaction was reported in M. perniciosa isolates from
different producing regions (Shaw and Vandenbon, 2007). The
segregation pattern of ‘SCA-6 × Amalonado’ in the same study
also suggested that the resistance was caused by a single recessive
major gene, which is homozygous in SCA-6. The observed ‘vertical
resistance’ was compatible with the result of linkage mapping,
which suggested a monogenic resistance in SCA-6. A major QTL
was identified on chromosome 9 near the SSR locus mTcCIR35,
using the mapping population derived from ‘SCA-6 × Amelonado’.
This QTL explained up to 51% of the phenotypic variance for
resistance, while a secondary minor QTL was detected on
chromosome 1, near a resistance gene analogue locus (Brown
et al., 2005; Faleiro et al., 2006). A BAC library from ‘Scavina 6’
was constructed (Clement et al., 2004) for map-based cloning
of this major gene. The major QTL was also reported in another
mapping progeny derived from ‘SCA-6 × ICS-1’, which explained
35% of the phenotypic resistance to WBD (Queiroz et al., 2003).

In addition to the SCA clones, resistance to WBD exists in other
germplasm groups, mostly in the Forastero cacao (Bartley, 1986;
Marita et al., 2001; Thévenin et al., 2006). Also, a number of
farmer selections from Peru, Ecuador and Brazil (Pound, 1938,
1943; Pires et al., 1999; Arevalo-Gardini, personal communica-
tion) have resistance to WBD. For example, ‘Refractario’ cacao
were selected during the 1920s from the putative resistant trees
in the coastal valley of Ecuador after years of WBD infection
(Pound, 1938, 1943). Exploration of resistance from other
germplasm groups will expand the genetic background of WBD
resistance and a combination of the different resistances will
probably offer a more durable and stable resistance to WBD.

NEW ADVANCES

Biocontrol

Theobroma cacao, which is found in tropical rainforests of
Central and South America (Wood and Lass, 2001), carries a portion
of this region’s diverse microbial community in endophytic
associations (Arnold, 1999; Arnold et al., 2003; Crozier et al.,
2006; Evans et al., 2003; Holmes et al., 2004; Rubini et al., 2005;
Samuels et al., 2006). Endophytic microbial species inhabit
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different plant tissues including roots, trunks, stems, leaves,
flowers and fruit and have been shown to limit disease in other
tropical trees (Arnold, 1999; Arnold et al., 2003). Mejía et al.
(2007) observed a reduction in pod loss due to BPR and reduced
sporulation of M. roreri when spores of leaf endophytes were
sprayed onto trees in Panama. It is this diverse microbial community
association that offers hope for new WBD control measures
through biocontrol strategies.

Among the endophytic fungi associated with cacao are many
species of Trichoderma (Evans et al., 2003; Holmes et al., 2004;
Samuels et al., 2000). Control of plant pathogens by Trichoderma
spp. occurs through several mechanisms including antibiosis,
induced resistance, niche exclusion and mycoparasitism (Chet
et al., 1998; Harman et al., 2004; Howell, 1998, 2003). Several
new Trichoderma species have been isolated from cacao, includ-
ing T. stromaticum, which parasitizes the saprotrophic mycelium
and basidiocarps of M. perniciosa (Bastos, 1996; Samuels et al.,
2000). Commercial formulations of T. stromaticum have been
developed in Brazil and although promising, these have shown
variable performance to date. In most cacao production areas,
rainfall totals and temperature maximums range between 1300
and 3000 mm and 30 and 33 °C (Wood and Lass, 2001). These
conditions are ideal for WBD development, but are not necessarily
ideal for optimizing biocontrol efficacy. For example, Sanogo
et al. (2002) found that T. stromaticum required high humidity
(100%) and temperatures below 30 °C for optimum growth and
colonization of M. perniciosa. Holmes et al. (2004) found that
cacao pods could be endophytically colonized by T. ovalisporum
if the humidity around the pods was maintained after the biocontrol
treatment. These results indicate that more information is needed
regarding the relationship between the cacao forest environment
and the establishment and survival of biocontrol agents.

Several lines of evidence indicate that certain Trichoderma
species have significant potential for biocontrol of plant diseases
in the plant canopy (Elad, 2000; Elad et al., 1996; Holmes et al.,
2004; Samuels et al., 2000; Wilson, 1997). The endophytic capabilities
of particular Trichoderma species have been confirmed in aerial
cacao tissues including stems and leaves (Arnold, 1999; Arnold
et al., 2003; Holmes et al., 2004). Researchers at INIAP in Ecuador
have recently shown the abilities of Trichoderma species to
colonize cacao flower cushions and flowers over several weeks
to months (C. Suarez, personal communication). Furthermore,
several Trichoderma species have shown the ability to enhance
fruit set but have not shown long-lasting pod protection (P.
Hebbar, personal communication). If significant populations of
the biocontrol agent could be established on or in specific targeted
tissues, the potential for persistent disease control with limited
reapplication exists.

Related studies have demonstrated an interaction between
some of the tested Trichoderma species and T. cacao seedlings
that altered gene expression in both organisms (Bailey et al.,

2006). However it is unclear, at this time, whether these alterations
can provide functional resistance to cacao diseases.

