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® Background and Aims Witches’ broom disease is caused by the hemibiotrophic basidiomycete Moniliophthora
perniciosa, and is one of the most important diseases of cacao in the western hemisphere. Because very little is
known about the global process of such disease development, expressed sequence tags (ESTs) were used to identify
genes expressed during the Theobroma cacao—Moniliophthora perniciosa interaction.

e Methods Two cDNA libraries corresponding to the resistant (RT) and susceptible (SP) cacao—M. perniciosa inter-
actions were constructed from total RNA, using the DB SMART Creator cDNA library kit (Clontech). Clones were
randomly selected, sequenced from the 5" end and analysed using bioinformatics tools including in silico analysis of
the differential gene expression.

o Key Results A total of 6884 ESTs were generated from the RT and SP ¢cDNA libraries. These ESTs were composed
of 2585 singlets and 341 contigs for a total of 2926 non-redundant sequences. The redundancy of the libraries was
low and their specificity high when compared with the few other cacao libraries already published. Sequence analy-
sis allowed the assignment of a putative functional category for 54 % of sequences, whereas approx. 22 % of
sequences corresponded to unknown function and approx. 24 % of sequences did not show any significant similarity
with other proteins present in the database. Despite the similar overall distribution of the sequences in functional
categories between the two libraries, qualitative differences were observed. Genes involved during the defence
response to pathogen infection or in programmed cell death were identified, such as pathogenesis related-proteins,
trypsin inhibitor or oxalate oxidase, and some of them showed an in silico differential expression between the resist-
ant and the susceptible interactions.

e Conclusions As far as is known this is the first EST resource from the cacao—M. perniciosa interaction and it is
believed that it will provide a significant contribution to the understanding of the molecular mechanisms of the
resistance and susceptibility of cacao to M. perniciosa, to develop strategies to control witches broom, and as a
source of polymorphism for molecular marker development and marker-assisted selection.
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disease.

INTRODUCTION

A central goal of genome analysis is to identify and classify
all the genes of a particular species. Functional genomics
seeks to understand the precise roles of these genes, includ-
ing unique and redundant functions. Apart from few species
such as arabidopsis, for which the complete genome is
already available, gene discovery in most plants is primarily
based on sample sequencing of expressed sequence tags
(ESTs). The manner in which a number of biological ques-
tions can be addressed has profoundly evolved in the last
few years with the advent of genomics. Indeed, the possi-
bility to conduct large-scale analysis in functional genomics
now opens the way to identification of large sets of
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co-regulated genes involved in biological processes. It is
thus possible not only to identify novel and possibly
important molecular events, but also to investigate
biological processes at the level of gene networks rather
than individual genes. This type of approach is attractive
for a better understanding of complex development pro-
grammes such as those activated during interactions
between plants and microorganisms. In this analysis, there
is particular interest in the plant genetic programmes
involved during development of witches’ broom disease
caused in cacao (Theobroma cacao) by the hemibiotrophic
fungus Moniliophthora perniciosa (Stahel) Aime &
Phillips-Mora [= Crinipellis perniciosa (Stahel) Singer]
(Aime and Phillips-Mora, 2005).

Cacao is a tropical sub-canopy tree originally from the
rain forest of the Amazon basin. It is cultivated primarily
to provide cacao liquor, butter and powder for the chocolate
industry, not only for its flavour properties, but also for
emerging health benefits (Kris-Etherton and Keen, 2002).
Cacao is an important commodity: >20 million people
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depend directly on cocoa for their livelihood, and approx.
90 % of the production — mainly from the Ivory Cost,
Ghana and Indonesia — are exported in the form of beans
or semi-manufactured cocoa products to Europe and the
USA (Food and Agriculture Organization, http:/www.fao.
org). Despite its environmental and economical importance,
cacao has received little attention with respect to molecular
genetics and genomic research (Jones et al., 2002; Verica
et al., 2004) and, until now, no molecular study has been
carried out to understand the genetic programme of cacao
during its infection by pests or diseases. Witches’ broom
disease, caused by M. perniciosa, is one of the major
cacao diseases in South America and the Caribbean
Islands, destroying plantations and leading to important
economical and social changes in the areas concerned
such as the State of Bahia in Brazil (Rocha er al., 1993;
Purdy and Schmidt, 1996). Basidiospores infect meriste-
matic tissues (shoots, flower cushions, single flowers and
developing fruits), and induce a range of symptoms depend-
ing on the organ infected and the developmental stage: (a)
infected apical meristems present hypertrophic growth
(‘brooms’); (b) infected flower cushions usually lead to
vegetative shoot production and pathenocarpic fruits; (c)
pod infection can directly result in seed loss due to pod
rot. The disease shows two distinct stages: a biotrophic
phase and a necrotrophic/saprotrophic phase. In the
biotrophic phase, the fungus causes hypertrophy and
hyperplasia of the tissues, loss of apical dominance, and
proliferation of axillary shoots, which results in the for-
mation of abnormal stems (green broom). In the second
stage, the fungus changes to the saprotrophic phase and
causes necrosis and death of infected tissues distal from
the original infection site, producing a dry broom.
Basidiocarp production and spore formation occur on
infected necrotic tissue (Silva et al., 2002; Scarpari et al.,
2005). To recover cacao plantations, numerous efforts
have been made such as the development of new cacao
varieties, use of cloned resistant plant material or biological
control of the disease (Rudgard ez al., 1993). Although
these technical procedures have been efficient, they do
not represent an adequate method of control of witches’
broom. The high genetic variability of the fungus, associ-
ated with the high frequency of genetic recombination
(Rincones et al., 2006) could break the cacao resistance
as observed for some cacao tree hybrids, which contain
the Scavina-6 resistant parent (Wheeler and Mepsted,
1988; Rios-Ruiz, 2001). For this reason, the identification
of differential represented genes between susceptible
and resistant cacao trees to witches’ broom disease is
essential to understand biological events of the cacao—
M. perniciosa interaction.

