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ABSTRACT. The lethal gene ‘ Luteus-Pa’ is found in cacao genotypes
(Theobroma cacao) of the Parinari (Pa) series, from Peru. Seedlings
affected by this gene have yellowing leaves and subsequently die.
We mapped this gene based on microsatellite markers and RAPDs,
in order to elucidate the inheritance of ‘Luteus-Pa’ and investigate
possible lethal mechanisms. DNA samples of genitors were amplified
with 87 SSR and 64 RAPD primers. The SSR primers amplified 65
RAPD primers, giving 179 polymorphic bands. After screening with
SSR and RAPD markers, we selected 20 SSR primers, two SSR
primers with ESTs and 22 RAPD primers that were polymorphic for
genitors Pa 30 and Pa 169. Only two of the 22 RAPD primers and
three of the 20 SSR primers were informative and polymorphic in
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the analysis of the bulk samples of progenies. Among these, primer
RAPD E11 produced a band linked to the lethal gene (38.5 ¢cM); none
of the SSRs were associated with ‘Luteus-Pa’.

Key words: Cacao; Gene expression; Lethal factor; Genetic marker

INTRODUCTION

Cacao (Theobroma cacao) is a preferably allogamous plant (Cuatrecasas, 1964) na-
tive to rain forests. This tree species, under natural conditions, may grow from 20 to 25 m in
height (Lachenaud et al., 1997). Under cultivation, it normally is smaller, reaching 6 m. This
species is native to South America (Motamayor et al., 2002); populations can be found in the
Amazon and Guiana (Almeida and Valle, 2007). Cacao grows in tropical areas of the Central
and South Americas, Asia and Africa (Marita et al., 2001). The fruits of 7. cacao are com-
mercially explored for the production of seeds destined to the preparation of cocoa derivatives
and sub-products, mainly in its most popular form, chocolate. It may also be manufactured as
cosmetics, refined beverages, jellies, ice creams, and juices (Almeida and Valle, 2007).

Various types of markers have been used in genetic-resource characterization, genetic
mapping and variability, and phylogeny studies of 7. cacao (Lanaud et al., 1999). The avail-
ability of highly polymorphic neutral markers, allied to modern statistical procedures, allows
the construction of linkage maps for most plant species, even perennials, such as forest and fruit
trees (Carneiro and Vieira, 2002). In the case of 7. cacao, genetic mapping has been done with
molecular markers, comparing segregating populations (Pugh et al., 2004; Faleiro et al., 2006).

Compatibility tests of genotypes of the Parinari (Pa) series from Peru (Yamada et al.,
1982) revealed a recessive lethal character, which was named ‘Luteus-Pa’. This genotypic
character was identified for the first time in a Peruvian population; it causes yellowing of the
leaves of Pa 30, Pa 169 and Pa 121 genotypes of 7. cacao. Yellowing is followed by necro-
sis and death of seedlings, at approximately 30 to 40 days (Almeida et al., 1998). The genes
of these genotypes are in heterozygosis. With cross or self-fertilization they segregate at a
proportion of 3:1 (Bartley et al., 1983). This gene acts at the reaction center of photosystem
2 (Almeida et al., 1998). The abnormalities are mainly due to the action of simple recessive
alleles, probably deriving from specific individual mutations that are characterized by non-
pigmentation of the leaves (Bartley, 2005). A similar effect was observed in F, progenies,
resulting from self-fertilization of F1 plants from Pa 121 x SIC 802 and Pa 121 x Pa 169 (Ya-
mada et al., 1982). One fourth of the seedlings originated from these crossings were affected
by the mutant gene (Bartley et al., 1983; Bartley, 2005).

The lethal character of gene ‘Luteus-Pa’ was also evident in seedlings originated from
self-fertilization of self-compatible genotypes Pa 30 and Pa 121. Based on these data, we
conclude that various members of the series Pa carry genes responsible for this character’s
expression; this yellowing and lethal character could be used to help determine relationships
between genotypes belonging to this group (Bartley, 2005). However, no molecular markers
related to this gene had been found among the genetic maps constructed for 7. cacao.