Disease physiology

Biochemical analysis of T. cacao shoots during the infection
and development of WBD have been reported by Scarpari et al.
(2005). A systematic analysis of the changes in the contents of
soluble sugars, amino acids, alkaloids, ethylene, phenolics, tannins,
flavonoids, pigments, malondialdehyde (MDA), glycerol and fatty
acids in cacao shoots during the development of WBD was
conducted in an attempt to reveal the chemical alterations in the
infected plant. Coordinated biochemical alterations were found
in the infected tissues that correspond with alterations in the
content of soluble sugars (sucrose, glucose and fructose),
asparagine and alkaloids (caffeine and theobromine), ethylene
and tannins. Ethylene and tannin levels were shown to increase
prior to symptom development and decline with the senescence
of the green brooms. MDA and glycerol concentrations were
higher in infected shoots and were associated with changes in
fatty acid compositions. Alterations in the contents of chlorophyll
a and b were also found throughout the development of the dis-
ease while carotenoid and xanthophyll levels dropped in the
infected tissue with symptom development. It was hypothesized
that ethylene levels played a key role in broom development
while some of the other observed biochemical alterations
were directly associated with ethylene synthesis and/or may be
important for the modification effect on the infected tissues
(Scarpari et al., 2005). Furthermore, the infected tissue appeared
to be under intense oxidative stress, which was indicated by the
increase in lipid peroxidation.

In a related study, infected cacao seedlings were shown to
undergo programmed cell death (PCD). Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labelling (TUNEL) analysis
showed PCD in infected meristems, with a significantly higher
number of cells showing nuclear DNA fragmentation as the disease
progressed (Ceita et al., 2007). In susceptible cacao tissues
this group observed a higher amount of calcium oxalate crystals
(COC) than in uninfected tissues. However, when infected with
M. perniciosa, these plants showed an initial increase in COC fol-
lowed by a drastic decrease, which appeared to be correlated with
an increase in H2O2 production in the same regions. Hydrogen
peroxide production was associated with increased gene expres-
sion of germin oxalate oxidase (G-OXO) and decreased expres-
sion of the ascorbate peroxidase (APX) genes in infected tissues.
WBD-resistant plant material showed the opposite reaction to
COC and H2O2 levels as well as to G-OXO and APX expression.
The authors concluded that H2O2 levels are derived from COC
and that these higher concentrations trigger PCD in infected
plant tissues. They also hypothesized that the release of
available nutrients during PCD may have an effect on the phase
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conversion of the fungus. Further analysis of the COC connection
to WBD by do Rio et al. (2008) found that the biotrophic phase
of M. perniciosa produces COC. A putative fungal gene that
encodes for oxaloacetate acetylhydrolase (oah), which catalyses
the hydrolysis of oxaloacetate to oxalate and acetate, was found
to be expressed in the biotrophic growth phase of the fungus (do
Rio et al., 2008).

Biotrophic phase

Carbon source analysis revealed that M. perniciosa could be
successfully grown on glycerol as the sole carbon source
(Meinhardt et al., 2006). Due to the fact that glycerol was found
in high concentrations during the formation of the green broom
(Scarpari et al., 2005), it was hypothesized that glycerol was a
possible carbon source that could sustain the biotrophic phase of
the fungus. Experiments with germinating spores of M. perniciosa
revealed that glycerol could maintain the fungus in a slow-
growing biotrophic-like stage with a single nucleus per cell and
no clamp connections for up to 2 months (Meinhardt et al.,
2006). While nuclear condition and a lack of clamp connections
were the initial criteria used to identify the biotrophic-like myc-
elium from saprotrophic mycelium, DNA analysis was used to
confirm the determination. The biotrophic-like mycelia were
found to be unstable in the presence of other carbon sources and
the mycelium rapidly transformed into the saprotrophic phase.
Numerous attempts were made to infect plants with the biotrophic-
like mycelium; however, no successful infections of cacao plant
tissues were accomplished. This new growth technique has
facilitated the isolation of RNA and DNA from biotrophic-like
mycelia, which has been utilized to construct cDNA libraries and
to conduct expression analyses by microarrays and real-time RT-
PCR. The ability to grow both phases of this fungus in vitro is an
extremely important development and allows this pathosystem
to be utilized as a model system for understanding hemibiotrophic
processes in fungal plant pathogens.

Genomic analysis

Due to the great socio-economic impact of WBD in the State of
Bahia, Brazil, the WBD Genome Project sequencing consortium
was established in late 2000. An initial draft sequence corre-
sponding to 1.5–2× coverage of the estimated total genome size
of 30–40 Mb (Rincones et al., 2003, 2006) was completed in 2006.
This draft sequence contained a total of 94 613 reads of genomic
DNA, totalling 75 Mbp (> 20 quality according to PHRED). This
initial draft sequence manuscript detailing the genome informa-
tion will be released in 2008 and those sequences will be made
publicly available at that time. Initial comparative analysis find-
ings show that M. perniciosa is closer to Laccaria bicolor in
sequence identity than it is to Coprinus cinereus.

The M. perniciosa sequencing consortium was joined by the
USDA and Penn State University in 2007 with the addition of
245 Mbp obtained through 454 pyrosequencing. These new
sequences are being used to develop an M. perniciosa × M. roreri
comparative genome project that will explore the relatedness
and function of these pathogens. The findings so far support the
new formation of a separate lineage of Marasmiaceae with a
high percentage of the M. perniciosa sequences showing high
identity to M. roreri sequences. This comparative genome project
will be completed in 2008 and the sequences will be placed into
the public domain shortly thereafter.

In addition, the mitochondrial genome of M. perniciosa was
completely sequenced as part of this project and has been
deposited in GenBank (accession number AY376688). With a
total size of 109 103 bp, it is the largest fungal mitochondrial
genome sequenced so far. It contains the 14 typical mitochondrial
genes plus rps3, two rRNA genes and 26 tRNA genes. The large
genome size is related to a number of hypothetical genes and, of
particular interest, a linear plasmid-like sequence (Griffiths et al.,
1990). This plasmid sequence was not detected in an independent
form and it seems to have been incorporated recently in a stable
manner into the mitochondrial genome of M. perniciosa.
Another important finding related to this mitochondrial genome
is the fact that M. perniciosa undergoes senescence in culture.
As the fungus is cultured each successive plate shows signs of
slower growth along with sectoring, whereby eventually the
fungus stops growing and can no longer be subcultured.
M. perniciosa senescence seems to be associated with a decline
in the content of mitochondrial DNA per cell but is not the
result of the movement and subsequent gene disruption of
the plasmid (Formighieri et al., 2008).

