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Theobroma cacao pods were inoculated with meiospores of Moniliophthora roreri (Mr), a hemibiotrophic
basidiomycete causing frosty pod rot. Pods were malformed 30 days after inoculation (DAI) and spor-
ulation was observed 60 DAI. Glucose and asparagine concentrations decreased and mannitol and
malonate increased in infected pods 30 DAI. By 60 DAI, most carbohydrates, amino acids, and organic
acids were drastically reduced by infection. Mannitol and succinic acid levels increased 60 DAI and likely
originated from Mr. RT-qPCR analysis of cacao ESTs indicated a strong response to infection 30 DAI in
malformed pod. Evidence indicated that biotrophic hyphae colonized pods and a shift to necrotrophic
growth occurred later (during the end stages of infection). Expression of cacao ESTs associated with plant
hormone biosynthesis and action was altered. Changes in the expression of Mr ESTs in response to
nutrient deficiency in pure culture were small. Changes in Mr gene expression patterns and levels of
specific metabolites in necrotic sporulating pods 60 DAI compared to malformed pods 30 DAI indicated
that the glyoxylate cycle of Mr was up regulated during the shift from biotrophic to necrotrophic phases
of the disease cycle.

Published by Elsevier Ltd.
1. Introduction

Moniliophthora roreri H. C. Evans, Stalpers, Samson & Benny
(sMr) is the causal agent of frosty pod rot [1,2] on Theobroma cacao
L. (cacao), the source of chocolate [3]. Frosty pod rot (FPR) occurs in
all the major cacao producing areas in the Western Hemisphere,
other than Brazil [1,2]. For many years Mr was considered an
anamorphic form of an ascomycete [4]. Taxonomic [5] and molec-
ular techniques [6] clarified the position of Mr as a basidiomycete
and demonstrated its close genetic relationship to the witches’
broom pathogen (Moniliophthora perniciosa (Stahel) Aime &
Phillips-Mora; formerly Crinipellis perniciosa (Stahel) Singer) [7].
niliophthora perniciosa; DAI,
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Cacao is often grown as a cash crop by small-scale farmers with
limited resources [8]. In areas where Mr is introduced, it quickly
becomes the disease of primary concern due to its devastating
effects on yields and the limited measures available for its control
[1,2]. Control measures include use of fungicides and standard
cultural practices such as managing tree height, and persistent
removal of infected pods [2]. Control measures are often not
employed due to their cost and limited impact on disease. The use of
resistant germplasm offers hope for management of FPR but this
approach has been slowed by several factors including limited
availability of sources of resistance, the time required for breeding
resistant cacao material, and problems with distributing what is
becoming a clonally propagated crop. Recently a programhas begun
in Central America, centered at CATIE in Costa Rica, to distribute
new cacao clones which show partial resistance to FPR [9]. The
results of this effort will require years to validate.

M. roreri is a hemibiotroph. FPR development can be lengthy,
progressing over the 6 months required for pod development and
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ripening [1,2]. Little is known about the processes involved in the
development of FPR, other than knowledge gained by basic field
and microscopic observations [10]. The molecular interaction
between Mr and cacao has not been studied in any detail. What is
known is that pods can become infected at an early developmental
stage [1,9]. During the biotrophic phase of disease the fruit may
develop malformations and then progress to the necrotrophic
phase where rot occurs, followed by sporulation on the pod surface
[1,9,11]. The spores are the product of meiosis (meiospores)
produced without the benefit of a basidiocarp [11] and provide
inoculum for the next cycle of infection. The germ tubes from
meiospores are made up of haploid cells [11], a state thought to be
maintained during the biotrophic phase of disease. The formation
of dikaryotic hyphae is thought to coincide with the necrotrophic
phase of disease leading to sporulation and completion of the life
cycle [11].

In order to better understand the FPR disease process we have
begun a project to characterize the molecular interactions between
Mr and cacao. The first objective of this research is to characterize
changes in metabolite levels associated with frosty pod rot devel-
opment. The second objective is to identify a molecular signature
for the response of cacao to infection including changes in the
expression of plant defense genes, and plant genes associated
with hormone biosynthesis, regulation, and action. The third
objective is the characterization of changes in fungal gene expres-
sion associated with the shift between the biotrophic and
necrotrophic phases of disease. By understanding the Mr interac-
tion with cacao we hope to identify sites for intervention using
novel (transgenic) or traditional (plant breeding, crop manage-
ment, or fungicides) techniques.

2. Materials and methods

2.1. Microscopic observations

In order to verify previous descriptions of the biotrophic and
necrotrophic phases of the frosty pod rot disease process [10],
microscopic observations were conducted on freeze dried pods of
cacao clone Matina �1 collected from La Lola, Costa Rica. The
Matina-1 pods were either showing no symptoms, malformed, or
necrotic and sporulating. Pods were aseptically dissected into
receptacle, the middle of the pod, and the bottom of pod. Each
sectionwas cut in half. Small sections (0.5 cm3) were removed from
the freshly cut surface of each half and were further dissected into
the pulp immediately in the middle of the seed cavity, the pulp/
husk interface, and husk tissue immediately below the pod surface.
Sections were placed into 1.7 ml tubes and stained with lactophe-
nol cotton blue for 1 h. Sections were squash mounted onto slides
and observed at 20� and 100� under a light microscope. The
presence of hyphae, whether hyphae were septate, the thickness of
hyphae, and notes on the appearance of the sections were recorded
for the three areas of each of the sections dissected from three
infected and three healthy control pods. Additionally, photographs
were taken during observations.

2.2. Plant materials and inoculations with M. roreri

Two essentially identical experiments were carried out during
separate growing seasons (2008, 2009). The cacao trees were
located in a plot at the CATIE field station, La Lola, near Siquirres,
Costa Rica. The trees were progeny from crosses between clones
PA16 � SIC433 and PA16 � EEG29 and were known to be highly
susceptible toM. roreri (Mr) [12]. For both experiments we selected
20 trees and hand pollinated 10 flowers on each tree. Once pods
were 2 months old (6e8 cm long) they were artificially inoculated
and labeled, 30 pods in Experiment 1 and 40 pods in Experiment 2.
Thirty and 40 pods were kept as uninoculated (control pods) in
experiment 1 and experiment 2, respectively. Attempts were made
to include equal numbers of treated and untreated pods on each
tree. Mr meiospores were collected from infected pods in the
plot where the experiment was carried out. A single mixture of
meiospores was used to inoculate pods in each experiment. Inoc-
ulations were made by soaking a pad (2 cm in diameter) of absor-
bent cotton-wool in a 0.05% Tween 20 plus spore suspension
(1 �108 spores ml�1). The cottonwool pads were secured centrally
around the pod. All inoculated pods, including controls treatedwith
0.05% Tween 20 in water only, were enclosed in clear plastic bags
(30 � 20 cm) which were fastened to the peduncle with a plant tie,
in order to maintain humidity and prevent contamination during
the growth andmaturation period. The corners were removed from
the bags to let excess moisture drain away from the pods. Six
inoculated pods and six uninoculated control pods were harvested
at intervals of 7, 30, and 60 days after inoculation (DAI) in both
experiments. Pods were harvested irrespective of symptomology
since it was not clear which symptoms would be most represen-
tative at each time point. At each harvest, the pods were rated using
a descriptive measure of normal, malformed green, and necrotic
and sporulating. Pods were collected in the late afternoon before
being transported back to the lab in a cool box. Each pod was
photographed. Pods harvested 7 and 30 DAI were place whole in
liquid nitrogen for 10 min. Larger pods, harvested 60 DAI, were cut
in half before being frozen in liquid nitrogen. The frozen pods were
lyophilized and vacuum sealed in plastic before shipping to the
USDA/ARS/SPCL research facility in Beltsville, Maryland. Based on
the observed sequence of symptom development over time in Mr
inoculated pods during the two field experiments (see results),
asymptomatic pods at 7 DAI, malformed pods at 30 DAI, and
necrotic sporulating pods at 60 DAI were considered for further
analysis. Asymptomatic pods were selected among the control pods
at each time point. In Expt 1 three podswere analyzed for each time
point (DAI) and inoculation (control or Mr inoculated) treatment
combination and in Expt 2 four pods were analyzed for each
treatment combination.

2.3. Fungal biomass

Mycelia from eight day old cultures ofM. roreri isolate Co8 were
inoculated into 100 ml of potato dextrose broth (PDB, BD, Franklin
Lakes, NJ) in 250 ml flasks. The flasks were incubated at room
temperature (w24 �C) on a rotary shaker at 125 rpm for 14 days.
After two weeks, the PDB was aseptically removed from the flasks.
To six of the flasks,100ml of fresh PDBwas added. To the remaining
six flasks, 100 ml of MIN salt broth was added [13]. The flasks were
incubated on a rotary shaker for 14 days as before. To harvest
mycelium, cultures were vacuum filtered followed by two rinses
with sterile distilled water. Mycelia were flash frozen in liquid N2
and stored at �80 �C.

