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ABSTRACT. The recessive lethal character Luteus-Pa is found in 
cacao (Theobroma cacao) genotypes of the Parinari series (Pa) and 
is characterized by expression of leaf chlorosis and seedling death. 
Several genotypes of the Pa series are bearers of the gene responsible 
for the expression of the Luteus-Pa character, which can be used as 
a tool for determining relationships between genotypes of this group. 
To evaluate this phenomenon, we analyzed the differential expression 
of genes between mutant seedlings and wild-type hybrid Pa 30 x 169 
seedlings, with the aim of elucidating the possible lethal mechanisms 
of the homozygous recessive character Luteus-Pa. Plant material was 
harvested from leaves of wild and mutant seedlings at different periods 
to construct a subtractive library and perform quantitative analysis using 
real-time PCR. The 649 sequences obtained from the subtractive library 
had an average length of 500 bp, forming 409 contigs. The probable 
proteins encoded were grouped into 10 functional categories. Data from 
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ESTs identified genes associated with Rubisco, peroxidases, and other 
proteins and enzymes related to carbon assimilation, respiration, and 
photosystem 2. Mutant seedlings were characterized by synthesizing 
defective PsbO and PsbA proteins, which were overexpressed from 15 to 
20 days after seedling emergence.
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INTRODUCTION

Molecular biology techniques, particularly those employing whole genome sequencing, 
have changed the fundamental paradigm of biology. In these techniques, rather than trying to find a 
protein for a function previously observed, the functions of proteins whose primary sequences are 
known are investigated (Rebouças and Gomes, 1999). According to these authors, many cellular 
functions are redundantly performed in the cell. Wright and Dyson (1999) stated that the function 
of a particular protein depends on the “functional context” where it is inserted. The experimental 
approaches that analyze a set of proteins, whose expression is modified in a specific functional 
condition, allow the identification of proteins that express themselves somewhat, or even fail to 
express (Eisenberg et al., 2000).

For situations of recessive mutations caused by a single gene, where the aim is to 
evaluate the differential expression among seedlings derived from the same cross, and when 
¼ of the progeny is characterized by a different behavior (Bartley, 2005), the construction 
of a subtractive library is used (Diatchenko et al., 1996). Messenger RNA is converted into 
DNA by complementary DNA synthesis (cDNA) using the reverse transcriptase enzyme 
that synthesizes a polynucleotide sequence complementary to an existing RNA strand 
(Diatchenko et al., 1996). Once the cDNA is synthesized, the RNA of the hybrid molecule 
may be partially degraded by treatment with RNAse (Rebrikov et al., 2004). The remaining 
RNA fragments then serve as primers for DNA-polymerase I, which synthesizes the second 
cDNA strand, resulting in a DNA fragment that can be connected to a vector and cloned. The 
resulting cDNA clones are representative of the mRNA present in the original preparation 
(Diatchenko et al., 1996).

The expressed sequence tags (ESTs) generated by the subtractive library can be 
compared with genes available in gene data banks (Eisenberg et al., 2000). The results of these 
comparisons are used as references to determine the probable functions of the cDNA clones. 
Therefore, specific genes can be selected for further complete studies (Covitz et al., 1998). 
Proteins or nucleic acids experimentally obtained can also be compared with ESTs available 
in databases to determine if the cDNA of a particular gene has been cloned (Eisenberg et 
al., 2000). These methods have led to rapid identification of genes in many organisms, thus 
accelerating research, since they provide genetic material for further investigation (Covitz et 
al., 1998).

Research on the compatibility between cacao (Theobroma cacao) genotypes of the 
Peruvian Parinari (Pa) series, resulting from the reciprocal crosses of some Pa genotypes 
(Yamada et al., 1982), corroborated the occurrence of the simple lethal recessive character named 
Luteus-Pa in the population. This genotypic feature was first identified due to the appearance of 
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a physiological trait that caused leaf chlorosis in seedlings of the Pa series, resulting in death of 
the seedling approximately 30 to 40 days after planting (Almeida et al., 1998). This gene is in 
heterozygosis in these genotypes, segregating in a 3:1 proportion when crossed or selfed (Bartley, 
1969; Bartley et al., 1983). Many of these abnormalities are due to the action of recessive alleles 
probably originating from individual mutations in specific populations or genotypes, causing the 
non-pigmentation of leaves (Bartley, 2005). Physiological studies have shown that this gene acts 
in the reaction center of photosystem 2 (PS 2) (Almeida et al., 1998). Data already obtained that 
several genotypes of the Pa series bear the factors responsible for expression of the Luteus-Pa 
character, which can be used as a tool to determine relationships between genotypes of this group 
(Bartley, 2005).

