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Abstract

Cocoa butter or fat is one of the most valuable products extracted from cocoa beans. It is used for the manufacture of chocolate, pharmaceutical, and
cosmetic products. Breeding programs in the world are trying to develop cocoa varieties with a high fat content and productivity to increase the production
of fat per hectare. In a laborary, we extracted cocoa fat from seeds of 16 parental clonal genotypes and their 62 hybrid combinations tested in a field
experiment. The hybrids plants were obtained by controlled pollination using a partial diallel mating design. Analysis of variance, Scott-Knott mean
comparison tests, a test of the general combining ability (GCA) of parental clones, and tests of the specific combining ability (SCA) of hybrid combinations
were performed. Significant differences were obtained for fat content in seed of the parental plants. Genotypes from the Amazon region demonstrated a
higher fat content, whereas genotypes from Trinidad (Trinitario) and Criollo exhibited lower values. Diallel analysis indicated that both additive and
nonadditive effects were relevant to fat content, with the additive effects having a greater influence. Regarding the fat content, it is recommended to use
the parents SCA 6, CEPEC 89, BE 4, CCN 51, ICS 9, and P4B for crosses aiming to increase fat, whereas the genotypes EEG 29, CCN 10, and OC 67 should be
avoided because of their tendency to reduce fat content.
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Introduction

Cocoa (Theobroma cacao L.) is cultivated in the tropical regions of
the American, African, Asian, and Oceanian continents to produce
dried beans, which are roasted, shelled, and ground in mills to
produce liquor, fat (butter), cake, and/or powder!l. Cocoa butter is
one of the most valuable products in the market and is of great
industrial interest, particularly for the manufacture of chocolate,
pharmaceutical, and cosmetic productsZ. It is predominantly com-
posed of saturated fatty acids, palmitic and stearic acids, unsatu-
rated fatty acids, oleic acids, and linoleic acidst!.

T. cacao has a great genetic variability for agronomic and indus-
trial features that can be used by breeders to improve cultivarst*l,
Generally, breeding programs in different cocoa-producing regions
worldwide have focused on increasing productivity, pest resis-
tance, larger pod and seed sizes, thinner pod shells, and self-
compatibility®7l. However, programs that use recurrent selection,
such as those in Cote d'lvoire and Brazil (Comissdo Executiva do
Plano da Lavoura Cacaueira [CEPLAC]), are also trying to increase the
fat percentage in seedsl®9, These programs produce hybrid and
clonal cultivars, which are grown by farmers; however, selecting
cultivars with higher fat content and better organoleptic quality has
been facilitated by the increasing use of clonal cultivars19),

The amount of butter in cocoa beans ranges from 45.4% to 60.3%
(average = 53.2%), as shown by a study conducted in Brazil involv-
ing 490 cocoa accessions of different geographical origins!''l. Simi-
lar results were observed in 188 cocoa clones from Malaysial'2 and
35 accessions from the Brazilian Amazonl'3l, This demonstrates a

© The Author(s)

wide variation in fat content in cocoa accessions, allowing for the
selection of superior genotypes.

The frequency distribution of fat content approximated a
normal curve, suggesting that the inheritance of this trait is
quantitativel''l, Fat content has low correlations with disease
resistance, productivity, seed size, and pod size, making it an inde-
pendent trait during selection work. Fat content exhibits a xenia
effect, in which the origin of the pollen affects the expression
of the the trait; therefore, selection can be made in the seed genera-
tion under analysisl'#'%], Regarding the genetic inheritance of fat
content in cocoa, a study using an incomplete diallel design that
evaluated 94 progenies in four locations in Malaysia demon-
strated heritability ranging from 0.48% to 0.81% and significant
additive genetic effects in all experiments, with dominant genetic
effects being significant in only onel'8l, In addition, a quantitative
trait loci (QTL) of major effect, explaining 22% of the variation in fat
content, was identified in a self-fertilized population of the clone
TSH 5160171,

In general, studies of genetic inheritance of agronomc traits of
interest in cacao are controlled by genes of additive effects with
high general combining abilityl'8-21], The aims of this study were to
characterize the percentage of fat content found in the seeds of 16
parental clones and 62 hybrid combinations resulting from a partial
diallel mating scheme, to obtain estimates of the general combin-
ing ability (GCA) of the parental clones, and to estimate the speci-
fic combining ability (SCA) of hybrid combinations resulting from
partial diallel crossing among the 16 parents.
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Materials and methods

Genetic material and experimentl design

In this study, cocoa seed fat was extracted from 16 parental clones
and 62 progenies. The 16 parental clones were part of a reciprocal
recurrent selection program at the Cocoa Research Center (Centro
de Pesquisa do Cacau [CEPEC]), CEPLAC, Ilhéus-BA. These parents
were selected according to several criteria, including geographical
origin, genetic resistance to diseases such as witches' broom and
black pod, pod and seed size, fat content, and molecular DNA
patternsl?2], These 16 parental clones were grouped into two sets:
Eight as mothers and eight as fathers (Table 1). They were crossed
according to a partial diallel strategy, namely Design Il of Comstock
and Robinson(23), resulting in the production of 62 of 64 progenies.
Two crosses were lost during this process.