2.4. RNA extraction

Pods were broken up and coarsely ground under liquid nitrogen
and approximately 1 cm3 of sample was used for processing. The
pod material was ground finely and transferred to a disposable
50 ml centrifuge tube containing 15 ml of 65 �C extraction buffer
[14]. Additional extraction methods were conducted as in Melnick
et al. [13]. An image of total RNA separated by electrophoresis is
presented in Fig. 1. The cDNA was synthesized using the Invitrogen
(Carlsbad, CA) Superscript VILO kit, following the manufacturer’s
directions. The RNA extraction methods for fungal mycelia were
identical to those for extraction of pod RNA [13] with the following



Fig. 1. Total RNA isolated from fresh pods from the greenhouse as compared to total
RNA isolated from lyophilized pods from Costa Rica. Control (C) and Mr inoculated (I)
pods were collected from the field 7, 30, and 60 days after inoculation (DAI) and were
frozen in liquid nitrogen before being lyophilized, and vacuum sealed in plastic. Sealed
pods were shipped to the USDA/ARS/SPCL research facility in Beltsville, Maryland prior
to RNA isolation. Greenhouse grown pods were harvested and frozen in liquid nitrogen
prior to RNA isolation. Five micrograms of total RNA was loaded per lane. Represen-
tative RNA samples are presented.
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exceptions. Freeze-dried mycelia were ground in a mortar and
pestle in liquid nitrogen and extracted with one 15 ml aliquot of
extraction buffer after which the material was transferred to an
Oak-Ridge tube and the tube held in a 65 �C water bath for 15 min
before centrifugation, chloroform extraction and precipitation with
lithium chloride.

2.5. Expression analysis using RT-qPCR

Procedures for RT-qPCR and analysis were as described by Bailey
et al. [15]. The sequence information of the primer sets used and the
associated plant ESTs is given in Supplementary File S1. The
majority of the plant stress related ESTs studied were derived from
previously published manuscripts [14e21]. Additional cacao ESTs
were chosen from the cacao genome [17] based on their relatedness
to known genes associated with hormone biosynthesis or action.
Forty-five Mr ESTs were chosen for monitoring Mr activity in
infected pods (Supplemental File S2) based on their relatedness to
expressed ESTs in the related fungus M. perniciosa (Mp) [13] or
their identification by Solexa sequencing of RNA from a 60 DAI
necrotic sporulating pod (unpublished data). The sequences were
verified by comparison to the M. roreri genome (M. roreri Genome
Sequencing Consortium, http://bioinfo03.ibi.unicamp.br/roreri/).
To obtain the relative transcript levels, the threshold cycle (CT)
values for all genes of interest (CT�GOI) were normalized to the CT
values of ACTIN (CT�ACT) for each replication [DCT ¼ (CT�ACT)e
(CT�GOI)]. Relative transcript levels for cacao ESTs and Mr ACTIN
(MrAct) were calculated with respect to cacao ACTIN transcript
levels (% of TcAct) and the relative transcript levels forMr ESTs were
calculated with respect to Mr ACTIN transcript levels (% of MrAct).
The expression levels for each EST in each sample were calculated
as % ACTIN ¼ 100*[(E) DCT] where E equals the primer efficiency.

2.6. Metabolite analysis

Metabolite concentrations were measured for healthy and
diseased pods at 30 and 60 DAI (3 pods for each treatment by DAI
combination) and for Mr mycelia grown in PDB and MIN-G
(4 samples for each growth condition). Extractions were con-
ducted following the methodology in Melnick et al. [13]. Freeze-
dried tissue was ground to a fine powder in liquid nitrogen. The
pulverized tissue (50 mg dry weight) was extracted at 4 �C with
1.4 ml methanol in a ground glass tissue homogenizer. A mixture
of 45 ml of internal standards containing 62.5 nmol of a-
aminobutyric acid and 26 mmol of ribitol was injected prior to
homogenization. The homogenates were collected, incubated at
70 �C in a H2O bath for 15 min, and diluted with an equal volume
of deionized H2O. The aqueous-methanol extracts were centri-
fuged for 15 min at 5800 � g. Supernatants were transferred to
fresh tubes and stored for up to 2 weeks at �20 �C. As described by
Melnick et al. [13], amino acid analysis was carried out using ultra
performance liquid chromatography, and organic acids and soluble
carbohydrates were measured by gas chromatography coupled to
mass spectrometry.

2.7. Statistical analysis

Relative expression data (EST expression as % ACTIN) was LOG-
transformed to linearize the data following the protocol set for
RT-qPCR in Rieu and Power [22]. Relative cacao expression data
was analyzed for significance using a three-way factorial design
(experiment, DAI, and treatment) using PROC MIXED in SAS 9.3
(SAS Institute Inc., Raleigh, NC, USA) with a ¼ 0.05. All means
separations associated with this study were carried out using
Tukey testing with a ¼ 0.05. There were two experiments (Expt 1,
Expt 2), three DAIs (7, 30, and 60 DAI), and two treatments
(control and inoculated with Mr). Expt 1 and 2 had 3 and 4
replicates per treatment by DAI combination, respectively. Rela-
tive Mr expression data was analyzed for significance using a two-
way factorial design (experiment and DAI) using PROC MIXED.
There were two experiments (Expt 1, Expt 2) and two DAIs (30
and 60 DAI). Note for Mr expression data, as expected, Mr primers
did not consistently amplify in uninoculated pods or 7 DAI pods
which were not included in analysis (see description in results).
Expt 1 and 2 had 3 and 4 replicates at each DAI, respectively. Data
for gene expression was not presented when there was a signifi-
cant experiment*treatment or experiment*treatment*DAI inter-
action in the 3-way ANOVA. Metabolite data was also LOG-
transformed to linearize the data. Pod metabolite data was
analyzed by two-way factorial (DAI and treatment) using PROC
MIXED. For pod metabolite data, there are three replicates per
treatment (control and inoculated) by DAI (30 and 60 DAI)
combination. Mr pure culture metabolite data and Mr expression
data was analyzed by using PROC MIXED. For Mr liquid culture
metabolite data and expression data, there are four replicates per
growth medium (PDB and MIN-glucose).

3. Results

3.1. Clone Matina-1 pod colonization by M. roreri

Clone Matina-1 pods exposed to natural field inoculum showing
no symptoms, malformation, or necrosis and sporulation were
harvested. The freeze dried pods were examined for the type of
hyphae present. Hyphae were not observed in tissues from
asymptomatic pods. The surface of malformed pods was generally
devoid of hyphae. The hyphae inside malformed pods were thick,
convoluted and sparsely spread (Fig. 2AeC). Hyphae were found in
the receptacle in only 1 of three malformed pods dissected. Hyphae
were observed in 2 of 6 husk sections, 5 of 6 outer pulp sections and
5 of 6 seed sections in malformed pods. Limited amounts of thin
myceliumwas noted in 1 of 6 outer pulp sections but otherwisewas
not observed in malformed pods. Thick convoluted hyphae could
still be found in tissue sections of necrotic sporulating pods. Profuse
amounts of thin hyphae were also observed in all sections (2D, and
2E) of necrotic sporulating pods. The thin hyphae in necrotic pod
tissue sections tended to tuft out from the disrupted tissue (Fig. 2D).
The surface of necrotic pods was covered with sporophores and
numerous meiospores (Fig. 2F).

http://bioinfo03.ibi.unicamp.br/roreri/


Fig. 2. M. roreri hyphae in infected pods at different stages of disease. (A) Hyphae from malformed pods inside husk section and (B) pod receptacle. Hyphae in these locations were
2.6e5.8 mm in diameter and convoluted, typical of the haploid phase. (C) Pulp and (D and E) seed sections showed profuse amounts of thin, elongated hyphae (1.2e2.6 mm)
throughout necrotic sporulating pods. (F) Sporophore from surface of necrotic sporulating pod. Bars are 20 mm in length for all panels except for panel D, in which the bar is 100 mm.
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3.2. Disease progression after artificial inoculation and detection of
M. roreri in infect pods

A total of 30 two month old pods were inoculated with Mr in
experiment 1 (Expt 1) and 40 two month old pods were inoculated
in experiment 2 (Expt 2). A similar number of uninoculated pods
(controls) were kept for each experiment. Since we harvested six
inoculated and control pods at 7, 30, and 60 DAI, the number of
available pods to sample decreased by six per treatment with each
sampling period. No symptoms were observed on inoculated pods
in either experiment 7 DAI. In Expt 1 at 30 DAI when the 24
remaining inoculated pods were considered, 14 were asymptom-
atic, 8 were malformed, and 2 were necrotic and sporulating. Sixty
DAI, 18 inoculated pods remained in the field. Five of the pods were
sporulating, two pods were malformed, and 11 pods remained
asymptomatic. Four of the 5 sporulating pods observed 60 DAI were
malformed at 30 DAI. Among the uninoculated pods (control) in
Expt 1 no symptoms were apparent until 60 DAI when 3 of 18 pods
were malformed. Not counting the 7 DAI samples, in Expt 2 all the
inoculated pods eventually showed symptoms. At 30 DAI, 29 of 34
inoculated pods were malformed and 1 pod was sporulating, with
the remaining 4 pods being asymptomatic. By 60 DAI in Expt 2, 25
of 28 remaining inoculated pods were necrotic and sporulating
with the remainder being malformed. Among the control pods in
Expt 2, no symptoms were apparent until 60 DAI when 1 of 28 pods
was malformed and 7 of 28 pods were sporulating. Considering
results from both experiments, there were no symptoms of infec-
tion 7 DAI while the most common symptoms of infection 30 and
60 DAI were malformation (Fig. 3C) and necrosis with sporulation
(Fig. 3D), respectively.

