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Abstract In this study, we report results of the detection
and analysis of SSR markers derived of cacao—Monilioph-
thora perniciosa expressed sequence tags (ESTs) in relation
to cacao resistance to witches’ broom disease (WBD), and
we compare the polymorphism of those ESTs (EST-simple
sequence repeat (SSR)) with classical neutral SSR markers.
A total of 3,487 ESTs was used in this investigation. SSRs
were identified in 430 sequences: 277 from the resistant
genotype TSH 1188 and 153 from the susceptible one
Catongo, totalizing 505 EST-SSRs with three types of
motifs: dinucleotides (72.1%), trinucleotides (27.3%), and
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tetranucleotides (0.6%). EST-SSRs were classified into 16
main categories; most of the EST-SSRs belonged to
“Unknown function” and “No homology” categories
(45.82%). A high frequency of SSRs was found in the
5’UTR and in the ORF (about 27%) and a low frequency
was observed in the 3’'UTR (about 8%). Forty-nine EST-
SSR primers were designed and evaluated in 21 cacao
accessions, 12 revealed polymorphism, having 47 alleles in
total, with an average of 3.92 alleles per locus. On the other
hand, the 11 genomic SSR markers revealed a total of 47
alleles, with an average of 5.22 alleles per locus. The
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association of EST-SSR with the genomic SSR enhanced
the analysis of genetic distance among the genotypes.
Among the 12 polymorphic EST-SSR markers, two were
mapped on the F, Sca 6xICS 1 population reference for
WBD resistance.

Keywords Witches’ broom disease - Microsatellite -
Resistance - Genetic diversity

Abbreviations

AFLP  Amplified fragment length polymorphism
EST Expressed sequence tag

HWE  Hardy—Weinberg equilibrium

LD Linkage disequilibrium
LG Linkage group

MAS  Marker-assisted selection
ORF Open reading frame
PCA Principal component analysis

PIC Polymorphic information content

QTL  Quantitative trait locus

RAPD Random amplified polymorphic DNA
RFLP  Restriction fragment length polymorphism
Sca 6  Scavina 6

SD Standard deviation

SNP Single nucleotide polymorphism

SSR Simple sequence repeats

TSH Trinidad selected hybrid

UTR  Untranslated region, WBD, witches’ broom disease
WBD  Witches’ broom disease

Introduction

Cacao (Theobroma cacao L.) 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, essentially for its flavor
properties. Unfortunately, the cacao production is threatened
by many pathogens such as Moniliophthora (Crinipellis)
perniciosa (Stahel) Aime and Phillips-Mora (2005), the
causal agent of the witches’ broom disease (WBD) which
has spread throughout Brazil, destroying cacao plantations
and leading to important economical and social changes in
affected areas (Trevizan and da Silva 1995; Luz et al. 2005).
The main strategy for WBD control is the use of resistant
varieties, and the major source of resistance is the Peruvian
clones Scavinas (Pound 1938 and 1943). However, the
fungus is adapting to this source (Rios-Ruiz 2001; Pires
2003; Albuquerque 2006; Paim 2006). Therefore, selection
of new sources of resistance and accumulation of genes
(pyramiding) in varieties became the priority of cacao
breeding programs in producing countries.

@ Springer

With advancements in molecular marker technology,
marker-assisted selection combined with conventional
breeding has been one way in which the cacao resistance
to WBD can be improved. To date, many types of DNA
markers, including restriction fragment length polymor-
phisms, random amplified polymorphic DNAs, amplified
fragment length polymorphisms, simple sequence repeats
(SSR), and single nucleotide polymorphisms have been
developed for cacao research (N'Goran et al., 1994; Lanaud
et al. 1999; Flament et al. 2001; Motamayor et al. 2002,
2003; Clement et al. 2003; Borrone et al. 2004; Pugh et al.
2004; Borrone et al. 2007). However, only recently markers
related to express genomic regions associated to WBD
resistance have been developed (Lima et al. 2008). But,
more markers are still needed for saturating the existing
genetic maps and for marker-assisted breeding and germ-
plasm collection management (Flament et al. 2001; Pugh et
al. 2004).