In total, 16 clonal parents and their 62 progenies were evaluated
in a randomized complete block design with two replicates of 20
plants per plot in an experiment at CEPEC. The plants were grown at
a spacing of 3 m X 3 m, and data were collected during the produc-
tive phase of the plants, approximately 8 years after planting. The
agronomic maintenance of the field trials followed the manage-
ment scheme, fertilization, and disease control protocols adopted
by CEPLAC24,

Ten pods from different plants under the same treatment were
collected from each plot, from which 10 seeds per pod (simple
sampling) were collected, totaling a composite sample of 100 seeds
per plot used for data collection. The pods originated from open
pollination during the main crop season from September to Novem-
berin 2011.

Fat percentage

The extraction of cocoa seed fat was based on a method
described by the Association of Analytical Chemists[2%], adopting the
following procedure:

(1) We ground 100 cocoa seeds without testa from each geno-
type until a homogeneous fine mass was formed.

(2) The mass was dehydrated in an oven at 105 °C until a constant
mass was obtained.

(3) For each genotype, a sample (5 g) was placed in a
250 mL beaker, 100 mL of 70 °C hydrochloric acid solution was
added, and the beaker was placed on a hot plate for gentle boiling
for 20 min.

Combining ability for fat content in cacao seeds

(4) The digestion product was filtered through a medium-grade
filter paper with a diameter of 15 cm, previously moistened and free
of fat, using a glass funnel with a capacity of 150 mL.

(5) The filter paper with the moist sample was transferred to
a Soxhlet cartridge and covered with degreased cotton. The
cartridges were dried in an oven at 105 °C for 4 h.

(6) A 250 mL flask from the Soxhlet extractor set, previously dried
and tared with glass beads to standardize boiling, was filled with
150 mL of petroleum ether or hexane (30-60 °C). The cartridge
containing the sample was placed in the extractor and subjected to
extraction for 4 h under continuous flow.

(7) Subsequently, the solvent was evaporated in a rotary evapora-
tor, and the flask containing the fat was dried in an oven at 105 °C
until complete evaporation of the solvent.

(8) The flask containing the dry matter was weighed, and the
percentage of fat was calculated.

Statistical analysis

The analysis of variance (ANOVA) of the data was performed

according to the statistical model:

Yij=p+gi+bj+e
where, Yj; is the value of the ijk-th observation relative to genotype i in
the j-th block, u is the effect of the overall mean, g; is the effect of the
i-th genotype, b; is the effect of the j-th block, and e; is the effect of the
experimental error associated with plot jj.

For comparisons between means, the Scott-Knott test was used
at a 5% probability level.

Diallel analysis was performed according to the model proposed
by Geraldi and Mirandal?%l. This model is an adaptation of Griffing's
Method IVI27], in which the effects of the GCA of each parent and the
effects of the SCA of the hybrid combinations are estimated using
data obtained from p(p - 1)/2 F; hybrids28l.

The ANOVA of the diallel analysis was performed according to the
following model:

Y[_j=m+l/2(d| +d2)+g[+g}+si_i+ei_/

where, Yj is the mean of the treatment involving the i-th parent from
Group | (mother clones) and the j-th parent from Group Il (father
clones), m is the overall mean of the diallel, d; and d, are the contrasts
involving the means of Groups | and lI, g; is the effect of the general
combining ability of the i-th parent in Group |, gj is the effect of the

Table 1. Cocoa clones used as parents in Group | (mothers) and Group Il (fathers), with their respective codes, geographical groups, and origins.

