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ABSTRACT. Lack of continuous progress in Theobroma cacao
(Malvaceae) breeding, especially associated with seed quality
traits, requires more efficient selection methods based on genomic
information. Reverse transcript quantitative PCR (RT-qPCR) has
become the method of choice for gene expression analysis, but relative
expression analysis requires various reference genes, which must
be stable across various biological conditions. We sought suitable
reference genes for various tissues of cacao, especially developing
seeds. Ten potential reference genes were analyzed for stability at
various stages of embryo development, leaves, stems, roots, flowers,
and pod epicarp; seven of them were also evaluated in shoot tips treated
either with hormones (salicylate; ethefon; methyl-jasmonate) or after
inoculation with the fungus Moniliophthora perniciosa (Marasmiaceae
sensu lato). For developing embryos, the three most stable genes were
actin (ACT), polyubiquitin (PUB), and ribosomal protein L35 (Rpl35).
In the analyses of various tissues, the most stable genes were malate
dehydrogenase (MDH), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and acyl-carrier protein B (ACP B). GAPDH, MDH and
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tubulin (TUB) were the most appropriate for normalization when shoot
apexes were treated with hormones, while ACT, TUB and Rpl35 were
the most appropriate after inoculation with M. perniciosa. We conclude
that for each plant system and biological or ontogenetical condition,
there is a need to define suitable reference genes. This is the first report
to define reference genes for expression studies in cacao.

Key words: Cocoa; Cocoa butter; Fatty acid biosynthesis;
Gene expression; Sterculiaceae

INTRODUCTION

Theobroma cacao L. (cacao; Malvaceae sensu lato) is an important tropical crop as
its seeds are the unique source of raw materials for chocolate manufacturing (Pires et al.,
1998). Moreover, cocoa butter is a specialty fat obtained from cacao seeds with highly specific
physicochemical attributes, valued by the pharmaceutical and cosmetic industries (Silva and
Figueira, 2005). The average rate of increase in demand for cacao seeds has been ca. 3%/year
for the last 100 years (Word Cocoa Foundation, 2010). However, increasing threats of disease
outbreaks and lack of continuous progress in cacao breeding, specially associated with seed
quality traits (such as cocoa butter content and hardness, and cocoa flavor), require the imple-
mentation of more efficient methods of selection (Bennett, 2003). New approaches based on
genomic information offer the potential to be adopted in precision breeding schemes. The
availability of genomic information has increased drastically, with the genome sequence com-
pleted (Argout et al., 2011; http://www.cacaogenomedb.org/), and over 150,000 expressed
sequence tags (EST) available at public databases, representing 42,000 unique sequences
(Verica et al., 2004; Leal Jr. et al., 2007; Argout et al., 2008). A major challenge is to assign
functions to these sequences, which will require functional studies involving analysis of gene
expression and gene manipulation by complementation, over-expression or silencing (Guilti-
nan et al., 2008). Accordingly, gene expression has been investigated under distinct biological
conditions and tissues of 7. cacao (Leal et al., 2007; Bae et al., 2008; Mondego et al., 2008).

The development of effective methods to quantify gene expression has allowed the in-
vestigation of many genes in various biological systems (Donson et al., 2002), and quantitative
amplification of reversed transcripts (RT-qPCR) has become the method of choice for analy-
ses of expression, due to the sensitivity, specificity, and relatively speediness (Gachon et al.,
2004). However, quantification of gene expression by RT-qPCR requires a series of standard-
izations, concerning the amount, integrity and quality of the original RNA sample, the efficacy
of reverse transcription and amplification, among others (Bustin et al., 2009). For relative gene
expression, it is required to adopt internal gene references, which must be stable across various
biological and ontogenetic conditions, to normalize test conditions (Bustin et al., 2009). Refer-
ence genes frequently employed for relative quantification by RT-qPCR are those encoding
proteins responsible for cellular structure and basic metabolism (‘housekeeping genes’), such
as tubulin (Jeong et al., 2006); actin (ACT; Liu et al., 2010); ubiquitin (Brunet et al., 2009);
elongation factors (Bomal et al., 2008); glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
Magneschi et al., 2009); ribosomal proteins (Calsa Jr. and Figueira, 2007), among others. The
expression of housekeeping genes should not drastically vary among tissues or changes in
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the environment, ontogenetical stages, or under various biological treatments. However, the
stability of gene expression can fluctuate considerably, and thus, it is advisable to investigate
genes with the least variation in expression for each experimental condition to define suitable
references. The study of reference gene stability has been conducted for many species under
various biological conditions, demonstrating the need for specific evaluation for each type of
experiment, especially in actively growing tissues, such as developing embryos (Reid et al.,
2006; Hong et al., 2008; Barsalobres-Cavallari et al., 2009; Carvalho et al., 2010).