Pathogenicity factors

Analyses of the M. perniciosa genome sequences have led to the
identification of three putative necrosis and ethylene-inducing
protein (MpNEP) genes that were designated MpNEP1, 2 and 3
(Garcia et al., 2007). These are the first genes of their type
reported for a basidiomycete and all three genes are located on
chromosome 6. MpNEP1 and 2 are able to induce necrosis and
ethylene emission in tobacco and cacao leaves and have high
sequence similarity. The MpNEP3 sequence is incomplete and
located in tandem with MpNEP1. Expression analysis revealed
that MpNEP1 is expressed not only in saprotrophic mycelium but
also in biotrophic hyphae. The MpNEP1 protein is an oligomer in
solution and is inactivated at high temperatures. MpNEP2 protein
is a monomer at low concentration (< 40 µM) in solution that is
predominantly expressed in biotrophic mycelia and can regain its
necrosis activity after boiling. These findings suggest that similar
NEPs can have dissimilar physical characteristics and possibly
different or complementary roles during disease development.
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The NEP proteins appear to have a secondary structure that
makes it similar to the cupin protein family, a family that contains
the germin oxalate oxidases, which were previously mentioned
with regard to COC and PCD. Additional studies are currently
underway to determine specifically what role these proteins have
in the WBD pathosystem.

In addition to MpNEPs, a second family of necrosis-inducing
proteins was found in M. perniciosa based on a survey of the
genome. At least five sequences encoding putative proteins
similar to cerato-platanin-like proteins (first discovered in the
pathogen Ceratocystis fimbriata) were found in the genome
sequences. One of the M. perniciosa cerato-platanin genes
(MpCP1) was expressed in vitro and proved to have necrosis-
inducing ability in tobacco and cacao leaves. The protein forms a
dimer in solution and is able to recover necrotic activity after heat
treatment. Transcription analysis ex planta showed that MpCP1
is expressed at much higher levels in the biotrophic-like mycelium
than in the saprotrophic mycelium. The necrosis profile induced
by this protein in tobacco and cacao leaves was different from
that caused by the MpNEPs. The MPCP1 was able to diffuse
across a leaf’s veins while MpNEPs were contained between the
veins. Furthermore, a mixture of MpCP1 with MpNEP2 led to a
synergistic necrosis effect, which is similar to that observed in
naturally infected plants (G. Zaparolli et al., unpublished data).

Besides known pathogenicity genes, genome analyses revealed
the presence of genes involved in gibberellic acid synthesis. A
detailed literature search revealed independent confirmation
of this by Bastos and Andebrhan (1981), who identified the
production of gibberellic acid in the basidiospores of C. perniciosa
and correlated it with excessive flushing and abnormal leaf
development symptoms. The gibberellin biosynthetic pathway
in M. perniciosa is currently being investigated by gene com-
plementation analysis in Fusarium fujikuroi in collaboration with
the University of Münster, Germany.

Transcriptome

In addition to genomic sequence data, four full-length-enriched
cDNA libraries obtained under different physiological and culture
conditions of M. perniciosa have been constructed: (1) biotrophic
mycelium (Meinhardt et al., 2006), (2) saprotrophic mycelium
grown in the presence of cacao extract, (3) saprotrophic myc-
elium grown in glucose and (4) basidiocarp tissue, plus an
additional subtracted cDNA library enriched for saprotrophic
mycelium transcripts induced by cacao extract (subtracted with
cDNA of the saprotrophic phase grown in glucose) (Rincones et al.,
2008). In total, 10 165 ESTs have been sequenced from these five
cDNA libraries, from which 5800 were accepted and clustered
into 652 contigs and 2478 singlets that could represent up to
31.3% of the total number of genes estimated for this fungus.
Manual annotation of 3130 clusters points to several genes

involved in fungal pathogenesis and show that the different
fungal phases use divergent metabolic pathways.

The transcriptome of M. perniciosa was also studied using
microarrays. A total of 2304 fragments obtained from the
genomic DNA libraries of the Witches’ Broom Genome Project
were selected based on their sequence similarity to pathogenicity
genes of other pathogens and analysed with regard to their
differential gene expression between the two mycelial phases
(biotrophic and saprotrophic) of the life cycle of this fungus
(Rincones et al., 2008).

Together, the combined results show that the two mycelial
stages differ primarily in how they metabolize carbon, with
glycolysis and the malate shunt being repressed in the biotrophic
mycelium. Moreover, the biotrophic mycelium presents induced
transcripts indicative of amino acid starvation, such as various
tRNA ligases. Transcripts characterized in other pathogens as
pathogenicity factors, such as glyoxal oxidase 1, ceratoplatanin,
several proteases and peroxidases, were up-regulated in the
biotrophic mycelium. These analyses of the differential gene
expression between the infective and saprotrophic stages of a
hemibiotrophic fungal pathogen are the first of their kind and
represent a significant advance toward understanding the
molecular basis underlying the progression of WBD of cacao
(Rincones et al., 2008).

WHAT WE DON’T KNOW AND WOULD LIKE TO!

Although major advances have been have been made in the last
few years, our present knowledge of WBD still contains many
gaps.

We have almost no knowledge regarding the infection process
and the disease progression of the pod rot disease caused by
M. perniciosa. This pod rot disease interaction leads to the majority
of the direct production losses associated with this pathogen.