Here the generation and analysis of the first ESTs of
Theobroma cacao—M. perniciosa interaction are reported.
The main goal was to obtain a first global and comparative
view of the susceptible and resistant interactions by charac-
terizing transcript populations in meristems of two different
cacao varieties — one susceptible, the other resistant to
witches” broom — inoculated with M. perniciosa spores.
Special emphasis was given to cDNA sequences related
to resistance and to necrosis and death of infected tissues
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as probable components of the defence and susceptibility
reactions occurring in the cacao tree after inoculation by
M. perniciosa.

MATERIALS AND METHODS
Plant material and fungus strains

Plantlets of Theobroma cacao L. varieties Catongo (suscep-
tible to Moniliophthora perniciosa) and TSH1188 (resistant
to M. perniciosa) were grown in sterile substrate in the
greenhouse at CEPEC/CEPLAC (Centro de Pesquisas da
Comissdo Executiva do Plano da Lavoura Cacaueira,
Ilhéus, Bahia, Brazil) from September 2002 to January
2003, under natural light and 90 % relative humidity.
Apical meristems of 154 4-week-old plantlets were inocu-
lated by the spraying method using a 10° mL ™" basidios-
pore suspension from the M. perniciosa Cpl441 CEPEC/
CEPLAC strain. After inoculation, plantlets were accli-
mated during 24 h at 25°C + 2 °C in a water-saturated
atmosphere to allow M. perniciosa spore germination, pen-
etration and consequently infection (Frias et al., 1995).
A test of spore viability was made in a humid chamber
(25°C) 24 h after inoculation (89 %) and was compared
with spore viability obtained before inoculation (90 %).
Fifty-six control plantlets were inoculated with sterile
water and submitted to the same growing conditions as
the inoculated ones. Expression of susceptibility was esti-
mated 4 weeks after inoculation by detection of the
Catongo plants with disease symptoms. Disease develop-
ment was monitored on the growing plants for a period of
90 d. Inoculated and non-inoculated apical meristems
from Catongo and TSH1188 were harvested at 24 h, 48 h,
72h and then every 5 d until 90 d after inoculation
(DAI). Infected and non-infected resistant and susceptible
apical meristems were harvested, frozen in liquid nitrogen
and stored at —80 °C.

RNA extraction and cDNA library construction

For each library, total RNA was extracted from frozen
tissues as described by Gesteira et al. (2003) and cleaned
using the Rneasy Plant Mini Kit as described by the manu-
facturer (Qiagen). Purity and concentration of the purified
RNA from each harvesting period were determined spectro-
photometrically at 260nm (Cary® 100 UV-Visible
Spectrophotometer; Varian, Palo Alto, CA, USA). The
RNA was separated on 1 % DEPC-treated agarose gel
and stained with ethidium bromide to confirm RNA integ-
rity. After quantification, 50 ng of RNA from each plant
harvest were pooled to obtain a final total RNA amount
of about 1 pwg. The two cDNA libraries corresponding to
the resistant and susceptible cacao—M. perniciosa inter-
actions were constructed from pooled total RNA, using
the DB SMART Creator cDNA library kit as described by
the manufacturer (Clontech). cDNA longer than 400 bp
were cloned directionally into the pDNR-LIB plasmid.
ElectroMAX™DHI10B™ cells (Invitrogen) were trans-
formed and colonies picked and grown in 96-well microtitre
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plates in LB, 40 % glycerol medium containing 30 ug L™
chloramphemicol and stored at —80 °C.

Plasmid minipreps and sequencing of cDNA clones

Plasmid DNA was obtained from individual clones using
the alkaline lysis procedure (Sambrook et al., 1989) adapted
for 96-well plates. Plasmid quality and quantity were
checked on 1% TBE-BET agarose gel. For the RT and
SP libraries, 3613 and 3271 clones, respectively, were
randomly selected and sequenced from the 5’ end by
the DyEnamic ET Dye Terminator kit (MegaBACE,
GE Health Care) method, wusing the MI3-F
5'-TAAAACGACGGCCAGT-3’ as forward primer. All
sequences were produced by the capillary sequencer
MegaBACE 1000 (GE Healthcare).

Data processing and computational methods

From each of the 6884 EST sequences generated (a) the
largest sequenced stretch with Phred quality >10 was
extracted (allowing 1% nucleotide with Phred quality
<10) using a Perl script (Ewing et al., 1998), (b) the
plasmid vector sequence with cross-match (-minmatch 20,
-minscore 5) was removed, (¢) the ‘X’ introduced by cross-
match in the insert sequence with original nucleotides was
substituted, and (d) the poly(A) tail was removed. After
this trimming process, only sequences longer than 90 bp
were included in the dataset, i.e. 3172 and 2852 sequences
from RT and SP, respectively, were considered for further
analysis. Finally, the redundancy was eliminated by contig
assembling with CAP3 (Huang and Madan, 1999) and
codon distribution was obtained from the remaining
sequence pool. Specific genes from each library were deter-
mined comparing between themselves the available libraries
(RT, SP and cacao ESTs available from GenBank; Jones
et al., 2002; Verica et al., 2004) by BLASTX and
TBLASTX using an expected value <1-10~* as significant.
For putative function determination and annotation,
sequences were compared with the public sequence database
(http:/www.ncbi.nih.gov/BLAST/) using BLASTX and
TBLASTX. Ali §nments showing similarity with an expected
value <1-100" were considered significant. Additional
information about the putative function of the ESTs was
obtained using ProDom (Corpet et al., 2000), NRDL3D
and Pfam programs. Also the GO software (http:/www.
geneontology.org/) was used to produce a control vocabulary
of the annotations (Harris et al., 2004). EST clusters and
associated predicted proteins were manually inspected and
annotated as described by Journet ez al. (2002). To detect
potential expressed sequences from M. perniciosa present
in the interaction, EST clusters were also compared with
the M. perniciosa genome sequences available in the
restrict-access  database  (http:/www.lge.ibi.unicamp.br/
vassoura/) from the Genome Project Consortium of Bahia,
and with the public sequence database from the basidiomy-
cete Ustilago maydis (Austin et al., 2004) using BLASTX
and TBLASTX.