Geographical group Origin

Clone Code

Group | (mothers) Belém 4 BE 4
Centro de Pesquisa do Cacau 89 CEPEC 89
Cruzeiro do Sul 07 CSuL7
Estacdo Experimental de EEG 29
Goitacazes 29
Imperial College Selections ICS 98
Ocumare 67 0oC67
Rio Branco RB 39
Scavina 6 SCA6

Group |l (fathers) Cacao Castro Naranjal 10 CCN 10
Cacao Castro Naranjal 51 CCN 51
Centro de Pesquisa do Cacau 86 CEPEC 86
Imperial College Selections ICS9
Iquitos Mixed Calabacillo 76 IMC 76
Nanay 33 NA 33
Pound 4/B P4B
Selecciones Guatemaltecas 54 SGU 54

Forastero: Lower Amazon
Forastero
Forastero: Upper Amazon
Forastero: Lower Amazon

Trinitario
Criollo
Forastero
Forastero: Upper Amazon
Forastero x Criollo (Hybrid)
Forastero X Criollo (Hybrid)
Forastero
Trinitario
Forastero: Upper Amazon
Forastero: Upper Amazon
Forastero
Forastero: Guianas

Belém-PA, Brazil
Itabuna-BA, Brazil
Cruzeiro do Sul-AC, Brazil
Espirito Santo, Brazil

Trinidad and Tobago

Ocumare de la Costa-Aragua, Venezuela

Rio Branco-AC, Brazil
Ucayali River, Peru
Napo, Ecuador
Napo, Ecuador
Itabuna-BA, Brazil
Trinidad and Tobago
Iquitos, Peru
Nanay River, Peru

Los Brillantes, Guatemala
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general combining ability of the j-th parent from Group I, s; is the
effect of the specific combining ability of the i-th parent from Group |
and the j-th parent from Group Il, and e; is the experimental error.

Results and discussion

Characterization of seed fat percentage in
parents and their hybrids

The ANOVA revealed significant differences in seed fat content
among the treatments (Table 2). A significant difference between
treatments was expected because the parents were heterozygous
clones selected for their differences in seed fat content and other
characteristics. The average fat content of the genotypes was
54.19%, which is close to the minimum fat content required by
the industry (55%). These results are similar to those observed by
Pires et al."V, who analyzed 490 cacao genotypes from different
geographic origins. Tucci et al.2% identified fat content within a
commercially interesting range only in the ICS 39, UF 677, and IAC 1
clones, attributing the observed differences to the genetic material
used, although they also considered climatic conditions to be a
factor influencing the fat content.

Regarding the breakdown of treatments, significant differences
(p < 0.01) were observed for hybrids, clones, and hybrid versus clone
interactions. The existence of significant differences between clones
and hybrids indicates the possibility of identifying genotypes that
differ from others in terms of seed fat content in both groups. The
hybrid versus clone contrast indicated that they behaved differently
under different treatments. This heterogeneity of the material
allows the implementation of selection practices, which, in turn, can
result in genetic gains by selecting superior genotypes.

The mean fat content percentages of cocoa seeds of the parental
clones and hybrids are presented in Tables 3 and 4, respectively. The
variation in fat content among clones ranged from 47.51% (OC 67)
to 57.20% (CCN 51), and from 48.71% (EEG 29 x CCN 10) to 57.51%
(CEPEC 89 x CEPEC 86). Significant differences between the means
were detected using the Scott-Knott test at a 5% probability level.
This indicated a variation of approximately 10% in fat content for
both clones and hybrids, demonstrating a wide range for this trait
within the evaluated population. The coefficient of variation (CV)
was 1.25%, reflecting a high experimental precision.

In general, genotypes collected from the Amazon region (CSUL,
SPA, NA, PA, CJ, POUND, and RB) tended to have fat contents within
the commercially desirable range (> 54%), whereas genotypes from
the Trinitario/Criollo collection (UF, SGU, OC, ICS, P, and CC) com-
monly exhibited lower values (< 53%). In addition, low fat content
was observed in Ecuadorian genotypes (EET) and traditional cocoa
populations from Bahia and Espirito Santol"l.

Table 2. Summary of the ANOVA for the percentage of fat content in cocoa
seeds, based on data from hybrids and parent clones.

Source of variation Degrees of freedom Fat (mean square)

Blocks 1 4.79%
Genotypes 77 8.92*
Clones 15 15.73*
Hybrids 61 7.00*
Clones x hybrids 1 24.04%
Error 77 0.46
CV (%) 1.25
Overall mean 54.21

* Significant at 1% level by the F-test; CV: coefficient of variation.
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The physical and chemical characteristics of cocoa seeds affect
the final quality of beans processed to produce cocoa liquor and
its derivatives. The clonal cultivar CCN 51 is highly productive,
disease-resistant, and widely cultivated in Ecuador, Brazil, and Peru.
Although it has a very acidic and watery pulp, resulting in beans
with low organoleptic quality after traditional fermentation, its high
fat content makes it a viable option for cocoa fat production.

Table 3. Mean values for fat content (%) in cocoa seed clones.