The Pa series consists of a large number of different genotypes widely used in genetic 
improvement of populations and formation of hybrid varieties. Additionally, the Luteus-Pa character 
can be useful in determining individuals in the Pa series, as a potential genetic marker, and as 
a tool in paternity testing, among others. Because of the importance of this population for cocoa 
breeding, the aim of this study was to analyze the expression of Luteus-Pa in wild-type and mutant 
seedlings.

MATERIAL AND METHODS

Plant material and cultivation conditions

The experiment was conducted in a greenhouse at the Universidade Estadual 
de Santa Cruz (UESC), Ilhéus, Bahia, Brazil. The hybrid seeds, resulting from controlled 
pollination crosses between Pa 30 x Pa 169 at the Germplasm Bank (BAG) of the Centro de 
Pesquisas do Cacau (CEPEC)/CEPLAC, were germinated in 2 L capacity polyethylene bags 
filled with organic substrate (peat and peels of milled Pinus and milled coconut fiber in a 1:1 
ratio), enriched by macro- and micronutrients according to the plant requirements (Souza 
Júnior, 2007).

Identification of mutant and wild-type seedlings

The identification of mutant and wild-type seedlings was performed by measuring net 
photosynthetic rate per unit leaf area 15 days after seedling emergence (DAE; Figure 1) and 
chlorophyll fluorescence emission at the leaf level (Almeida et al., 1998). The measurements were 
conducted on mature leaves of 12 seedlings for each type (mutant and wild), between 7:30 and 
9:30 h, using a Li-6400 portable photosynthesis system (Li-Cor, Lincoln, NE, USA) equipped with 
an artificial light source 6400-02B RedBlue. The equipment was adjusted to a photosynthetic photon 
flux density (irradiance) of 800 µmol photons·m-2·s-1, above the light saturation irradiance needed for 
cacao photosynthesis. Net photosynthetic rate per unit leaf area was estimated from atmospheric 
CO2 and air humidity values measured inside the chamber (von Caemmerer and Farquhar, 1981). 
To assess chlorophyll fluorescence in dark-acclimated leaves, a clip was placed on each leaf for 
30 min to reflect solar radiation, decrease leaf temperature, and oxidize the entire photosynthetic 
electron transport system. Using the fluorescence meter accessory of the LI 6400 photosynthesis 
system, the minimal (Fo) and maximal (Fm) fluorescence, and the maximum quantum yield (Fv/Fm) 
of PS 2 were measured and recorded (Figure 1) (Maxwell and Johnson, 2000).
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Figure 1. Variables of (A) net photosynthesis (per unit leaf area) and (B) leaf chlorophyll fluorescence emission of wild-
type and mutant Theobroma cacao seedlings of the Parinari series 15 days after emergence.

RNA extraction and construction of subtractive library

Leaves of wild and mutant seedlings were collected at regular intervals of 5 days, starting 
15 DAE until the death of the mutant seedlings. The samples were stored at -80°C after fixation 
in liquid nitrogen, and then lyophilized. RNA was extracted from leaves of the progenies at four 
different periods (15, 20, 25, and 30 DAE), according to the method of Gesteira et al. (2003), 
with some modifications. RNA was then treated with DNase and RNase inhibitors. The RNA was 
evaluated using electrophoresis on a 2% agarose gel to determine whether the RNA was free 
from DNA and was intact to undergo the first-strand synthesis reaction, which was used in the 
construction of the subtractive library. Total RNA from different periods was mixed and used to 
construct the subtractive library. To construct the library, a PCR-SelectTM cDNA Subtraction kit was 
used, as described by the manufacturer (Clontech, Clontech Laboratories, Inc., Mountain View, CA, 
USA). cDNA was cloned into the plasmid pTz57-RT, and electroporated into competent Electromax 
10β (Invitrogen) cells using a MicroPulse Electroporator (BioRad). The clones were plated on LB-
agar containing ampicillin (100 µg/L), 4 µL IPTG (200 mg/L), and 80 µL X-Gal. Selected clones 
containing the insert were transferred to 96-well microplates, containing LB-agar medium with 
ampicillin (100 mg/L). After a 14-h growth period, glycerol at 16% was added, and the stock of 
clones was stored at -80°C.