Various statistical approaches have been developed to choose the most suitable genes
for relative expression by RT-qPCR, and softwares such as geNorm (Vandesompele et al.,
2002) and NormFinder (Andersen et al., 2004) have been widely adopted to establish suitable
reference genes. geNorm is a freeware developed for Microsoft Excel®, which determines the
most stable reference gene among various candidates, and the ideal number of reference genes
for each experiment. For all candidate reference genes, a pairwise variation is estimated, ana-
lyzing the deviation in expression for all possible combination of gene pairs. Gene stability is
expressed as an ‘M value’, which is inversely proportional to the variation in expression for
a given gene (Vandesompele et al., 2002). NormFinder estimates the variation in expression
within and among groups of experimental conditions, which refers to the source of biological
variation among treatments, expressing stability values for each candidate reference gene.
More stable gene expression is indicated by lower average expression stability values (Ander-
sen et al., 2004).

To our knowledge, a systematic selection of the most appropriate reference gene for
T. cacao in RT-qPCR experiments has not yet been conducted. Therefore, the objective of this
study was to establish reference genes for various embryo developmental stages and tissues of
T cacao, evaluating 10 candidates, including ACT; elongation factor-1a (EF-1a); GAPDH;
malate dehydrogenase (MDH); polyubiquitin (PUB); ribosomal protein L35 (Rpl35); B-tubulin
5 (TUB), and three isoforms of the acyl-carrier protein (ACP A; ACP B; ACP C). The stabil-
ity of the 10 reference genes was investigated in various stages of embryo development (site
of cocoa butter synthesis and other quality attributes), leaves, stems, roots, flowers, and pod
epicarp, while seven of them were further tested in shoot tips treated with hormones [salicy-
late (AS); ethephon (ET); methyl-jasmonate (MJ)] or after inoculation with Moniliophthora
perniciosa (causal agent of the witches’ broom disease).

MATERIAL AND METHODS
Plant material

Embryos were obtained from pods derived from controlled manual pollination from
the accession ‘PA 16°, collected 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160 days after
pollination in Marituba, PA, Brazil. Cacao seedlings from an undefined genotype collected
at ESALQ/USP, Piracicaba, SP, Brazil, were grown under nursery conditions for around
5 months to collect leaves at various stages of development, stem, roots, and shoot apex.
Samples of flowers and pods to collect epicarp were obtained from field-grown trees from
an undefined accession at ESALQ/USP, Piracicaba. For the experiment using application of
hormones, shoot tips from genotype ‘Pound 7” were collected 1 h after individual treatment
consisting of spraying aqueous solutions of 7.25 mM AS; 0.1 mM ET, or 0.12 mM MJ. For
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fungal inoculation, 30 uL of a 10°/mL basidiospore suspension of M. perniciosa was applied
to shoot tips from clonal plants of the ‘CAB214” genotype. After inoculation, plants were kept
in a humid chamber for 24 h, and samples were collected 6 and 48 h after inoculation. The
collected tissue samples were immediately frozen in liquid nitrogen and stored at -80°C until
RNA extraction.