3.3. Changes in cacao pod metabolites in response to infection by
M. roreri

Metabolite analysis (Table 1) was carried out on malformed
pods 30 DAI (Fig. 3C) and on necrotic sporulating pods 60 DAI
(Fig. 3D), in addition to asymptomatic control pods at both
time points (Fig. 3A and B). There was an increase in malonic acid
(3-fold) and an increase in mannitol (28.2-fold) in infected pods
compared to healthy control pods across both time points. A 1.7-
fold reduction in glucose, a 2.0-fold reduction in asparagine, and
a 1.6-fold reduction in phenylalanine were observed in malformed
pods 30 DAI. By 60 DAI the glucose level in necrotic sporulating
pods was reducedmore than 40.7-fold compared to healthy pods at
the same time point. At 60 DAI there was a large decrease in most
metabolites in response to infection. For example, concentrations of



Table 1
Changes in cacao podmetabolite concentrations in response to infection byM roreri.
Malformed pods were analyzed 30 days after inoculation (DAI) and necrotic spor-
ulating pods were analyzed 60 DAI. Control pods were of the same age but unin-
oculated and asymptomatic. The data is presented as the Log10 value of metabolite
concentration (ng/mg dry weight).

Metabolite DAIa p-valueb Treatment Fold
Changec

Control Mr inoc

Amino acid
Asparagine 30 0.0003 3.97 Aad 3.67 Ba �2.0

60 3.94 Aa 2.23 Bb �51.3
Serine 2.25 A 1.9 A
Glycine 2.01 A 2.08 A
Aspartic acid 30 0.0055 3.34 Aa 3.13 Aa

60 3.31 Aa 2.13 Ab
Glutamic acid 0.0143 2.99 A 2.82 B �1.5
Threonine 2.39 A 2.06 A
Alanine 2.46 A 2.2 A
GABA 30 0.0019 1.92 Aa 1.84 Ab

60 2.04 Ba 3.24 Aa 15.8
Proline 2.44 A 2.31 A
Tyrosine 30 0.0091 3.84 Aa 3.72 Aa

60 3.81 Aa 2.8 Bb �10.2
Valine 30 0.0137 1.88 Aa 1.59 Ab

60 2.09 Ba 2.48 Aa 2.5
Isoleucine 2.3 A 2.33 A
Leucine 30 0.0027 1.86 Aa 1.68 Ab

60 1.84 Ba 2.47 Aa 4.3
Phenylalanine 30 0.0003 1.87 Aa 1.68 Bb �1.6

60 1.92 Ba 2.32 Aa 2.5
Total AA 30 0.0500 4.37 Aa 4.19 Aa

60 4.34 Aa 3.86 Bb 3.0
Organic acid
Oxalic 2.38 A 2.45 A
Glyceric 1.97 A 2 A
Fumaric 1.83 A 1.93 A
Malonic 0.0118 1.67 B 2.15 A 3.0
Maleic 0.0317 2.12 A 1.82 B 2.0
Succinic 30 0.0004 2.6 Aa 2.7 Ab

60 2.43 Ba 4.07 Aa 43.7
Malic 30 0.0085 4.56 Aa 4.46 Aa

60 4.51 Aa 3.42 Bb �12.3
Oxoglutaric 30 0.0007 3.09 Ab 3.23 Aa

60 3.61 Aa 2.13 Bb �30.2
Shikimic 30 0.0285 2.83 Aa 2.81 Aa

60 2.8 Aa 2.09 Ba �5.1
Citric 30 0.0182 3.7 Ab 3.43 Aa

60 4.4 Aa 2.97 Ba �26.9
Carbohydrate
Ribose 1.98 A 1.62 A
Mannitol 0.0014 0.6 B 2.05 A 28.2
Fructose 30 0.0098 5 Aa 4.83 Aa

60 5.06 Aa 3.74 Bb �20.9
Glucose 30 0.0032 4.77 Aa 4.54 Ba �1.7

60 4.89 Aa 3.28 Bb �40.7
Myoinositol 30 0.0016 4.23 Aa 4.16 Aa

60 4.13 Aa 3.50 Bb �4.3
Sucrose 30 <0.0001 4.61 Ab 4.38 Aa

60 5.21 Aa 3.12 Bb �123.0
Raffinose 30 0.0018 3.51 Ab 3.51 Aa

60 4.22 Aa 1.93 Bb �195.0
Maltose 1.22 A 1.38 A
Trehalose 1.15 A 1.87 A

a Where DAI is not indicated the treatment by DAI interaction was not significant.
b The p-values presented are for the factor Treatment (control and inoculated) or

for the interaction between factors DAI and Treatment from the ANOVA.
c Represents the fold change in concentrations when going from Control to Mr

inoculated at the indicated time points.
d Means within rows followed by the same capital letter are not significantly

different (Tukey test, a¼ 0.05). For eachmetabolite, meanswithin columns followed
by the same small letter are not significantly different (Tukey test, a ¼ 0.05).

Fig. 3. Symptomology of Mr infections. Uninfected control pod 30 DAI (A) and 60 DAI
(B). Malformed infected pod 30 DAI (C). Necrotic sporulating pods 60 DAI (D). Pods
were approximately 3 months old 30 DAI (A and C) and 4 months old 60 DAI (B and D).
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sucrose and raffinose were reduced 123 and 195-fold respectively,
concentrations of malic acid were reduced 12.3-fold, and the
concentration of asparaginewas reduced 51.3-fold between healthy
and necrotic, sporulating pods 60 DAI. In addition to increases in
malonic acid and mannitol, there were significant increases in five
other metabolites when comparing healthy and sporulating pods
60 DAI. The concentration of succinic acid was 43.7-fold greater in
inoculated pods compared to control pods 60 DAI. The concentra-
tions of GABA, valine, leucine, and phenylalanine were 15.8, 2.5, 4.3,
and 2.5-fold greater, respectively, in infected pods 60 DAI as
compared to healthy pods 60 DAI.

3.4. Changes in cacao gene expression in response to infection by
M. roreri

RT-qPCR analysis was carried out using primers for cacao stress
andhormone related ESTs andRNA isolated fromhealthy pods7DAI,
malformed pods 30 DAI (Fig. 3C) and necrotic sporulating pods 60
DAI (Fig. 3D), in addition to asymptomatic control pods at all three
time points (Tables 2 and 3). Of 20 stress associated cacao ESTs
studied (Supplemental File S1), 14 showed consistent changes in
expression in response toMr inoculation (Tables 2 and 3). Induction



Table 2
Changes in T. cacao EST expression in response to inoculation with M. roreri where
the interaction with days after inoculation (DAI) was not significant. Inoculated
(Inoc) and non-inoculated pods (Cont) were harvested 7 (all asymptomatic pods), 30
(malformed inoculated pods), and 60 (necrotic and sporulating inoculated pods)
DAI. Data is presented as the Log10 value of the gene of interest’s expression as
a percent of T. cacao actin expression. The fold change in T. cacao gene expression in
response to inoculation is presented as repression (negative numbers) and induction
(positive numbers) along with the ESTs’ putative identities.