Clone Fat (%)
Group | (mothers) CEPEC 89 56.10 a
CcsuL7 5591a

1CS 98 53.94b

BE 4 53.87b

EEG 29 53.20b

SCA6 52.86b

RB 39 52.01b

oce67 47.51d

Group |l (fathers) CCN 51 57.19a
P4B 5584 a

ICS9 55.59a

CEPEC 86 5544 a

SGU 54 5397 b

CCN 10 53.03b

IMC 76 50.60 c

NA 33 47.99d

Means followed by the same letters belong to the same group according to the
Scott-Knott test at 5% probability.

Table 4. Mean values for fat content (%) in seeds of hybrids originating from
interclonal crosses of cocoa.

Hybrid Fat (%) Hybrid Fat (%)
BE4 xICS9 56.22 a ICS98 x IMC 76 57.18a
BE4x CCN 10 5593 a ICS98 x NA 33 55.96 a
BE 4 x NA 33 55.39b ICS 98 x CCN 51 5593 a
BE 4 x P4B 55.17 b ICS98 x CCN 10 55.27 b
BE4 x CCN 51 55.06 b ICS98 xICS9 54.04 b
BE4 xIMC 76 5497 b 1CS 98 x CEPEC 86 5334c
BE 4 x CEPEC 86 5422 b ICS 98 x P4B 5244 c
BE 4 x SGU 54 51.48d 1CS 98 x SGU 54 51.39d
CEPEC 89 x CEPEC 86 57.50a 0C67 x CCN 51 56.49 a
CEPEC 89 x IMC 76 54.55 b 0OC67 xNA33 54.87 b
CEPEC 89 x NA 33 5437 b 0C67 xIMC76 54.82 b
CEPEC 89 x P4B 54.06 b 0C67 x SGU 54 54.15b
CEPEC 89 x CCN 51 53.46 ¢ 0C67 xI1CS9 54.13b
CEPEC 89 xICS9 53.32c 0OC67 x P4B 53.57c¢
CEPEC 89 x SGU 54 53.10c¢ 0OC 67 x CEPEC 86 49.98 e
CSUL 7 x CCN 51 56.77 a RB 39 x CEPEC 86 57.29a
CSUL7 xNA33 55.09b RB 39 x SGU 54 56.17 a
CSUL 7 x SGU 54 5492 b RB 39 x P4B 56.08 a
CSUL7 xIMC76 5346 ¢ RB 39 x NA 33 55.87 a
CSUL7 xI1CS9 52.57 ¢ RB 39 x CCN 51 55.16 b
CSUL7xCCN 10 52.30c¢ RB39x1CS9 54.18 b
CSUL 7 x P4B 51.97 c RB39xCCN 10 53.69 ¢
CSUL 7 x CEPEC 86 51.83 ¢ RB 39 x IMC7 6 5035e
EEG 29 x CCN 51 56.72 a SCA6xIMC76 5746 a
EEG 29 x NA 33 55.28 b SCA6xICS9 56.61a
EEG 29 x P4B 54.88 b SCA6x CCN 51 56.34a
EEG 29 X IMC 76 54.04 b SCA 6 x P4B 56.03 a
EEG29 xICS9 5391b SCA6xCCN 10 55.48 b
EEG 29 x SGU 54 53.04c SCA6xNA33 55.14 b
EEG 29 x CEPEC 86 52.65c¢ SCA 6 x SGU 54 54.56 b
EEG29 x CCN 10 48.70 f SCA 6 x CEPEC 86 52.66 c

Means followed by the same letters belong to the same group according to the
Scott-Knott test at 5% probability.
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GCA and SCA for seed fat content percentage

In a cocoa breeding program, evaluating only the parental geno-
types is insufficient, particularly for traits such as fat content, which
have quantitative genetic inheritance. Therefore, it is essential to
obtain information on the combined abilities of these genotypes!30l.
According to the diallel analysis, significant differences (p < 0.01)
were observed for GCA in Groups | and I, as well as for SCA in hybrid
combinations for fat percentage (Table 5). This suggests that both
additive and nonadditive genetic effects are important for the
expression of this trait.

In other words, the values observed in the hybrids for each evalu-
ated trait resulted from the parents’' GCA and SCA. These findings
align with those reported by Lockwood and Pang!'¢l, who identified
both additive and dominant genetic effects on fat content.