The R-statistic was used to identify the significant differ-
ences in EST abundance for contig among the RT and SP
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libraries involved in the plant—pathogen interaction
process (Stekel et al., 2000). To test the credibility of the
test, a randomization procedure with 1000 runs of random-
ized data was carried out as described previously (Stekel
et al., 2000).

RESULTS
Library construction and sequencing

Two standard libraries, corresponding to resistant (RT) and
susceptible (SP) interactions of cacao—M. perniciosa, were
constructed (Table 1). The sequences generated from the
two primary libraries had an average size of 600 bp. For
the RT and SP libraries 3613 and 3271 randomly selected
clones were sequenced from the 5’ end (Table 2). In all,
6884 sequences were generated and, after trimming for
low quality, shortness (<90 bp) and vector contamination,
3172 and 2852 sequences, for RT and SP, respectively, cor-
responded to the quality criteria for the present study. The
overall sequencing success rate, i.e. useful sequences out
of the total sequenced, was 88 % and 87 %, for RT and
SP, respectively. The lengths of good quality sequences
varied between 90 bp and 1058 bp for both libraries with
an average of 341 bp and 354 bp for RT and SP, respect-
ively (Table 2). For further analysis, 9338 cacao ESTs
available from GenBank (1614 from Jones et al., 2002;
2113 from Verica et al., 2004) were added to the set of
sequences generated in this study.

Global analysis of the cacao—M. perniciosa interaction genes

The initial data set of 3172 and 2858 sequences from RT
and SP, respectively, was reduced to 1719 and 1207 unique
consensus sequences (unigenes). The RT unigene set com-
prised 199 contigs (1652 sequences) and 1520 singletons,
whereas the SP unigene set comprised 142 contigs (1787
sequences) and 1065 singletons (Table 2). The number of
ESTs forming each contig varied between two (143
cases) and 41 (one case) for RT and two (99 cases) and

TaBLE 1. Characteristics of the cDNA libraries constructed
and described in this study

Cultivar*  Phenotype/ Tissue/phase Type of  Designation
condition’ library
TSH1188 R/inoculated Meristems Full-length RT
collected at 24 h,
48 h, 72 h then
every 5 d until
90 d after
inoculation
Catongo  S/inoculated  Meristems Full-length SP

collected at 24 h,
48 h, 72 h then
every 5 d until
90 d after
inoculation

* TSH: Trinidad Selected Hybrid.
¥ S, susceptible; R, resistant.
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TaBLE 2. EST generated from the different cDNA libraries and the complete cacao—M. perniciosa unigene set

Library No. of No. of Interaction Interaction Unigene Mean size of  Redundancy Library Contribution
sequences sequences singleton TC? size (%)*  the sequences (%)° specific (%)8
generated analysed1 (%)* (bp)5 unigenes (%)’

RT 3613 3172 (88) 1520 (48) 199 1719 (54) 341 46 1371 (79-7) 46-8

SP 3271 2852 (87) 1065 (37) 142 1207 (42) 354 58 859 (71-2) 29-3

Total 6884 6024 2585 341 2926 347.5 52 2230

! Vector sequences and sequences of low quality or smaller than 90 bp

were eliminated.

2 The singletons present in each library independent of other libraries. The percentage was calculated as number of singletons/number of sequences

analysed from the library.

3 TC = tentative contig. The contigs present in each library independent of other libraries.
“ The unigene set for each library is the sum of singleton plus contigs for the library.

5 The mean size of the unigene sequences.

© The redundancy of each library calculated as 1 — (unigene library/number of sequence analysed).
7 The unigenes (singletons + contigs) specific to the library. The percentage was calculated as (library-specific unigenes/unigene total).
8 The percentage contribution of unigenes specific to each library as a percentage of total unigenes.

144 (one case) for SP (Fig. 1). The RT and SP libraries
showed correct redundancy values (46 % and 58 %, respect-
ively) reflecting the fact that these two libraries were
thoroughly sequenced (Table 2). The number of specific
unigene sequences for each library was calculated (single-
tons plus contigs of each library). The percentage of
specific unigene sequences, which can be considered as
an estimation of the capacity to provide new genes, was
high: 79-7 % and 71-2 % for RT and SP, respectively. The
contribution of individual libraries to the total unigene set
was relatively low, 46-8 % for RT and 29-3 % for SP, indi-
cating that each library contained specific ESTs (Table 2).

In the process of functional annotation of the putative
encoded proteins, clusters were classified into a limited
set of 16 broad functional categories, similar to those
used in Journet et al. (2002). Figure 2 illustrates the distri-
bution of the 2926 annotated sequences from the RT and
SP libraries, respectively. Globally, the EST repartition in
functional classes for the RT and SP unigene sets showed
only a few differences. For the RT and SP unigene sets,
the semi-automatic annotation allowed the placement of
50-3 % and 56-1 %, respectively, in the 14 functional cat-
egories sensus stricto, whereas 49-7 % and 43-9 % of the
corresponding unigene sets encoded proteins without

140 |
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Fic. 1. Histogram showing the distribution of ESTs by contigs. The
contig size is the number of EST/contig.

similarity or with similarity to proteins of unknown func-
tion (Fig. 2). Among the 14 functional categories sensu
stricto, the most highly represented categories were
protein synthesis and processing (11-1 % and 13-01 %,
for RT and SP libraries) and the primary metabolism
(10-23 % and 12-1 %). In the SP library, the abiotic stimuli
and development category was well represented (6-38 %) —
compared with 3-78% for the same (abiotic stimuli and
development) category from RT — and was larger than the
gene expression and RNA metabolism category (5-17 %
and 5-22 % for the RT and SP libraries, respectively).

