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a b s t r a c t

Young Theobroma cacao pods, known as cherelles, are commonly lost to physiological thinning known as
cherelle wilt. Cherelles are susceptible to frosty pod rot caused by Moniliophthora roreri. We studied the
cherelle wilt process and its impact on M. roreri infection using microscopic, metabolite, and gene
expression analyses. Wilt was associated with increased levels of tricarboxylic acid cycle intermediaries
and decreased levels of major metabolites. Expression changes of cacao ESTs in response to wilt suggest
induction of the polyamine, ethylene, and jasmonic acid biosynthetic pathways and regulation of abscisic
acid and cytokinin levels. M. roreriinfection caused little alteration of cherelle physiology. M. roreri
responded to the late stage of wilt by altering the expression of M. roreri ESTs associated with metabolite
detoxification and host tissue degradation. The environment of the wilting cherelles may truncate the
disease cycle of frosty pod rot, by limiting M. roreri sporulation and stopping the lifecycle.

Published by Elsevier Ltd.
1. Introduction

Theobroma cacao L. (cacao) seeds produced in pods are pro-
cessed into chocolate. In tropical areas of South and Central
America, cacao is typically grown as a cash crop on family farms of
roughly 20 ha [1]. Despite abundant flowering, only 0.5e5% of ca-
cao flowers set fruit [2]. Up to 75% of cherelles (young fruit) can be
lost to cherelle wilt [3]. Cherelle wilt is considered a physiological
thinning mechanism involving vessel occlusion in the cherelle
peduncle [4]. Wilting cherelles stop growing, yellow after a week,
turn blackish-brown, and mummify remaining attached to the tree
[4]. Peak wilt occurs 50 days after pollination followed by a second
stage occurring around 70 days after pollination [5].

Biotic factors, such as diseases, can also cause loss of cherelles
[6]. Moniliophthora roreri (Mr), the causal agent of frosty pod rot
(FPR), exclusively infects pods. FPR is a devastating disease which
occurs throughout Central and South America, with the exception
of Brazil [7]. Highly susceptible fields can suffer 100% yield loss [7].
Cacao pods are most susceptible to M. roreri at 0e3 month after
pollination. Pod rot typically takes eight weeks to develop [8].Mr is
thora roreri; FPR, frosty pod

est, BLDG 001 Room 223,
: þ1 301 504 1998.
elnick).

r Ltd.
a hemibiotrophic fungus, going through two phases during the
development of FPR [9]. During the biotrophic phase, M. roreri
mycelia are haploid. The biotrophic phase typically lasts thirty or
more days, during which malformations may be the only visible
symptoms [8]. Pod necrosis occurs during the second phase and the
pathogen converts to dikaryotic mycelia and sporulates on the pod
surface [8].

The overlapping susceptibility of cherelles to wilt and M. roreri
allows wilting cherelles to also be infected with M. roreri. Since
cherelles stay attached to the tree [4], infected cherelles could
potentially serve as a inoculum source. To better understand the
process of cherelle wilt, we have characterized the molecular and
metabolic changes in cherelles (M. roreri infected and uninfected)
at the different stages of wilt. The objectives of this study were to
assess changes in metabolites (amino acids, carbohydrates, and
organic acids) brought about by wilt (with and without M. roreri
infection) and to determine how wilt (with and without M. roreri
infection) affects the expression of cacao ESTs associated with de-
fense, drought, and hormone biosynthesis and action. We then
analyzed how expression of Mr ESTs associated with hormone
production, detoxification, host cell death, and fungal metabolism
are impacted in response to wilting of cherelles to understand how
M. roreri responds to the premature death of its host. This research
provides critical knowledge of the molecular and metabolic
changes occurring in response to cherelle wilt as well as insight on
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the conflict between M. roreri and the changing environment
within senescing cherelles.

2. Materials and methods

2.1. Plant materials

Open pollinated cherelles were collected from plots of mixed
hybrid Theobroma cacao (cacao) trees at the CATIE experimental
farm, La Lola, near Siquirres, Costa Rica. Hybrid trees were the
progeny of crosses between clones PA16 � SIC433 and PA16 �
EEG29. Cherelles with the following phenotypic symptoms were
collected: 1) green cherelles with no obvious deformations and
considered uninfected (UG, Fig. 1A), 2) yellow cherelles with no
obvious deformations and considered uninfected (UY, Fig. 1B), 3)
green cherelles with swellings and deformities and considered
infected (IG, Fig. 1C), 4) yellow cherelles with swellings and de-
formities and considered infected (IY, Fig. 1D), and 5) brown cher-
elles with swellings and deformities and considered infected (IB,
Fig. 1E). Cherelles were placed in a cool dry chest and brought back
to the laboratory where width, length, and weight were recorded.
Cherelles were flash frozen in liquid nitrogen, lyophilized, and
vacuum-sealed before shipment to the USDA-ARS-SPCL facility in
Beltsville, MD following Melnick et al. [10].

2.2. Microscopic observations of pods

Cherelles were dissected and microscopic observations were
made to determine the presence or absence of mycelia, sporo-
phores, and meiospores. Six cherelles of each phenotypic subset
were cut into cross sections and observed for signs of deformation
such as swelling and browning of internal tissue. Sections were
stained with lactophenol cotton blue and observed microscopically
at 20� and 100� for the presence of fungal hyphae.