Plasmid minipreps and sequencing of the subtractive library

Plasmidial DNA was obtained from individual clones using the alkaline lyses procedure 
(Sambrook et al., 1989), adapted for 96-well microplates. The bacterial colonies containing the 
recombinant plasmid were grown on solid medium on 100-mm Petri plates with the appropriate antibiotic. 
The plating of the colonies was done to obtain a density ranging from the 100 to 150 positive colonies 
per plate. To check the quality and quantity of plasmidial DNA, samples were electrophoresed on a 2% 
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agarose gel stained with ethidium bromide. The gel was then visualized in a UV transilluminator (Vilber 
Loumart) and photographed in the photo-documentation system EDAS-290 (Kodak).

The sequencing reactions were performed using the Big DYE sequencing kit (ABI 3100, 
Applied Biosystems) and the forward primer M13-F 5ꞌ-GTAAAACGACGGCCAGT-3ꞌ. DNA was 
sequenced on an ABI-3100 (Applied Biosystems) capillary sequencer. The electropherograms 
containing sequences were edited to remove the vector using the Lasergene software (Seqman), 
and only sequences longer than 90 bp were considered. The electropherograms were analyzed 
using bioinformatic programs to validate their quality for constructing the library. Each edited 
EST was translated in all 6 ORFs and compared with the NCBI database using the tBLASTx and 
BLASTx (http://www.ncbi.nlm.nih.gov/BLAST/), and the BLAST 2 GO software. The alignments 
were considered significant when the expected value for similarity was lower than 1 x 10-6. The 
provable EST similarities were annotated based on the search results of BLAST 2 GO and gene 
ontology information (http://www.geneontology.org/).

Real-time PCR

Leaves of wild and mutant seedlings were sampled at 5-day intervals, beginning 5 DAE 
(the period in which the seedlings have already emitted the first pair of cotyledonary leaves), 
until the death of the mutant seedlings. The samples were stored at -80°C following fixation in 
liquid nitrogen, and then lyophilized. RNA was extracted from leaves of wild and mutant seedlings 
at six different periods (5, 10, 15, 20, 25, and 30 DAE) using the ZR Plant RNA miniprep kit 
(Zymo Research), and treated with RNase inhibitor. RNA purity and integrity was assessed by 
electrophoresis on a 1% agarose gel. The RNA samples were used for cDNA synthesis using the 
SuperScriptTM II RNase H-Reverse Transcriptase kit (Invitrogen, Life Technologies, São Paulo, SP, 
Brazil), according to the manufacturer protocol, using oligo d(T) 15 primers. The reactions were 
incubated at 42°C for 30 min, 50°C for 40 min, and 95°C for 5 min.

Quantitative RT-PCR was performed in a real-time PCR thermocycler (Applied Biosystems, 
model 7500) using detection sequence (fluorophore) non-specific SYBR Green I (Fermentas, Life 
Technologies). The high number of transcripts of proteins PsbO and PsbA was analyzed using 
specific primers (Table 1). To test the quality of these primers and the specificity and identity of the 
reverse transcription products, the RT-PCR products were monitored after each PCR cycle, using 
a curve analysis of reaction products capable of distinguishing PCR gene-specific products from 
non-gene-specific products. The temperature of PCR products was raised from 55° to 99°C at a 
rate of 1°C/5 s, and the resulting data were analyzed using the LightCycler software. Only a single 
band with a characteristic melting point was observed for each sample, indicating that the RT-PCR 
produced a specific product for the primers used. To confirm that the RT-sqPCR produced only 
genes of interest, the PCR products were separated and visualized on a 1% agarose gel.

The following cycling conditions were used for cDNA synthesis: 1 cycle at 50°C for 2 min, 
1 cycle at 95°C for 10 min and 50 cycles at 50°C for 60 s to anneal the primers. The reaction mix 
consisted of: cDNA template, 0.5 µM each primer and a sufficient amount of fluorophore SYBR 
Green I (Fermentas) in a final reaction volume of 25 µM.