Although we have some basic information on the genetic
diversity of M. perniciosa we do not know how this relates to the
disease interaction on the known resistant tree lines that have
been developed to date. Furthermore, no detailed information
exists concerning the mapping of the clonal populations for
the fungus across the production region. With this combined
information a selective planting strategy could be implemented
that would allow the planting of only tree lines that are resistant
to the existing fungal populations in a given area, which could
possibly help prevent resistance breakdown.

CLOSING REMARKS

The occurrence of WBD in South America has caused significant
socioeconomic upheaval (Silva, 1987; Cuatrecasas, 1964; Went,
1904; Barros, 1979; Baker and Holiday, 1957; Pound, 1943; FAO,
2003) and the possibility of further spread to other continents is
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a matter of grave concern to the chocolate industry. Although
we have made major progress in our understanding of this patho-
system we still have much to learn. Increased international
shipments of commodities and the expansion of international air
travel have increased the risk of spread. Given the high depend-
ence of the economies of Western African countries on cacao
exports and the catastrophic consequences that could occur should
WBD reach them, knowledge is urgently needed to assess and
minimize such risks. Proactive programmes are required to prevent
the establishment of these diseases should they reach Africa, through
the education of regional farmers to recognize disease symp-
toms quickly and regional action plans to mount a quick response
to protect crop production on larger and smaller scale farms.

Quantitative methodologies developed for assessing the risk
of M. perniciosa could also be applied to other diseases of cacao
such as FPR or to the movement of cacao diseases from Africa to
South America as in the case of BPR caused by Phytophthora
megakarya or cacao swollen shoot virus.

ACKNOWLEDGEMENTS

We would like to thank Dr Elizabeth Johnson for the use of her
pictures (Fig. 3A, C–E). Mention of trade names or commercial
products in this publication is solely for the purpose of providing
specific information and does not imply recommendation or
endorsement by the US Department of Agriculture.

REFERENCES

Achicanoy, L.H. and Buritica, C.P. (1982) In vitro evaluations of fungicides
in control of Crinipellis perniciosa (Stahel) singer and Moniliophthora roreri
(Cif & Par). In: Proceedings of the 8th International Cocoa Research
Conference, Cartegena, Colombia. pp. 419–423. Lagos, Nigeria: Cocoa
Producers’ Alliance.

Aime, M.C. and Phillips-Mora, W. (2005) The causal agents of witches’
broom and frosty pod rot of cacao (chocolate, Theobroma cacao) form a
new lineage of Marasmiaceae. Mycologia, 97, 1012–1022.

Almeida, O.C., Chiacchio, F.P.B. and Rocha, H.M. (1997) Sobrevivência
de Crinipellis perniciosa (Stahel) Singer em vassouras secas de cacaueiros
(Theobroma cacao L.) do estado da Bahia. Agrotrópica, 9, 23–28.

Andebrhan, T. and Furtek, D.B. (1994) Random amplified polymorphic
DNA (RAPD) analysis of Crinipellis perniciosa isolates from different
hosts. Plant Pathol. 43, 1020–1027.

Andebrhan, T., Figueira, A., Yamada, M.M., Cascardo, J. and Furtek,
D.B. (1999) Molecular fingerprinting suggests two primary outbreaks of
witches’ broom disease (Crinipellis perniciosa) of Theobroma cacao in
Bahia, Brazil. Eur. J. Plant Pathol. 105, 167–175.

Arnold, A.E., Mejia, L.C., Kyllo, D., Rojas, E.I., Maynard, Z., Robbins,
N. and Herre, E.A. (2003) Fungal endophytes limit pathogen damage in
a tropical tree. Proc. Natl Acad. Sci. USA, 100, 15649–15654.

Arnold, B. (1999) Fungal Endophytes of Tropical Trees: Methods and
Potential for Biological Control of Fungal Pathogens of Cocoa, Workshop
Manual, CATIE, Turrialba, Costa Rica, 28 June–4 July.

de Arruda, M.C.C., Ferreira, M.A.S.V., Miller, R.N.G., Resende, M.L.V.

and Felipe, M.S.S. (2003a) Nuclear and mitochondrial rDNA variability
in Crinipellis perniciosa from different geographic origins and hosts.
Mycol. Res. 107, 25–37.

de Arruda, M.C.C., Ferreira, M.A.S.V., Miller, R.N.G., Resende, M.L.V.
and Felipe, M.S.S. (2003b) Comparison of Crinipellis perniciosa isolates
from Brazil by ERIC repetitive element sequence-based PCR genomic
fingerprinting. Plant Pathol. 52, 236–244.

de Arruda, M.C.C., Sepulveda, G.F., Miller, R.N.G., Ferreira, M.A.S.V.,
Santiago, D.V.R., Resende, M.L.V., Dianese, J.C. and Felipe, M.S.S.
(2005) Crinipellis brasiliensis, a new species based on morphological and
molecular data. Mycologia, 97, 1348–1361.

Bailey, B.A., Bae, H., Strem, M.D., Roberts, D.P. Thomas, S.E. Samuels, G.J.
Choi, I-Y. and Holmes, K.A. (2006) Fungal and plant gene expression
during the colonization of cacao seedlings by endophytic isolates of four
Trichoderma species. Planta, 224, 1449–1464.

Baker, R.E.D. and Holiday, P. (1957) Witches’ broom disease of cocoa
(Marasmius perniciosa Stahel). Phytopathological Papers 2. Kew:
Commonwealth Mycological Institute, p. 42.

Barros, O. (1979) Algunos aspectos de la ‘escoba de bruxa’ en Colombia.
El Cacaotero Colombiano, 7, 43–46.

Bartley, B.G.D. (1986) Cacao, Theobroma cacao. In: Breeding for Durable
Resistance in Perennial Crops, pp. 25–42. Rome: Food and Agriculture
Organization of the United Nations.