To estimate the proportion of fungal ESTs in the libraries
used in the present study, the RT and SP sequences were
also compared with M. perniciosa and Ustilago maydis
databases. The BLAST comparison detected 17 and 15
sequences from RT and SP, respectively, showing hom-
ologies with fungal sequences. Most of them (30) were
also very similar to plant sequences. Consequently, these
30 ESTs represented highly conserved genes between the
plant, animal and fungal kingdoms, and cannot be discrimi-
nated as plant or fungal ESTs. Only the remaining two
sequences from SP had a high probability of corresponding
with a M. perniciosa gene: one which showed similarity
with a hydrophobin from Flammulina velutipes (e-value
of 1-107°®), the other similarity with a 25-kDa protein eli-
citor from Pythium aphanidermatum (e-value of 1-10™*").

The genes from the ten most abundant mRNAs in the
libraries used in the present study are listed in Table 3.
Among them, metallothionein, was highly represented in
the total unigene, by two and three contigs in the RT
and SP libraries, respectively. Two other genes, the
trypsin inhibitor and the pathogenesis-related protein 4b,
which were highly represented in the RT library, are
related to plant resistance (Chen et al., 1999; van Loon
et al., 2006). In the SP library, two contigs of ankyrin-
repeat protein were found highly represented. This gene
is known to be related to programmed cell death (Dong,
2004; Lu et al., 2005), auxin signalling and pathogen
response (Kuhlmann er al, 2003). The abundant
expression of these genes reflects the physiological pro-
cesses of the tissues used to generate the library: resistance
of the plant to M. perniciosa for the RT library, and
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I. Cell wall structure and metabolism

Il. Cytoskeleton

Ill. Membrane transport
IV. Vesicule trafficking, secretion and protein sorting

V. Primary metabolism

VI. Secondary metabolism and hormone metabolism
VII. Chromatin and DNA metabolism
VIIl. Gene expression and RNA metabolism

IX. Protein synthesis and processing

X. Signal transduction and post-translational regulation
XI. Cell division cycle

XIl. Miscellaneous

XII.A. Defence and cell rescue

XI1.B. Abiotic stimuli and development

23.55' XI1.C. Unknown function

1 1 1 1 ]
30 25 20 15 10 5 0
Number of sequences
from the unigenes in class (%)

27-67 SR XIll. No homology
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Fi1G. 2. Distribution of the 1719 RT and 1207 SP unigene sequences into functional classes. The 16 broad categories that were used for classification
during the semi-automatic annotation are indicated, as well as the number of corresponding sequences. Only one class was assigned to each sequence.

necrosis of the infected tissues — production of necrotic
meristems possibly by programmed cell death — for the
SP library. Interestingly, two of the most abundant
sequences present in the RT library did not show any

TaBLE 3. Putative function of the most abundant sequences present in the RT and SP ¢cDNA libraries

homology with sequences from the databank, and three
sequences from RT and SP libraries presented homology
with unknown function sequences from arabidopsis, rice
and human.

Library No. of ESTs in TC Functional annotation Species E value Size (bp)
RT 41 Unknown function homologue to Orf107a Arabidopsis thaliana 2107 521
378 Metallothionein Betula platyphylla 6-107%¢ 651
32% Trypsin inhibitor Theobroma cacao 2107 929
28% Pathogenesis-related protein 4b Oryza sativa 11073 1058
13 No homology - - 222
12 Ribosomal RNA Poncirus trifoliata 0-0 893
10 Unknown function Oryza sativa 6102 386
QP Metallothionein Petunia x hybrida 2.10716 489
9 No homology - - 829
9 Dehydrin Vaccinium corymbosum 2107 618
SP 1442 Metallothionein Betula platyphylla 6-102° 669
49 Unknown function homologue to Orf107a Arabidopsis thaliana 1107 266
29%P Metallothionein Petunia x hybrida 3.1071° 535
26* Ankyrin repeat protein Arabidopsis thaliana 1-107° 625
13 Metallothionein Gossypium hirsutum 1.107>* 495
10* Ankyrin repeat protein Arabidopsis thaliana 71077 505
8 Unknown function Oryza sativa 7.107* 494
8 Copper chaperone Arabidopsis thaliana 2107 631
6 Nuclear factor 1 Mus musculus 1.1071° 447
6 Unknown function Homo sapiens 11078 497

* Sequences expressed differentially as described in the Table 4.

*® Same letters correspond to sequences homologous between RT and SP libraries.
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Fi1G. 3. Venn diagram showing the distribution of the sequences present in cacao libraries. (A) From Verica et al. (2004). The percentage values were
based on the total sequence number (4465). (B) From Jones et al. (2002). The percentage values were based on the total sequence number (4004).

Comparison of the cacao—M. perniciosa interaction unigene
sets with other cacao unigene sets

To identify specific cacao—M. perniciosa genes involved
in the interaction, the unigene sets were compared with the
available ESTs from cacao leaves treated with plant artifi-
cial defence inducers (Verica et al., 2004) and from
leaves and beans (Jones et al., 2002). When comparing
the specific and common sequences among the different
cacao libraries available, it was observed that each of
them was specific to the cacao physiological stage studied
(healthy leaves and beans, cacao treated with defence indu-
cers, and resistant and susceptible interactions with
M. perniciosa) (Fig. 3). The RT library shared 287 and
191 sequences with the SP and plant defence inducers-
treated leaf libraries, respectively. One hundred and sixty-
nine sequences were common to SP and plant defence
inducers-treated leaf libraries and only 73 sequences were
common to the three libraries (treated, resistant and suscep-
tible to M. perniciosa) (Fig. 3A). In the same way, the RT
library shared 287 and 173 sequences with the SP and
healthy leaf and bean libraries, respectively. One hundred
and fifty-one sequences were common to SP and healthy
leaf and bean libraries and only 75 sequences were
common to the three libraries (healthy, resistant and suscep-
tible to M. perniciosa) (Fig. 3B). For each comparison
(Fig. 3A, B), only small differences were observed
between the categories of genes present in each library.
Few genes involved in resistance were found in the 191
common genes between RT and the library from plants
treated with defence inducers (data not shown).