Search for reference gene sequences and primer design

Sequences for the candidate reference genes coding for ACP A (GenBank CU536770);
ACP B (CU536770); ACP C (CU536770); EF-1a (CU534208); MDH (CU609279), and PUB
(CUS525140) were obtained from the cacao EST collection as described by Argout et al. (2008).
The identity of all the recovered sequences was firstly confirmed by BLASTn and tBLASTn
analyses. Primers for GAPDH were designed based on the ‘TC (Tentative Consensus) 385’
sequence from 7. cacao Gene Index database (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/
gimain.pl?gudb=cocoa). Primers for ACT were as proposed by Leal et al. (2007), whereas
primers for Rpl35 and TUB have been previously used in our laboratory (Leal GA Jr. and
Figueira A, unpublished data). Primers for EF-10,, MDH, PUB, Rpl35, and TUB were designed
based on a single-read sequence. The recovered sequences of ACP A, ACP B and ACP C were
multi-aligned with homologues from other species using Bioedit (http://www.mbio.ncsu.edu/
BioEdit/BioEdit.html) and ClustalW, and specific primers were developed for each gene located
at conserved regions. Primers were developed using Primer3 (Rozen and Skaletsky, 2000), with
quality analyzed using NetPrimer (http://www.premierbiosoft.com/netprimer).

RNA extraction and cDNA synthesis

Total RNA was extracted from developing embryos and from all other cacao tissues
(expanding and mature leaves; stem; root; shoot apex; flowers; pod epicarp) using the protocol
as described by Verica et al. (2004), with a few modifications. Briefly, 100 mg cacao tissues
(including embryos) was ground under liquid nitrogen and extracted with buffer [2% CTAB
(W/v); 2 M NaCl; 100 mM Tris, pH 8.0; 25 mM EDTA, pH 8.0; 2% PVP 10,000 (w/v); 2%
B-mercaptoethanol (v/v), and 0.5 g/L spermidine (w/v)]. Samples were then extracted with
chloroform:isoamyl alcohol, and total RNA was precipitated by the addition of 8 M LiCl
for 12 h at 4°C. After centrifugation at 8000 g for 30 min at 4°C, RNA was resuspended in
DEPC water, and further purified using the Mini-Invisorb Spin Plant RNA Kit (Invitek, Ber-
lin, Germany). RNA was quantified in an Ultrospec 1100 pro-spectrophotometer (Amersham
Biosciences, Piscataway, NJ, USA); RNA integrity was examined by gel electrophoresis, and
the absence of genomic DNA contamination was confirmed by PCR using primers to the ACT
gene. Before cDNA synthesis, total RNA was treated with DNAse I (Fermentas Life Sciences,
Burlington, Canada) at 37°C for 30 min. cDNA was synthesized by adding 500 ng 18mer-
oligo-dT to 1 pg RNA and incubating for 5 min at 70°C, followed by cooling to 4°C for 5
min. Reverse transcription was conducted in a reaction containing 200 U Improm-II Reverse
Transcriptase (Promega, Madison, WI, USA); 3 mM MgCl; 5 uM dNTPs; 40 U RNAse Out
(Invitrogen, Carlsbad, CA, USA) in a thermocycler programmed for 25°C for 5 min; 42°C for
60 min, and 70°C for 15 min. Primers were tested for specificity by determining the amplicon
size from enzymatic amplification (RT-PCR) of a pool of cDNA from embryos of various
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stages of development, and using individual cDNAs derived from the various tissues and treat-
ments. The identity of the amplified fragments from primers specific for ACP A, ACP B, and
ACP C was confirmed after cloning and sequencing (data not shown).

Quantitative amplification of reversed transcripts

Quantitative amplification of reversed-transcribed sample RNAs was conducted in
10-puL reactions containing 1 L cDNA 1:10 (v/v) dilution; 0.5 uM of each transcript-specific
primers, and 5 pL 2X Platinum SYBR-Green RT-qPCR SuperMix-UDG (Invitrogen). Ampli-
fications were performed in a RotorGene 3000 thermocycler (Corbett Life Science, Sidney,
Australia) in triplicates, with initial incubation at 50°C for 2 min and 95°C for 2 min, followed
by 40 cycles of 95°C for 15 s; 60°C for 15 s, and 72°C for 20 s, with fluorescence detection at
the end of the extension cycles. After the final cycle, melting curves for each amplicon were
determined between 72° and 95°C. Experiments included a negative control (no template
DNA), and amplification efficiency of each primer pair was determined by standard curve
using serial dilutions [107, 102, 103 or 1:10, 1:20, 1:40 (v/v), depending on the anticipated
amount of transcripts present] of a cDNA pool from developing embryos. Real-time data ac-
quisition was performed by the RotorGene Real-Time Analysis 6.0 (Corbett Research, Mort-
lake, Australia), which provided the values of cycle threshold (C,) and PCR efficiency (E).