Microsatellites (SSRs) consist of a variable number of
tandem repeats of a simple motif sequence, typically a
mono-, di-, tri-, or tetranucleotide repeat. Polymorphisms
are detected by polymerase chain reaction (PCR) amplifi-
cation with specific flanking primers and subsequent size
sieving in agarose or denaturing polyacrylamide gels. SSR
markers are the most favored for a variety of applications in
plant genetics and breeding because of their multi-allelic
nature, reproducibility, codominant inheritance, high abun-
dance, and extensive genome coverage (Gupta and Varshney
2000). Recent studies have revealed that gene transcripts can
also contain repeat motifs and the abundance of expressed
sequence tags (ESTs) constitutes an attractive source of SSR
markers (Kantety et al. 2002). Most of the microsatellites
developed from ESTs, popularly known as EST-SSRs or
genic SSRs, represent functional markers as a “putative
function,” which can be identified either by database search
or by in silico approaches. Furthermore, EST-SSR markers
are expected to possess high interspecific transferability as
they belong to relatively conserved genic regions of the
genome. With the increase of functional genomic studies,
large datasets of ESTs have been developed, and by using
bioinformatic tools it is possible to identify and develop
EST-SSR markers at a large scale in a time and cost-effective
manner (Han et al. 2006; Aggarwal et al. 2007).

In the last few years, breeders around the world have
used genomic information to identify resistance genes to
WDB in cacao. EST elicited with the pathogen M.
perniciosa (Gesteira et al. 2007; Leal et al. 2007; Argout
et al. 2008) and with non-biotic agents (Jones et al. 2002;
Verica et al. 2004) have been obtained and analyzed. These
ESTs constitute a potential source of new genes related to
WBD resistance in cacao, as well as of non-neutral
polymorphism (e.g., polymorphism occurring in or in
vicinity of the coding sequence and directly related to its
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function). We report here results on: (a) the detection and
analysis of SSR markers on cacao-M. perniciosa ESTs; (b)
the characterization of polymorphism SSRs for the cacao
genotypes in relation to resistance to WBD; (c) the
comparison of the polymorphism level in genic (ESTs)
and genomic DNA using EST-SSR and classic neutral SSR
markers, respectively.

Material and methods
Plant material

Cacao (T cacao L.) genotypes used for EST-SSR validation
were selected to include non-related Scavina genotypes
aimed at the possibility of pyramiding resistance genes in
future breeding programs. Based on the available informa-
tion, they also correspond to different cacao genetic groups
(Pires 2003). Twenty-three genetically distinct cacao gen-
otypes, being 20 resistant clones from different origins and
showing resistance in the field and in greenhouse (Table 1),
one susceptible and two bulked DNA generated from six
resistant and six susceptible plants from a segregating F,
Sca 6xICS I(Faleiro et al. 2006) population for WDB
resistance were used. This same F, population was used to
carry out the genetic segregation of the polymorphic alleles
from Sca 6 and ICS 1 and positioned in the map the
corresponding EST-SSR markers.

EST sequencing

In this study, 3,487 EST sequences from cacao—M.
perniciosa interaction obtained from functional study
projects from the Cacao Research Center (CEPEC-BA,
Brazil; CNPq research grant no. 471274/2006-2) and the
Universidade Estadual de Santa Cruz (UESC, Brazil;
Gesteira et al. 2007) were used. Briefly, these ESTs were
obtained from cacao pods of TSH 1188 (resistant genotype)
and from cacao meristems of Catongo (susceptible geno-
type) and TSH 1188, all elicited with M. perniciosa. In the
preparatory step, for each EST 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 and considered for further analysis. Finally, the
redundancy was eliminated by contig assembling with
CAP3 (Huang and Madan 1999) and the codon distribution
was obtained from the remaining sequence pool.

Table 1 Cacao genotypes used for the diversity study related to
resistance to witches’ broom disease

Clone number Genotype Origin

1 RO1 Peru

2 RO2 Peru

3 RO3 Trinidad
4 RO4 Peru

5 RO5 Ecuador
6 RO6 Brazil

7 RO7 Ecuador

8 RO8 French Guiana
9 RO9 Ecuador
10 R10 Brazil

11 R11 Ecuador
12 R12 Brazil

13 R13 Venezuela
14 R14 Ecuador
15 R15 Trinidad
16 R16 Nd

17 R17 Trinidad
18 R18 Colombia
19 R19 Brazil

20 Sca 6° Peru

21 Catongo® Brazil

Genotypes were chosen according to genetic differences and other
characteristics such as resistance in the field or in greenhouse under
natural or controlled conditions of cacao inoculation with M.
perniciosa (Pires 2003)

nd non-determined
 Standard source of resistance

b Susceptible genotype

Putative sequence function analysis

For putative function determination and annotation, EST
sequences were compared with the public sequence database
(http://www.ncbi.nih.gov/BLAST/) using BLASTX and
TBLASTX. Alignments showing similarity with an expected
value <1.10™* were considered significant. Additional infor-
mation about the putative function of the ESTs was obtained
using the ProDom (Corpet et al. 2000), the NRDL3D, and the
Pfam softwares. Also the GO software (http://www.geneon
tology.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 et al. (2002) and Gesteira et al. (2007).