ESTs p-valuea Cont Inoc Fold
changeb

Putative ID

Stress related
TcUSP-CAB 0.0065 0.38 Bc 0.77 A 2.5 Universal stress protein
TcNAM-ICS 0.0052 0.74 B 1.01 A 1.9 No apical meristem
TcPR10C 0.0019 �0.48 B �0.13 A 2.2 Pathogenesis-related

protein 10c
TcPER1 0.0051 1.3 B 1.56 A 1.8 Apoplastic quiacol

peroxidase-like
TcNPR1 0.0472 �0.13 B 0.05 A 1.5 NPR1-like
TcGHMPK <0.0001 0.43 B 0.67 A 1.7 Phosphomevalonate

kinase
Jasmonic acid
TcMAPKK3 0.0287 0.57 B 0.89 A 2.1 Map kinase kinase 3
Ethylene
TcACS <0.0001 �0.81 B �0.52 A 1.9 ACC synthase
TcERF-ICS 0.0002 1.61 B 1.93 A 2.1 Ethylene responsive

factor
Cytokinin
TcCKeN-GT1 <0.0001 �0.18 A �0.47 B �1.9 Cytokinin-N-

glucosyltransferase 1
TcCrtXb 0.0004 �1.74 B �1.18 A 3.6 Zeatin

O-glucosyltransferase
ABA
TcPYL8 0.0032 0.73 B 0.93 A 1.6 Abscisic acid receptor
TcPYL9 0.0003 0.87 B 1.09 A 1.7 Abscisic acid receptor

a The p-values presented are for the factor Treatment (control and inoculated)
from the ANOVA.

b The change in expression for each EST was determined by taking the inverse
Log10 of the Log10 values for control in inoculated and dividing the control values by
the inoculated values where potential repression occurred and dividing the inocu-
lated values by the control values where induction occurred.

c Means within rows followed by the same letter are not different (Tukey test,
a ¼ 0.05).
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of six ESTs (TcUSP-CAB, TcNAM-ICS, TcPR10C, TcPER-1, TcNPR1, and
TcGHMPK) was not affected by DAI (Table 2). For these six ESTs, the
levels of induction varied from 1.5 to 2.5-fold. Five stress related
cacao ESTs had altered expression starting 30DAI and the expression
of three ESTs was altered at 60 DAI only (Table 3). Stress related ESTs
TcODC, TcABC-T, P59, TcChi4, and TcPR5were induced by infection 4.8,
10.5, 257, 8.7, and 16.2-fold at 30 DAI, respectively. TcCaff-CAB was
repressed by infection 72-fold 60 DAI. TcEFwas induced by infection
6.3 and TcLT was repressed 6-fold, 60 DAI.

Among the 51 plant hormone associated ESTs studied, expres-
sion of seven ESTs was altered in response to infection regardless of
DAI (Table 2). TcCKeN-GT1was 1.9-fold repressed while TcMAPKK3,
TcACS, TcERF-ICS, TcCrtXb, TcPYL8, and TcPYL9 were induced by
infection 2.1, 1.9, 2.1, 1.3, 3.6, 1.6, and 1.7-fold, respectively. The
expression of 6 hormone associated ESTs was altered in response to
infection beginning 30 DAI (Table 3). TcLOX1, TcORP2, TcACC8,
TcGH3.1, TcCKeO-GT2, and TcNCED1, were induced by infection 4.6,
41.7, 5.8, 2.9, 6.5, and 4.2-fold 30 DAI. Eight plant hormone asso-
ciated ESTs had altered expression only at 60 DAI. ESTs TcLOX3,
TcSAMDCb, TcMK, and TcAREB5.6were induced 11.0, 3.5, 2.1, and 6.9-
fold, respectively 60 DAI. ESTs TcJMT3, TcAIL1, TcGA20OX1B, and
TcKAOa were repressed 30.2, 89.1, 9.5, and 15.8-fold 60 DAI.

3.5. Changes in M. roreri gene expression between 30 and 60 DAI

RT-qPCR analysis was carried out using primers for Mr ESTs and
RNA isolated from malformed pods 30 DAI (Fig. 3C) and necrotic
sporulating pods 60 DAI (Fig. 3D). The dissociation curves for theMr
ESTs presented single peaks that were consistent between inocu-
lated pods and pure Mr cultures. For the Mr ESTs studied, expres-
sion in control pods was below or approached the lower limits of
detection in most samples. Some background amplification was
observed in control pods but was not repeatable for the same
sample or among different control samples at the same time points.
When detected in control pods, Mr EST expression was more than
1000 fold (10 cycles) lower than expression observed in inoculated
pods. MrAct expression averaged 1.4% of TcAct (Log10 mean equal
0.13) at 30 DAI in malformed pods and 18.3% of TcAct (Log10 mean
equal 1.26) at 60 DAI in necrotic and sporulating pods, an increase
of 13.5-fold.

TheMr ESTs (Supplemental File S2) studied were selected based
on 3 approaches: 1) Orthologues to 21 ESTs studied in the sister
pathogen M. perniciosa [13,23,24], 2) ESTs identified through deep
sequencing of RNA from a single 60 DAI Mr infected pod (18 ESTs),
and 3) ESTs with homology to specific genes of interest (six ESTs).
Thirty nine Mr EST studied showed significant changes in expres-
sion between 30 and 60 DAI infected pods relative to MrAct
expression levels (Table 4). Eleven Mr ESTs, including MrIDH asso-
ciated with the glyoxylate pathway, were repressed in necrotic
pods 60 DAI when compared to expression levels in malformed
pods 30 DAI in both experiments. Five Mr ESTs were repressed
between 1.7 and 2.8-fold (note MrIDH at bottom of table), five Mr
ESTs were repressed between 3.1 and 6.0-fold, and ESTMrTEFBwas
repressed 9.5-fold. Twenty eight Mr ESTs were induced in necrotic
pods 60 DAI when compared to expression levels in malformed
pods 30 DAI. Five Mr ESTs were induced between 2.0 and 2.8-fold,
11 Mr ESTs were induced between 3.0 and 8.7-fold and 12 Mr ESTs
were induced greater than 10-fold. The maximum induction
between 30 and 60 DAI was 347-fold for EST MrGMCOR.
3.6. Changes in M. roreri metabolite concentrations due to shift to
MIN media minus glucose

Metabolite analysis also was carried out on mycelia grown in
PDB for 2 weeks and either replenished with fresh PDB or MIN
media minus glucose (MIN-G). There was a significant shift in
specific amino acid concentrations due to the shift from PDB to
MIN minus glucose although total amino acid concentrations did
not change (Table 5). Aspartic acid, glutamic acid, and tyrosine
increased in concentration along with GABA. Amino acids
methionine, isoleucine, leucine, and phenylalanine decreased in
concentration. Among the organic acids detected, fumaric acid
and malic acid concentrations increased. High concentrations of
oxalic acid and succinic acid were detected without regard to
culture conditions. Among the carbohydrates, high concentra-
tions of mannitol were detected without regard to culture
conditions. Concentrations of fructose, glucose, maltose, and
trehalose decreased in response to the shift to MIN-G. Notably,
glucose concentrations decreased 389-fold.
3.7. Changes in M. roreri EST expression due to the shift to MIN-G

RT-qPCR analysis was carried out (Table 6) using primers for Mr
ESTs andRNA isolated frommycelia grown in PDB for twoweeks and
either replenished with fresh PDB or MIN media minus glucose
(MIN-G). Among the 45 Mr ESTs studied, the expression of 29 Mr
ESTSwas altered in response to the shift to MINeG (Table 6). Twelve
MrESTSwere repressed between1.4 and2.7-fold andfifteenMr ESTs
were repressed between 3.0 and 9.1-fold in response to the shift to
MIN-G. Only two Mr ESTs, MrPEP, and MrOXRED, were induced in
response to the shift to MIN-G, 1.8, and 8.7-fold, respectively.



Table 3
Expression levels of T. cacao ESTs in response to inoculation with M. roreri where the interaction with days after inoculation (DAI) was significant. Inoculated (Inoc) and non-
inoculated pods (Cont) were harvested 7 (all asymptomatic pods), 30 (malformed inoculated pods), and 60 (necrotic and sporulating inoculated pods) DAI. Data is presented as
Log10 values of the gene of interest’s expression as a percent of T. cacao actin expression. The ESTs’ putative identities are presented.

EST Treatment p-valuea Expression level Putative ID

7 DAI 30 DAI 60 DAI

Stress related
TcODC Cont 0.0001 �1.26 Aab �0.94 Bb �0.57 Bb Ornithine decarboxylase

Inoc �1.37 Ca �0.26 Ba 0.73 Aa
TcCaff-CAB Cont <0.0001 1.79 Aa 0.78 Ba 1.25 ABa Caffeine synthase

Inoc 1.88 Aa 0.66 Ba �0.61 Cb
TcEF Cont 0.0060 �0.60 Aa �0.21 Aa �0.18 Ab EF-hand, calcium binding

Inoc �0.48 Ba �0.05 Ba 0.62 Aa
TcABCT Cont <0.0001 �0.38 Ba 0.05 ABb 0.56 Ab ABC transporter

Inoc �0.43 Ba 1.07 Aa 1.35 Aa
TcP59 Cont 0.0008 �3.00 Aa �3.88 Ab �2.51 Ab Carbohydrate oxidase

Inoc �2.91 Ca �1.47 Ba 0.07 Aa
TcChi4 Cont 0.0053 �0.41 Ca 0.28 Bb 1.04 Ab Chitinase family 4

Inoc �0.36 Ca 1.22 Ba 2.08 Aa
TcPR5 Cont 0.0011 �1.17 Aa �0.76 Ab �0.43 Ab Pathogenesis related protein 5

Inoc �1.00 Ba 0.45 Aa 1.23 Aa
TcLT Cont 0.0114 1.26 Aa 1.35 Aa 1.37 Aa Lipid transferase

Inoc 1.34 Aa 0.88 ABa 0.66 Bb
Jasmonic acid
TcLOX3 Cont 0.0192 0.71 Aa 0.62 Aa 0.47 Ab Lipoxygenase 3