The Pa series is constituted of a number of different genotypes, widely applied for the
developing clones and hybrid varieties. This lethal character of gene ‘Luteus-Pa’ may be useful
for identifying individuals belonging to the Pa series, constituting a potential genetic marker
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and a tool for paternity tests. In view of the importance of this series for 7. cacao breeding, we
searched for molecular markers that could be used to analyze a population derived from Pa 30
x Pa 169, in order to map the gene ‘Luteus-Pa’.

MATERIAL AND METHODS

Plant material and growth conditions

The Pa 30 and Pa 169 cacao genotypes, used as genitors of the segregating popula-
tions in this study, were from the germplasm bank of the Cocoa Research Center (CEPEC) in
[lhéus, Bahia, Brazil (14°47°S, 39°16°W, altitude of 55 m). Reciprocal crosses (Pa 30 x Pa 169
and Pa 169 x Pa 30) were made and the progenies were grown in a greenhouse. Hybrid seeds,
obtained through controlled pollination, were germinated in 2-L polyethylene bags containing
organic substrate (peat and shredded pine bark + shredded coconut fiber) at a proportion of
1:1, enriched with macro- and micromineral nutrients (Souza Junior, 2007). Fifteen days after
emergence (DAE) of the seedlings, the photosynthetic rate was measured in fully developed
and mature leaves, using a portable photosynthetic system LICOR model LI-6400 (Nebraska,
USA), to differentiate the mutant seedlings containing the gene ‘Luteus-Pa’ of the wild type,
since the mutant seedlings had negative CO, exchange and growth was maintained by cotyle-
donary saccharide and protein reserves (Almeida et al., 1998). Leaf samples were collected,
frozen in liquid nitrogen and lyophilized for the genetic mapping studies.

Extraction of DNA from 7. cacao leaves

DNA was individually extracted from each sample by means of the CTAB protocol
(Doyle and Doyle, 1990), with some changes: 1 M Tris-HCl (final solution 100 mM), 5 M NaCl
(final solution 1.4 M), 0.5 M EDTA (final solution 20 mM), 7% CTAB (final solution 2.8%), B
mercaptoethanol (final solution 14.3 M) and 1% PVP-P. About 200 mg plant tissue (leaves) was
transferred to a mortar containing liquid nitrogen. With the help of a pestle, the material was
macerated to a fine powder, which was immediately transferred to a 1.5-mL Eppendorf tube.
Then, 800 pL. CTAB buffer was added to each sample, which was homogenized and incubated
in a water bath (65°C) for 1 h, and lightly stirred each 10 min. After incubation, the tubes with
the samples were kept at room temperature for 10 min. After that, 700 puL chloroform:isoamyl
alcohol (24:1) was added to each sample; these were homogenized by tube inversion for 10
min. The tubes were centrifuged for 10 min at 21,952 g. Addition of isopropanol and centrifu-
gation were repeated twice. The supernatant was then withdrawn and placed into a new Ep-
pendorf tube, to which 700 puL frozen isopropanol was added, followed by homogenization of
the mixture. After 2 h at -20°C, the sample was centrifuged at 21,952 g for 15 min to precipitate
the DNA. A white precipitate formed at the bottom of the tube. The liquid part of the tube was
discarded and alcohol was carefully added so that the precipitate was not lost. The tubes with
the pellets were kept in the dark overnight to allow total evaporation of the alcohol. The DNA
was resuspended with 150 pL Tris-EDTA (TE) buffer containing RNase at a final concentration
of 10 ng/uL. After that the tubes with DNA were placed in a water bath for 30 min at 37°C.

After extraction and purification, the DNA was quantified by means of electrophore-
sis on an agarose gel with the following products: 1X TBE, 1.5 g agarose, 3.75 pL ethidium
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bromide and standard solution A 50 and A 100 (at the proportion of 1 pL A phage DNA at a
concentration of 50 ng/puL for 2 pL pigment and 1 uL A 100 ng/uL for 2 pL pigment) in order
to estimate the amount of DNA in each sample.

Amplification of DNA with PCR

The DNA samples were amplified by means of the random amplified polymor-
phic DNA (RAPD) technique (Williams et al., 1990), with 64 decamer primers (Operon
Technologies, Alameda, CA, USA), as well as with the SSR (single sequence repeat)
technique, with 35 microsatellite genomic primers marked with fluorescence (HEX =
yellow, TET = green and 6-FAM = blue) and 52 SSR containing ESTs (expressed se-
quence tags). The reagent concentrations used for the amplification of genomic SSR
were those used by Bertolde et al. (2010); the concentrations used for SSRs with ESTs
were the same as used by Lima (2007); the concentrations for the RAPDs were those
used by Leal et al. (2008), with some modifications. The amplifications with RAPD
primers were carried out with the thermal cycler PTC 200 model (MJ Research).