EST-SSR identification and primer design

SSR marker identification was made on the cacao ESTs
using a PEARL and SAS software (SAS 1988). The criteria

@ Springer


http://www.ncbi.nih.gov/BLAST/
http://www.geneontology.org/
http://www.geneontology.org/

Tree Genetics & Genomes

adopted in the SSR search were repeated stretches having a
minimum of four repeat units. In our case, di-, tri-, and
tetranucleotide SSRs. Primer pairs for EST-SSRs were
designed using either Primer Design Report or PRIMER3
(http:/frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi;
Table 2). The polymorphism and genetic diversity EST-
SSR primers were compared to the 11 genomic DNA SSR
primers (Table 2) chosen from previously studies in
mapping studies (Lanaud et al. 1999; Faleiro et al. 2006).
These primers were chosen based on their relation with the
quantitative trait locus for WBD resistance localized in
chromosome 9.

Location of the EST-SSR in relation to the coding sequence
of the cDNA

Samples of ESTs containing SSRs were randomly chosen
for localization of the EST-SSR in relation to the coding
sequence of the cDNA. The open reading frame (ORF) was
determined using the ORF Finder program (http:/www.
ncbi.nlm.nih.gov/gorf/gorf.html) and the EST-SSR was
localized in relation to the ORF. Three locations were

Table 2 Theobroma cacao microsatellite primers (SSR): SSR type
sequences, GenBank accession number, and reference

possibly obtained: in the 5” untranslated region (5’UTR), in
the ORF, or in the 3’ untranslated region (3°’UTR). In some
cases, due to the EST sequence length or quality, it is not
possible to clearly determine the ORF and consequently the
location of the SSR in the cDNA.

DNA extraction, PCR amplification, and electrophoresis

Cacao genomic DNA was isolated from young leaves as
described by Doyle and Doyle (1990). PCR amplifications
were made on a Programmable Thermal Controller (MJ
Research, Inc.) under the following conditions: final volume
of 20 pl containing 30 ng of DNA, 0.2 mmol "' of each
primer, 2 mmol 1" of MgCl,, 0.2 mmol "' of each dNTP
(Ludwig Biotecnologia Ltda), 1x buffer, and 1 U of Tag
DNA Polymerase (Ludwig Biotecnologia Ltda). PCR quality
was checked on 1% TBE-BET agarose gel. Polymorphism
evaluation was made by electrophoresis on 6% denaturing
TBE acrylamide gel. Microsatellites polymorphisms were
visualized by silver staining method according to Creste et
al. (2001). The 10 bp molecular marker from Invitrogen was
used as a reference to score the bands.

(genomic or ESTs), locus identifier, forward (F) and reverse (R) primer

SSR type Marker Primer Sequence (5* — 3”)

analyzed
EST-SSR msEstTsh-1 ~ F: CACGAAGAAGTGGACGAT R
msEstTsh-2  F: ATTCCCTGCCCTCTTACG R
msEstTsh-3  F: CGGGGAATCTCACACATA R
msEstTsh-4  F: ATATCTCCACCACCACAG R
msEstTsh-5  F: ACGACTTTAGGAGCTGACC R
msEstTsh-6  F: ATGAATATTGTGGAGGAGGTT R
msEstTsh-7 F: GGAGCTGTTAGGAGAATGC R
msEstTsh-8  F: AACCCTTCATGAGACAATGA R
msEstTsh-9  F: CACTTTTGACACTTCAAGCA R
msEstTsh-10 F: ACCCCTCAATCTCACACATA R
msEstTsh-11  F: GGAGAAACACCTCTCATGTC R
msEstTsh-12° F: GTCACTCCTGCAAGGCTAT R
Genomic mTcCIR12  F :TCT GAC CCC AAA CCT GTA R:
SSR mTcCIR26  F: GCA TTC ATC AAT ACATTC R
mTeCIR30  F: TGAAGATCCTACTGTTGAG R
mTeCIR37  F: CTGGGTGCTGATAGATAA R
mTcCIR58  F: TTTTTGGTGATGGAACTAT R
mTcCIR157  F: ACTAATGCTGTTGGCTTC R
mTcCIR166  F: ATGAACCACTATGTAAGACC R
mTeCIR215  F: GCTTCAACTCCAAATCAC R
mTcCIR251  F: TCTATGGGATTTGATGAG R