Threshold cycle (Ct) values were determined using the LightCycler software. Numbers 
for the relative expression of genes were calculated as a percentage of the wild seedlings, using 
the 2-∆∆Ct method (Livak and Schmittgen, 2001) and ubiquitin as an endogenous control in order to 
detect changes in transcript number (Table 1).
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Statistical analysis

For the construction of the subtractive library, the experiment was arranged in a completely 
randomized design with eight treatments consisting of wild and mutant seedlings and four harvest 
dates of plant material (15, 20, 25, and 30 DAE seedling), five replicates, and one seedling per 
experimental unit. For the RT-sqPCR data analyses, a completely randomized design was also 
used with 12 treatments consisting of wild and mutant seedlings and six harvest dates of plant 
material (5, 10, 15, 20, 25, and 30 DAE), with three replicates and three biological replicates 
(concentrated RNA was diluted three times to a concentration of 500 ng) for each specific primer 
evaluated (PsbO and PsbA).

RESULTS

Within 15 DAE, expression of the lethal gene Luteus-Pa was observed in ¼ of the progenies 
resulting from the cross of Pa 30 x Pa 169 (wild-type), thus, segregating in a 3:1 ratio (Figure 2). 
The leaves of seedlings carrying the lethal allele suffered chlorosis and exhibited necrotic spots 
followed by seedling death at 60 DAE (Figure 2), after the exhaustion of cotyledonary reserves.

RNA extracted at different times was mixed into two pools, one containing only the genetic 
material of wild-type seedlings and the other from the mutant seedlings. RNA samples of each pool 
were used to synthesize the first-strand of cDNA used in the construction of a subtractive library. 
During the construction of the library, cDNA strands, enriched to full length, were run on agarose gels 
at 2%, in which a smear was observed, indicative of the variety of fragment sizes of cDNA (Figure 
3). The cDNA libraries of wild and mutant seedlings were then purified for small contaminants, such 
as salts, solvents, enzymes, nucleotides, proteins, polysaccharides, metabolites, and other minor 
nucleic acids using columns used to purify RNA (CHROMA SPIN-1000 Clontech) (Figure 4).

The cDNA libraries of both progenies were digested with RsaI, linked afterwards, and then 
subjected to the subtraction reaction to isolate genes that were differentially expressed as a function 
of the expression of the lethal gene (Figure 5). PCR of colonies, to confirm the cloning of cDNAs into 
the vector pTz57-RT, showed bands with sizes ranging from 1000 to 1500 kb (Figure 6).

The sequences originating from the subtractive library of wild and mutant Parinari seedlings 
showed an average length of 500 bp with satisfactory expected distribution values (e-value; 
Figure 7). From the 1152 sequences cloned, 649 sequences met the quality criteria adopted after 
elimination of the vector, nucleotide fragments, and sequences shorter than 90 bp. The length of 
these sequences varied from 100 to 1200 bp. In the 649 ESTs, 409 contigs were obtained, of which 
237 showed significant homology to genes identified and deposited in the NCBI database. The 
remaining 172 contigs had no similarity with any available genes. Some of the contigs with a higher 
EST number showed similarity to i) proteins of PS 2 (42 ESTs), ii) 60S ribosomal proteins (12 
ESTs), iii) reverse transcriptase (9 ESTs), iv) heat shock proteins (9 ESTs), v) Rubisco (8 ESTs), 

Table 1. Pairs of gene-specific primers used in the RT-sqPCR analyses.

Gene Primer 
PsbO Forward: 5ʹ-GCAAACGCTGAAGGAGTT-3ʹ 

Reverse: 5ʹ-GGCTTGAAGGCAAATGAGTC-3ʹ 
PsbA Forward: 5ʹ-GGTTTGCACTTTTACCCGA-3ʹ 

Reverse: 5ʹ-CTCATAAGGACCGCCATT-3ʹ 
Ubiquitin Forward: 5ʹ-AGTAGATGACTGGATTGGAGGT-3ʹ 

Reverse: 5ʹ-GAGTATCAAAACAAAAGCATCG-3ʹ 
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vi) ATP synthase (8 ESTs), vii) NADH dehydrogenase (8 ESTs), and viii) trypsin inhibitor (6 ESTs) 
(Table 2). The likely encoded proteins were grouped into 10 functional categories according to the 
classification described by Covitz et al. (1998).