Reference gene stability analyses

To establish the ideal reference gene among diverse biological conditions, gene ex-
pression data were analyzed using two statistical approaches embodied into the geNorm and
NormFinder softwares. Both programs use C, values transformed into relative quantities (Q),
estimated by Q = £ (Gyminimum-Crsaml) ywhere E is the amplification efficiency and C minimum
is the lowest C| value (sample with more expression among all samples) (Vandesompele et al.,
2002). The geNorm program estimates the mean expression stability, providing an ‘M value’
and the variation of stability (‘V”) from pairwise comparisons of multiple reference genes,
gradually excluding the least suitable genes, with the largest ‘M values’. On the other hand,
NormFinder identifies the best reference gene by ranking all candidates to reference genes,
according to their expression stability in a given sample set and experimental conditions.
NormFinder calculates not only the overall variation of candidate normalization genes, but
also the variation between subgroups from the sample set under investigation.

RESULTS
Selection of candidate reference genes

Based on previous study in other plant systems, the genes coding for ACT, EF-1a,
GAPDH, MDH, PUB, Rpl35, and TUB were chosen to be tested as reference. In addition,
genes encoding three isoforms of ACP, indispensable co-factors for many metabolic path-
ways that synthesize fatty acids, phospholipids, signaling molecules, and metabolic co-factors
(Byers and Gong, 2007) were selected as reference candidates as they might present basal ex-
pression levels in tissues with intense synthesis of membrane or storage lipids, such as cacao
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embryos. ACT, GAPDH, Rpl35, and TUB have been previously used as reference genes in our
laboratory (Leal et al., 2007). Sequences putatively coding for the other five reference genes
tested (ACP B; ACP C; EF-1a; MDH, and PUB) were obtained from public EST databases,
while the sequence for ACP A was originally identified in a cDNA library constructed in our
laboratory (Silva, 2005).

Each pair of primers specific for the candidate reference genes (Table 1) was then
tested by amplifying a cDNA pool derived from a mixture of RNA from developing embryos
to confirm fragment size and specificity as a single amplicon. Later, all primers were tested
amplifying cDNA samples derived from the various tissues. All primer combinations ampli-
fied a single fragment with the anticipated size. Fragments of ACP A, ACP B and ACP C ob-
tained by RT-PCR were also cloned and sequenced, with identity confirmed (data not shown).
Amplification efficiency for each primer pair was then determined by standard curve using
serial dilutions [10”!, 102, 10 or 1:10, 1:20, 1:40 (v/v), depending on the expected amount of
each specific transcript present based on C, values] of a cDNA pool from developing embryos.
The estimated efficiency for each primer pair ranged from 1.74 for MDH and PUB to 1.99
(ACP B), with all estimated R? values above 0.98 (Table 1).

Table 1. Candidate reference genes with primer sequences, expected fragment size (base pairs), actual
amplification efficiency, and R* obtained from RT-qPCR.

Gene Primer sequences Fragment size (bp) Efficiency RrR?

ACT TCCTCTTCCAGCCATCTCTC 171 1.91 0.99
TCTCCTTGCTCATTCGGTCT

EF-la AGGTCCACCAACCTTGACTG 71 1.98 0.99
TTGGGCTCGTTAATCTGGTC

GAPDH GATGCTCCTATGTTTGTTGTGG 222 1.96 0.99
TCTTCCTCCTCTCCAGTCCTT

MDH AAAATGGAGTTGGTGGATGC 102 1.74 0.99
AACCATGACTGCGATGTTGA

PUB TTCAGGACAAGGAGGGGATT 124 1.74 0.99
AGGACAAGATGAAGGGTGGA

Rpl35 CCTAACAAGCTTACCAAGATAAAGG 107 1.85 0.98
TTATTCTTATATGCCTCCCTCAGTG

TUB ATTCCCCCGTCTTCACTTCT 212 1.95 0.99
TCTGCTCATCAACCTCTTTGG

ACPA AAAGCTTCCCCAAAGTCGAT 236 1.96 0.99
ATTCAACGAGACACCCTTGC

ACPB GCAGACAAGATCAGCACAA 195 1.99 0.98
AAATCAAAGGGCACGACT

ACPC TCTTCCCCACACTCTTTTCG 118 1.89 0.98
AGGCTGCATGGAGATTGAT

ACT = actin; EF-1a = elongation factor-la,; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; MDH =
malate dehydrogenase; PUB = polyubiquitin; Rpl35 = ribosomal protein L35; TUB = B-tubulin 5; ACP = acyl-
carrier protein.