In the present study, the quadratic genetic components of the
SCA and GCA for fat content were found to be similar. This prox-
imity between GCA and SCA suggests that additive, dominant,
and epistatic gene effects are involved in the expression of fat
content in cocoa. Other studies have reported significant mean
squares for GCA and SCA in production traits!'?, with GCA effects
being superior for traits related to pod size and seed weightB3931], as
well as pod production3233], The same pattern was observed for the
average seed weight per pod4, and seed shape and sizel3>.,

The parental clones that exhibited the highest GCA estimates
were SCA 6, CEPEC 89, and BE 4 in Group | and CCN 51, ICS 9, and
P4B in Group Il (Table 6). Given the importance of increasing the fat
content in cocoa breeding, these genotypes can be used for crosses
in ongoing reciprocal recurrent selection programs to develop
improved populations in Groups | and Il with high frequencies of
alleles or allele combinations that are favorable for increased fat
content.

Clones EEG 29, CCN 10, and OC 67 presented the lowest esti-
mates of GCA. These findings align with the results reported by
Pires et al.'"l, who reported a lower average fat content (< 53%) in
the Trinitario/Criollo and Ecuadorian genotypes.

Among the hybrid combinations, ICS 98 x IMC 76, CEPEC 89 x
CEPEC 86, and SCA 6 x IMC 76 had values of around three, whereas
OC 67 x NA 33, RB 39 x SGU 54, OC 67 x IMC 76, OC 67 x CCN 51,
EEG 29 x NA 33, BE 4 x CCN 10, ICS 98 x NA 33, RB 39 x NA 33, and
0OC 67 x SGU 54 had values of around two (Table 7). Hybrid individu-
als from these progenies, characterized by a high fat content, pro-
ductivity, and disease resistance, can be selected and multiplied
through vegetative propagation and subsequently utilized in com-
petitive clone trials aimed at developing superior clonal cultivars.

In a reciprocal recurrent selection program, it is crucial to obtain
parental genotypes with high and positive GCA estimates for the

Table 5. Summary of the ANOVA for GCA and SCA of cocoa clone parents from
Groups | and Il for fat content (%) in cocoa seeds based on analysis of the mean
data from diallel crosses.

Combining ability for fat content in cacao seeds

trait. In addition, these parents should exhibit high SCA when cross-
ing Groups | and Il to achieve superior hybrids. Several parental
genotypes listed in Table 7 met this criterion, demonstrating the
potential for good allele complementarity in their combinations.

Fat content can be increased by enhancing the seed yield per
hectare, increasing the amount of fat in the seeds, or both

Table 6. Estimates of GCA of parental clones from Groups | and Il for fat content
(%) of cocoa seeds, based on the mean diallel cross data.

Clone Fat

Group | (mothers) BE4 0.4050*
CEPEC 89 0.4188*
CSuUL7 —-0.0484
EEG 29 —0.4751
1CS 98 0.1750
oce7 -1.3240
RB 39 0.1245
SCA6 0.7241*

Group 2 (fathers) CCN 10 —-0.7303
CCN 51 1.4939*
CEPEC 86 -0.1698
ICS9 0.3156*
IMC 76 —0.3623
NA 33 —-0.3690
P4B 0.2922*
SGU 54 —0.4703

* Clones showing high GCA.

Table 7. Estimates of SCA for fat content of cocoa seeds in hybrid combinations
formed by parental genotypes from Groups | and I, derived from the mean of
diallel cross data.

Source of variation Degrees of freedom Fat (mean square)

Treatments 79 8.7871%**
Groups 1 2.2578*
GCA Group | 7 9.9113%**
GCA Group Il 7 11.8887*%*
SCAIxI 64 8.4269%*