2.3. Determination of metabolite levels

Four replicate UG, UY, IG, and IY cherelles were used to deter-
mine metabolite concentrations. Metabolites were extracted from
ground lyophilized cherelle tissue as detailed in Melnick et al. [10].
Fig. 1. Cacao cherelles collected from mixed hybrids at the CATIE experimental farm, La L
uninfected green cherelle (UG) with no obvious deformities, or senescence. B) is an uninfect
(IG) cherelle with deformities, but no obvious senescence. D) is an infected deformed yello
brown (IB) cherelle with symptoms of both deformities and advances senescence. Black ar
pretation of the references to color in this figure legend, the reader is referred to the web
Aqueous methanol extracts were dried under N2 and used to
determine amino acids following the methods in Melnick et al. [10]
with separations performed on aWaters Acquity Ultra Performance
Liquid Chromatography system (UPCL; Waters Corp., Milford, MA,
USA). Gas chromatography coupled to mass spectrometry was used
to measure soluble carbohydrates and organic acids as described by
Melnick et al. [10]. Separations were performedwith a Supelco SPB-
50 column (SigmaeAldrich). Peak identification and calibration
parameters with the Agilent MSD Chemstation Software were used
to quantify total ion chromatograms.

2.4. RNA extraction from cherelles

RNA was extracted from cherelles that were coarsely ground in
liquid nitrogen following modifications to Bailey et al. [11] found in
Melnick et al. [10]. RNA was cleaned using an RNAeasy kit with an
on-column DNase digestion (Qiagen, Valencia, CA). Synthesis of
cDNA done with 4.5 mg of RNAwith the Invitrogen Superscript VILO
kit (Carlsbad, CA) using the manufacturer’s directions.

2.5. Expression analysis using RT-qPCR

Five replicate UG, UY, IG, and IY cherelles with confirmed pres-
ence or absence ofM. roreriwere used for RT-qPCR studies. RT-qPCR
analysiswas conducted followingBaileyet al. [12], usingBrilliant III�

SYBR� Green Q-PCR Master Mix (Agilent, Santa Clara, CA). Primer
sources, sequences andESTaccessions of cacao (Tc) ESTs (TcESTs) are
in Appendix 1 andMr ESTs (Mr ESTs) are in Appendix 2. Tc ESTswere
chosen due to their characterized responses to abiotic and biotic
stress in previous studies [11,13e18]. Mr ESTs were chosen based
upon results of Solexa studies (unpublished data) and based on their
relatedness to inducedMoniliophthora perniciosa ESTs [10]. RT-qPCR
was conducted to determine the changes in expression of Mr ESTs
between IG, IY, and IB cherelles.

2.6. Statistical analysis of data

A two-way ANOVA was conducted using the general linear
model (PROC GLM) followed by Tukey post-hoc testing (a ¼ 0.05)
using SAS 9.3 (SAS Institute Inc., Raleigh, NC, USA) to analyze data
ola, near Siquirres, Costa Rica used in experiments presented in this report. A) is an
ed yellow cherelle (UY) with only symptomology of senescence. C) is an infected green
w (IY) cherelle with symptoms of both deformities and senescence. E) is an infected
rows at C-E indicate swellings and bump on pods which were considered (For inter-
version of this article.).



Table 2
Individual treatment effects (cherelle wilt and M. roreri infection) on metabolite
levels in response to cherelle wilt and M. roreri infection. Green indicates cherelles
that were not wilting and includes both uninfected and infected green cherelles.
Yellow indicates cherelles that had symptoms of cherelle wilt and includes both
uninfected and infected yellow cherelles. Uninfected indicates no M. roreri was
detected in the cherelles and includes uninfected green and yellow cherelles, while
infected indicates that M. roreri was confirmed in the pods and includes infected
green and yellow cherelles. Only significant treatment effects are presented for M.
roreri infection.

Cherelle wilt stage M. roreri infection statusb

Green Yellow Sig.a Uninfected Infected Sig.

Carbohydrates
Ribose 16.6 13.2 e e e

Fructose 16684.4 8581.6 0.04 e e

Glucose 6518.0 3663.2 e e e

Myo-inositol 11023.7 4481.1 0.0001 e e

Maltose 6.6 7.4 e e e

Trehalose 5.3 19.7 e e e

Raffinose 240.6 117.0 e e e

Organic acids
Oxalic acid 3.4 5.3 e e e

Malonic acid 2.3 32.3 0.002 e e

Glyceric acid 6.1 12.7 0.0004 e e

Fumaric acid 4.0 8.7 0.0006 e e

Succinic acid 30.2 57.6 <0.0001 34.6 53.2 0.0001
Maleic acid 5.2 2.7 0.002 e e

Glutaric acid 1.2 1.4 e 1.7 0.9 0.004
Malic acid 1104.7 566.7 0.007 e e

2-Oxoglutaric
acid

22.9 26.3 e e e

Shikimic acid 26.0 7.7 <0.0001 11.9 21.7 0.001
Citric acid 11.7 7.1 e e e

Amino acids
ASN 6757.0 12127.2 0.0007 e e

SER 73.7 85.6 e e

GLY 30.1 35.2 e e

GLU 336.3 183.0 0.03 181.0 338.3 0.02
THR 66.0 63.9 e e

ALA 43.1 117.9 0.032 e e

GABA 29.8 80.3 0.094 e e

CYS 15.1 12.6 e e

LYS 51.8 500.4 e e

TYR 2192.6 1752.1 e e

MET 28.6 36.6 e e

VAL 53.9 76.3 e e

ILE 185.3 179.1 e e

LEU 48.6 41.7 e e

PHE 20.9 62.2 0.024 e e

a p-values of ANOVA with a ¼ 0.05.
b Only statistically significant data was present, as M. roreri infection had little

impact on metabolite concentrations.
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on pod size and metabolite levels. For RT-qPCR, relative transcript
levels were determined following Pfaffl [19]. The difference in cycle
time (CT) was determined between the gene of interest (CT GOI) and
the reference actin (CT Act) (DCT ¼ CT Act � CT GOI). TcActwas used for
the Tc ESTs and MrAct was used for the Mr ESTs. The difference in
cycle time was then used to calculate relative transcripts levels for
the EST as %Act ¼ 100 (EDCT). Relative expression data was LOGe
transformed to linearize the data [20]. A two-way ANOVA was
conducted using the mixed model (PROC MIXED) follow by Tukey
post-hoc testing (a ¼ 0.05) in SAS 9.3 to analyze significance of the
relative expression data. Fold change [21] of relative expression
during cherelle wilt was calculated as mean %Tc EST of wilted
cherelles/mean %Tc EST of nonwilted cherelles. Fold change due to
M. roreri was calculated as mean % Tc EST disease cherelles/mean %
Tc EST healthy cherelles.