Expression profile of candidate reference genes

The analyses of raw gene expression levels estimated by C| across all samples de-
tected large variation among reference genes (Figure 1A-D), indicating that no single refer-
ence gene had a constant expression level in the many distinct conditions investigated. Mean
C, values fluctuated from 14.6 for GAPDH to 28.9 for TUB both in samples from developing
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embryos (Figure 1A). In general, PUB displayed the lowest C, for RT-qPCR using cDNA
samples from the various tissues/organs of cacao (Figure 1B) and from shoot apexes treated
either with hormones (AS, ET, MJ) (Figure 1C) or inoculated with M. perniciosa (Figure 1D).
ACP C, ACT and Rpl35 showed the highest C, values, respectively, for the same experiments
(Figure 1B, C, and D).
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Figure 1. Box-whisker plots showing C variation for each candidate reference gene estimated by RT-qPCR for
distinct samples. A. Developing embryos. B. Tissues/organs. C. Shoot tips treated with salicylate, ethephon or
methyl-jasmonate. D. Cacao shoot tips inoculated with Moniliophthora perniciosa. A line across the box is depicted
as median, whereas the box indicates the 25th and 75th percentiles. Whiskers represent the maximum and minimum
values. For abbreviations, see legend to Table 1.

Analysis of gene expression stability among 7. cacao tissues and conditions

Each primer pair specific for a gene was then tested for stability using all tissue sam-
ples. cDNAs obtained from RNA extracted from developing embryos and the other tissues
were diluted to 1:10 (v/v) and analyzed by RT-qPCR. Stability of the reference genes was then
calculated using geNorm and NormFinder based on the observed C, values, transformed into
relative quantities. For geNorm, the gene stability values were measured based on non-nor-
malized level of expression for each experiment (developing embryos; various tissues/organs;
shoot apex treated with hormones or inoculated with M. perniciosa). This software calculates
all variations from pairwise comparison among the genes, defining the ‘M value’ as the mean
variation in relation to all other candidates. The ideal reference gene with the greatest stability
would display the lowest M value.

Initially, stability of the 10 genes was evaluated for cacao developing embryos using
the geNorm algorithm (Figure 2A). The results indicated that ACT and Rpl35 were the most
stable pair, with an average expression stability of 0.64 (Figure 2A). The least stable gene
for similar biological conditions was TUB, with an average expression stability of 2.15 (Fig-
ure 2A). Gene stability was then evaluated for the other cacao tissues/organs (expanding and
mature leaves; stem; root; shoot apex; flowers; pod epicarp, and seeds). In that case, geNorm
indicated GAPDH and ACP A as the most stable pair of genes, with an average expression
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stability of 0.54, while ACP C as the least stable gene, with an average expression stability
of 1.52 (Figure 2B). When samples derived from cacao shoot tips collected 1 h after treat-
ment with the hormones AS, ET and MJ were used to test reference gene stability, geNorm
indicated that the most stable pair of genes was MDH and GAPDH, with an average expres-
sion stability of 0.10, while EF-1a was the least stable gene with average M = 0.61 (Figure
2C). For cacao shoot apex collected from seedlings inoculated with M. perniciosa, MDH
and EF-1a was the most stable gene pair, with an average expression stability of 0.23 (Fig-
ure 2D). In this case, GAPDH was the least stable gene with an average expression stability
of 1.15 (Figure 2D). In samples derived from cacao shoot apex treated with hormones or
inoculated with fungal pathogen, the genes coding for ACP A, ACP B, and ACP C were not
evaluated as reference.
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Figure 2. Average expression stability values (M) and ranking of candidate reference genes as calculated by geNorm
analysis for: A. cacao developing embryos; B. tissues/organs; C. shoot tips treated with salicylate (AS), ethephon
(ET) or methyl-jasmonate (MJ); D. shoot tips inoculated with Moniliophthora perniciosa. For abbreviations, see
legend to Table 1.