Error 77 0.4608

Effect of the mean 54.1872

Effect of d, —0.2656

Effect of d, 0.2656

Hybrid Fat Hybrid Fat
BE4xCCN 10 2.0731* ICS98 x CCN 10 1.6431
BE 4 x CCN 51 -1.0261 || ICS98 x CCN 51 0.0789
BE 4 x CEPEC 86 -0.2023 1CS 98 x CEPEC 86 —0.8523
BE4xI1CS9 1.3173 ICS98 xICS 9 -0.6377
BE 4 x IMC 76 0.7402 ICS 98 x IMC 76 3.1802%
BE 4 x NA 33 1.1718 ICS98 x NA 33 1.9668*
BE 4 x P4B 0.2856 1CS 98 x P4B —2.2144
BE 4 x SGU 54 -2.6369 || ICS98 x SGU 54 -2.5019
CEPEC 89 x CCN 10 —-0.0990 0C67 xCCN 10 0.2750
CEPEC 89 x CCN 51 —2.6400 0C67 x CCN 51 2.1329*
CEPEC 89 x CEPEC 86 3.0688* || OC67 x CEPEC 86 -27133
CEPEC89x1CS9 -1.6016 0C67 xICS9 0.9563
CEPEC 89 x IMC 76 03113 0C67 xIMC76 2.3192*
CEPEC 89 x NA 33 0.1379 0C67 xNA33 2.3808*
CEPEC 89 x P4B —-0.8333 0C67 x P4B 0.4196
CEPEC89 x SGU54 -1.0358 0C67 x SGU 54 1.7571
CSUL7 xCCN 10 -1.1035 || RB39xCCN 10 0.1135
CSUL7 x CCN 51 1.1423 RB 39 x CCN 51 —0.6457
CSUL 7 x CEPEC 86 -2.1339 RB 39 x CEPEC 86 3.1531
CSUL7 x1CS9 -1.8843 || RB39xICS9 —-0.4423
CSUL7 xIMC76 -0.3114 RB 39 xIMC 76 —3.5944
CSUL7 xNA33 1.3202 RB 39 x NA 33 1.9322*%
CSUL7 x P4B —-24560 || RB39x P4B 1.4760
CSUL7 x SGU54 1.2565 RB 39 x SGU 54 2.3285*
EEG29x CCN 10 -4.2769 SCA6xCCN10 1.2990
EEG 29 X CCN 51 1.5139 SCA6x CCN 51 —-0.0652
EEG 29 x CEPEC 86 -0.8923 SCA 6 x CEPEC 86 -2.0814
EEG 29 xICS9 -0.1177 SCA6xICS9 1.3882
EEG 29 x IMC 76 0.6952 SCA6xIMC76 29161%
EEG 29 X NA 33 1.9368* SCA6 xNA33 0.6027
EEG 29 x P4B 0.8756 SCA 6 x P4B 0.8315
EEG 29 x SGU 54 -0.2019 || SCA 6 x SGU 54 0.1190

** and *: Significant at the 1% and 5% levels, respectively, by the F-test.
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simultaneously. The latter approach must consider that seed yield and
fat percentage are not correlated and, in principle, are independent
traits'4l. Therefore, during the selection process, it is important to
identify parents that possess a high frequency of favorable alleles for
these traits, either within the same genotype or across different geno-
types, to develop segregating populations for selection.

Moreover, given the significant role of SCA in both fat content
and yield, the development of improved populations through recip-
rocal recurrent selection schemes that provide good allele comple-
mentarity should be explored to obtain superior cultivars.

Conclusions

The evaluated genotypes, comprising 16 parental clones and 62
progenies, exhibited significant differences in seed fat content.
These differences benefit breeding programs because genetic
gains can be achieved by selecting superior genotypes. Additive
effects were superior to dominant effects on fat content in cacao.
The parents SCA 6, CEPEC 89, BE 4, CCN 51, ICS 9, and P4B can be
recommended for crosses when the breeding program's goal is to
increase seed fat content. Conversely, EEG 29, CCN 10, and OC 67
should not be used, as they tend to reduce the values of the trait
under analysis.

Author contributions

The authors confirm their contributions to the paper as follows:
study conception and design: Almeida AAFd, Pires JL, Santos EA,
and Ahnert D; data collection: Melo HL; analysis and interpretation
of results: Melo HL, Almeida AAFd, Barretto WS, Santos EA, and
Ahnert D; draft manuscript preparation: Melo HL, Almeida AAFd,
Silva GS, Zhang D, and Ahnert D. All authors reviewed the results
and approved the final version of the manuscript.

Data availability

All data generated or analyzed during this study are included in
this published article.

Acknowledgments

The first author thanks the Coordenacdo de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES), Brazil, for granting a fellow-
ship for Master's study. The second author gratefully acknowledges
the CNPq for granting a fellowship of scientific productivity.
We thank CEPLAC for conducting the field experiment and labora-
tory analyses, and Editage (www.editage.com) for English language
editing.

Conflict of interest

The authors declare that they have no conflict of interest.

Dates
Received 7 February 2025; Revised 23 July 2025; Accepted 3
September 2025; Published online 15 January 2026

References

[11 International Cocoa Organization-ICCO. 2022. Bulletin of Cocoa Statis-
tics. www.icco.org/statistics/cocoa-prices/monthly-averages.html
(Accessed on 12/11/2022)

Melo et al. Beverage Plant Research 2026, 6: €002

[2]

[3]

4]

[5]

[6]

[7]

[8]

)

101

(111

2]

3]

[14]

[15]

[16]

171

[18]

[19]

[20]