: ATT CCA GTT AAA GCA CAT
: GCA CTC AAA GTT CAT ACT AC  Y16998

Accession  Reference

number
: CACATGGCTTGACTGGAA AMS851097 Lima et al. (2008)
: CCAGATGTGGATGCGGAT AMB851098 Lima et al. (2008)
: ATCCTGGTTGGTGAGCTA AMB851096 Lima et al. (2008)
: CCGGAGAATGTAGAACCT AMB851099 Lima et al. (2008)
: AACTTCAACACCAAGACCAT AMS851100 Lima et al. (2008)
: TAGCAGTGCTTACAGCTCAA AMS851101 Lima et al. (2008)
: AGACCAGGAAAGAAGAGTCC AMS851102 Lima et al. (2008)
: CAGTCCCTTCTCTTCTGTGA AMS851103 Lima et al. (2008)
: TCAAATCTTGACCCCATAAC AMB851104 Lima et al. (2008)
: GCTTGGCGCTCTTAGTATC AMS851105 Lima et al. (2008)
: CTTTCTTCAAAGAAGGAAACAT AMS851106 Lima et al. (2008)
: CAGATGGAAGAACGGATCTA -

Lanaud et al. (1999)
Lanaud et al. (1999)

Y 16986

: TGATAATAACTGCTTAGTGG AJ271823  Lanaud et al. (1999)
: AATACCCTCCACACAAAT AJ271942  Lanaud et al. (1999)
: TGGTTAAGCAACACTAAACT AJ271957  Lanaud et al. (1999)
: TCACTCGACTCGACTGTC AJ566488  Pugh et al. (2004)
: ATTCCAAAGGATTAGCAG AJ566495  Pugh et al. (2004)
: TAGCATCCCGTATTGTG - Pugh et al. (2004)
: AGATACAGCAGGAACACA AJ566572  Pugh et al. (2004)

Validated in this paper
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Statistical analysis

The cacao genotypes used in this study were treated as
a single population. The amplified SSR DNA bands
representing different alleles were scored at different
genotypes. A principal component analysis, conducted
on the allele frequency data, the average observed allele
number, observed heterozygosity (Hp), expected hetero-
zygosity (Hg), and total heterozygosity (Ht) were deter-
mined with the GENETIX software (Ver. 4.05.2; Belkhir
et al. 1999), Hardy—Weinberg equilibrium (HWE), and
linkage disequilibrium were assessed through exact tests,
by using the program FSTAT version 2.9.3.2 (Goudet
2002). Polymorphic information content (PIC) was
obtained for each locus according to Anderson et al.
(1993). Comparison of the allele number averages and
PIC averages from EST-SSR and genomic SSR were
obtained by Student’s ¢ test using the SPSS program
v.10.

Genetic mapping

The genetic mapping of the SSR-EST markers was carried
on a genetic linkage map of 136 individuals in the F, Sca
6xICS 1 population (Faleiro et al. 2006) using the
JoinMap. 4 software (Van Ooijen 2006).

Results

Characteristics of EST-SSR derived from cacao—M.
perniciosa interaction

A total of 3,487 ESTs of cacao—M. perniciosa interaction
was used in this investigation to screen for SSR markers.
We detected 430 sequences, 277 from TSH 1188 and 153
from Catongo containing one or several SSRs (Electronic
supplementary material). Sixty-five ESTs contained more
than one SSR, and a total of 505 EST-SSRs were
identified (Table 3). Among the 505 EST-SSRs identi-
fied, three types of motifs were found: dinucleotides
(72.08%), trinucleotides (27.33%), and tetranucleotides
(0.59%) (Fig. 1la). The motifs were found with a
minimum of four and a maximum of 15 repeats (Fig. 1
and Table 3). The most frequent numbers of repeats were
four (67.92%), five (13.07%), and six (7.52%) (Fig. 1b
and Table 3). The other numbers of repeats (seven to 15)
were found in low frequency from 0.20% to 3.56%
(Fig. 1b). Among the EST-SSRs identified, 58.21%
correspond to AG (18.61%), CT (16.83%), TC (12.87%),
and AT (9.9%) repeats (Table 3). The other 47 repeat
motifs were found with a total frequency of 41.79%
(Table 3).

Putative function of ESTs containing SSR

To explore the potential utility of the EST-SSR markers in
research of cacao structural genomes, the 505 ESTs
containing SSR were compared to the Genbank database
and classified into 16 main categories (Fig. 2). Most of the
EST-SSRs were placed in the “Unknown function” and “No
homology” categories (45.82%). Also, 15.12% of the EST-
SSRs were found in “Protein synthesis and processing,”
6.74% in “Primary metabolism,” 5.81% in “Abiotic stimuli
and development,” 5.58% in “Gene expression and RNA
metabolism,” and 4.88% in “Signal transduction and post-
translational regulation.” The remaining 16.05% EST-SSRs
were dispatched in nine other categories (Fig. 2). Genes
with important biological function potentially related to
cacao resistance/susceptibility to WBD, and containing
SSRs, were identified such as bZip transcription factor
(Verica et al. 2004), caffeine synthase (Jones et al. 2002),
ABC transporter (Smart and Fleming 1996), pathogenesis-
related protein (Coram and Pang 2005), thaumatin (Cheong
et al. 2002), and AVRY/Cf-9 rapidly elicited protein
(Romeis et al. 1999; Electronic supplementary material).