It is recommended that for each expression experiment a minimum number of refer-
ence genes must be used to normalize expression of the target gene, using, at least, the three
most stable references (Vandesompele et al., 2002; Huggett et al., 2005; Bustin et al., 2009).
geNorm indicates the optimal number of reference genes required for accurate normalization
by pairwise variation. The pairwise variation (V /V ) is calculated between consecutively
ranked normalization factors obtained from stepwise inclusion of the next more stable refer-
ence gene to determine the effect of adding the next reference gene in normalization (Figure
3). geNorm recommends a pairwise variation cut-off value of 0.15, below which the inclusion
of an additional reference gene is not necessary (Vandesompele et al., 2002).
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Figure 3. Determination of the optimal number of reference genes for relative expression calculated by geNorm.
V,, is the pairwise variation when the number of reference genes is increased from two to three. Stepwise inclusion
of less stable gene generates the next data point.

For developing embryos and samples from various tissues/organs of cacao, the
pairwise variation from stepwise inclusion of the next more stable reference gene was
always greater than 0.15 (Figure 3). The calculated normalization factor for increas-
ing number of reference genes up to the limit of M <1.5 (Vandesompele et al., 2002)
showed that the inclusion of additional genes up to seven (ACT/Rpl35, MDH, PUB, ACP
A, GAPDH, and ACP C) for developing embryos, and up to nine genes (GAPDH/ACP A,
Rpl35, MDH, ACP B, EF-1a, PUB, TUB, and ACT) for tissues/organs, still significantly
contributed to the variation of the normalization factor (V_ >0.15) (Figure 3). Con-
versely, the pairwise variations for reference genes for samples from shoot apex treated
with hormones or inoculated with M. perniciosa were all lower than 0.15 (Figure 3),
indicating that based on the normalization factor, two genes (V,,.) would be enough for
normalizing gene expression.

The stability of the reference genes was also analyzed using NormFinder. Similar
to geNorm, this program allows the estimation of expression stability of reference genes
for different samples, but also between sample subgroups. Therefore, samples derived from
cacao developing embryos, tissues, and from shoot apex treated with AS, ET or MJ, or
inoculated with M. perniciosa were analyzed individually, but also as two subgroups that
considered “non-treated tissues” (developing embryos and tissues/organs) and “treated tis-
sues” (treatment with AS, ET or MJ, and inoculated with M. perniciosa). The analysis using
comparison between subgroups offered the best gene-pair combination (Table 2).
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According to NormFinder, for developing embryos, the most stable reference gene
was ACT, with estimated stability of 0.20, followed by the gene coding for PUB (0.30),
and Rpl35 (0.45) (Table 2). The least stable gene for this condition was TUB, with stability
of 2.34 (Table 2). When the same genes were evaluated for other tissues and organs (ex-
panding and mature leaves, stem, root, shoot apex, flowers, and pod epicarp), NormFinder
indicated that the most stable gene was MDH, with stability of 0.32, followed by GAPDH
(0.41) and ACP B (0.46) (Table 2). The least stable gene identified for these cacao tissues
by NormFinder was ACP C, with stability of 1.17 (Table 2). In the case of cacao shoot
apexes collected 1 h after treatment with AS, ET or MJ, the most stable genes were GAPDH
and MDH, both with stability equal to 0.04, followed by TUB (0.13) (Table 2). For shoot
apexes inoculated with M. perniciosa, the analysis with NormFinder identified ACT as the
most stable gene, with stability of 0.09, followed by TUB (0.15) and Rpl35 (0.16) (Table
2). The least stable genes were EF-1a (0.52) for treatment with AS, ET or MJ, and GAPDH
(1.58) when inoculed with M. perniciosa (Table 2). The most stable gene for the subgroup
“non-treated tissues” was ACP A with stability of 0.23, followed by ACP B (0.37) and MDH
(0.41) (Table 2), with ‘ACP A/ACP B’ as the best gene pair combination. When considering
the subgroup “treated tissues”, the three most stable genes were Rpl35 (0.09), MDH (0.11)
and EF-1a (0.12), and ‘Rpl35/MDH’ was the best gene pair combination.