3. Results

3.1. Cherelle symptoms and colonization by M. roreri

There were no significant differences in the length, diameter or
weight of cherelles with differing symptoms of uninfected/infected
and green/yellow/brown color (Table 1). Hyphaewere not observed
in uninfected green (UG) cherelles but thick septate hyphae were
observed in 83% of infected green (IG) and 57% of infected yellow
(IY) cherelle sections (data not presented). Thick hyphae were
observed in the uninfected yellow (UY) cherelles not used for RT-
qPCR analysis, confirming the presence of asymptomatic infec-
tion. Hyphae were not seen on the surface of UG, IG, UY, or IY
cherelles. Thick and thin hyphae were observed in 100% of infected
brown (IB) cherelles. Conidiophores were detected on the surface of
some IB cherelles, but did not resemble typical M. roreri sporo-
phores nor did they bear M. roreri meiospores.

Based upon RT-qPCR, expression of Mr ESTs in UG and UY
cherelles was below or approached the lower limits of detection,
confirming that uninfected pods were not infected by M. roreri. M.
roreri was detected in infected cherelles. Minimal MrAct detection
level in infected cherelles was 0.05% of TcAct. The MrAct expression
levels (as %TcAct) averaged 0.53%, 0.32%, and 0.88% for IG, IY, and IB
cherelles, respectively, but the difference was not significant
(p¼ 0.60). Only cherelles with confirmed presence or absence ofM.
roreri via RT-qPCR using the above criterion were used for metab-
olite and gene expression analyses.

3.2. Metabolite levels of healthy and M. roreri infected cherelles

Metabolite analysis was performed on UG, UY, IG, and IY cher-
elles to determine the effect of wilting and M. roreri infection.
Fructose and myo-inositol concentrations were decreased in wilt-
ing cherelles (Table 2). There was a significant interaction between
cherelle wilt and M. roreri infections in relation to sucrose levels
(Table 3). Wilting decreased sucrose in both uninfected (139.7-fold)
Table 1
Average length, diameter, and weight of cherelles collected at the CATIE experi-
mental farm, La Lola, near Siquirres, Costa Rica for use during this study. The dif-
ferences in pod size were not significant at a ¼ 0.05.

Cherelle symptoms Length (mm) Diameter Weight

(mm) (g)

Uninfected green (UG) 48.2 � 1.2 17.2 � 0.7 7.1 � 0.7
Infected green (IG) 52.2 � 3.1 17.5 � 1.1 7.5 � 1.0
Uninfected yellow (UY) 52.1 � 4.1 18.9 � 1.4 10.0 � 2.3
Infected yellow (IY) 57.4 � 3.4 23.1 � 2.0 14.3 � 3.0
Infected brown (IB) 58.3 � 4.4 20.7 � 1.4 13.0 � 2.4
p-value of ANOVA 0.28 0.051 0.13
and infected (2.7-fold) cherelles (Table 3). Sucrose concentrations
also decreased in response toM. roreri infection in IG pods (prior to
necrosis) as compared to UG pods (Table 3).

The levels of organic acids were altered by wilting more than by
M. roreri infection. Therewere increased levels ofmalonic acid (14.0-
fold), glyceric acid (2.1-fold), fumaric acid (2.2-fold), and succinic
acid (1.9-fold) in wilting cherelles (Table 2). A 1.9 fold reduction in
maleic acid and malic acid and 3.4-fold reduction in shikimic acid
was also observed in wilted cherelles (Table 2). M. roreri infected
cherelles reducedglutaric acidby1.9-fold. Additionally, succinic acid
and shikimic acid concentrations increased by 1.5, and 1.8-fold,
respectively, in response toM. roreri infection (Table 2).

ASN, ALA, GABA, and PHE levels increased in response to wilting
by 1.8, 2.7, 2.7, and 3.0 fold, respectively, whereas GLU levels
decreased by 1.8-fold (Table 2). Infection with M. roreri increased
GLU levels (Table 2). There was a significant interaction between
wilt and M. roreri infection for levels of ASP and PRO. Wilting
decreased ASP levels only in M. roreri infected cherelles (IY vs. IG),
as IY cherelles had 2.2-fold less aspartic acid than IG cherelles



Table 3
Cacao metabolites levels in which there was a significant interaction (p � 0.05)
between the treatments (cherelle wilt�M. roreri infection). Uninfected indicates no
M. roreri was detected in the cherelles and infected indicates that M. roreri was
confirmed in the pods and includes infected green and yellow cherelles. Green
indicates cherelles that were not wilting and yellow indicates cherelles that had
symptoms of cherelle wilt. Only significant interactions are presented.

Cherelle wilt stage

Metabolite M. roreri
infection status

Sig.a Green Yellow

Mean Sep.b Mean Sep.

Sucrose Uninfected 0.0004 11933.6 A a 85.4 B a
Infected 7271.0 A b 2656.0 B a

ASP Uninfected 0.04 448.2 A a 433.2 A a
Infected 648.5 A a 199 B a

PRO Uninfected 0.01 62.3 A a 22.67 B b
Infected 68.10 A a 68.47 A a

a p-values of ANOVA (a ¼ 0.05) of the interaction between wilt and M. roreri.
b Mean separation via Tukey (a ¼ 0.05) for metabolites in which the interaction

was significant. Upper case letter indicates difference due to wilting while lower
case letters indicate differences due to M. roreri infection status.
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(Table 3). Wilting decreased PRO levels in UY cherelles by 2.7-fold
compared to UG cherelles (Table 3).