Figure 2. Mutant and wild-type seedlings of the Pa 30 x Pa 169 hybrid at 5 (A), 10 (B), 15 (C), 20 (D), 25 (E), and 30 
(F) days after emergence. Note the leaf chlorosis in the mutant seedlings (C and D, red arrows), followed by necrotic 
points in the leaf (E, red arrows) and seedling death (F).
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Figure 3. Migration pattern of cDNA of the 2nd strand on a 2% agarose gel. Lane M = size marker fragment 1000 bp; 
Wt = cDNA of wild-type seedlings; Mut = cDNA of mutant seedlings.

Figure 4. Fractionation by size of cDNA on 2% agarose gel. FA = fraction A; FB = fraction B; FC = fraction C; and FD 
= fraction D (used in construction of subtractive library).

Figure 5. Evaluation of the subtractive library construction on a 2% agarose gel. (A) Digestion and (B) subtraction. 
Lane M = marker fragment size 1000 bp. SSH = subtractive library.
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Figure 6. Colony PCR amplification with M13 forward and reverse primers, observed on a 1% agarose gel.

Table 2. Probable identification of generated ESTs grouped into 10 functional classes.

Continued on next page
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Table 2. Continued.

The ESTs observed here showed special homology to genes of Vitis vinifera and other 
species belonging to the genus Theobroma (Figure 8). Transcript levels were evaluated using real-
time quantitative PCR (RT-sqPCR) using RNA isolated from leaves of wild and mutant seedlings 
at different periods. The lethal gene Luteus-Pa induced high expression of the protein PsbO at 15 
and 20 DAE and PsbA at 15, 20, and 25 DAE in mutant seedlings compared to the wild type (Figure 
9). This period coincided with the lethal factor expression that results in photosynthesis inhibition, 
indicating that proteins PsbO and PsbA have roles within PS 2.

At 5 and 10 DAE, no differences were observed between the evaluated seedlings because 
there was no expression of the lethal factor Luteus-Pa among mutants at this stage. At 30 DAE, 
there was a decrease in the expression of both proteins in the mutant seedlings (Figure 9).

DISCUSSION

We observed a large number of proteins linked to PS 1 and PS 2, contrary to the results 
observed in the expression library of T. cacao constructed by Gesteira et al. (2003), which is 
considered a standard for such analysis.
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Figure 8. Distribution of plant species ESTs from a subtractive library of a progeny of Theobroma cacao of the Parinari 
series that showed homology.

Figure 9. Amount of transcripts encoded by the gene-linked proteins PsbO (A) and PsbA (B) quantified by RT-sqPCR 
transcripts and normalized by ubiquitin in wild-type and mutant of Theobroma cacao seedlings of the Parinari series 
grown for 30 days after emergence (DAE). Values are reported relative to the seedlings of the wild type compared with 
the mutant seedlings. The means represent three replications ± SE and three biological replicates.

The categories in which genes were predominant were primary metabolism and synthesis 
and processing of proteins (Table 2). The diverse representations of genes coding for proteins 
related to cell wall synthesis, cytoskeleton, and other active processes during growth were expected 
as they reflect the active growth stage of the tissue used in the library construction (Covitz et al., 
1998; Zhang et al., 2001). Given the possible involvement in adaptation mechanisms of the mutant 
seedlings to the stress caused by the Luteus-Pa, genes categorized in defensive functions may be 
appropriate targets to study.
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Among the most abundant ESTs, there were 42 that exhibited similarity to genes that 
encode PS 2 proteins, characterized in V. vinifera (Figure 8). The expression of these genes 
presumes a strategy adopted by the mutant seedlings of Pa to survive the conditions of electron 
transport blockage at the PS 2 level in the photochemical phase of photosynthesis (Almeida et al., 
1998).

Other genes highly expressed in T. cacao leaves were related to Rubisco, ATP synthase, 
NADH dehydrogenase, ribosomal proteins, reverse transcriptase, and heat-shock stress (Gesteira 
et al., 2003). Rubisco has a high molecular weight and simultaneously presents two functions: it 
catalyzes the carboxylation and the oxygenation of pentose ribulose-1,5-bisphosphate (RuBP), a 
central molecule used in carbon fixation by living organisms (Aragão et al., 2005). The first function 
assigns Rubisco the main role in the photosynthetic process and, in contrast, it also has a role in 
initiating photorespiration (Spreitzer and Salvucci, 2002).