Location of the SSR in relation to the coding sequence
of the ESTs

The position of each EST-SSR was obtained in relation to the
ORF of the corresponding cDNA (Fig. 3). Analyzing all the
EST-SSRs, we observed that their distribution pattern in
cDNAs was quite similar between the three libraries
(Fig. 3a). A high frequency of SSRs was found in the
5’UTR and in the ORF (about 27% each) and a low
frequency was observed in the 3’UTR (about 8%). About
35% of the SSRs were not precisely located in relation to
the ORF. Analyzing the location of the 12 polymorphic
EST-SSRs (see “Results” section below and Table 5), the
highest EST-SSR frequency was observed in the ORF
(36.4%), in the S’UTR (18.2%) and in the 3’UTR (9.1%)
(Fig. 3b). For 36.4% of the EST-SSRs, no successful
location in the cDNA was obtained (Fig. 3b).

Primer validation and detection of polymorphism

A total of 49 designed primer pairs was used for the genetic
validation of the EST-SSR markers, being seven sequences
of the susceptible genotype (Catongo) and 42 sequences of
the resistant genotype (TSH 1188; Table 4). Thirty-two
EST-SSRs were obtained from pod sequences and 17 EST-
SSRs from the meristem sequences. Only EST-SSRs with
four to 14 repeats were considered (Table 4).

These EST-SSRs developed were compared with ge-
nomic SSRs to verify the effectiveness of those two types
of markers in 21 cacao accessions. The analysis using 12
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Table 3 Frequency of different SSR types identified in 430 expressed sequence tag of the interaction cacao—M. perniciosa ESTs

Repeat motif Number of repeat units

Total repeats

Frequency (%)

4 5 6 7 8 10 11 12 13 14 15
AG 74 4 7 - - - 4 2 - 2 - 94 18.61
cT 64 7 4 - 2 2 - 1 - - 1 85 16.83
TC 33 14 5 5 5 1 1 - 1 - - 65 12.87
AT 32 10 3 2 1 - - - - - - 50 9.90
TA 19 4 1 - 1 - 1 - - - - 26 5.15
AGA 5 4 3 5 - - - - - - - 17 337
GA 5 4 2 1 1 1 - - 2 - - 17 337
GAA 12 1 - - - - - - - - - 13 257
GAT 9 - 1 - - - - - - - - 10 1.98
TG 9 - - - 1 - - - - - - 10 1.98
TCT 7 1 1 - - - - - - - - 9 1.78
CTG 6 - 1 1 - - - - - - - 8 1.58
AC 7 - - - - - - - - - - 7 1.39
ACC 2 - 4 - - - - - - - - 6 1.19
AGC 5 1 - - - - - - - - - 6 1.19
ATA 1 1 1 2 - - - - - - - 5 0.99
CTT 2 1 - 1 1 - - - - - - 5 0.99
GT 5 - - - - - - - - - - 5 0.99
ATC 2 - 2 - - - - - - - - 4 0.79
CTC 2 2 - - - - - - - - - 4 0.79
GAG 1 3 - - - - - - - - - 4 0.79
TGC 3 - - 1 - - - - - - - 4 0.79
AGG 1 2 - - - - - - - - - 3 0.59
CA 2 1 - - - - - - - - - 3 0.59
CAA 3 - - - - - - - - - - 3 0.59
GCT 3 - - - - - - - - - - 3 0.59
TAA 3 - - - - - - - - - - 3 0.59
TCC 1 2 - - - - - - - - - 3 0.59
ACA 2 - - - - - - - - - - 2 0.40
ACG 1 1 - - - - - - - - - 2 0.40
CAC 2 - - - - - - - - - - 2 0.40
CG 2 - - - - - - - - - - 2 0.40
GTT 2 - - - - - - - - - 2 0.40
TAC 1 - - - - 1 - - - - - 2 0.40
TAG 2 - - - - - - - - - - 2 0.40
TCA 2 - - - - - - - - - - 2 0.40
TGA 2 - - - - - - - - - - 2 0.40
TGG 1 1 - - - - - - - - - 2 0.40
AGAA 1 - - - - - - - - - - 1 0.20
ATGT 1 - - - - - - - - - - 1 0.20
ATT - 1 - - - - - - - - - 1 0.20
CAG 1 - - - - - - - - - - 1 0.20
CAT - 1 - - - - - - - - - 1 0.20
CGA - - 1 - - - - - - - - 1 0.20
CcGC 1 - - - - - - - - - - 1 0.20
CGG 1 - - - - - - - - - - 1 0.20
GAAA 1 - - - - - - - - - - 1 0.20
GAC 1 - - - - - - - - - - 1 0.20
GTG - - 1 - - - - - - - - 1 0.20
TAT 1 - - - - - - - - - - 1 0.20
TGT - - 1 - - - - - - - - 1 0.20
Total 343 66 38 18 12 5 6 3 3 2 1 505 100
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EST-SSR loci revealed 100% polymorphism and a total of
47 alleles. The number of alleles per locus ranged from two
to six, with an average of 3.92 alleles per locus (Table 5).
The Hp varied among loci from 0 to 0.67, with an average
of 0.30, and Hg varied among loci from 0.05 to 0.70, with
an average of 0.49. All loci showed a significant deviation
from HWE and were independent after Bonferroni correc-
tion for multiple tests. The 12 polymorphic EST-SSR
markers revealed allelic diversity with PIC values ranging
from 0.05 to 0.71 (mean 0.49; Table 5).