Bartley, B.G.D. (2001) The origin and compatibility relationships of the
Scavina variety of Theobroma cacao L. Ingenic Newsletter, 6, 23–4.

Bastos, C.N. (1996) Potential de Trichoderma viride no controle da vassoura-
de-bruxa (Crinipellis perniciosa) do cacaueiro. Fitopatologia Brasileira,
21, 509–512.

Bastos, C.N. and Andebrhan, T. (1981) Presença de giberelina em
basidiosporos de Crinipellis perniciosa (Stahel) Singer. Fitopatologia
Brasileira, 6, 417–423.

Bastos, C.N. and Andebrhan, T. (1986) Urucum (Bixa orellana): nova
espécie hospedeira da vassoura-de-bruxa (Crinipellis perniciosa) do
cacaueiro. Fitopatologia Brasileira, 11, 963–965.

Bastos, C.N. and Evans, H.C. (1985) A new pathotype of Crinipellis perniciosa
(witches’ broom disease) on solanaceous hosts. Plant Pathol. 34, 306–312.

Brown, J.S., Schnell, R.J., Motamayor, J.C., Lopes, U. and Kuhn, D.N.
(2005) Resistance gene mapping for witches’ broom disease in Theobroma
cacao L. in an F2 population using SSR markers and candidate genes. J.
Amer. Soc. Hort. Sci. 130, 366–373.

Calle, H., Cook, A.A. and Fernando, S.Y. (1982) A histological study of
Witches’ broom in cocoa, caused by Crinipellis perniciosa. Phytopathology,
72, 1479–1481.

Ceita, G.O., Macêdo, J.N.A., Santos, T.B., Alemanno, L., Geteira, A.S.,
Micheli, F., Mariano, A.C., Gramacho, K.P., Silva, D.C., Meinhardt,
L.W., Mazzafera, P., Pereira, G.A.G. and Cascardo, J.C.M. (2007)
Involvement of calcium oxalate degradation during programmed cell
death in Theobroma cacao tissues triggered by the hemibiotrophic
fungus Moniliophthora perniciosa. Plant Sci. 173, 106–117.

Chet, I., Benhamou, N. and Haran, S. (1998) Mycoparasitism and lytic
enzymes. In: Trichoderma and Gliocladium, Vol. 2 (Harman, G.E. and
Kubicek, C.P., eds), pp. 153–171. London: Taylor and Francis.

Clement, D., Lanaud, C., Sabau, X., Fouet, O., Le Cunff, L., Ruiz, E.,
Risterucci, A.M., Glaszmann, J.C. and Piffanelli, P. (2004) Creation of
BAC genomic resources for cocoa (Theobroma cacao L.) for physical
mapping of RGA containing BAC clones. Theor. Appl. Genet. 108, 1627–
1634.

Cronshaw, D.K. (1979) Fungicide application together with cultural practices



Moniliophthora perniciosa pathogen profile 587

© 2008 BLACKWELL  PUBL ISH ING LTD MOLECULAR PLANT PATHOLOGY (2008)  9 (5 ) , 577–588

to control cocoa diseases caused by Crinipellis perniciosa, Monilia roreri, and
Phytophthora palmivora in Ecuador. Trop. Agric. 56, 165–170.

Crozier, J., Thomas, S.E., Aime, M.C., Evans, H.C. and Holmes, K.A.
(2006) Molecular characterization of endophytic morphospecies isolated
from stems and pods of Theobroma cacao. Plant Pathol. 55, 783–791.

Cuatrecasas, J. (1964). Cacao and its allies: a taxonomic revision of the
genus Theobroma. Contrib. US Herbarium, 35, 379–614.

Elad, Y. (2000) Biological control of foliar pathogens by means of Trichoderma
harzianum and potential modes of action. Crop Protection, 19, 709–714.

Elad, Y., Malathrakis, N.E. and Dik, A.J. (1996) Biological control of
Botrytis-incited diseases and powdery mildews in greenhouse crops.
Crop Protection, 15, 229–238.

Evans, H.C. (1978) Witches’ broom disease of cocoa (Crinipellis perniciosa)
in Ecuador. I. The fungus. Ann. Appl. Biol. 89, 185–192.

Evans, H.C. (1980) Pleomorphism in Crinipellis perniciosa, causal agent of
Witches’ broom disease of cocoa. Trans. Brit. Mycol. Soc. 74, 515–526.

Evans, H.C. and Prior, C. (1987) Cocoa pod diseases: causal agents and
control. Outlook Agric. 16, 35–41.

Evans, H.C., Holmes, K.A. and Reid, A.P. (2003) Phylogeny of the frosty
pod rot pathogen of cacao. Plant Pathol. 52, 476–485.

Faleiro, F.G., Queiroz, V.T., Lopes, U.V., Guimaraes, C.T., Pires, J.L.,
Yamada, M.M., Araujo, I.S., Pereira, M.G., Schnell Ii, R.J. and de Souza
Filho, G.A. (2006). Mapping QTLs for Witches’ broom (Crinipellis perniciosa)
resistance in cacao (Theobroma cacao L.). Euphytica, 149, 227–235.

FAO. (2003) Medium-term prospects for agricultural commodities. Projec-
tions to the year 2010. FAO Commodities and Trade Technical Paper, 1,
89 pp. http://www.fao.org/docrep/006/y5143e/y5143e00.htm

Formighieri, E.F., Tiburcio, R.A., Armas, E.D., Shimo, H., Carels, N.
Góes-Neto, A., Araújo, M.R.R., Cotomacci, C., Carazzolle, M.F.,
Sardinha-Pinto, N., Thomazella, D.P., Rincones, J., Digiampietri, L.,
Carraro, D.M., Azeredo-Espin, A.M., Reis, S.F., Deckmann, A.C.,
Gramacho, K., Gonçalves, M.S., M.-Neto, J.P., Barbosa, L.V.,
Meinhardt, L.W., Cascardo, J.C.M. and Pereira, G.A.G. (2008) The
mitochondrial genome of the phytopathogenic basidiomycete Monilioph-
thora perniciosa is 109 kb in size and contains a stable integrated plas-
mid. Mycol. Res. in press.