Characterization of ESTs potentially associated
with plant—pathogen interaction

ESTs corresponding to genes encoding proteins
potentially related to plant—pathogen interaction were
characterized from the cacao—M. perniciosa unigene set
collection (113 genes; Tables 4 and 5). RT and SP libraries
were sequenced to obtain information on genes whose

expression is potentially related to plant—pathogen inter-
action. Advantage was taken of these two libraries not
being normalized to compare the gene expression in
silico. Due to the relatively thorough sampling approach,
the frequency of ESTs in a given library can be used to
obtain information on relative gene expression levels in
the tissues from which the library was constructed
(Bortoluzzi and Danieli, 1999). A differential analysis
was performed using the method reported by Stekel er al.
(2000) to study difference in pathogenesis related-gene
expression between RT and SP. Table 4 lists the potential
pathogenesis related-genes showing differences in the
expression pattern between the two interactions. From the
nine differentially represented genes six were also found
in the most abundant sequence list (Table 3): metallothio-
nein (two contigs), trypsin inhibitor, pathogenesis-related
protein and ankyrin repeat protein (two contigs). The
other genes corresponded to pathogenesis related-protein
10, NPR1/NIM1-interacting protein and subtilase. Six of
the nine differentially represented genes were more highly
represented in the SP library (two metallothionein,
two ankyrin repeat proteins, PR10 and NPRI1/NIMI-
interacting protein), the three other differentially rep-
resented genes were more highly represented in the RT
library (trypsin inhibitor, PR4b and subtilase).

The genes potentially related to plant—pathogen inter-
action, but for which it was not possible to detect an
in silico differential expression between the RT and SP
libraries, are listed in Table 5. Sequences related to resist-
ance to pathogen [Avr9/Cf9, PR (pathogenesis-related)
proteins, HSR203J, selenium-binding protein, beta-1,3-
glucanase, chitinase, disease-resistant responsive protein
and cytochrome P450], and to detoxification (the ABC
transporter, multidrug transporter), which play a major
role in plant pathogen defence, were encountered. Genes
of cell wall biosynthesis and metabolism, such as pectate
lyase and cellulose synthase, were also found and may be
related to resistance mediated by alteration of plant cell
wall composition. Different groups of transcription factors
(Myb, WRKY, EREB/AP2, bZIP) involved in regulation
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TaBLE 4. Differentially expressed genes between the two libraries RT and SP in relation to plant—pathogen interaction

Class' Functional annotation Species e-value Size (bp) R® No. of sequences  No. of sequences
for RT? for SP*

XILA Metallothionein Betula platyphylla 6-1072° 669 39.73 37* 144%
IX Trypsin inhibitor Theobroma cacao 2107 929 20-52 32% 0
XILA Pathogenesis-related protein 4b Oryza sativa 1-107%* 1058 14-36 28* 1

I Ankyrin repeat protein Arabidopsis thaliana 1-107° 625 13-15 1 26*
XILA Metallothionein Petunia x hybrida 2-107'¢ 489 6-66 9% 29%
I Ankyrin repeat protein Arabidopsis thaliana 71077 505 3.81 1 10*
XILA Pathogenesis-related protein 10 Solanum tuberosum 51078 593 3.74 0 5
XILA NPR1/NIM I -interacting protein Arabidopsis thaliana 1-107° 376 224 0 3

X Subtilase Lycopersicon esculentum 4.107% 538 1.92 3 0

' The class numbers correspond to those described in Fig. 3 and in Journet et al. (2002).
2R significant to 0-05 calculated as described previously with 1000 permutations.

3 The number of sequences analysed for the RT library was 3172.
4 The number of sequences analysed for the SP library was 2852.

* Sequences listed in the Table 3 as the most expressed in the RT and/or SP libraries.

of pathogen defence-induced programmes were present in
the total unigene from the cacao—M. perniciosa interactions
as well as genes which may be related to plant pathogen
signal transduction such as receptor kinase, MAP kinase,
calmodulin-binding protein and phosphatase 2A. Genes
related to programmed cell death and/or senescence such
as apoptosis inhibitor, bax and proteasome inhibitors,
MLO protein, senescence-associated protein, and genes
with function related to oxidative burst (peroxidase, mono-
dehydroascorbate reductase, NADPH oxidase, squalene
monoxygenase, sulfite oxidase, semialdehyde dehydrogen-
ase, glutathione peroxidase, germin oxalate oxidase,
superoxide dismutase and glutathione S-transferase) were
also found. Genes related to protein metabolism were
found: 26S proteasome, aspartic proteinase, cysteine
protease, serine carboxypeptidase, vacuolar processing
enzymes, U-box domain-containing protein, ubiquitin
protein, heat shock protein, proteasome inhibitor and
protease inhibitor. Different sequences related to hormone
pathways were also detected (ethylene-responsive
element, ABA-responsive protein, auxin-responsive
protein, jasmonic acid 2, 12-oxophytodienoate reductase,
lipoxygenase, brassinosteroid signalling positive regulator)
and may be related to hormonal modifications through
disease development.

DISCUSSION

The EST sequencing approach is of particular interest in
organisms for which very little sequence data is available.
To date, only a few cacao EST studies have been developed,
published and deposited in the dbEST section of Genbank
(Jones et al., 2002; Verica et al., 2004). As far as is
known, the cacao—M. perniciosa interaction data presented
here is therefore the first effort in sequencing of the
expressed genome aimed at understanding witches’ broom
disease. A unigene set of 2926 sequences was generated
from 6024 high-quality sequences, and showed a redun-
dancy of about 52 %; a value corresponding to the correct
level compared with other published works. Equivalent or