The DNAs of the individuals that constitute the segregating bulks (bulked segregant
analysis, BSA) were amplified for the analysis of progeny. These were constituted of the DNA
of seven seedlings of the wild-type and seven mutant seedlings (Santos et al., 2007), using
polymerase chain reaction (PCR) with microsatellite primers (SSR), with ESTs and 7. cacao
genomic DNA marked with fluorescence (as above).

The products of the genomic SSR reactions were run on 3% agarose gel, in order to
evaluate the amplification, and then submitted to electrophoresis on polyacrylamide gel in an
ABI 377 sequencer. The SSRs with ESTs were evaluated on 6% polyacrylamide gel stained
with 0.2% AgNO, solution.

The progeny DNA samples were also amplified by means of the RAPD technique, using
the BSA methodology, according to Michelmore et al. (1991). Three microliters of a mixture of
bromophenol blue (0.25%) and glycerol (60%) in water was added to each sample after ampli-
fication with RAPD primers. These PCR products were run on a 1.2% agarose gel stained with
ethidium bromide and submersed in TBE buffer (90 mM Tris-borate, 1 mM EDTA) and the
electrophoretic separation was run approximately 2 h at 95 volts. At the end of the run, the gels
were photographed under ultraviolet light using an image capture system (EDAS 290, Kodak).

Statistical analysis

The amplified RAPD products were converted into a binary data matrix. The coding
adopted was 1 for presence, 0 for absence of the allele and 9 for lost data. The amplified SSR
products were converted into a DNA fragment length matrix. The phenotypes of wild-type
and mutant plants were coded as 1 and 0, respectively. The set of data was then recoded ac-
cording to Lander et al. (1987).

The genetic link analysis was carried out from RAPD and SSR markers and the phe-
notype related to ‘Luteus-Pa’ by means of the Mapmaker EXP 3.0 program (Lander et al.,
1987). The criteria adopted for this analysis were: LOD >3.0 and 6 <50%, in which: LOD
represents the ratio logarithm between the linkage and non-linkage probabilities between the
markers and the ‘Luteus-Pa’ gene and 6 the maximum recombination percentage.
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RESULTS AND DISCUSSION

Seedlings affected by the gene ‘Luteus-Pa’ are characterized by negative CO, ex-
change (Almeida et al., 1998; Figure 1). Fifteen DAE of the seedlings it was found that the
lethal gene ‘Luteus-Pa’ was expressed in Y4 of the progenies from the crosses Pa 30 x Pa 169
and Pa 169 x Pa 30, therefore, segregating at a proportion of 3:1. As reported by Almeida et al.
(1998), seedling carriers of the lethal allele presented chlorosis and necrotic leaves, followed
by death at 60 DAE (Figure 2).

10 = O Wild type
Aa B Mutant

A (pmol-niz-s'1)
LN

Bb Bb

H1 H2

Genotypes

Figure 1. Comparison of the net photosynthetic rates per unit of leaf area (A) in progenies of Theobroma cacao
resulting from reciprocal crossings; H1 = Pa 30 x Pa 169 and H2 = Pa 169 x Pa 30. The means represent five
replications =+ standard error of the mean. Lower case letters indicate comparisons between crosses and capital
letters indicate comparisons between wild-type and mutant seedlings.
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Figure 2. Mutant (Mut) and wild-type (Wt) seedlings of the Theobroma cacao hybrid Pa 169 x Pa 30 at 15 (A, B)
and 60 (C) days after emergence of seedlings. Note the leaf chlorosis in the mutant seedlings (A - red arrows, B),
followed by seedling death (C).

In comparison, the photosynthetic activities of wild-type seedlings resulting from re-
ciprocal crosses did not differ (Figure 1). This proves that inheritance of this gene is simple
nuclear and not maternal. The fact that the leaves of mutant seedlings had negative CO, ex-
change is due to damage in the PS2 reaction centers of the photosynthesis photochemical
phase, resulting in blockage of electron transport, which makes photosynthetic activity impos-
sible (Almeida et al., 1998).