Frias, G.A., Purdy, L.H. and Schmidt, R.A. (1991) Infection biology of
Crinipellis–Perniciosa on vegetative flushes of cacao. Plant Dis. 75, 552–556.

Fulton, R.H. (1989) The cacao disease trilogy: black pod, monilia pod rot,
and witches’-broom. Plant Dis. 73, 601–603.

Garcia, O., Macedo, J.N., Tibúrcio, R., Zaparoli, G., Bittencourt, L.M.C.,
Ceita, G.O., Rincones, J., Micheli, F., Gesteira, A., Mariano, A.C.,
Schiavinato, M.A., Medrano, F.J., Meinhardt, L.W., Pereira, G.A.G. and
Cascardo, J.C.M. (2007) Characterization of Necrosis and ethylene inducing
proteins (NEP) in the basidiomycete Moniliophthora perniciosa, the causal
agent of witches’ broom in Theobroma cacao. Mycol. Res. 111, 443–455.

Griffith, G.W. (1989) Population structure of the cocoa pathogen Crinipellis
perniciosa (Stahel) Sing. PhD thesis, University of Wales.

Griffith, G.W. (2004) Witches’ brooms and frosty pods: threats to world
cacao production. Biologist, 51, 71–75.

Griffith, G.W. and Hedger, J.N. (1994a) The breeding biology of biotypes
of the witches’ broom pathogen of cocoa, Crinipellis perniciosa. Hered-
ity, 72, 278–289.

Griffith, G.W. and Hedger, J.N. (1994b) Spatial distribution of mycelia of
the liana (L-) biotype of the agaric Crinipellis perniciosa (Stahel) Singer
in tropical forest. New Phytol. 127, 243–259.

Griffith, G.W. and Hedger, J.N. (1994c) Dual culture of Crinipellis perni-
ciosa and potato callus. Eur. J. Plant Pathol. 100, 371–379.

Griffith, G.W., Nicholson, J.N., Nenninger, A., Birch, R.N. and Hedger,
J.N. (2003) Witches’ brooms and frosty pods: two major pathogens of
cacao. New Zealand J. Bot. 41, 423–435.

Griffiths, A.J.F., Kraus, S.R., Barton, R., Court, D.A., Myers, C.J. and
Bertrand, H. (1990) Heterokaryotic transmission of senescence plasmid
DNA in Neurospora. Curr. Genet. 17, 139–145.

Harman, G.E., Howell, C.R., Viterbo, A. and Chet, I. (2004) Trichoderma
spp.—Opportunistic avirulent plant symbionts. Nature Rev. 2, 43–56.

Hedger, J.N., Pickering, V. and Aragundi, J.A. (1987) Variability of popu-
lations of the witches’ broom disease of cocoa (Crinipellis perniciosa).
Trans. Br. Mycol. Soc. 88, 533–546.

Hibbett, D.S., Binder, M., Bischoff, J.F., Blackwell, M., Cannon, P.F.,
Eriksson, O.E., Huhndorf, S., James, T., Kirk, P.M., Lucking, R, and
57 others. (2007) A higher-level phylogenetic classification of the Fungi.
Mycol. Res. 111, 509–547.

Holliday, P. (1980) Fungus Diseases of Tropical Crops. New York: Dover
Pub. Inc.

Holmes, K.A., Schroers, H.-J., Thomas, S.E., Evans, H.C. and Samuels, G.J.
(2004) Taxonomy and biocontrol potential of a new species of Trichoderma
from the Amazon basin in South America. Mycol. Prog. 3, 199–210.

Howell, C.R. (1998) The role of antibiosis in biocontrol. In: Trichoderma
and Gliocladium, Vol. 2 (Harman, G.E. and Kubicek, C.P., eds), pp. 173–
184. London: Taylor and Francis.

Howell, C.R. (2003) Mechanisms employed by Trichoderma species in the
biological control of plant diseases: the history and evolution of current
concepts. Plant Dis. 87, 4–10.

Laker, H.A. (1991) Evaluation of systematic fungicides for control of
witches’ broom disease of cocoa in Trinidad. Trop. Agric. 68, 119–124.

Laker, H.A. and Ram, A. (1992) Investigations on integrated control of
witches’ broom disease on cocoa in Rondonia State, Brazil. Trop. Pest
Management, 38, 354–358.

Laker, H.A. (1990) Reactions of cocoa (Theobroma cacao) seedlings and clonal
plants to isolates of Crinipellis perniciosa in Trinidad. Trop. Agric. 67, 43–48.

Lawrence, J.S., Campêlo, A.M.F.L. and Figueiredo, J.M. (1991) Enfer-
midades do cacaueiro. II—Doenças fúngicas que ocorrem nas folhas,
ramos e tronco. Agrotrópica, 3, 1–14.

Maddison, A.C., Marcias, G., Moveira, C., Arias, R. and Neira, R.
(1995) Cocoa production in Ecuador in relation to dry-season escape
from pod rot caused by Crinipellis perniciosa and Moniliophthora roreri.
Plant Pathol. 44, 982–998.

Marita, J.M., Nienhuis, J., Pires, J.L. and Aitken, W.M. (2001) Analysis
of genetic diversity in Theobroma cacao with emphasis on witches’
broom disease resistance. Crop Sci. 41, 1305–1316.