DISCUSSION

RT-qPCR has become the method of choice for gene expression, but evaluating ex-
pression in relative terms requires a series of normalizations by the adoption of stable refer-
ence genes across various biological and ontogenetic conditions (Gachon et al., 2004; Bustin
et al., 2009). The genes encoding proteins associated with cell structure and basal metabolism
have been preferentially used as reference for relative gene expression (Jeong et al., 2006;
Bomal et al., 2008; Brunet et al., 2009; Magneschi et al., 2009; Liu et al., 2010). However, the
stability of these genes can fluctuate considerably, and for a robust gene expression quantifica-
tion analysis, the most stable reference genes must be identified and adopted (Vandesompele et
al., 2002). For each experiment, a minimum number of reference genes must be used, and the
target genes should be normalized against at least the three most stable genes (Vandesompele
et al., 2002; Huggett et al., 2005; Bustin et al., 2009).

The expression stability of candidate reference genes was analyzed here for 7. cacao
using two specific softwares, geNorm and NormFinder. While geNorm provides the most
stable pair of genes and the ideal number of reference genes for each experiment, NormFinder
indicates the most stable gene and the best pair combination, considering the inter- and intra-
group differences for stability under specific experimental conditions. The results obtained
here from both softwares were similar, but with specific differences. When analyzing samples
from developing embryos at various stages, ACT, Rpl35, MDH, PUB, and ACP A were the
five most stable reference genes identified by geNorm or NormFinder (Figure 2A; Table 2),
suitable for normalization of gene expression for this specific biological condition. However,
the ranking of gene expression stability differed depending on the software used. While ACT,
Rpl35, MDH were the three first most stable genes based on geNorm, ACT, PUB and Rpl35
were the first recommended by NormFinder.

When the various cacao tissues/organs were analyzed by both approaches, the recom-
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mended most stable reference genes were again similar. geNorm indicated GAPDH, ACP A,
Rpl35, MDH, and ACP B (Figure 2B) as the best five reference genes for the various tissues,
while NormFinder designated MDH, GAPDH ACP B, ACP A, and Rpl35 as the most stable
(Table 2). ACP C, ACT and TUB appeared to be the less stable genes for these cacao tissues/
organs for both algorithms (Figure 2B; Table 2). Both softwares showed the same ranking for
all the candidate reference genes for shoot apexes treated with hormones (Figure 2C; Table 2).
However, for samples obtained from shoot apexes inoculated with M. perniciosa, only ACT
was ranked among the three best reference genes for both algorithms (Figure 2D; Table 2).

Among all genes tested, ACT and Rpl35 were considered two of the most stable refer-
ence genes for investigating gene expression in cacao developing embryos and various tissues
by geNorm and NormFinder (Figure 2A,B; Table 2). Reid et al. (2006) found four genes suit-
able for normalization in development studies of the grape berry, and actin was one of them.
Genes encoding ribosomal proteins are extensively used as reference for relative expression
studies in various plant systems, such as coffee (Lepelley et al., 2007; Pre et al., 2008). Rpl35
was identified as one of the most stable genes among various tissues and biological conditions
in sugarcane based on Serial Analysis of Gene Expression (SAGE) tag counts, and success-
fully adopted for RT-qPCR (Calsa Jr. and Figueira, 2007). The gene encoding the ribosomal
protein L25 was recommended by Schmidt and Delaney (2010) as one of the three most stable
genes for normalization of expression in developmentally distinct tobacco tissues, but actin
showed the worst stability value in the same experiment. Here, PUB was also considered one
of the most stable reference genes to investigate gene expression in developing cacao embryos
by geNorm and NormFinder, but it ranked between the less stable genes for the other three
experiments. Genes encoding PUB have been recommended as reference for studies of gene
expression during seed development in coffee (Salmona et al., 2008), and for various tissues
of Brachypodium under hormonal treatment (Hong et al., 2008).