In comparison with EST-SSRs, the 11 genomic SSR
markers revealed 82% polymorphism (only nine were
polymorphic), revealing a total of 47 alleles. The number
of alleles per locus ranged from three to eight, with an
average of 5.22 alleles per locus (Table 5). The Ho varied
between loci from 0.15 to 0.78, with an average of 0.44.
The Hg varied between loci from 0.2 to 0.8, with an
average of 0.61. All loci showed a significant deviation

Fig. 2 Distribution of the 592
ESTs containing SSRs into
functional classes. The 16 broad

I. Cell wall structure and metabolism

from HWE and were independent after Boferroni correction
for multiple tests. The nine polymorphic genomic SSR
markers showed allelic diversity with PIC values ranging
from 0.2 to 0.8 (average 0.62; Table 5). Although, in terms
of allelic diversity and based on a ¢ test, there was no
significant difference either in the allele number or PIC
between the tested SSR types (ESTs vs. genomic; Table 5).
The association of EST-SSR with the genomic SSR
enhanced the analysis of genetic distance among the
genotypes thereby showing a tendency for clusterization
according to the origin of the genotypes (Fig. 4).

Genetic mapping of the EST-SSRs

Among the 12 polymorphic EST-SSR markers mentioned in
the Table 5, only two could be mapped on the 136 individuals
of the F, Sca 6 xICS 1: the SSR msEstTsh-6 and msEstTsh-
12 were positioned in the linkage group 2 (LG 2; Fig. 5).

Il. Cytoskeleton

categories that were used for
classification during the
semi-automatic annotation are
indicated, as well as the number
of corresponding sequences (in
percent). Only one class was
assigned to each sequence

il. Membrane transport

IV. Vesicule trafficking, secretion and protein sorting
V. Primary metabolism

VI. Secondary metabolism and hormone metabolism
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tion and post-tr lation.
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XII.B. Abiotic stimuli and development
XI.C. Unknown function

Xlil. No homology
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Discussion (di-, tri-, and tetranucleotides) was four, whereas in others

As demonstrated in various plant species, EST sequences
could be a very good source of SSR markers (Varshney et
al. 2005), therefore could be related to agronomically
important traits. In order to improve the number of
microsatellite markers on cacao and to map non-
anonymous loci, we investigated SSRs present in cacao—
M. perniciosa interaction ESTs. SSRs were detected in
12.33% of the ESTs analyzed. Lower frequency of SSRs in
ESTs have been reported in other crops (4.7% in rice and
1.5% in maize, Kantety et al. 2002; 7.5% in wheat, Nicot et
al. 2004; 7.15% in cotton, Han et al. 2006), whereas other
published SSR analysis showed higher frequency, such as
18.5% (Aggarwal et al. 2007). The frequency of SSRs
found in the present study for cacao—M. perniciosa ESTs
appeared as highly abundant. This difference of our results
and most published results may be attributed to the SSR
search criterion that in our study was defined minimum size
of the SSR as 8 bp (e.g., AT,) while in other studies usually
minimum sizes of 10 to 12 bp were adopted (Sanwen et al.
2000; Nicot et al. 2004).

In this study the highest proportion of EST-SSRs
identified was dinucleotides (75.6%) followed by trinucleo-
tides (22.6%), in contrast with the majority of studies which
report trinucleotides as the most abundant class of SSRs in
ESTs in plants (Kantety et al. 2002; Nicot et al. 2004). Our
results, however, are in agreement with recent studies in
coffee (Aggarwal et al. 2007), Actinidia (Fraser et al. 2004)
and Picea species (Rungis et al. 2004), in which dinucleo-
tides were found to be the most abundant class of EST-
SSRs. As supported by other authors (Varshney et al. 2005;
Aggarwal et al. 2007), this difference is probably due to the
search criteria used for EST mining, which affect the
relative estimates of frequency of EST-SSRs. In fact, in our
study, as well as in the Aggarwal et al. (2007) the minimum
number of repeat units considered for all types of SSR
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the minimum number of repeat units for SSR identification
was higher (six to dinucleotides and five to tri- and
tetranucleotides). When we apply the same criteria when
mining our ESTs, we obtain almost the same abundance for
the di- and trinucleotides (58.5% and 41.5%, respectively),
reducing drastically the frequency difference between these
two SSR categories (data not shown).