3.3. Expression of Tc ESTs in healthy and M. roreri infected cherelles

RT-qPCR was conducted on UG, UY, IG, and IY cherelles to
determine how wilt and M. roreri infection affected the expression
of Tc ESTs associated with drought/osmotic stress, defense, and
hormone action/biosynthesis (Appendix 1). Wilting altered the
expression of 57 out of 79 total Tc ESTs (Table 4). The expression of
TcChi1, TcP59, and TcU4 was highly induced by wilting, while the
expression of TcPR4, TcCaff-CAB, TcHev-ICS, and TcEH-CAB was
highly repressed (Table 4). Seven Tc ESTs associated with drought/
osmotic stress (TcGT, TcPP2c, TcADC, TcODC, TcSEN1, TcNI, and TcNR)
were induced in wilting cherelles, while TcSPMS was repressed
(Table 4). For Tc ESTs associated with hormone action and biosyn-
thesis, the expression of 17 ESTs was induced while the expression
of 10 Tc ESTs was repressed (Table 4). Of these 27 ESTs, the
expression of ABA biosynthesis related TcABA8ox1, cytokinin in-
hibitor related TcCKX1, and JA biosynthesis related TcLOX5 and
TcOPR2 expression was highly induced by, while the expression of
cytokinin repressive TcZOGT2 and TcCK-N-GT1 and ethylene-
responsive TcAIL5 was highly repressed (Table 4).

M. roreri infection directly impacted the expression of only five
of the 79 tested Tc ESTs, repressing the expression of TcGluc-1 and
TcAAO2 and inducing the expression of TcABC-T, TcCKX3, and TcCKX5
(Table 5). The wilt by infection interaction was significant for seven
of 79 Tc ESTs studied (Table 6). The expression of TcChi4, TcPYL8, and
TcAOS2was induced during wilt and repressed byM. roreri, but only
in wilting cherelles (Table 6). The expression of TcAREB5.6 and
TcPR3 was induced by wilting in uninfected pods. TcAOS1 expres-
sion was repressed by M. roreri infection in wilting cherelles
(Table 6).

3.4. Expression of M. roreri ESTs in healthy and wilting cherelles

RT-qPCR was conducted on IG, IY, and IB cherelles to determine
how wilt altered the expression of Mr ESTs associated with
detoxification, host cell death and tissue degradation, hormone
production, and fungal metabolism during the progression be-
tween wilt stages. The expression of 21 of 34 Mr ESTs did not differ
between IG, IY, and IB cherelles (Appendix 2) and the expression of
allMr ESTs associated with hormone productionwas not altered. Of
the 34 Mr ESTs tested, only the expression of MrMT differed be-
tween IG and IY cherelles (Table 7). MrYOR1, MrNAHG, MrCp450b,
MrNep2 MrAAO, MrID, MrGMCOX, MrPLY, MrMT, MrACAT, MrMS,
MrADK, and MrACK, expression was greater in IB than IG cherelles
(Table 7). The expression of MrYOR1, MrNep2, MrAAO, MrGMCOX,
MrMS, andMrADKwas also greater in IB than IY cherelles (Table 7).

4. Discussion

4.1. Size and symptoms of wilting and M. roreri infected cherelles

Cherelle malformation (Fig. 1G) was indicative of infection byM.
roreri as confirmed by RT-qPCR. The detection of hyphae andMr EST
expression in yellow cherelles without obvious malformation (data
not presented) confirmed thatM. roreri can infect cherelles without
causing obvious malformations [8]. Thick hyphae observed in
infected cherelles resembled the biotrophic M. roreri hyphae found
in infected pods before necrosis and sporulation, while thin hyphae
in IB cherelles was similar to thin hyphae found during the
necrotrophic phase of frosty pod [8], as recently verified by Bailey
et al. [16]. The lack of M. roreri sporophores and meiospores on IB
cherelles supports the contention that M. roreri does not readily
sporulate on wilted cherelles (Phillips-Mora, CATIE, pers. comm.);
thereby not being a major source of inoculum in the field. Addi-
tionally, IB cherelles contained low levels of M. roreri actin (0.88%
MrAct/TcAct) as compared to mature pods necrosing due to FPR
(18.3% MrAct/TcAct) [16]. This further supports the theory that
proliferation of M. roreri in cherelles is inhibited during wilting
when compared to typical FPR progression in mature pods.

4.2. Cherelle wilt alters the concentration of metabolites potentially
serving as nutrients for M. roreri

Early observations of cherelles during wilt include the oxidation
of pod vascular tissues and the cessation of pod growth followed by
formation of xylem occlusions in the peduncle [4]. The decreased
level of sucrose, fructose, and myo-insitol in wilting cherelles was
typical of senescencing tissue. Reduced sucrose levels might also
impact other metabolites, such as asparagine which increased in
concentration in wilting cherelles. Asparagine is a primary amino
acid for nitrogen transport through remobilization of free amino
acids into amides [22], traveling through both the xylem and the
phloem [23]. When sucrose is limited, such as during senescence,
asparagine levels can increase in plant tissue [22]. The depleted
metabolite levels in cherelles during wilt could deny M. roreri
nutritional resources.

Malic acid was the organic acid detected in the highest con-
centration in cherelles and was reduced in concentration due to
wilt (Table 2). Succinic, fumaric and glyceric acids, substrates in the
tricarboxylic acid cycle [24], accumulated in wilting cherelles.
Succinic and fumaric acid are also byproducts of the glyoxylate
pathway, which can be induced under starvation conditions [25].
Levels of malonic acid, a competitive inhibitor of succinate dehy-
drogenase [26], increased inwilted cherelles and may contribute to
succinic acid accumulation due to wilt. Additionally, phenylalanine
accumulates in plant tissues responding to starvation [27] and was
found to accumulate in wilting cherelles.