Meinhardt, L.W., Bellato, C.M., Rincones, J., Azevedo, R.A., Cascardo,
J.C.M. and Pereira, G.A.G. (2006) In vitro production of biotrophic-like
cultures of Crinipellis perniciosa, the causal agent of witches’ broom dis-
ease of Theobroma cacao. Curr. Microbiol. 52, 191–196.

Mejía, L.C., Rojas, E.I., Maynard, Z., Arnold, A.E., Bael, S.V., Samuels,
G.J., Robbins, N., Herre, E.A. (2008) Endophytic fungi as biocontrol
agents of Theobroma cacao pathogens. Biological Control, (in press).

Orchard, J.E. and Hardwick, K. (1988) Photosynthesis, Carbohydrate Trans-
location and Metabolism of Host and Fungal Tissues in Cocoa Seedlings
Infected with Crinipellis Perniciosa. Lagos, Nigeria: Cocoa Producers Alliance.

Pegler, D.N. (1978) Crinipellis perniciosa (Agaricales). Kew Bull. 32, 731–733.
Penman, D., Britton, G., Hardwick, K., Collin, H.A. and Isaac, S. (2000)

Chitin as a measure of biomass of Crinipellis perniciosa, causal agent of
witches’ broom disease of Theobroma cacao. Mycol. Res. 104, 671–675.

Phillips-Mora, W., Aime, M.C. and Wilkinson, M.J. (2007) Biodiversity and

http://www.fao.org/docrep/006/y5143e/y5143e00.htm


588 L. W. MEINHARDT et al.

  MOLECULAR PLANT PATHOLOGY (2008)  9 (5 ) , 577–588 © 2008 BLACKWELL  PUBL ISH ING LTD

biogeography of the cacao (Theobroma cacao L.) pathogen Moniliophthora
roreri (Cif.) Evans et al. in tropical America. Plant Path. 56, 911–922.

Pires, J.L., Monteiro, W.R., Luz, E.D.M.N., Silva, S.D.V.M., Pinto,
L.R.M., Figueira, A., Gramacho, K.P., Lopes, U.V., Albuquerque,
P.S.B., Yamada, M.M., Ahnert, D. and Brugnerotto, M.I.B. (1999)
Cocoa breeding for witches’ broom resistance at CEPEC, Bahia, Brazil.
International Workshop on the Contribution of Disease Resistance to
Cocoa Variety Improvement, Salvador, Brazil, 91–101.

Ploetz, R.C., Schnell, R.J., Ying, Z., Zheng, Q., Olano, C.T., Motamayor, J.C.
and Johnson, E.S. (2005) Analysis of molecular diversity in Crinipellis
perniciosa with AFLP markers. Eur. J. Plant Pathol. 11, 317–326.

Pound, F.J. (1943) Cacao and Witches’ Broom Disease (Marasmius perniciosa).
A report on a recent visit to the Amazon region of Peru, September 1942–
February 1943. Department of Agriculture of Trinidad and Tobago. St.
Augustine, Trinidad: Yuille’s Printerie.

Pound, F.J. (1938) Cacao and witches’ broom disease (Marasmius perniciosus)
of South America. In: Archives Cacao Research, Vol. 1 (Toxopeus, H., ed.),
pp. 20–72. Brussels: American Cacao Research Institute, and Washington,
DC: International Office of Cacao and Chocolate, 1982.

Purdy, L.H. and Schmidt, R.A. (1996) Status of cacao Witches’ broom: biology,
epidemiology and management. Annu. Rev. Phytopathol. 34, 573–594.

Queiroz, V.T., Guimarães, C.T., Anhert, D., Schuster, I., Daher, R.T., Pereira,
M.G., Miranda, V.R.M., Loguercio, L.L., Barros, E.G. and Moreira, M.A.
(2003) Identification of a major QTL in cocoa (Theobroma cacao L.) associated
with resistance to witches’ broom disease. Plant Breeding, 122, 268–72.

Resende, M.L.V., Gutemberg, B.A.N., Silva, L.H.C.P., Niella, G.R.,
Carvalho, G.A., Santiago, D.V.R. and Bezerra, J.L. (2000) Crinipellis
perniciosa proveniente de um novo hospedeiro, Heteropterys acutifolia,
é patogênico a T. cacao. Fitopatologia Brasileira, 25, 88–91.

Rice, R.A. and Greenberg, R. (2000) Cacao cultivation and the conserva-
tion of biological diversity. AMBIO: A J. Human Environ. 29, 167–173.

Rincones, J., Mazotti, G.D., Griffith, G.W., Pomela, A.W., Figueira, A.,
Queiroz, M.V., Pereira, J.F., Azevedo, R.A., Pereira, G.A.G. and
Meinhardt, L.W. (2006) Genetic variability and chromosome-length poly-
morphisms of the witches’ broom pathogen Crinipellis perniciosa from
various plant hosts in South America. Mycol. Res. 110, 821–832.

Rincones, J., Scarpari, L.M., Carazzolle, M.F., Mondego, J.M.C.,
Formighieri, E.F., Barau, J.G., Costa, G.G.L., Carraro, D.M., Bren-
tani, H.P., Vilas-Boas, L.A., de Oliveira, B.V., Sabha, M., Dias, R.,
Cascardo, J.M., Azevedo, R.A., Meinhardt, L.M., Pereira, G.A.G.
(2008) Differential gene expression between the biotrophic-like and
saprotrophic mycelia of the witches’ broom pathogen moniliophthora
perniciosa (2008) Mol. Plant Microbial. Interactions 21, 891–908. 