SSRs were found in all functional categories of ESTs;
some categories containing more SSRs than others (Fig. 2).
The percent of SSRs present in each category is directly
related to the class size as described by Gesteira et al.
(2007) and Zaidan et al. (2005). In Gesteira et al. (2007) the
most prevailed categories were “No homology” (23.9%),
“Unknown function” (22.9%), “Protein synthesis and
processing” (12.1%), and “Primary metabolism” (11.1%),
which is in accordance with our results. The other
categories also followed the same corresponding pattern
between EST and SSR number. Because the studied EST
libraries contained 1,357,131 bp (data not shown), the
number of SSR/bp detected in this study corresponded to
3.7x10*. The EST-SSRs were found in the coding
sequence as well as in the UTR regions (Fig. 3a).
Interestingly, a similar number of SSRs was observed in
the ORF and in the 5’UTR, while the 3’UTR presented a
smaller number of detected markers. The difference of SSR
number between the two UTR regions may be related to a
longer 5’UTR sequence due to the directional sequencing
made from the 5’end for all the ESTs to avoid the polyA
tail sequencing (Gesteira et al. 2007). In these conditions,
the 5’UTR was systematically sequenced, while the 3’'UTR
either partially or not sequenced depending of the ORF
length and sequencing capacities. The high frequency of
EST-SSRs (including the polymorphic ones; Fig. 3b) in
ORFs was unexpected and contradicted some works
showing that the UTRs have a higher frequency of SSRs
than the rest of the genome (Morgante et al. 2002; Feingold
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Table 4 ESTs and corresponding SSRs chosen for primer design. CAT: Catongo; P: pod; M: meristem; TSH: TSH 1188

Genotype Organ Functional annotation of the EST-SSR EST size (bp) Repeat motif (number of repeat)
CAT M ADP-ribosylation factor 368 TC(10)

CAT M High-glycine tyrosine keratin-like protein 399 CT(9)

CAT M Late embryogenesis abundant protein Lea5-D 698 AT(9)

CAT M Latex profilin 516 AGA(7)

CAT M Ubiquitin conjugating protein 439 GA(13)

CAT M Unknown protein 267 GA(10)

CAT M Unknown protein 509 AG(11)

TSH M ABC transporter 420 CTT(4)

TSH M Casein kinase 330 TAC(10)

TSH M Hypothetical protein 802 CT(10)

TSH M Hypothetical protein 709 CGA(6)

TSH M Rat TTF-1 mRNA for thyroid nuclear factor 1 453 CTT(7)-CTG(4)
TSH M Unknown function 457 TC(13)

TSH M Unknown function 421 AGA(7)

TSH M Unknown protein 405 TGC(7)

TSH M Unknown protein 497 ACC(6)

TSH M Zinc finger (C3HC4-type RING finger) family protein 215 GAT(6)

TSH P 26 S proteasome regulatory subunit SS5A 438 CT4)

TSH P ATP-dependent clp protease ATP 489 AG#)

TSH P Bzip transcription factor ATB2 803 CT(4)N(7)CT(4)
TSH P Caffeine synthase 415 GA(4)-AT(7)*
TSH P Calmodulin-binding family protein 507 CTG(4)

TSH P Copper chaperone (CCH)-related 494 GAAA@4)

TSH P DNA polymerase-related 388 AT(9)

TSH P Double-stranded DNA-binding family protein 449 CT(4)-TGA(4)*
TSH P Drought responsive family protein 428 CT(4) N(5) TC(4)
TSH P Expressed protein 410 TA(5)-AC(4)
TSH P Expressed protein 373 CT(9)

TSH P Expressed protein 494 CTG(4) N(5)CTG(7)
TSH P Glutaredoxin family protein 427 TCT(4)

TSH P GTP-binding nuclear protein RAN1 521 CT4)

TSH P Methionyl aminopeptidase 449 AT(5)

TSH P Peroxiredoxin 575 TC(4)

TSH P Polyphenol oxidase 696 CT(4)

TSH P Profilin 1 560 AGA(7)

TSH P Proline rich protein 790 TGG(5)

TSH P Protein F2D10.18 786 CT(9)