The concentrations of several metabolites were responsive to
both wilting and M. roreri infections, suggesting a role in multiple
stress responses. Proline concentrations were reduced in wilted
pods in the absence of M. roreri and were increased by M. roreri
infection but only in wilted pods. Proline accumulation is thought
to occur as an adaptive response to multiple stresses including
pathogen attack [28]. Both shikimic acid and glutamate concen-
trations were decreased in wilted cherelles, but increased by M.
roreri infection. Shikimic acid is a precursor involved in the
biosynthesis of numerous plant products with aromatic ring



Table 4
Significant effect of wilting on the expression of Tc EST in cherelles as determined by RT-qPCR. Green indicates cherelles that were notwilting and includes both uninfected and
infected green cherelles. Yellow indicates cherelles that had symptoms of cherelle wilt and includes both uninfected and infected yellow cherelles. Data is presented as LOG10 %
TcACT. Only Tc ESTs with significant treatment effects are presented.

Tc ESTsa Cherelle wilt stage

Green Yellow Sig.b Fold Putative ID

General defense
TcChi1 �1.08 1.50 <0.0001 379.5 Chitinase 1
TcP59 �2.34 �0.21 0.0002 133.1 Nectarin V e glucose oxidase
TcU4 0.64 2.16 0.02 32.8 Lipid-associated family protein
TcMAPK3 0.84 1.89 <0.0001 11.1 Mitogen-activated protein kinase 3
TcMKK4 1.02 1.93 <0.0001 8.2 Mitogen-activated protein kinase kinase 4
TcNPR1 0.10 0.74 <0.0001 4.3 Non-expressor of pathogenesis-related protein 1
TcPR10c 0.34 1.35 <0.0001 10.3 Pathogenesis-related gene 10c
Tc14-3-3 1.88 2.24 0.04 2.3 14-3-3 protein
TcCyst-ICS 1.93 2.30 0.0005 2.4 Cysteine proteinase-peptidase
TcGHMPK 0.54 1.12 <0.0001 3.8 Phosphomevalonate kinase
TcMK 0.25 1.01 <0.0001 5.7 Mevalonate kinase
TcPR1H1 �1.62 �3.30 0.02 �48.0 Pathogenesis-related gene1
TcPR4 0.68 �1.37 <0.0001 �113.1 Pathogenesis-related gene4
TcChi7 1.58 0.82 <0.0001 �5.8 Chitinase 7
TcATS.3-ICS 0.61 0.05 0.002 �3.6 Embryo specific protein - unknown function
TcLAD-ICS 0.32 �0.76 0.003 �11.8 Leucoanthocyanidin dioxygenase
TcAR-CAB 1.26 0.23 0.0003 �10.8 Leucoanthocyanidin reductase
TcCaff-CAB 1.78 �0.80 <0.0001 �376.6 Caffeine synthetase
TcHev-ICS 1.25 �0.97 <0.0001 �165.3 Hevein
TcEH-CAB 1.07 �0.94 <0.0001 �101.9 Epoxide hydrolase
TcGluc-1 1.25 0.20 <0.0001 �11.2 Endo-1,4-beta-glucanasee
TcABC-T 0.17 0.96 0.0007 6.1 ABC transporter
Drought
TcGT 0.78 1.54 0.001 5.7 Glucose transporter
TcPP2C 1.17 1.52 0.02 2.2 Protein phosphatase 2C
TcADC 0.89 2.40 <0.0001 32.6 Arginine decarboxylase
TcODC �0.59 1.23 <0.0001 65.8 Ornithine decarboxylase
TcSEN1 0.57 1.82 <0.0001 17.6 Senescence 1
TcNI 0.37 1.03 <0.0001 4.7 Neutral invertase
TcNR �0.45 0.60 <0.0001 11.4 Nitrate reductase
TcSPMS 0.32 �0.04 0.0008 �2.3 Spermine synthase
Abscisic acid
TcABA8ox1 �0.11 1.18 <0.0001 19.3 Abscisic acid 80-hydroxylase 1
TcPLY9 1.10 1.45 <0.0001 2.2 Abscisic acid receptor PYL9
TcXD �1.21 �0.15 0.01 11.3 Xanthoxin dehydrogenase
TcABA2 0.48 0.20 0.03 �1.9 Zeaxanthin epoxidase
TcVDE �0.23 �0.80 0.03 �3.7 Violaxanthin de-epoxidase
TcAAO2 0.78 0.43 0.0007 �2.2 Aldehyde oxidase 2
Cytokinins
TcCK-O-GT2 �0.16 0.22 0.02 2.4 Cytokinin-O-glucosyltransferase
TcCrtXb �1.51 �0.85 0.004 4.6 Zeatin-O-glucosyltransferase
TcCKX1 �0.93 0.40 <0.0001 21.4 Cytokinin dehydrogenase
TcCrtXa 0.26 �0.28 <0.0001 �3.5 Zeatin-O-glucosyltransferase
TcCK-N-GT1 0.60 �1.78 <0.0001 �239.9 Cytokinin-N-glucosyltransferase
TcZOGT2 �0.57 �2.39 <0.0001 �65.9 Cytokinin-O-glucosyltransferase
TcCKX5 0.12 0.96 <0.0001 6.9 Cytokinin dehydrogenase
Ethylene
TcACC8 �1.51 �0.39 0.0004 13.0 1-aminocyclopropane-1-carboxylate synthase
TcSAM1 1.93 2.28 0.03 2.3 S-adenosylmethionine synthase
TcACS �0.41 0.13 0.003 3.5 1-amino-1-carboxylate synthase
TcSAM1b 1.86 2.17 0.04 2.1 S-adenosylmethionine synthase
TcSAMDCb 0.68 1.51 0.0002 6.8 S-adenosylmethionine decarboxylase proenzyme
TcAIL1 �0.60 �1.92 <0.0001 �20.9 AP2-like ethylene-responsive transcription factor
TcAIL5 0.24 �2.08 <0.0001 �207.0 AP2-like ethylene-responsive transcription factor
Jasmonic Acid
TcLOX1 1.17 2.39 <0.0001 16.4 Lipoxygenase
TcLOX3 0.81 1.82 <0.0001 10.3 Lipoxygenase
TcLOX5 �16.85 �15.17 0.02 48.0 Lipoxygenase
TcAOC1b �2.04 �0.85 0.001 15.6 1-aminocyclopropane-1-carboxylate oxidase
TcOPR2 �1.65 1.43 <0.0001 1196.7 12-oxophytodienoate reductase
TcOPR1 0.37 0.08 0.0004 �2.0 12-oxophytodienoate reductase
TcAOC �0.28 �1.07 0.02 �6.2 Allene oxidase cyclase

a Tc ESTs were chosen by their reactivity to M. perniciosa meristematic infection and parthenocarpic pods, M. roreri pod infections, Trichoderma colonization, and stress
responses such as drought. Primers are in Appendix 1.