Rincones, J., Meinhardt, L.W., Vidal, B.C. and Pereira, G.A.G. (2003)
Electrophoretic karyotype analysis of Crinipellis perniciosa, the causal agent
of witches’ broom disease of Theobroma cacao. Mycol. Res. 107, 452–458.

do Rio, M.C.S., de Oliveira, B.V., Tomazella, D.P.T., da Silva, J.A.F.,
Pereira, G.A.G. (2008) Production of calcium oxalate crystals by the
basidiomycete Moniliophthora perniciosa, the causal agent of Witches’
Broom Disease of cacao. Curr. Microbiol. in press.

Rubini, M.R., Silva-Ribeiro, R.T., Pomella, A.W.V., Maki, C.S., Araujo, W L.,
dos Santos, D.R. and Azevedo, J.L. (2005) Diversity of endophytic fungal
community of cacao (Theobroma cacao L.) and biological control of
Crinipellis perniciosa, causal agent of Witches’ Broom Disease. Internat.
J. Biol. Sci. 1, 24–33.

Rudgard, S.A. and Butler, D.R. (1987) Witches’ broom disease in Rondonia,
Brazil: pod infection in relation to pod susceptibility, wetness, inoculum,
and phytosanitation. Plant Pathol. 36, 515–522.

Samuels, G.J., Pardo-Schultheiss, R., Hebbar, P.K., Lumsden, R.D.,
Bastos, C.N., Costa, J.C. and Bezerra, J.L. (2000) Trichoderma stro-
maticum, sp. nov., a parasite of the cacao witches broom pathogen.
Mycol. Res. 104, 760–764.

Samuels, G.J., Suarez, C., Solis, K., Holmes, K.A., Thomas, S.E., Ismaiel, A.
and Evans, H.C. (2006) Trichoderma theobromicola and T. paucisporum:
two new species from South America. Mycol. Res. 110, 381–392.

Sanogo, S., Pomella, A, Hebbar, P.K., Bailey, B.A., Costa, J.C.B.,
Samuels, G.J. and Lumsden, R.D. (2002) Production and germination
of conidia by Trichoderma stromaticum, a mycoparasite of Crinipellis
perniciosa on cacao. Phytopathology, 92, 1032–1037.

Scarpari, L.M., Meinhardt, L.W., Mazzafera, P., Pomella, A.W.V.,
Schiavinato, M.A., Cascardo, J.C.M. and Pereira, G.A.G. (2005)
Biochemical changes during the development of witches’ broom: The
most important disease of cacao in Brazil caused by Crinipellis perniciosa.
J. Exp. Bot. 56, 865–877.

Shaw, M.W. and Vandenbon, A.E. (2007) A qualitative host-pathogen
interaction in the Theobroma cacao-Moniliophthora perniciosa
pathosystem. Plant Pathol. doi:10.1111/j.1365-3059.2006.01549.x

Silva, P. (1987) Cocoa and ‘lizard’ or witches’ broom: records made by
Alexandre Rodrigues Ferreira in 1785 and 1787 in Amazonia. Boletim
Tecnico, Centro de Pesquisa do Cacau, Brazil, 146, 21.

Soberanis, W., Ríos, R., Arévalo, E., Zúniga, L., Cabezas, O. and
Krauss, U. (1999) Increased frequency of phytosanitary pod removal in
cacao (Theobroma cacao) increases yield economically in eastern Peru.
Crop Protect. 18, 677–685.

Sreenivasan, T.N. (1991) Chlamydospore formation in cocoa leaf trichome.
In: Annual Report for 1990, Cocoa Research Unit, Trinidad and Tobago.
University of the West Indies, pp. 18–19.

Sreenivasan, T.N. and Dabydeen, S.S. (1989) Modes of penetration of
young cocoa leaves by Crinipellis perniciosa. Plant Dis. 73, 478–81.

Suarez, C. (1977) Growth of Crinipellis perniciosa (Stahel) Singer in vivo and
in vitro. PhD thesis, University of London.

Thévenin, J.M., Umaharan, R. and Butler, D.R. (2006). Review of resistance
screening of cocoa seedlings and clones to witches broom disease: methods,
problems and correlation with field results. The experience of the cocoa
research unit, Trinidad. In: Global Approaches to Cocoa Germplasm
Utilization and Conservation: Final Report of the CDC/CCO/IPGRI Project
on ‘Cocoa Germplasm Utilization and Conservation: A Global Approach’ (1998–
2004) (Albertus, E. and Yoel, E. eds), pp. 137–145. Amsterdam: CFC.

Umaharan, R., Thévenin, J.M., Holder, A. and Bhola, J. (2004) Evalua-
tion of cacao germplasm for resistance to witches’ broom disease under
controlled conditions. In: Cocoa Research Unit. Annual report 2003, pp.
37–41. St Augustine: UWI.

Went, F.A.F.C. (1904) Krulloten en versteende vruchten van de cacao in
Suriname. Verhandelingen der K. Akademie van Wetenschappen, Amster-
dam. 2, 1–40.

Wheeler, B.E.J. and Mepsted, R. (1988) Pathogenic variability among iso-
lates of Crinipellis perniciosa from cocoa (Theobroma cacao). Plant
Pathol. 37, 475–488.

Wheeler, B.E.J. and Suárez, C. (1993) The pathosystem. In Disease Man-
agement in Cocoa. In: Comparative Epidemiology of Witches’ Broom
(Rudgard, S.A., Maddison, A.C. and Andebrhan, T., eds), pp. 9–19. New
York: Chapman & Hall.

Wilson, M. (1997) Biocontrol of aerial plant diseases in agriculture and hor-
ticulture: current approaches and future prospects. J. Indust. Microbiol.
Biotechnol. 19, 188–191.

Wood, G.A.R. and Lass, R.A. (2001) Cocoa. London: Longman.