TSH P Rac GDP dissociation Inhibitor 323 TC(4)

TSH P Ring box protein related 352 AG(4)

TSH P Transformer serine/arginine-rich ribonucleoprotein 378 AG(4)

TSH P Translationally controlled tumor protein homolog (TCTP) 467 CT(4)

TSH P Translationally controlled tumor protein homolog (TCTP) 430 AT(4)

TSH P Universal stress protein (USP) family protein 544 AG(14)*

TSH P Zinc finger (AN1-like) family protein 325 TC(7)

TSH P Zinc Finger (C3HC4 type ring finger) 459 TC(4)

TSH P Zinc finger (C3HC4) 459 CAT(5)

#Two primer pairs were designed
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Fig. 4 Analysis of genetic distance among 21 cacao genotypes
revealed by EST-SSRs the genomic SSRs. a Genetic distance revealed
for genomic SSRs. b Genetic distance revealed for EST-SSRs. ¢
Genetic distance revealed for combination de EST-SSRs and genomic
SSRs. Individuals from the high Amazon and from the low Amazon
are indicated in black and gray, respectively. Trinitarios are repre-
sented in red. Hybrids are represented in pink

et al. 2005), and that the SSRs derived from UTRs have the
potential of higher polymorphism than those derived from
coding regions (Feingold et al. 2005). It has been also
described that for polymorphism detection, EST-SSRs
derived from 3’UTR are superior to those derived from
5’UTR (Varshney et al. 2005 for review), which was not
confirmed by our analysis (Fig. 3b). Because increasing the
number of trinucleotide motifs did not lead to a change of
the reading frame (and may avoid the appearance of a stop
codon), it has been presumed that the SSR motif type
present in ORF may be preferentially trinucleotide (Nicot et
al. 2004; Morgante et al. 2002). However, in our study,
trinucleotides (44.7%) were present in ORFs in a very
similar proportion as dinucleotides (55.3%; data not
shown). On the other hand, the dinucleotides may vary

Fig. 5 Genetic linkage map of
TSHS516 linkage group 2.
Markers are indicated to the
right and distances between
markers to the /eft of the linkage
group. The markers in each
linkage group have been ordered
and arranged to determine their
most probable position along the
linkage group. CEPEC
EST-SSR markers are
designated msEstTsh followed
by a number, CIRAD SSR
markers are designated CIR
followed by a number, and
USDAARS, SHRS SSR
markers are designated SHRSTc
followed by a number

GL 2

0 Cir252*
5524 CIR®
1049 Cir240°
2008 CIR3
2812 —j— cirl23
2848 SHRSTc21
2856 SHRSTcé
3477 msEstTsh-12
4443 Cir268"

cirls2
4615 —11— SHRSTci3

5366 msEstTsh-6
5801 CIR60
5974 cir3y
5974 < L™ cirles
60,95 T [~ SHRSTc2
6803 cirlé2
8383 CIR48
1012 Cir230°
12,0 ~11— Cir228*
104.0 wi23
04 Cir261°
w4 cir68
18,0 Cir269"
i8,0 cir?3
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following a step of three motifs (or a multiple of three)
which do not modify the reading frame (three motifs of two
nucleotides=6 bp=2 codons) as stated by Morgante et al.
(2002). For these reasons definitive conclusions cannot be
obtained regarding a direct correlation between motif type
and polymorphic EST-SSR presence in ORF. The presence
of SSR in the transcripts of genes suggests that they might
have a role in gene function. It has also been shown that
variation in repeat units of SSRs: (a) in 5’UTR affects gene
transcription and/or translation; (b) in coding region
inactivate or activate genes or truncated protein; and (c) in
3’UTR might be responsible for gene silencing or transcript
slippage (Varshney et al. 2005).

EST-SSR primers have been reported to be less
polymorphic than genomic SSR in crop plants because of
high conservation in transcribed regions (Varshney et al.
2005, for review). In this respect, because no statistic
difference between EST-SSR and genomic SSR polymor-
phism was observed in our study, our results are not in
agreement with published data from other plant and animal
species (Cho et al. 2000; Liewlaksaneeyanawin et al. 2004;
Eujayl et al. 2001), but are in accordance with the work of
Cupertino (2007) showing that Fucalyptus spp. EST-SSR
markers are as polymorphic as genomic ones.

In conclusion, SSRs are currently an important option
available to plant breeders for foreground selection in
marker-assisted backcrossing programs because their ease
of use, codominant inheritance, high levels of polymor-
phism, and reasonably even distribution across nuclear
genome. Therefore, development of additional markers is a
valuable objective for the cacao community, especially if
these can be a target at expressed regions known to
contribute to the control of economically important,
genetically complex traits such as disease resistance.
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