b p-values of ANOVA followed by Tukey test with a ¼ 0.05.
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Table 5
Significant individual treatment effects (M. roreri infection) on the expression of Tc
ESTs in cherelles as determined by RT-qPCR. Uninfected indicates no M. roreri was
detected in the cherelles and includes uninfected green and yellow cherelles, while
infected indicates that M. roreri was confirmed in the pods and includes infected
green and yellow cherelles. Data is presented as LOG10 %TcACT. Only Tc ESTs with
significant treatment effects are presented.

Tc ESTsa M. roreri infection status

Uninfected Infected Sig.b Fold Putative ID

General Defense
TcGluc-1 0.91 0.54 0.02 �2.3 Endo-1,4-beta-glucanasee
TcABC-T 0.35 0.78 0.04 2.7 ABC transporter
Abscisic acid
TcAAO2 0.72 0.49 0.02 �1.7 Aldehyde oxidase 2
Cytokinin
TcCKX5 0.29 0.79 0.006 3.2 Cytokinin dehydrogenase
TcCKX3 �2.17 �1.04 0.0008 13.5 Cytokinin dehydrogenase

a Tc ESTs were chosen by their reactivity to M. perniciosa meristematic infection
and parthenocarpic pods, M. roreri pod infections, Trichoderma colonization, and
stress responses such as drought. Primers are in Appendix 1.

b p-values of ANOVA followed by Tukey test with a ¼ 0.05.
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structures, many of which potentially contribute to plant defense
[29], suggesting why levels decreased in senescencing cherelles
and increased during M. roreri infection. In response to wilting,
glutamate levels decreased while the GABA levels increased,
consistent with the fact that glutamate is a precursor for GABA [30].
Alanine concentrations increased in response to wilt and, along
with succinic acid, can be a product of the GABA shunt [31].

4.3. Cherelle wilt and M. roreri-induced changes in expression of Tc
ESTs associated with cacao stress responses

Wilt altered the expression of 30 Tc ESTS associated with plant
defense [10e13,16e18] and/or the drought response in cacao
[14,15]. Only two stress responsive Tc ESTs, TcGlu-1 and TcABC-T,
responded to M. roreri infection independent of wilt. There were
nine cacao stress responsive ESTs showing altered expression in
Table 6
Significant effects of treatment interactions (wilt�M. roreri infection) on the expression o
detected in the cherelles and infected indicates that M. roreri was confirmed in the pods.
indicates cherelles that had symptoms of cherelle wilt. Data is presented as LOG10 %TcAC

Tc ESTsa Sig.b M. roreri infection status Ch

Green

Mean Sep.c

General defense
TcChi4 0.003 Uninfected �0.39 B

Infected �0.15 B
TcNAM-ICS 0.03 Uninfected 0.81 B

Infected 1.07 B
Abscisic acid
TcAREB5.6 0.006 Uninfected 1.21 B

Infected 1.44 A
TcPLY8 0.005 Uninfected 0.89 B

Infected 0.97 B
Jasmonic acid
TcAOS1 0.02 Uninfected 1.05 A

Infected 1.19 A
TcAOS2 0.03 Uninfected 1.1 B

Infected 1.22 B
TcOPR3 0.046 Uninfected 1.05 B

Infected 1.13 A

a Tc ESTs were chosen by their reactivity to M. perniciosa meristematic infection and
responses such as drought. Primers are in Appendix 1.

b p-values of ANOVA followed by Tukey test with a ¼ 0.05of the interaction between
c Mean separation via Tukey (a ¼ 0.05) for relative Tc EST expression in which the int

lower case letters indicate differences due to M. roreri infection status.
response to wilt that also showed altered expression in the same
direction (induced/repressed) as observed previously in response
to typical M. roreri infections in larger pods (TcNAM-ICS, TcChi4,
TcP59, TcNPR1, TcPR10c, TcGHPMK, TcCaff-CAB, TcABC-T, and TcODC)
[16]. The wilt induced expression of these Tc ESTs along with pre-
vious work demonstrates that many stress responsive Tc ESTs are
inducible by multiple biotic and abiotic stresses in multiple cacao
tissues. For example, expression of putative H2O2 generating nec-
tarin V-glucose oxidase TcP59 [12] was highly induced in response
to wilt. TcP59 was also induced in the cacao interaction with the
endophyte Trichoderma hamatum isolate DIS-219b [12], the path-
ogen Moniliophthora perniciosa during parthenocarpy [10], and the
pathogen M. roreri during infection of older pods [16], indicating a
role in the general stress response in multiple cacao tissues. Puta-
tive functions of some of the other wilt inducible cacao ESTs include
pathogenesis-related like proteins (TcPR10c), nutrient remobiliza-
tion (TcNAM-ICS), secondary compound synthesis (TcMK and
TcGHMPK), MAP kinases (TcMAPK3 and TcMKK4), salicylic acid
regulation (TcNPR1), caffeine synthase (TcCaff-CAB), a hevein
(TcHev-ICS), a epoxide hydrolase (TcEH-CAB), and a endo-1,4-b-
glucanase (TcGluc-1). Wilt causes a massive change in cherelle gene
expression involving many different stress responsive cacao ESTs,
some potentially functioning in plant defense against microbial
infections.