Inoc 0.37 Ba 1.00 Aa 1.51 Aa
TcLOX1 Cont 0.0072 0.80 Aa 0.60 Ab 0.80 Aa Lipoxygenase 1

Inoc 0.72 Ba 1.26 Aa 1.24 Aa
TcAOS2 Cont 0.0155 0.93 Aa 0.87 Aa 0.83 Aa Allene oxide synthase

Inoc 0.69 Ba 1.01 Aa 1.17 Aa
TcJMT3 Cont 0.0025 �1.35 Ba �0.95 Ba 0.08 Aa Jasmonate O-methyltransferase 3

Inoc �1.31 Aa �1.27 Aa �1.40 Ab
TcOPR2 Cont 0.0094 �2.45 Ba �2.52 Bb �0.77 Ab 12-oxophytodienoate reductase 1

Inoc �2.25 Ca �0.90 Ba 0.84 Aa
Ethylene
TcAIL1 Cont 0.0001 �2.20 Ca �1.15 Ba 0.12 Aa Ethylene-responsive transcription

factor AIL1Inoc �2.06 Aa �1.45 Aa �1.83 Ab
TcSAMDCb Cont 0.0043 0.81 Aa 0.52 ABa 0.33 Bb S-adenosylmethionine decarboxylase

Inoc 0.64 Aa 0.86 Aa 0.88 Aa
TcACC8 Cont <0.0001 �1.80 Aa �1.93 Ab �1.33 Ab ACC synthase 8

Inoc �1.90 Ca �1.17 Ba 0.26 Aa
GA
TcGA20OX1B Cont 0.0033 �1.08 Ba �0.49 ABa �0.25 Aa Gibberellin 20 oxidase 1-B

Inoc �1.03 ABa �0.60 Ba �1.23 Ab
TcKAOa Cont <0.0001 0.47 Ba 0.85 ABa 1.05 Aa Ent-kaurene oxidase

Inoc 0.41 Aa 0.62 Aa �0.15 Bb
Auxin
TcGH3.1 Cont 0.0005 �0.13 Ba 0.36 Ab 0.22 ABb Indole-3-acetic acid-amido synthetase

Inoc �0.22 Ba 0.82 Aa 1.02 Aa
Cytokinin
TcCKeO-GT2 Cont 0.0158 �0.40 Aa �0.58 Ab �0.36 Ab Cytokinin-O-glucosyltransferase 2

Inoc �0.19 Ba 0.23 Aa 0.23 ABa
TcMK Cont 0.0170 0.17 Aa 0.19 Aa 0.24 Ab Mevalonate kinase

Inoc 0.16 Ba 0.39 Aa 0.57 Aa
ABA
TcAREB5.6 Cont 0.0002 0.93 Aa 0.69 ABa 0.48 Bb Abscisic acid- insensitive 5-like protein 6

Inoc 0.93 Ba 0.95 Ba 1.32 Aa
TcXD Cont 0.0044 �1.16 Ba �0.20 Aa �0.13 Aa Xanthoxin dehydrogenase

Inoc �1.10 Ca �0.49 Ba 0.27 Aa
TcNCED1 Cont 0.0009 �0.26 Aa �0.16 Ab �0.06 Aa 9-cis-epoxycarotenoid dioxygenase

Inoc �0.31 Ba 0.46 Aa �0.32 Ba
TcAAO2 Cont 0.0393 0.36 Aa 0.41 Aa 0.38 Aa Aldehyde oxidase 2 - xanthine

dehydrogenaseInoc 0.38 ABa 0.53 Aa 0.18 Ba

a The p-values presented are for the interaction between factors DAI and Treatment from the ANOVA.
b Meanswithin rows followed by the same capital letter are not significantly different (Tukey test, a¼ 0.05). For each EST, meanswithin columns followed by the same small

letter are not significantly different (Tukey test, a ¼ 0.05).
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4. Discussion

4.1. Disease progression and changes in pod and M. roreri
metabolites

Themost commonfirst symptomof infection byMr in inoculated
cacao pods was malformation 30 DAI. Large diameter convoluted
M. roreri hyphae were sparsely spread throughout malformed
naturally infected pods of clone Matina-1, (Fig. 2A and B). Large
diameter convoluted hyphae are characteristic of the haploid phase
of the Mr disease cycle [10]. The pods used for artificial inoculation
in the field were 2 months old when inoculated. By the end of the
experiments the pods were 4 months old, still needing 1e2months
to ripen [3].

Concentrations of the major metabolites glucose and asparagine
were reduced by Mr infection in malformed pods 30 DAI prior to



Table 4
M. roreri (Mr) EST expression 30 days after inoculation (DAI) in malformed pods and
60 DAI in necrotic sporulating pods is presented as the Log10 value of the gene of
interest’s expression as a percent ofMr actin expression. The fold change inMr gene
expression from 30 DAI to 60 DAI is presented as repression (negative numbers) and
induction (positive numbers) along with the ESTs’ putative identities.

EST p-valuea Expression level Fold
changeb

Putative ID

30 DAI 60 DAI

MrTEFB 0.0006 1.08 Ac 0.10 B �9.5 Transcription elongation
factor B

MrSRP9 0.0016 1.14 A 0.36 B �6.0 Signal recognition
particle 9 kDa protein

MrL10bb 0.0254 0.89 A 0.16 B �5.4 Mitochondrial ribosomal
L10 protein

MrFDH <0.0001 1.15 A 0.51 B �4.4 Formate dehydrogenase
MrNTH1-1 0.0008 1.00 A 0.38 B �4.2 Trehalose breakdown
MrNRPS 0.0005 0.40 A �0.09 B �3.1 Nonribosomal peptide

synthetase
MrDPP III 0.0009 0.74 A 0.30 B �2.8 Dipeptidase 3 precursor
MrH2B 0.0244 1.24 A 0.91 B �2.1 Histone H2B
MrGAT 0.0024 0.09 A �0.19 B �1.9 Glutamyl-tRNA

amidotransferase
MrCOQ4 0.0365 0.75 A 0.49 B �1.8 Ubiquinone biosynthesis

protein COQ4
MrALDH 0.0236 0.19 B 0.49 A 2.0 Acetaldehyde

dehydrogenase
MrFPA 0.0254 0.73 B 1.07 A 2.2 Fungal proteinase A
MrTSPAN 0.0136 1.60 B 1.93 A 2.1 Tetraspanin
MrGATase 0.0076 0.79 B 1.09 A 2.0 Type 1 glutamine

amidotransferase
MrSUE 0.0258 1.53 B 1.98 A 2.8 Sugar-utilizing enzymes
MrERO1 0.0227 0.71 B 1.19 A 3.0 Endoplasmic reticulum

oxidoreductin 1
MrADK 0.0080 0.60 B 1.15 A 3.5 Adenylate kinase
MrTRPIC 0.0018 �0.07 B 0.48 A 3.5 Transient receptor

potential ion channels
MrG13BG 0.0009 0.69 B 1.25 A 3.6 Glucan 1,3 beta-

glucosidase
MrBGT 0.0082 1.00 B 1.56 A 3.6 1,3-beta-

glucanosyltransferase
MrPEP 0.0007 0.64 B 1.32 A 4.8 Peptidase
MrMT 0.0004 0.58 B 1.41 A 6.8 Monosaccharide

transporter
MrFAH 0.0469 0.43 B 1.33 A 7.9 Fatty acid hydroxylase
MrTTP 0.0030 0.71 B 1.65 A 8.7 MFS-tripeptide

transporter permease
MrMFS 0.0003 0.55 B 1.84 A 19.5 Major facilitator

superfamily (MFS)
MrDnaJ 0.0040 0.14 B 1.19 A 11.2 Chaperone protein DnaJ
MrPGTG 0.0007 �0.86 B 0.69 A 35.5 Carbohydrate

deacetylase
MrP450b <0.0001 �0.44 B 1.51 A 89.1 p450 super family
MrHyp 0.0050 0.75 B 2.31 A 36.3 Hydrophobin
MrID <0.0001 �0.26 B 1.56 A 66.1 Intradiol dioxygenase
MrOXRED <0.0001 �1.93 B 0.60 A 338.8 Oxidoreductase
MrGMCOR 0.0027 �0.62 B 1.92 A 346.7 GMC_oxred C domain
Genes associated with glyoxylate pathway
MrPDC 0.0015 �0.22 B 1.42 A 43.7 Pyruvate decarboxylase
MrXFP 0.0121 �0.52 B 1.17 A 49.0 D-xylulose 5-phosphate

phosphoketolase
MrACK 0.0033 �0.09 B 1.02 A 12.9 Acetate kinase
MrACCoAS <0.0001 0.65 B 1.31 A 4.6 Acetyl CoA sythatase
MrICL 0.0004 1.06 B 1.63 A 3.7 Isocitrate lyase
MrMS 0.0063 �0.72 B 1.64 A 229.1 Malate synthase
MrIDH 0.0217 0.88 A 0.66 B �1.7 Isocitrate dehydrogenase

a The p-values presented are for the DAI from the ANOVA.
b The change in expression for each EST was determined by taking the inverse

Log10 of the Log10 values at 30 and 60 DAI and dividing the 30 DAI values by the 60
DAI values where potential repression occurred and dividing the 60 DAI values by
the 30 DAI values where no change or potential induction occurred.

c Means within rows followed by the same letter are not different (Tukey test,
a ¼ 0.05).