lower redundancy levels have been reported (48 % in
citrus; Forment et al., 2005), whereas other published
libraries showed higher levels of redundancy, such as
72-5% in Lotus japonicus (Asamizu et al., 2004). The
specificity of the RT and SP libraries is high (about 75 %)
when compared among themselves, and when compared
with the two other published cacao libraries (Jones et al.,
2002; Verica et al., 2004). Such high levels were found
in other programs comparing ESTs (Lopez et al., 2004;
Forment et al., 2005) and showed a high specificity of the
sequences obtained in relation to the processes studied, in
spite of the restricted number of ESTs present in the total
unigene. To reach a high quality of annotation and avoid
error propagation (Rouze et al., 1999), the EST clusters
were annotated systematically using a semi-automated
approach, in which a functional annotation is assigned
after human examination of the results of various automated
analyses, as described by Journet e al. (2002). Using this
classification scheme, a putative functional category could
be assigned to about 54 % of the unique sequences. This
represents a good level in comparison to other studies
using other classification schemes (37 %; Lopez et al.,
2004) or using a close semi-automated classification pro-
cedure (58 %; Briutigam et al., 2005). The most prevalent
categories were the primary metabolism and protein syn-
thesis and processing, with a slightly higher level in the
SP library. This result was not unexpected due to the
nature of the plant tissue studied, the apical meristem.
Normally, the meristematic cells are involved in division
and multiplication, a phenomenon that is amplified in
M. perniciosa-infected plants resulting in broom formation
(Silva et al., 2002). This could also be correlated to the
higher level of sequences related to abiotic stimuli and
development preferentially observed in the SP library, and
those related to gene expression and RNA metabolism in
both libraries.

For the libraries constructed from plants infected by
M. perniciosa, in particular for the SP one, pathogen
tissue was not separated from host tissue. Therefore, it
could be expected that a portion of the sequences derived
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TABLE 5. Other genes potentially related to plant—pathogen interaction present in the RT and SP libraries

Class* Functional annotation Species e-value Size (bp)
I Arabinogalactan protein Gossypium hirsutum 1-107% 306
I Cellulose synthase Gossypium hirsutum 11078 496
I* Chitinase Theobroma cacao 4.107" 382
1 Expansin Populus tremula x Populus tremuloides 2.1077° 412
If Extensin Populus nigra 2107 718
I Hydroxyproline-rich glycoprotein Arabidopsis thaliana 9.107% 492
If O-methyltransferase Fragaria x ananassa 1.107% 496
I Pectate lyase Fragaria x ananassa 7107 281
I Pectin methylesterase Silene latifolia 9.107° 407
I Polygalacturonase Arabidopsis thaliana 610746 413
I Adhesin Arabidopsis thaliana 2107 341
I Hydrophobin Coprinopsis cinerea 8107 467
i Kinesin Arabidopsis thaliana 6107 499
1I Myosin heavy chain Oryza sativa 1-1077 421
I ABC transporter Arabidopsis thaliana 3107 420
11 Fibre sucrose transporter Gossypium barbadense 61078 446
1T Multidrug transporter protein Arabidopsis thaliana 9.107% 414
v Rab gene Arabidopsis thaliana 2:1077 378
v# 12-Oxophytodienoate reductase Catharanthus roseus 1.107% 504
v Acyl-coA synthetase Cicer arietinum 4.107%° 378
A% Asparagine synthetase Triphysaria versicolor 9.107% 498
A ATP citrate-lyase Arabidopsis thaliana 3.107% 607
v# Carbonic anhydrase Gossypium hirsutum 610" 162
\% Germin oxalate oxidase Gossypium raimondii 3.107° 491
v Glutamine synthetase Oryza sativa 5.107% 527
vt Glyceraldehyde 3-phosphate dehydrogenase Oryza sativa 71074 492
v# Hydroxymethyltransferase Arabidopsis thaliana 3.107% 248
vt Lipase Arabidopsis thaliana 61074 447
A% Methionine sulfoxide reductase Arabidopsis thaliana 5107+ 447
v Monodehydroascorbate reductase Lycopersicon esculentum 5.1072 348
v NADH dehydrogenase Beta vulgaris 9.10>2 345
v NADPH oxidase Arabidopsis thaliana 7107 265
A% Ornithine decarboxylase Haemonchus contortus 7.1071° 327
v Polyketide synthase Oryza sativa 9107 350
\al S-Adenosyl-L-methionine synthetase Carica papaya 4.107% 486
v* Semialdehyde dehydrogenase Arabidopsis thaliana 3.107% 434
vt Squalene monooxygenase Medicago truncatula 5102 478
A Sulfite oxidase Arabidopsis thaliana 3.10771 477
v Thioredoxin Ricinus communis 31073 511
VIt 1-Aminocyclopropane-1-carboxylic acid oxidase Gossypium barbadense 4.107% 461
VI Betaine aldehyde dehydrogenase Oryza sativa 61012 278
VI Caffeic acid 3-O-methyltransferase Prunus dulcis 2:107% 522
VI Caffeine synthase Camellia sinensis 110716 415
VI Chalcone synthase Hydrangea macrophylla 5.107% 522
VI Cytochrome P450 Panax ginseng 3102 471
VI Polyphenol oxidase Populus tremuloides 61077 355
viI Acinus L protein Oryza sativa 21071 442
VIII bZIP protein Glycine max 1107 500
VII EREBP/AP2-related transcription factor Mesembryanthemum crystallinum 21078 390
VIII Glycine-rich RNA binding protein Pisum sativum 81072 452
VIII Myb family transcription factor Arabidopsis thaliana 21072 509
VIII WRKY transcription factor Arabidopsis thaliana 3107 448
vir’ Zinc finger protein family-like Arabidopsis thaliana 5107 352
IX 26S proteasome Oryza sativa 21077 518
X" Aspartic proteinase Theobroma cacao 910772 407
X Cyclophilin Arabidopsis thaliana 5.107¢ 445
X" Cysteine protease Phaseolus vulgaris 81077 553
IX F-box family protein Arabidopsis thaliana 2,107 516
Ix* Heat shock protein Euphorbia esula 1.10768 407
Xt Protease inhibitor Arabidopsis thaliana 7107 470
X Proteasome inhibitor Arabidopsis thaliana 210! 465
Xt Protein disulfide isomerase (PDI) Datisca glomerata 2:107>* 474
X Serine carboxypeptidase family Arabidopsis thaliana 41077 495
X Ubiquitin family protein Arabidopsis thaliana 2,107 397
X U-box domain-containing protein Arabidopsis thaliana 510778 386
x* Vacuolar processing enzyme precursor (VPE) Citrus sinensis 11077 526