NADH dehydrogenases are components of the mitochondrial membrane and are directly 
involved in electron transport in the respiratory chain, playing a key role in providing energy to 
cells (Heldt, 2005). Both ATP synthase and NADH dehydrogenase occur in several plant cells, in 
different molecular forms. They catalyze the same reaction even though differences may occur in 
the composition of amino acid sequences affecting the catalytic properties and the enzyme activity 
(Casagrande et al., 2001).

Ribosomal proteins are important for maintaining the stability and integrity of the ribosome. 
In addition, the 60S subunit of ribosomal RNA plays a key role, together with the 40S ribosomal 
subunit, in the selection of signals for initiating translation. Therefore, problems at the translational 
level result in damage in the synthesis of certain proteins (Heldt, 2005).

Reverse transcriptase polymerizes DNA molecules from RNA molecules, the opposite of 
what usually occurs in cells, where RNA is produced from DNA (Diatchenko et al., 1996). The fact 
that some of the contigs with high EST numbers are related to this enzyme demonstrates that the 
lethal factor Luteus-Pa acts at the transcriptional level.

Under stress conditions, important proteins associated with cellular stress are produced 
(heat-shock proteins), and these can be induced by both biotic and abiotic stress factors (Lipka and 
Panstruga, 2005), as in the present study. Mutant seedlings were exposed to a biotic stress caused 
by the lethal factor Luteus-Pa. Heat-shock proteins belong to a class of molecular chaperones 
responsible for the correct folding of other synthesized proteins to prevent protein aggregation. 
These proteins are highly conserved, which suggests their evolutionary importance. Several studies 
support the theory that heat-shock and/or oxidative stress induce responses both in prokaryotes 
and eukaryotes. These stresses stimulate the production of reactive oxygen species, which have 
a key role in inducing the production of molecular chaperones (Muniz, 2006). Little is known about 
the exact role of heat-shock proteins in plants; however, recent studies have shown that some 
chaperones are related to the plant’s defensive system, acting both in hypersensitive responses 
and in systemic acquired resistance (Lipka and Panstruga, 2005).

PsbO is characterized by i) being essential for the efficient and stable evolution of oxygen, 
ii) being a limiting factor for photosynthesis and growth, and iii) interfering in the concentration of 
other proteins, such as PsbA (Murakami et al., 2005). According to Nelson and Yocum (2006), 
PsbA provides ligands for the cofactors and inorganic ions that catalyze the oxidation of water 
and transfers electrons to PS 2 during the photosynthesis photochemistry phase. Liu et al. (2007) 
showed that artificial mutants of Arabidopsis thaliana are characterized by having two genes that 
express two PsbO proteins (PsbO-1 and PsbO-2). These authors also demonstrated that the PsbOs 
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are related to the efficiency of the photochemical phase of PS 2 and to the D1 protein of the PS 2 
reaction center. Due to the important metabolic roles of PsbO and PsbA, the defective occurrence 
of such proteins leads to the phenomenon observed in the cacao mutants of the Pa series, which 
was characterized by a blockage in the photosynthetic electron transport chain, leading to inhibition 
of photosynthesis in the seedlings. A regulatory protein can repress gene expression. In this case, 
the gene is inactivated when the protein is linked to controlling sequences or, the protein may play 
a positive or supporting role in activating or increasing the expression of its target gene (Brown, 
2003).

In summary, the EST data obtained by the construction of the subtractive library of wild-
type and mutant cacao seedlings of the Pa series identified genes associated with Rubisco, 
peroxidases, and other proteins and enzymes related to carbon assimilation, oxidative stress, 
respiration, and PS 2 of the photosynthetic photochemical phase. The mutant seedlings were 
characterized by defectively synthesizing PsbO and PsbA, resulting in higher expression of 
these proteins, especially at 15 and 20 DAE. This event coincided with the period in which the 
cotyledonary reserves are low and the senescence process begins. These data suggest that the 
lethal factor promotes the synthesis of defective PsbO and PsbA proteins and, as a consequence, 
the mutant seedlings respond by increasing their synthesis in an attempt to produce non-defective 
proteins and activate mechanisms to reduce the damage caused by Luteus-Pa.
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