Table 5
M. roreri metabolite concentrations when grown in potato dextrose broth (PDB) or
MIN media minus glucose (MIN-glucose). Cultures were grown for 2 weeks in PDB
and then the media was replaced with PDB or MIN-glucose and the cultures grown
for an additional 2 weeks. The data is presented as the Log10 value of metabolite
concentration (ng/mg dry weight).

Metabolite p-valuea Growth medium Foldb change

PDB MIN-
glucose

Amino acids
Asparagine 3.17 Ac 3.08 A
Serine 3.02 A 2.96 A
Glycine 2.97 A 3.15 A
Aspartic acid <0.0001 2.39 B 2.94 A 3.5
Glutamic acid 0.0027 3.10 B 3.35 A 1.8
Threonine 3.21 A 3.15 A
Alanine 3.32 A 3.53 A
GABA 0.0048 2.40 B 2.70 A 2.0
Proline 2.95 A 2.93 A
Tyrosine 0.0066 2.01 B 2.60 A 3.9
Methionine 0.0005 2.25 A 0.67 B �38.0
Valine 3.25 A 3.14 A
Isoleucine 0.0031 3.14 A 2.93 B �1.6
Leucine 0.0003 3.40 A 3.06 B �2.2
Phenylalanine <0.0001 3.28 A 2.66 B �4.2
Total 4.19 A 4.19 A
Organic acids
Oxalic 4.15 A 4.03 A
Glyceric 1.46 A 1.60 A
Fumaric 0.0350 1.59 B 2.67 A 12.0
Succinic 3.08 A 3.24 A
Maleic 1.46 A 1.50 A
Oxoglutaric 1.22 A 1.70 A
Malic <0.0001 2.94 B 3.90 A 9.1
Shikimic 1.60 A 1.58 A
Citric 2.77 A 2.99 A
Carbohydrates
Ribose 0.0068 1.10 B 1.54 A 2.8
Mannitol 4.38 A 4.34 A
Fructose <0.0001 3.51 A 1.97 B �34.7
Glucose <0.0001 5.26 A 2.67 B �389.0
Myo-inositol 2.23 A 2.15 A
Sucrose 2.33 A 1.76 A
Maltose <0.0001 3.49 A 0.60 B �776.2
Trehalose 0.0494 4.74 A 4.47 B �1.9

a The p-values presented are for the factor growth medium from the ANOVA.
b Represents the fold change in concentrations betweenMrmycelia grown in PDB

and MIN-G.
c Means within rows followed by the same letter are not significantly different

(Tukey test, a ¼ 0.05).
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tissue necrosis demonstrating the impact the Mr biotrophic phase
has on pod physiology.Mr is not known to form invasive structures
that penetrate the cell wall during the biotrophic phase of disease
[10] and instead survives in the spaces between cells. BiotrophicMr
hyphae assimilate metabolites for growth without specialized
structures, such as haustoria and intracellular hyphae used by other
plant pathogenic fungi [25]. Mannitol and malonic acid concen-
trations increased in infected pods at 30 and 60 DAI. In plants,
mannitol may function as a major translocated metabolite and as
a protectant during abiotic stress, in addition to other possible roles
[26]. Malonic acid can inhibit succinate dehydrogenase, limiting the
TCA cycle [27]. The fungus, on the other hand, may use malonic
acid in the activation of Mn peroxidase, as a component of lignin
degradation [28].

By 60 DAI, malformed pods progressed to the necrotrophic
phase of disease (Fig. 3D). Thin Mr hyphae (Fig. 2D and E) prolif-
erated throughout sporulating necroticMatina-1 pods, indicative of
the necrotrophic, dikaryotic phase of the disease cycle [10]. Most
metabolites decreased in concentration in necrotic sporulating
pods 60 DAI, including the organic acids citric acid, malic acid and
2-oxoglutaric acid, metabolites of the TCA cycle (Table 1).



Table 6
M. roreri (Mr) EST expression when grown as pure culture in potato dextrose broth
(PDB) or MIN media without glucose (MIN-glucose). Cultures were grown for 2
weeks in PDB and then the media was replaced with PDB or MIN-glucose and the
cultures grown for an additional 2 weeks. The data is presented as the Log10 value of
the gene of interest’s expression as a percent ofMr actin expression. The fold change
in Mr gene expression between growth in PDB verses MIN-glucose is presented as
repression (negative numbers) and induction (positive numbers) along with the
ESTs’ putative identities.

EST p-valuea Growth medium Fold
changeb

Putative ID

PDB MIN-
glucose

MrL10bb 0.0002 1.32 Ac 0.36 B �9.1 Mitochondrial ribosomal
L10 protein

MrNRPS <0.0001 0.24 A �0.62 B �7.2 Nonribosomal peptide
synthase

MrPGTG 0.0058 1.49 A 0.65 B �6.9 Carbohydrate
deacetylase

MrSRP9 0.0010 1.36 A 0.57 B �6.1 Signal recognition
particle 9 kDa protein

MrG13BG <0.0001 2.69 A 1.91 B �6.0 Glucan 1,3-beta-
glucosidase

MrP450b 0.0357 0.48 A �0.29 B �5.9 p450 super family
MrIDH 0.0017 1.00 A 0.28 B �5.2 Isocitrate dehydrogenase
MrBGT 0.0011 2.00 A 1.33 B �4.7 1,3-beta-

glucosyltransferase
MrICL 0.0033 1.96 A 1.31 B �4.5 Isocitrate lyase
MrHyp 0.0149 2.71 A 2.10 B �4.1 Hydrophobin
MrPDC 0.0357 2.09 A 1.48 B �4.1 Pyruvate decarboxylase
MrERO1 0.0003 2.31 A 1.72 B �3.9 Endoplasmic reticulum

oxidoreductin I
MrGMCOX 0.0005 3.12 A 2.61 B �3.3 GMC-oxred C domain
MrMT 0.0023 2.32 A 1.81 B �3.2 Monosaccharide

transporter
MrADK 0.0059 1.78 A 1.31 B �3.0 Adenylate kinase
MrTTP 0.0036 2.51 A 2.08 B �2.7 MFS-tripeptide

transporter permease
MrCEP 0.0003 1.20 A 0.78 B �2.6 Conserved expressed

protein
MrTEFB 0.0145 0.76 A 0.35 B �2.6 Transcription

elongation factor B
MrTSPAN 0.0012 2.44 A 2.06 B �2.4 Tetraspanin
MrFPA 0.0349 2.02 A 1.66 B �2.3 Fungal proteinase A
MrALDH 0.0187 1.10 A 0.79 B �2.1 Acetaldehyde

dehydrogenase
MrFAH 0.0329 1.87 A 1.60 B �1.9 Fatty acid hydroxylase
MrRPL10 0.0272 2.33 A 2.07 B �1.8 Ribosomal L10 protein
MrHMG <0.0001 1.95 A 1.72 B �1.7 High mobility group

protein
MrCOQ4 0.0272 1.36 A 1.14 B �1.7 Ubiquinone

biosynthesis
protein COQ4

MrSUE 0.0350 2.19 A 1.98 B �1.6 Sugar utilizing enzyme
MrACCoAS 0.0329 1.70 A 1.55 B �1.4 Acetyl CoA synthase
MrPEP 0.0132 1.22 B 1.47 A 1.8 Peptidase
MrOXRED 0.0169 �1.99 B �1.05 A 8.7 Oxidoreductase

a The p-values presented are for the factor growth medium from the ANOVA.
b The change in expression for each EST was determined by taking the inverse

Log10 of the Log10 values of the PDB and MIN-glucose grown samples and dividing
the PDB sample values by the MIN-glucose samples were the MIN-glucose values
were lower than the PDB values and dividing the MIN-glucose values by the PDB
values where the MIN-glucose values were higher than the PDB values.

c Means within rows followed by the same letter are not different (Tukey test,
a ¼ 0.05).
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Concentrations of shikimic acid, a precursor to the biosynthesis of
aromatic compounds [29] and the major carbohydrates sucrose,
glucose, fructose, and raffinose, along with the major amino acids
asparagine and tyrosine also were reduced by 10-fold or more as
compared to healthy pods 60 DAI. The metabolites released during
cell death are apparently rapidly taken up and metabolized by
the fungus. During late stage infection, concentrations of succinic
acid and the amino acids GABA, Val, Leu, and Phe increased in
necrotic sporulating pods. As a competitive inhibitor of succinate
dehydrogenase [27], malonic acid might contribute to the accu-
mulation of succinate in necrotic infected tissues. GABA is a well
characterized stress metabolite in plants [19]. The branched chain
amino acids Leu and Val and the aromatic amino acid, Phe, are often
induced by plant stress and may contribute to plant defense [30].