4.4. Expression of Tc ESTs associated with the polyamine, ethylene,
and jasmonic acid biosynthetic pathways in response to cherelle
wilt and M. roreri infection

Several Tc ESTs associated with the JA pathway were differen-
tially expressed during wilt (Fig. 2). Jasmonic acid biosynthesis
associated ESTs including putative lipoxygenases, TcLOX1, TcLOX3,
and TcLOX5, putative allene oxide synthase TcAOS2 [32], putative
allene oxide synthase TcAOC1b, and putative 12-oxiphytodienate
reductase TcOPR3 [33] were induced in response to wilt, suggest-
ing a potential increase in jasmonic acid. Jasmonic acid is involved
in senescence processes, plant defense, and influences ethylene
f Tc ESTs in cherelles as determined by RT-qPCR. Uninfected indicates noM. roreriwas
Green indicates cherelles that were developing normally without wilt while yellow
T. Only significant treatment effects are presented.

erelle wilt stage Putative ID

Yellow

Mean Sep.

a 2.72 A a Chitinase 4
a 2.17 A b
a 2.07 A a No apical meristem protein
a 1.9 A a

b 2.09 A a Abscisic acid insensitive 5-like protein
a 1.69 A a
a 1.45 A a Abscisic acid receptor PYL8
a 1.24 A b

a 0.84 A a Allene oxide synthase
a 0.3 B b
a 2.5 A a Allene oxide synthase
a 1.93 A b
a 1.39 A a 12-oxophytodienoate reductase
a 1.11 A a

parthenocarpic pods, M. roreri pod infections, Trichoderma colonization, and stress

wilt and Mr.
eraction was significant. Upper case letters indicates difference due to wilting while



Table 7
Significant individual treatment effects on the expression ofMr ESTs in infected infected green (IG), infected yellow (IY), and infected brown (IB) cherelles. Data is presented as
LOG10 %Mr ACT. Only significant treatment effects are presented.

Mr ESTa Cherelle wilt stage

Sig.b Green Yellow Brown Putative ID

Detoxification
MrYOR1 0.01 �0.84 Bc �0.90 B 0.24 A ABC transporter
MrNAHG 0.02 0.03 B 0.26 AB 1.30 A Salicylate hydrolase
MrP450b 0.01 �1.30 B 0.19 AB 0.65 A Cytochrome P450
Cell death and tissue degradation
MrNep2 0.002 �0.46 B �0.18 B 1.56 A Necrosis and ethylene-inducing protein
MrAAO 0.02 �0.11 B 0.21 B 1.78 A Aryl-alcohol oxidase
MrID 0.01 �0.31 B 0.38 AB 1.01 A Intradiol dioxygenase
MrGMCOX 0.005 �0.08 B 0.22 B 1.59 A GMC oxidoreductase
MrPLY 0.03 0.51 B 0.24 AB 1.50 A Pectin lyase
Metabolism
MrMT 0.003 0.55 B 1.31 A 1.53 A MFS monosaccharide transporter
MrACAT 0.02 0.71 B 1.25 AB 2.39 A Acetyl-CoA acetyltransferase
MrMS <0.0001 �0.51 B �0.27 B 1.35 A Malate synthase
MrADK 0.01 0.23 B �0.06 B 1.59 A Adenylate kinase
MrACK 0.04 0.15 B 0.22 B 1.73 A Acetate kinase

a Mr ESTs were chosen by their similarity to M. perniciosa ESTs expressed in infected pods and by high expression detected in cacao pods 60 days after inoculation (see
Appendix 2).

b p-values of ANOVA followed by Tukey test with a ¼ 0.05.
c Differing letters between columns indicates a significant difference.
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production in fruits. Putative 12-oxiphytodienate reductase TcOPR2
was highly induced (1197-fold) during cherelle wilt. The function of
OPR2-related genes is unknown, although OPR2 is responsive to
senescence [34].

The expression of Tc ESTs putatively associated with the inter-
acting pathways of polyamine and ethylene biosynthesis was
altered during wilt (Fig. 2). The expression of TcADC, a putative
arginine decarboxylase, and putative ornithine decarboxylase
TcODC [35], was induced by wilting. The induction of TcODC and
TcADC is correlated with increases in polyamine concentrations in
cacao seedlings responding to drought [14]. Ethylene and poly-
amines help modulate senescence and fruit ripening through the
common precursor S-adenosylmethionine (SAM) [35]. Induction of
Fig. 2. Cherelle wilt induced changes in gene expression of Tc ESTs associated
two putative SAM synthtases (TcSAM1, TcSAM1b), putative SAM
decarboxylase (TcSAMDCb) and ACC synthase ESTs (TcACC8 and
TcACS), further supporting the idea that cherelle wilt mimics a
senescence response.

4.5. Expression of Tc ESTs associated with cytokinin and abscisic
acid action in response to cherelle wilt and M. roreri infection

ESTs related to regulating cytokinin levels were repressed dur-
ing wilt. The expression of TcCK-N-GT1, a putative cytokinin-N-
glucosyltransferase was repressed by 338.1- fold. Zeatin O-gluco-
syltransferase transfers a glycosyl moiety to zeatin through a
reversible process thought to protect zeatin from inactivation by
with the jasmonic acid, ethylene, and polyamine biosynthetic pathways.



Fig. 3. Cherelle wilt induced changes in gene expression of Tc ESTs associated with cytokinin and abcisic acid biosynthesis and action. Tc ESTs are either induced (pink), repressed
(blue), or not differentially expressed in response to cherelle wilt associated with A) cytokinins and B) abscisic acid (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.).
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zeatin oxidases allowing for regulation of cytokinin levels [36].
Putative cytokinin oxidase/dehydrogenases TcCKX1, and TcCKX5,
which reduce overall cytokinin levels [37] were induced by wilt
(Fig. 3A). This altered expression would likely increase cytokinin
level during wilt. TcCKX3 and TcCKX5 were induced by M. roreri
(Table 5) and M. perniciosa infections [10], indicating that at least
for some Tc ESTs, these fungi induce similar responses during
infection of cherelles. The induction and repression of cytokinin
regulatory genes indicates cytokinin homeostasismay be perturbed
during wilt and possibly by M. roreri infection also.