Continued
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TaBLE 5. Continued
Class* Functional annotation Species e-value Size (bp)
X* Calmodulin-binding family protein Arabidopsis thaliana 8-107%¢ 619
X GTP binding protein Lycopersicon esculentum 81077 380
X MAP kinase Oryza sativa 0-001 466
X Phosphatase 2A Oryza sativa 110748 355
X Protein kinase family protein Arabidopsis thaliana 3.107% 376
X Receptor kinase Solanum tuberosum 21073 360
Xar'# 14-3-3-like protein Populus x canescens 310778 464
XII Beta-1,3-glucanase Arabidopsis thaliana 1107 423
XII Cysteine-rich protein Homo sapiens 2.107* 307
XII Glycine-rich protein Arabidopsis thaliana 31077 319
XII Lipid transfer protein (LTP) Arabidopsis thaliana 2.107% 493
XII Lipoxygenase Fragaria x ananassa 9.107%° 431
XII Peroxidase Gossypium hirsutum 21077 501
XILA Apoptosis inhibitor Arabidopsis thaliana 11071 275
XILA* Ascorbate peroxidase Arabidopsis thaliana 6-10~* 191
XILA* Avr9/Cf-9 protein Nicotiana tabacum 4.107"2 412
XILA Bax inhibitor Brassica napus 41073 412
XILA Disease resistance-responsive protein Arabidopsis thaliana 2.107% 509
XILA Glutathione peroxidase Hevea brasiliensis 7.107% 524
XILA Glutathione S-transferase Glycine max 2:107%8 715
XILA HSR2037 like protein Capsicum chinense 610! 334
XILA Lectin Cicer arietinum 7-107'¢ 457
XILA* Leucine-rich repeat family protein Arabidopsis thaliana 2.107%8 734
XILA MLO-like protein 1 Arabidopsis thaliana 3107 415
XILA Pathogenesis-related protein 1 Vitis vinifera 4.107% 474
XILA SCOA Lycopersicon esculentum 7-107% 236
XILA Selenium-binding protein Medicago sativa 2.107% 275
XILA Snakin Solanum tuberosum 2:107° 321
XILA™ Superoxide dismutase Fagus sylvatica 4107 372
XIL.B ABA-responsive family protein Arabidopsis thaliana 4.107" 264
XII.B Auxin-responsive family protein Arabidopsis thaliana 2.107% 486
XII.B Brassinosteroid signalling positive regulator Arabidopsis thaliana 11071 250
XII.B Ethylene-responsive element binding protein Gossypium hirsutum 71077 355
XIL.B Jasmonic acid 2 Lycopersicon esculentum 8-107'° 427
XII.B Patatin Arabidopsis thaliana 5.107% 485
XII.B Senescence-associated protein Arabidopsis thaliana 9.107% 441
XIL.B Syringolide-induced protein Glycine max 210 244
XIL.B Thaumatin Vitis riparia 11078 391

* The class numbers correspond to those described in Fig. 3 and in Journet et al. (2002).

i Homologous to sequence from Jones et al. (2002).
* Homologous to sequence from Verica er al. (2004).

from this library was of fungal, not cacao, origin. Therefore,
the proportion of fungal ESTs in the present libraries was
estimated. Only two sequences from the SP library (suscep-
tible cacao—M. perniciosa interaction) demonstrated a high
probability of corresponding to M. perniciosa genes, which
represents only 0-16 % of the SP sequence set, less than the
proportion of ESTs of fungal origin (0-7-9 %) observed in
a similar analysis from citrus—Phytophthora interaction
(Forment et al., 2005). These data suggest that only a
small fraction of the sequences obtained from the pathogen-
challenged libraries were derived from the pathogen. In the
case of the cacao—M. perniciosa interaction, biochemical
and histological analysis had already shown the presence
of only few fungal hyphae in stages preceding plant
tissue necrosis, with massive fungal invasion of the plant
tissues occurring mainly after the death of the broom
(Penman er al., 2000; Ceita, 2004; Ceita et al., 2007).
Because the present RNA preparation proceeded from
tissues harvested from the plant inoculation to the more

drastic symptoms, the fungal RNA was highly diluted and
corresponding ESTs poorly represented in the SP library.
To refine the detection of M. perniciosa sequences within
the SP pathogen-challenged library, other methods, such
as the automatic codon usage determination, could be
used (Ronning et al., 2003).

By examining sequences to the total unigene, it was poss-
ible to identify 113 genes related to plant—pathogen inter-
action, on which an in silico analysis of gene expression
was developed based on the R statistic (Stekel et al.,
2000). The significant R statistic was R > 1.92 (999 %
true positive rate) and allowed the detection of nine moder-
ately to highly differentially represented genes.
Interestingly, these nine sequences belonged to only three
functional categories: cytoskeleton, protein synthesis and
processing, and defence and cell rescue. Moreover, six of
them also belonged to the most abundant sequence list,
pointing out their probable importance to the physiological
mechanisms occurring during the cacao—M. perniciosa
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interactions: plant resistance in the RT plants (Silva et al.,
2002) and necrosis process in the SP ones (Ceita, 2004;
Ceita et al., 2007). Particular attention was given to genes
related to these two distinct physiological processes.

Various genes involved in the resistance process were
encountered (e.g. PR proteins, selenium-binding protein,
disease resistant-responsive protein) and some of them,
such as the trypsin inhibitor and the PR4b genes, were
more represented in the RT library. In the case of the
PR4b, the in silico analysis was confirmed by sqRT-PCR
(semi-quantitative RT-PCR) experiment: the PR4b
expression decreased in susceptible inoculated (SI) plants
from 0 DAI to 30 DAI and increased in resistant inoculated
(RI) plants in the same time course, with a global
expression much higher in RI plants than in SI ones (data
not shown). It has been shown that trypsin inhibitors pre-
sented anti-fungal activity by inhibiting trypsin-like pro-
tease from various fungi such as Botrytis cinerea (Chilosi
et al., 2000), Aspergillus flavus and Fusarium moniliforme
(Chen et al., 1999). In the case of the PR4 protein, different
roles have been assigned to this protein sub-family: ribonu-
clease activity for the PR4 from wheat (Caporale et al.,
2004) and chitinase activity for the PR4 from carrot
(Kragh et al., 1996; van Loon et al., 2006). In both cases,
the demonstrated activity allowed the fungus growth inhi-
bition. A super-expression of these genes in a heterologous
system may allow the development of biocontrol methods
against the witches’ broom disease. More generally, these
two genes may constitute a base for more thorough
functional studies related to resistance of cacao to
M. perniciosa.