Mr was grown in PDB and MIN-G to assess the metabolites
produced by hyphae under nutrient rich and nutrient limiting
conditions (Table 5). The cultures were startedwith agar plugs from
Mr colonies in the dikaryotic (necrotrophic) state [11]. Mr spores
germinate and the monokaryotic hyphae quickly convert to the
dikaryotic state when grown on artificial media [11]. The shift from
PDB to MIN-G resulted in a shift in specific amino acid concentra-
tions without a drop in total amino acids. This shift may be
explained by protein catabolism to maintain amino acid pools
under conditions of both carbon and nitrogen starvation [31].
Growth inMIN-G resulted in an increase inmalic and fumaric acids,
a fungal response to nitrogen starvation [32]. This is reasonable
since MIN-G included only 11.7 mg of nitrogen per liter and these
pools were likely depleted after two weeks of culture. Glucose and
fructose pools were diminished in the MIN-G grown cultures
verifying that the fungus was also experiencing carbon starvation.

Mr produced mannitol in excess of 20 mg/g mycelia dry weight
in both artificial media, showing that it is an important metabolite
in this species. Mannitol was detected in low concentrations in
healthy pods and at higher concentrations in infected pods
(Table 1). Although mannitol can be produced by the plant, the
increase in mannitol in infected pods may be produced by Mr.
Mannitol is proposed to function in fungal biology as a storage
carbohydrate, as a metabolite reducing free radicals, and as
a component of spores [33]. For most of the remaining fungal
metabolites, either healthy pods had large pools which decreased
with infection, as with glucose, malic acid, and asparagine, or the
changes due to infection were only observed 60 DAI. For trehalose
and oxalic acid, which were produced in relatively large concen-
trations in Mr mycelial cultures, no changes were observed in pods
due to Mr infection.
4.2. Change in cacao gene expression in response to M. roreri
infection

Six stress related cacao ESTs (TcUSP-CAB, TcNAM-ICS, TcPR10C,
TcPER1, TcNPR1, and TcGHMPK) demonstrated low level induction in
response to Mr infection (Table 2). These responses do not lead to
resistance early in the infection process, instead representing
general stress responses and possibly changes in development due
to infection. TcGHMPK is a putative phosphomevalonate kinase,
a key enzyme of the mevalonate pathway leading to the biosyn-
thesis of many natural products including compounds contributing
to plant stress tolerance [34]. TcUSP-CAB is related to universal
stress protein Usp in bacteria [35]. Usp is a small cytoplasmic
protein that appears to provide general stress endurance [36].
TcPER-1 is related to secretory plant peroxidases implicated in
hydrogen peroxide detoxification, auxin catabolism, lignin
biosynthesis, and general stress responses [14]. Pathogenesis
related protein 10 family members, like TcPR10C, are often induced
by oxidative stress having multiple functions including ligand
binding and ribonuclease activity [37]. TcNPR1 carries ankyrin
repeats typical of NPR1 genes involved in salicylic acids signaling. A
possible alternative function for TcNPR1 is in altering pod devel-
opment in response to Mr infection (i.e. malformation). Ha et al.
[38] identified NPR1-like genes BLADE-ON-PETIOLE1 and 2 which
control growth asymmetry in leaves and flowers. TcNAM-ICS is
related to the family of no apical meristem (NAM) transcription
factors also involved in tissue development processes [35,39].
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TcUSP-CAB and TcNAM-ICS were originally identified as being
induced by Mp infection in cacao shoots [35].

Stress response related ESTs were induced 30 DAI (Table 3).
TcODC is a putative ornithine decarboxylase which participates in
polyamine biosynthesis [18]. Polyamines are plant stress metabo-
lites produced in response to abiotic and biotic stresses. TcABC-T is
a putative ABC transporter which functions in the movement of
molecules across membranes [40]. TcP59 shares homology to
a family of carbohydrate oxidase encoding genes in plants that
produce hydrogen peroxide and are important in plant defense
[41]. TcPR5 encodes an osmotin-like protein associated with plant
defense and tolerance to osmotic stress [42]. TcChi4 is putatively
a Class IV chitinase. Class IV chitinases are commonly induced by
pathogen attack and are also associated with plant development
[43]. Some of these ESTs can be considered general responses to
stress since they are responsive to multiple stresses including
endophytic colonization by Trichoderma spp., as with TcP59 and
TcODC [15], and drought, as with TcODC, TcABC-T, TcPR5 [18,19] The
changes in cacao gene expression at 30 DAI are indicative of the
later stages of the biotrophic phase of the disease cycle when
hyphae are spread throughout the pods but significant resistance
has yet to be induced. Additional stress related cacao ESTs (TcCaff-
CAB, TcEF, and TcLT) demonstrated differential expression at 60 DAI
possibly serving as markers for the necrotrophic phase of the
disease cycle.

Cacao ESTs associated with jasmonate, ethylene, cytokinin,
and ABA biosynthesis, homeostasis, or action demonstrated low
level changes in expression (1.9-fold repressed to 3.6-fold induced)
in response to infection by Mr. (Table 2) TcMAPKK3, an induced EST
related to a MAP kinase kinase, is potentially important in the
jasmonate signal transduction pathway [44]. TcACS, a putative 1-
aminocyclopropane-1-carboxylate synthase and potential regula-
tory control point for ethylene production and TcERF-ICS, a putative
regulator of transcription [45], were both induced. TcCKeN-GT1,
a putative cytokinin-N-glucosyltransferase 1, was repressed in
response to infection while TcCrtXb, a putative zeatin O-glucosyl-
transferase, was induced. Cytokinin-N-glucosyltransferase partici-
pates in the irreversible inactivation of cytokinins [46]. Zeatin O-
glucosyltransferase carries out glycosylation of zeatin in a reversible
process thought to protect zeatin from inactivation by zeatin
oxidases [46]. TcPYL8 and TcPYL9, induced genes, are putative PYR1-
PYL/RCAR family proteins and may function as ABA sensors [47].

By 30 DAI, induction of additional hormone associated cacao
ESTs was observed in response to Mr infection (Table 3). TcOPR2 is
related to 12-oxophytodienoate reductase 3 [48] but the functions
of the OPR1 and 2 isozymes are unknown. TcLOX1 is a putative
lipoxygenase 1 that initiates the first step in JA biosynthesis, the
oxygenation of a-linolenic acid to (13)-hydroperoxylinolenic acid
[48]. Like TcACS, TcACC8 is a putative ACC synthase, an enzyme
serving multiple functions in plant developmental and stress
response processes [45]. TcGH3.1 putatively encodes an indole-3-
acetic acid-amido synthetase which conjugates amino acids to
auxin serving as a negative regulator of auxin activity [49]. TcCKeO-
GT2 putatively encodes a second cytokinin-O-glucosyltransferase
as described above [46]. TcNCED1 was only induced at 30 DAI and
putatively encodes a 9-cis-epoxycarotenoid dioxygenase that
participates in ABA biosynthesis by cleavage of epoxycarotenoids to
produce xanthoxin [50].

60 DAI additional hormone related ESTs show differential
expression in necrotic pods (Table 3). For some of the hormones,
the changes occurred in expression of genes potentially involved in
their biosynthesis or action. Examples include TcACS and TcACC8
(ACC synthase) for ethylene biosynthesis, TcLOX1 and TcLOX3 (lip-
oxygenase) for jasmonic acid biosynthesis, and TcPYR8 and TcPYR9
(the PYR1-PYL/RCAR family proteins) for ABA action. Elevated
ethylene levels were observed in the later stages of green broom
formation in response to infection by Mp [20]. M. perniciosa can
produce the plant hormones ABA, IAA, JA, and salicylic acid in
culture [51]. Hormone production by Mr has not been studied.
Fungal production of hormones might upset hormone balances and
result in some of the changes observed in gene expression associ-
ated with maintaining hormone homeostasis as with TcCrtXb and
TcCKeO-GT2 (cytokinin O-glucosyltransferase) and cytokinins and
TcGH3.1 (indole-3-acetic acid-amido synthetase) with auxin.

4.3. Changes in M. roreri EST expression

A shift in fungal gene expression occurred between the mono-
karyotic biotrophic phase (30 DAI) and the dikaryotic necrotrophic
phases (60 DAI) of the disease cycle (Table 4). Several ESTs repressed
more than 3-fold during the shift from biotroph to necrotroph are
associated with the transcriptional and translational processes
(MrTEFB, MrSRP9, MrL10bb) or associated with metabolite modifi-
cation or nutrient status (MrFDH, MrNTH1, MrNRPS). Mr ESTs asso-
ciated with transcriptional and translational processes are of
particular interest since they may participate in the regulation of
other genes and gene cascades. For example, MrTEFB may be
a transcriptional repressor [52] and its down regulation would
presumably result in the enhanced expression of genes it regulates.
MrSRP9 putatively encodes a SRP9-like protein, a component of the
signal recognition particle responsible for targeting proteins to the
ER membrane [53]. MrL10bb is related to Mrp10, a nuclear encoded
gene required for normal mitochondrial translation [54]. MrFDH is
a putative formate dehydrogenase [55]. Kuan and Tien [55]
proposed formate could be formed by the peroxidative oxidation
of glyoxylate in the white-rot fungus Ceriporiopsis subvermispora.
Formate dehydrogenase participates in the catabolism of oxalate
during the vegetative growth of C. subvermispora [56]. MrNTH1 is
putatively a neutral trehalase that participates in the breakdown of
trehalose [57]. MrNRPS is a putative nonribosomal peptide synthe-
tase, some of which can be virulence factors [58].