The altered expression of ABA-associated Tc ESTs suggests that a
disruption in ABA homeostasis occurs as cherelles wilt. The expres-
sion of three Tc ESTs associated with ABA biosynthesis was induced
while another three Tc ESTs were repressed (Fig. 3B). TcAREB5,
induced by wilt and M. roreri infection, putatively functions as one
member of a class of transacting factors activating expression of
multiple ABA/stress responsive genes [38]. ABA signaling related
putative protein phosphatase 2C, TcPP2C, and putative nitrate
reductase TcNR were induced by cherelle wilt and drought in cacao
seedlings [14,15]. Protein phosphatase 2C is necessary for ABA
signaling inArabidopsis [39]andnitrate reductaseproduces thenitric
oxide inplants required for ABA signaling [40]. Putative senescence 1,
TcSEN1, and putative neutral invertase TcNI expression was also
induced by cherelle wilt and drought [14,15]. Neutral invertases hy-
drolyze sucrose for energy reallocation [41], which would be impor-
tant in the reduced nutrient environment found in wilting cherelles.
The vascular occlusion that occurs early in the wilt process [4] could
initiate an osmotic stress response involving altered ABA action.

4.6. Expression of most M. roreri ESTs was not altered during the
early stages of wilt

The initial stage of cherelle wilt had little impact on the
expression of Mr ESTs, as only MrMT had induced expression in IY
cherelles compared to IG cherelles. Significant changes in Mr EST
expression did not occur until the cherelles were in the early stages
of necrosis (shift from IY to IB). The sparse distribution of mycelium
in IY cherelles further supports the idea that the early stages of wilt
had little effect on M. roreri development. Induction of some ESTs,
such as putative necrosis- and ethylene-producing proteinMrNep2,
likely aid fungal invasion, as sister pathogen, M. perniciosa secretes
NEP2 in planta during invasion of cacao branches [42].

Plant tissue senescence is commonly linked with increased
oxidative stress [22]. The altered physiology of the wilting cherelles
likely necessitatesM. roreri tomodify or sequester toxicmetabolites
associated with senescence using proteins encoded by genes such
as MrYOR1, a putative ABC transporter, MrNAHG, a putative salicy-
late hydrolase andMrP450b, as putative cytochrome P450.MpYOR1,
theM. perniciosa homolog toMrYOR1, was induced during oxidative
stress of M. perniciosa in culture [43] and in M. perniciosa induced
parthenocarpic pods [10]. M. perniciosa can both produce and
metabolize salicylic acid [44]. If M. roreri has the same ability,
induced expression of MrNAHG may be related to salicylate
degradation. In M. perniciosa infected cacao stems [45] and in M.
roreri infected pods [16], there was increased expression of putative
cytochrome P450b ESTs during the shift from the biotrophic to
necrotrophic phase of disease. Cytochrome P450 enzymes act on
many substrates and participate in fungal toxin production and
detoxification of host products [45].

M. roreri may also be degrading the complex tissue of senescing
cherelles. Lignin degradation associated ESTs MrAAO (a putative
aryl-alcohol oxidase), MrID (a putative intradiol dioxygenase), and
MrGMCOX (a putative GMC oxidoreductase), were induced in IB
cherelles compared to IG. Aryl-alcohol oxidases are lignin peroxi-
dases required for hydrogen peroxide generation and lignin
degradation [46]. GMC oxidoreductase have diverse activities, one
being cellobiose dehydrogenase in white rot fungi [46]. The L-
biotype ofM. perniciosa has the capacity for lignin degradation [47]
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but the process has not been studied inM. roreri.M. rorerimay also
be degrading the pectin in the cherelles as MrPLY, a putative pectin
lyase is induced in response to the late stages of wilt.

Mr ESTs associated with fungal metabolism and sugar transport
are also induced in response to wilt. MrMT is putatively an MFS
monosaccharide transporter. This class of transporter moves simple
sugars across membranes and allows biotrophic fungi to compete
with plant cells for sucrose [48]. Putative malate synthase MrMS
and adenylate kinase MrADK were induced in wilting cherelles.
Malate synthase is a key enzyme in the glyoxylate pathway [25] and
its induction suggests activation of the glyoxylate pathway by M.
roreri in response to wilt. The glyoxylate pathway can be critical for
virulence of some plant pathogenic fungi [49]. MrMS is highly
induced in association with the shift from biotrophic to necrotroph
hyphae that occurs with necrosis during typical FPR [16]. Overall,
during the early biotrophic phase of the disease cycle there was
little host reaction to fungal invasion in cherelles, suggesting that
the pathogen is avoiding major recognition responses.

5. Conclusions

Cherelle wilt itself results in a massive reprogramming of
cherelle gene expression including the induction of numerous
stress responsive Tc ESTs along with the induction of Tc ESTs pu-
tatively associated with the biosynthesis of JA, ethylene, and
polyamines. Many of these induced Tc ESTS and metabolites also
have the potential to participate in plant defense against plant
pathogens. The stressful environment found in wilting cherelles
could explain why meiospores were not observed on M. roreri
infected cherelles and why M. roreri sporulation is not observed on
wilted cherelles in the field (W. Phillips-Mora, pers. comm). This
study does not indicate that M. roreri is a primary cause of cherelle
wilt, but instead suggests that the wilting process disrupts the
disease cycle of FPR as the lack of sporulation prevents completion
of the M. roreri lifecycle. Disrupting the M. roreri lifecycle during
wilting would prevent attached necrotic cherelles from being a
major source of inoculum in the field.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.pmpp.2013.09.004.
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