ACPs are indispensable co-factors for many metabolic pathways that synthesize fatty
acids, phospholipids, signaling molecules, and metabolic co-factors (Byers and Gong, 2007).
When genes encoding ACP isoforms were evaluated as reference gene in cacao tissues, ACP A
showed to be the most stable pair gene with GAPDH to normalize gene expression in diverse
tissues and organs (Figure 2B), whereas ACP B ranked between the best five reference genes
for the same samples (Table 2; Figure 2B). When the tissues/organs and developing embryo
samples were evaluated together as the “non-treated tissues” subgroup, NormFinder suggested
ACP A/ACP B as the best gene pair combination for normalization of gene expression under
this condition (Table 2). To our knowledge, this is the first report about the stability of ACP
genes among various biological conditions and their suitability as reference gene.

Genes coding for TUBs have normally been used as reference in many plant systems
(Jeong et al., 2006). However, these genes were neither considered as good reference for cacao
developing embryos nor for the various tissues/organs by both statistical approaches. Similar
discrepancy occurred for -tubulin, considered the least stable reference gene for many tissues
in Lolium perene (Martin et al., 2008), and a-tubulin in flax plant tissues (Huis et al., 2010).

The gene encoding GAPDH was designated by both softwares as one of the most
stable reference for analysis of gene expression in various cacao tissues. GAPDH was also
considered the ideal reference among various tissues in sugarcane (Iskandar et al., 2004) and
coffee (Barsalobres-Cavallari et al., 2009). In this study, GAPDH was also pointed out as the
best candidate reference gene for shoot apex treated with hormones by both softwares. On
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the other hand, EF-10, usually recommended as reference gene in studies with plant tissues
treated with hormones (Migocka and Papierniak, 2010), was the least stable for our experi-
ments. For shoot apexes inoculated with the fungal pathogen M. perniciosa, ACT was elected
one of the best references among the tested candidates by both softwares (Table 2; Figure 2D)
in concert with the EF-1a/MDH gene pair (Figure 2D). Similar results were obtained for Vicia
faba inoculated with Uromyces viciae-fabae (rust) (Gutierrez et al., 2010). EF-1a was also
one the most stable genes indicated for normalization during late blight infection in potato
experiments, but ACT was the least stable one (Nicot et al., 2005).

The MDH catalyzes the inter-conversion of malate and oxaloacetate, participating in
the tricarboxylic acid (TCA) cycle (Park et al., 1995). According to NormFinder, MDH dis-
played the lowest stability value in the experiments with various tissues/organs and hormonal
treatment of cacao (Table 2), and for geNorm, it was considered the most stable pair with
GAPDH after hormonal treatment, whereas for the M. perniciosa inoculation experiment, it
formed with EF-1a the most stable pair (Figure 2C and D). In addition, when the “treated”
subgroup was evaluated by NormFinder, RpI35/MDH was the best pair combination sug-
gested, indicating that it can be considered a suitable reference gene for 7. cacao under these
biological conditions.

The results obtained from geNorm and NormFinder were not identical as both are
based on distinct algorithms. geNorm is more sensitive to co-regulated genes or genes with
similar expression patterns, which could indicate not the most stable gene pair, but the pair
with similar expression profiles (Andersen et al., 2004).

CONCLUSIONS

Based on these arguments, the results from NormFinder, which were corroborated
by geNorm, were selected, not considering the pair of genes. For studies of gene expression
in developing embryos, the genes ACT, PUB and Rpl35 were considered the most suitable as
references. When all 7. cacao tissues/organs were investigated, the three most stable genes
were MDH, GAPDH and ACP B. For shoot tips treated with hormones, the genes elected were
GAPDH, MDH and TUB, while ACT, TUB and Rpl35 were recommended for shoot tips from
plants inoculated with M. perniciosa.

Gene expression stability should be assessed, especially if comparisons among tissues
are needed, which tend to reduce the constancy of expression pattern. The data obtained in this
study confirmed that for each plant system and biological or ontogenetical conditions, there
is a requirement to define a suitable reference gene. This is the first report to define suitable
reference genes for expression studies in cacao, which underlined the importance to establish
stable references across various biological conditions.
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