Among the Mr ESTs induced more than 3-fold by the shift from
biotroph to necrotroph (Table 4), four groups of genes based on
proposed protein functions will be discussed, the first group being
substrate and/or toxin breakdown (MrPEP, MrID, MrOXRED,
MrGMCOR, and MrP450b). The altered expression of these ESTs
coincides with the release of metabolites and accelerated fungal
growth that occurs along with tissue necrosis. Tissue necrosis likely
also releases toxic compounds held within the cell, some being
produced by the action of reactive oxygen species associated with
cell death [59]. MrPEP is related to secreted proteinase K-like
peptidases [60]. Intradiol dioxygenases (MrID) function in the [60]
breakdown of ring structures and may participate in the break-
down of lignin, toxins, or other compounds [61].MrOXRED is related
to Baeyer-Villiger monooxygenases [62], enzymes that also have the
potential for breaking down complex ring structures. Glucose-
methanol-choline oxidoreductases (MrGMCOR) carry out reactions
important in the breakdown of simple carbohydrates, alcohols, and
lignin. Some family members are involved in hydrogen peroxide
production while others are involved in reducing toxic compounds
[63]. Cytochrome p450 (MrP450b) enzymes carry out reactions
critical to the modification or degradation of complex compounds
including toxins [64]. As a group, these genes show some of the
highest induction levels.

ESTs MrMT, MrTTP, and MrMFS putatively encode proteins
important to movement of metabolites across membranes and are
induced during the shift from biotroph to necrotroph. Mono-
saccharide transporters (MrMT) facilitate uptake of simple sugars
[65] and can be critical to establishment of plant/microbe rela-
tionships [66]. MrTTP is closely related to Hebeloma cylindrosporum
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peptide transporter PTR2A, a gene highly induced under nitrogen
deficient conditions [67]. MrMFS encodes a major facilitator
superfamily (MFS) protein. MFS proteins facilitate transport of
substrates across cytoplasmic or internal membranes including the
excretion of fungal produced toxins, environmental toxins, and
plant phytoalexins and as such can be important virulence factors
[68].

MrPDC (a putative pyruvate decarboxylase), MrXFP (a putative
D-xylulose 5-phosphate phosphoketolase) and MrMS (a putative
malate synthase), are associated with the glyoxylate cycle. These
three Mr ESTs are highly induced during the necrotrophic phase of
the disease cycle and are potentially critical to Mr metabolism.
MrACK (a putative acetate kinase), MrACoAS (a putative acetyl CoA
synthase), andMrICL (a putative isocitrate lyase) were also induced
and are also of potential importance in the glyoxylate pathway [69].
In most biological systems acetate kinase converts acetate to acetyl
phosphate. In fungi, acetate kinase may work in the opposite
direction forming acetate along with ATP [70]. XFP, which can form
acetyl phosphate, is potentially critical to the reverse flow of acetate
kinase towards acetate. MrXFP is highly induced by the shift from
biotroph to necrotroph in infected pods. The acetate formed could
then be converted to acetyl-CoA through the action of acetyl CoA
synthase (MrACoAS), the acetyl-CoA participating in the glyoxylate
pathway. Finally we have isocitrate lyase (MrICL) and malate syn-
thase (MrMS) which complete the glyoxylate cycle. Isocitrate lyase
(MrICL) converts isocitrate to glyoxylate and succinate possibly
contributing to the large build up of succinate in necrotic sporu-
lating pods 60 DAI. Malate synthase catalyzes the Claisen conden-
sation of glyoxylate and acetyl-CoA yielding malate and CoA [69].
The glyoxylate cycle allows fungi to use two-carbon compounds to
meet carbon requirements bypassing steps in the citric acid cycle
and can be a critical virulence factor [69].

The shift from biotrophic to necrotrophic hyphae results in
a visible change in hyphal form (Fig. 2) [10,11]. MrG13BG (glycoside
hydrolase family 17 protein), MrBGT (a putative 1,3-beta-glucano-
syltransferase-glucosyl hydrolase family 72), and MrPGTG (a puta-
tive chitin deacetylase-carbohydrate esterase family 4) are
proposed to function in fungal cell wall synthesis. Glucosyl
hydrolases include many families [71]. Although these enzymes
may have other activities, it is likely that these enzymes are func-
tioning in modification of the fungal cell wall. MrHyp putatively
encodes a hydrophobin. Some of the relevant functions proposed
for hydrophobins include establishing and maintaining cell wall
integrity, and as protectants against plant defense responses [72].
MrFAH, a putative fatty acid hydroxylase, is a membrane associated
Cytochrome b5-dependent enzyme that can be critical to viability
[73]. MrTRPIC carries the MD-2 related lipid recognition domain.
The MD-2-related lipid-recognition domain members bind to
membranes and are thought to function by interacting with lipids
[74].

Hyphae grown in liquid culture are dikaryotic and similar to
hyphae causing the necrotrophic phase of disease [10]. Most of the
Mr ESTs studied were expressed in culture at levels 10% to more
than 100% of MrAct (Table 6). Although dependent on the ESTs
compared, this expression level is more closely comparable to Mr
EST expression in necrotic pods in which necrotrophic hyphae are
present. The ESTs showing the largest differences in expression
between 30 and 60 DAI infected pods are distinguished because of
their low expression in pods 30 DAI (Table 4). This observation leads
us to suggest repression of these ESTs in the biotrophic state is
responsible for the differences observed. Although the shift toMIN-
G resulted in nutrient limitations and down regulation of many of
the ESTs studied (Table 6), most were still expressed at relatively
high levels. This leads to the conclusion that nutrient limitation
cannot account for the differences seen in Mr EST expression
between malformed pods 30 DAI and necrotic sporulating pods 60
DAI. Although the pod is full of nutrients in the biotrophic phase,
the concentrations surrounding and available to the fungus are
unknown. In the necrotrophic phase the nutrients remaining in the
pods have been greatly reduced, but the actual concentrations
surrounding and available to the fungus are unknown. Some of the
genes most strongly repressed by the shift from biotroph to
necrotroph (MrL10bb, MrSRP9, MrNRPS) are also repressed in
response to starvation but the pattern is inconsistent (consider
MrPGTG, MrTEFB, MrFDH). Many genes induced by the shift from
biotroph to necrotroph are repressed or unchanged in response to
starvation. Catabolite repression [75] does not explain the differ-
ences observed in gene expression between biotroph and necrotr-
oph. Only 2 Mr ESTS, MrID (expression equal 0.13% MrAct) and
MrOXRED (expression equal 0.07% MrAct) were expressed at very
low levels in pure cultures grown in PDB (Table 6). These 2 ESTs,
encoding enzymes potentially involved in breakdown of organic
ring structures, are highly induced between malformed pods 30
DAI and necrotic sporulating pods 60 DAI and are candidates for
highly induced ESTs responsive to components in necrotic pods.
5. Conclusions

We propose a working model (Fig. 4) for the Mr disease cycle
where haploid hyphae originating from geminating meiospores
encounter conditions including limited and specific nutrient
availability [76,77] when growing between cacao pod cells. Under
these conditions many Mr genes are specifically repressed main-
taining the biotrophic phase of the disease cycle. The biotrophic
fungus spreads slowly throughout the pod tissue acquiring nutrient
and reducing the concentration of specific pod metabolites (for
example glucose and asparagine). The pathogen positions itself to
exploit the resources that become available when necrosis is trig-
gered. A rapid response to initial infection is avoided and a strong
response to infection as manifested by changes in cacao gene
expression is delayed until late in the biotrophic phase. Clearly,
a shift in Mr gene expression occurs during the shift between
biotroph and necrotroph involving genes whose proposed func-
tions, like those of the glyoxylate cycle, can be considered beneficial
to exploitation of nutrients released as tissue necrosis occurs. The
metabolites in the dying pod tissue are rapidly absorbed and
metabolized by the pathogen during the necrotrophic phase of
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the disease cycle and sporulation proceeds without delay. Only
a limited subset of the ESTs we studied are regulated by specific pod
factors with most of the changes observed in pods being associated
with the shift from biotroph to necrotroph. The trigger determining
the shift between biotroph and necrotroph is unknown but, the
candidates include developmental signals from the pod or quorum
sensing by the fungus [78]. It is also unknown if the change in
nuclear state is a response to nutrient availability or if the shift in
nuclear state and resulting change in gene expression is responsible
for the necrosis resulting in a change in nutrient availability.
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