Beverage Plant
Research

Gopaulchan D, Motilal LA, Bekele FL, Clause S, Ariko JO, et al. 2019.
Morphological and genetic diversity of cacao (Theobroma cacao L.) in
Uganda. Physiology and Molecular Biology of Plants 25:361-375

de Melo CWB, de Jesus Bandeira M, Maciel LF, da Silva Bispo E, de
Souza CO, et al. 2020. Chemical composition and fatty acids profile of
chocolates produced with different cocoa (Theobroma cacao L.) culti-
vars. Food Science and Technology 40:326—333

Bartley, BGD. 2005. The Genetic diversity of cacao and its utilization.
Wallingford, UK: CABI Publishing. pp. 341 doi: 10.1079/9780851996196.
0000

Motamayor JC, Lachenaud P, da Silva e Mota JW, Loor R, Kuhn DN,
et al. 2008. Geographic and genetic population differentiation of the
Amazonian chocolate tree (Theobroma cacao L). PLoS ONE 3:e3311
Yamada MM, Pires JL, Faleiro FG, Lopes UV, Macedo MM. 2013. Agro-
nomic performance of 27 cocoa progenies and plant selection based
on productivity, self-compatibility and disease resistance. Revista Ceres
60:514-518

McElroy MS, Navarro AJR, Mustiga G, Stack C, Gezan S, et al. 2018.
Prediction of cacao (Theobroma cacao) resistance to Moniliophthora
spp. diseases via genome-wide association analysis and genomic selec-
tion. Frontiers in Plant Science 9:343

Ahnert D, Eskes AB. 2018. Developments in cacao breeding
programmes in Africa and the Americas. In Achieving Sustainable Culti-
vation of Cocoa, ed. Umaharan P. Cambridge, UK: Burleigh Dodds
Science Publishing. pp. 111-154 doi: 10.19103/AS.2017.0021.06

Lopes UV, Monteiro WR, Pires JL, Clement D, Yamada MM, et al. 2011.
Cacao breeding in Bahia, Brazil: strategies and results. Crop Breeding
and Applied Biotechnology 11:73-81

Ahnert D, Melo HL, Santos FFJ, Lima LR, Baligar VC. 2018. Melhora-
mento genético e produtividade do cacaueiro no Brasil. In Cacau.
Cultivo, Pesquisa e Inovagédo, ed. de Souza Junior JO. Portugal: Editus.
pp. 151-182 doi: 10.7476/9786586213188.0005

Pires JL, Cascardo JCM, Lambert SV, Figueira A. 1998. Increasing cocoa
butter yield through genetic improvement of Theobroma cacao L.:
Seed fat content variability, inheritance, and association with seed
yield. Euphytica 103:115-121

Wadsworth RM, Ford CS, End MJ, Hadley P. 1997. International cocoa
germplasm database. London: LIFFE. pp. 1181 https://agritrop.cirad.
fr/309885/

Lambert SV, Dias JC, Figueira A, Neto EF, Nascimento CS, et al. 1996.
Preliminary evaluation of cocoa quality from Brazilian Amazon geno-
types. Proceedings of the 12 International Cocoa Research Conference.
Salvador, 1996. Cocoa Producers' Alliance. pp. 501-507

Jacob VJ. 1971. Effect of pollinator parents on butterfat content of
cocoa beans. Annual Report 1969-70. Cocoa Research Institute of Nige-
ria, Ibadan

Beek MA, Eskes AB, Toxopeus H. 1977. Some factors affecting fat
content in cacao beans (Theobroma cacao L.), with emphasis on the
effect of the pollinator parent. Turrialba 27:327-332

Lockwood G, Pang JTY. 1994. Cocoa breeding at BAL plantations:
genetic analysis and its implications for breeding strategy. In Interna-
tional workshop on cocoa breeding strategies, Kuala Lumpur, 1994,
Malaysia: INGENIC. pp. 66-80 www.incocoa.org/data/ingenic_work-
shop_1_proceedings_1994.pdf

Araujo IS. 2002. Mapeamento genético e identificagdo de QTLs associa-
dos ao teor de manteiga na améndoa do cacaueiro (Theobroma cacao L.).
Dissertation. Universidade Estadual do Norte Fluminense, Campos
dos Goytacazes. 50 pp. https://locus.ufv.br/server/api/core/bitstreams/
26f2cbc0-8983-4b38-806a-38869524b375/content

Dias LAS, Kageyama PY. 1995. Combining-ability for cacao (Theobroma
cacao L.) yield components under southern Bahia conditions. Theoreti-
cal and Applied Genetics 90:534—541