Among the 64 decamer primers tested, 29 (identified by Operon as: A7, A9, A11,A12,
Al4, Al5, Al6, Al7, A18, B6, B18, D1, D6, D7, D13, D14, D18, D19, El, E2, E3, E4, ES5,
E6, E15, E20, H8, H12, and N4) were monomorphic and 13 did not amplify for the genotypes
that were evaluated (A3, A4, AS, A6, A8, B11, B17, B20, C3, D2, D3, D4, D5). Among the
179 RAPD bands, 120 were monomorphic in the two genotypes. This predominance of mono-
morphic bands (67% of the amplified bands) is consistent with the genetic diversity usually
reported for 7" cacao (Marita et al., 2001; Leal et al., 2008). The genetic similarity coefficient
between the two genotypes of the Pa series was 0.67, the highest value was found by Yamada
et al. (2002, 2003) for genotypes of this series, based on microsatellite markers.

Among the 22 decamer primers that present polymorphism between Pa 30 and Pa 169,
20 primers, identified by Operon as A20, B3, B4, BS, B9, B12, B18, B19, C2, C6, C10, C11,
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C12, C14, D3, D20, E14, E16, E17, and R19, were monomorphic for DNA bulks, whereas
primers E11 and A19 were heteromorphic (Table 1). This low degree of polymorphism be-
tween bulks is expected in bulk segregant analysis. Nevertheless, polymorphic and informa-
tive bands applicable to localized mapping were found.

Table 1. Number of amplified and polymorphic fragments (RAPDs) between bulks of wild-type and mutant
cacao seedlings.

Primer Number of fragments
Amplified Polymorphic

Al9 7 4
A20 10 4
B3 6 1
B5 8 6
B9 6 5
B12 8 5
B19 5 2
C2 5 3
Co6 8 1
Cl11 6 1
Cl4 9 2
D3 9 1
D20 9 2
Ell 8 4
El4 12 1
El16 11 1
E17 7 6
R19 4 1

Of the two primers tested on the population of 200 individuals (150-wild type seed-
lings and 50 mutant seedlings) only the 1650-bp band generated by primer E11 showed sig-
nificant genetic linkage with gene ‘Luteus-Pa’. This band was linked to the lethal gene at a
distance of 38.5 ¢cM, with a 5.72 LOD score.

When electrophoresis was carried out on a sequencing gel, with the materials from the
genitors, only five of the 35 primers (Lanaud et al., 1999; Risterucci et al., 2000) (mTcCIR 6,
mTcCIR 8, mTcCIR 12, mTcCIR 13, and mTcCIR 60) were monomorphic for both genotypes
(Pa 30 and Pa 169); 20 were polymorphic. The remaining 10 primers (mTcCIR 1, mTcCIR 7,
mTcCIR 11, mTcCIR 17, mTcCIR 22, mTcCIR 28, mTcCIR 33, mTcCIR 42, mTcCIR44, and
mTcCIR 57) produced non-informative bands for this cross.

The 35 genomic SSRs tested among the genitors generated 83 alleles, an average of
2.44 alleles per locus, more than observed by Leal et al. (2008) and Bertolde et al. (2010).
They used microsatellite markers. According to Bertolde et al. (2010), high-resolution gels,
such as the 5% polyacrylamide gel that we used, make it possible to correctly identify the
alleles at each locus, because it allows separation of fragments differing by only 1 bp. Also,
these markers facilitate this type of analysis, without environmental influence (Lerceteau et
al., 1997). One of the main inconveniences occurs when the marker is located far from the
gene of interest (Mohan et al., 1997), as we observed.

The mean heterozygosity in the Pa series genotypes was 41.2%. Bertolde et al. (2010)
reported that 7" cacao genotypes have a mean heterozygosity of 40 to 67%. The two genotypes
that we evaluated showed 54% heterozygous loci (Table 2).
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Table 2. Heterozygosity of genotypes of Pa series in Theobroma cacao based on simple sequence repeat (SSR) markers'.