The presence of apoptosis and oxidative burst-related
genes (apoptosis inhibitor, senescence associated protein,
gene related to oxidative burst) strengthens the hypothesis
that the susceptible cacao—M. perniciosa interaction
involves a programmed cell death process initially occur-
ring in the plant as a defence mechanism which then is
diverted by the fungus for its own profit, allowing its spor-
ulation and further propagation (Ceita, 2004; Ceita et al.,
2007). Ceita et al. (2007) suggest that oxalate oxidase and
ascorbate peroxidase genes play a crucial role in the pro-
duction of reactive oxygen species and programmed cell
death processes by degrading calcium oxalate crystals and
producing H,O,. Other genes related to the process of pro-
grammed cell death were also found in the cacao—
M. perniciosa libraries, such as those encoding protease,
in particular plant vacuolar protease (Hatsugai er al.,
2004), metallothionein (Mir et al., 2004) and ankyrin-repeat
protein (Dong, 2004). One of the metallothionein genes
(homologous to the one of Petunia x hybrida; Table 3)
showed, by sqRT-PCR analysis, a constant expression in
SI plants. In the RI plants, the expression of this metal-
lothionein gene slightly increased from O to 60 DAI, even
if the global expression in resistant plants remained less
than the one observed in susceptible plants (data not
shown), as expected in the in silico analysis. Ankyrin
contigs were found in the list of the ten most represented
genes as well as in the list of the genes more represented
in the SP library. Moreover, the PRI0O gene whose
expression is observed only at 60 DAI in SI plants,
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confirming the differential expression — higher expression
in SI than in RI plants and null expression in RT — obtained
by in silico analysis (data not shown), also constitutes a
good target for disease mechanism studies because of its
function of RNase which could be related to plant
defence or to plant RNA degradation in the process of
necrosis (Bantignies et al., 2000; Park et al., 2004).
Interestingly, the ribonuclease activity of the PR10 family
proteins are not considered as being related to the action
mechanism of the PR4 previously described (Caporale
et al., 2004). It may be supposed that these two kinds of
RNase play distinct roles in the resistant and susceptible
mechanism of the cacao—M. perniciosa interactions.

Moreover, subsets of the 113 genes had similarity to
genes implicated in pathogen detection (Avr9/Cf9 protein,
receptor kinase), signal transduction (MAP kinase,
calmodulin-binding protein) and gene regulation events
(transcription factors). Genes involved in the synthesis
pathway of molecules such as alkaloids and tannins were
also found in the total unigene, such as caffeine synthase,
caffeic acid 3-O-methyltransferase, chalcone syntase, flavo-
nol synthase, flavanone-3-hydroxylase (data not shown),
which may be correlated with the alteration of the content
of caffeine and tannins (higher in infected plant than in
uninfected ones) as observed by Scarpari et al. (2005).
Some of the genes encountered hybridized the same
cacao BAC (bacterial artificial chromosome) clones
(Clement et al., 2004) as observed for the senescence
associated protein, calmoduline, PR1, PR10, ABC transpor-
ter and auxin repressor genes (data not shown) suggesting a
possible organization in clusters as observed in other plant
genomes (Gebhart and Valkonen, 2001). Finally, it is
important to note that some other genes — with function
not related to plant—pathogen interaction, genes of
unknown function, or genes without homology — may
also be differentially represented and may play a role in
the cacao—M. perniciosa interaction, although not analysed
here (Rudd, 2003).

Based on the great amount of genes identified in the
present study, a large-scale analysis of the expression of
candidate genes should be investigated. The development
of array technology should allow rapid progress for moni-
toring changes of gene expression in cacao plants during
plant—pathogen interaction. Moreover, because both the
RT and SP libraries used in this study were constructed
from RNA isolated from multiple time points of the inter-
action with the pathogen, array experiments will allow
assessing temporal expression of these genes in the infec-
tion process by the use of probes from individual RNA.

In conclusion, the ESTs generated in this study provide a
good tool for more studies to understand the resistant and
susceptible interactions of 7. cacao and M. perniciosa. It
has been shown that oxalate oxidase and ascorbate peroxi-
dase genes participated to the susceptibility process (Ceita
et al., 2007), but other genes are under investigation and
may contribute to understanding the mechanisms of
fungus transition from biotrophic to necrotrophic phase
and to relate them to biochemical changes occurring in
the green broom (Scarpari et al. 2005) or to in vitro obser-
vations (Meinhardt et al., 2006). Even if few fungus genes
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were found in the present libraries, one of them, the 25-kDa
protein  elicitor also called NEP (necrosis and
ethylene-inducing proteins), was more thoroughly studied
and has been shown to be able to induce necrosis and ethyl-
ene emission in tobacco and cacao leaves (Garcia et al.,
2007). Moreover, some of the genes detected may be
used to develop strategies to control witches’ broom
disease, such as chitinases, glucanases or PR proteins
with RNase activity. The sequences may also be a source
of single nucleotide polymorphism or simple sequence
repeats for molecular marker development. A reference
molecular genetic linkage map of cacao is available
(Pugh et al., 2004) allowing the mapping and possible
co-localization of candidate genes with QTLs associated
with witches’ broom resistance. This will also provide
important information about their role in the defence mech-
anisms and provide a new source of markers for marker-
assisted selection in the development of new cacao varieties
with durable resistance to witches’ broom disease.
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