Accession No.? SSR marker Size of allele Pa 30 (bp) Size of allele Pa 169 (bp)
Allele 1 Allele 2 Allele 1 Allele 2
Y16883 mTcCIR 1 142.19 142.19 100.00 100.00
Y16978 mTcCIR 2 242.39 256.36 242.39 256.25
Y16977 mTcCIR 3 218.19 218.19 220.39 232.71
Y16979 mTcCIR 4 255.60 274.36 253.91 274.64
Y 16980 mTcCIR 6 228.77 228.77 231.90 231.90
Y 16981 mTcCIR 7 157.18 157.18 157.00 157.00
Y 16982 mTcCIR 8 140.97 140.97 158.01 158.01
Y16983 mTcCIR 9 142.19 142.19 276.90 285.77
Y 16984 mTcCIR 10 208.66 208.66 208.16 215.61
Y16985 mTcCIR 11 309.71 309.71 253.07 253.07
Y 16986 mTcCIR 12 201.94 214.98 202.09 202.09
Y 16987 mTcCIR 13 254.67 254.67 257.10 257.10
Y 16988 mTcCIR 15 257.37 234.76 244.73 258.40
Y 16989 mTcCIR 16 309.53 315.45 308.72 308.72
Y 16990 mTcCIR 17 300.11 300.11 249.89 249.89
Y16991 mTcCIR 18 344.19 347.04 344.62 347.51
Y 16994 mTcCIR 21 153.33 153.33 157.35 171.09
Y 16995 mTcCIR 22 291.47 291.47 286.73 286.73
Y 16997 mTcCIR 25 209.32 236.92 152.07 168.34
Y 16999 mTcCIR 28 339.83 339.83 347.70 347.70
AJ271823 mTcCIR 30 138.88 160.12 150.00 160.00
AJ271824 mTcCIR 31 340.00 350.11 333.13 346.16
AJ271826 mTcCIR 33 343.11 343.11 250.00 250.00
AJ271827 mTcCIR 35 230.80 230.80 231.00 239.50
AJ271942 mTcCIR 37 182.00 202.05 99.76 138.5
AJ271944 mTcCIR 42 230.94 230.94 237.11 237.11
AJ271945 mTcCIR 43 205.87 205.87 168.41 209.08
AJ271946 mTcCIR 44 183.14 183.14 184.19 184.19
AJ271947 mTcCIR 45 284.21 286.02 284.17 286.43
AJ271949 mTcCIR 47 238.36 253.87 216.86 216.86
AJ271950 mTcCIR 49 149.01 206.13 205.89 205.89
AJ271953 mTcCIR 54 157.23 160.94 158.42 158.42
AJ271956 mTcCIR 57 142.06 142.06 140.60 140.60
AJ271958 mTcCIR 60 200.11 200.11 200.00 200.00
No. of loci in heterozygosis 14 15
No. of loci in homozygosis 18 19

Lanaud et al. (1999); Risterucci et al. (2000); 2Genbank (www.ncbi.nlm.nih.gov).

Among the SSR primers, 22 SSR markers were selected because of polymorphism
between the genitors (Pa 30 and Pa 169) of the segregating population. When the bulk analysis
was carried out, it was observed that only three of these genomic SSR primers (mTcCIR 15,
mTcCIR 25 and mTcCIR 45) were present in at least five of the seven seedlings of each bulk,
besides being polymorphic and informative for the progeny bulks that were evaluated; they
were used for the genotyping of the segregating population (200 seedlings).

None of the SSR ESTs that were evaluated presented polymorphism in the progeny
bulks. In the mapping analysis, we did not observe linkage of the three genomic microsatellite
loci with the lethal gene ‘Luteus-Pa’. These markers map in distinct linkage groups: mTcCIR
15 in group 1, mTcCIR2S5 in group 6 and mTcCIR 45 in group 8 (Risterucci et al., 2000; Pugh
et al., 2004). This demonstrates that ‘Luteus-Pa’ is not in these genomic regions.

In conclusion, the level of polymorphism found between Pa 30 and Pa 169, based on
RAPD and SSR markers, was compatible with the average values usually found in genetic
diversity studies of T cacao. The gene ‘Luteus-Pa’ is found 38.5 ¢cM from marker E11 (1650
bp) and is not found in the regions adjacent to loci mTcCIR 15, mTcCIR 25 and mTcCIR 45
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in linkage groups 1, 6, and 8, respectively. The SSR data helped guide the localization search
of this gene in T’ cacao.
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