Dos Santos EA, Almeida AA, Ahnert D, Branco MC, Valle RR, et al. 2016.
Diallel analysis and growth parameters as selection tools for drought
tolerance in young Theobroma cacao plants. PLoS ONE 11:e0160647
Eskes A, Paulin D, Clement D, N'Goran JAK, Sounigo O, et al. 1995.
Selection methods applied and genetic knowledge generated in cocoa
breeding in cote d'lvore and cameroon. Proceedings of the interna-
tional workshop on cocoa breeding strategies, Kuala Lumpur, Malaisie,

Page 50f6


http://www.icco.org/statistics/cocoa-prices/monthly-averages.html
http://www.icco.org/statistics/cocoa-prices/monthly-averages.html
http://www.icco.org/statistics/cocoa-prices/monthly-averages.html
http://www.icco.org/statistics/cocoa-prices/monthly-averages.html
http://www.icco.org/statistics/cocoa-prices/monthly-averages.html
https://doi.org/10.1007/s12298-018-0632-2
https://doi.org/10.1590/fst.43018
https://doi.org/10.1079/9780851996196.0000
https://doi.org/10.1079/9780851996196.0000
https://doi.org/10.1371/journal.pone.0003311
https://doi.org/10.1590/S0034-737X2013000400010
https://doi.org/10.3389/fpls.2018.00343
https://doi.org/10.19103/AS.2017.0021.06
https://doi.org/10.1590/s1984-70332011000500011
https://doi.org/10.1590/s1984-70332011000500011
https://doi.org/10.7476/9786586213188.0005
https://doi.org/10.1023/A: 1018327411530
https://agritrop.cirad.fr/309885/
https://agritrop.cirad.fr/309885/
https://www.incocoa.org/data/ingenic_workshop_1_proceedings_1994.pdf
https://www.incocoa.org/data/ingenic_workshop_1_proceedings_1994.pdf
https://www.incocoa.org/data/ingenic_workshop_1_proceedings_1994.pdf
https://locus.ufv.br/server/api/core/bitstreams/26f2cbc0-8983-4b38-806a-38869524b375/content
https://locus.ufv.br/server/api/core/bitstreams/26f2cbc0-8983-4b38-806a-38869524b375/content
https://locus.ufv.br/server/api/core/bitstreams/26f2cbc0-8983-4b38-806a-38869524b375/content
https://locus.ufv.br/server/api/core/bitstreams/26f2cbc0-8983-4b38-806a-38869524b375/content
https://locus.ufv.br/server/api/core/bitstreams/26f2cbc0-8983-4b38-806a-38869524b375/content
https://locus.ufv.br/server/api/core/bitstreams/26f2cbc0-8983-4b38-806a-38869524b375/content
https://locus.ufv.br/server/api/core/bitstreams/26f2cbc0-8983-4b38-806a-38869524b375/content
https://locus.ufv.br/server/api/core/bitstreams/26f2cbc0-8983-4b38-806a-38869524b375/content
https://locus.ufv.br/server/api/core/bitstreams/26f2cbc0-8983-4b38-806a-38869524b375/content
https://locus.ufv.br/server/api/core/bitstreams/26f2cbc0-8983-4b38-806a-38869524b375/content
https://doi.org/10.1007/BF00222000
https://doi.org/10.1007/BF00222000
https://doi.org/10.1371/journal.pone.0160647

Beverage Plant
Research

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

18-19 October 1994. Reading : University of Reading. pp. 41-56 https://
agritrop.cirad.fr/388430

Pires JL. 2003. Avaliagdo quantitativa e molecular de germoplasma para
o0 melhoramento do cacaueiro com énfase na produtividade, qualidade de
frutos e resisténcia a doencas. Thesis. Vicosa: Universidade Federal de
Vicosa. pp. 242 www.locus.ufv.br/handle/123456789/10516

Pires JL, Monteiro WR, Luz EDMN, Slva SDVM, Pinto LRM, et al. 1996.
Cocoa breeding for witch broom resistance at CEPEC. Proceedings of
the International Workshop on the Contribution of Disease Resistance
to Cocaine Variety Improvement. Salvador, Bahia, Brazil: INGENIC.
pp. 91-101 https://repositorio.usp.br/item/001069114

Comstock RE, Robinson HF. 1948. The components of genetic variance
in populations of biparental progenies and their use in estimating the
average degree of dominance. Biometrics 4:254—-266

Sodre GA, Chepote RES, Marrocos PCL. 2017. Adubacdo e nutricao
mineral de cacaueiros em producao. In Cultivo do cacaueiro no estado
da Bahia, ed. Sodre GA. llhéus: MAPA/CEPLAC/CEPEC. pp. 35-42 https://
www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-
publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf

Association of Analytical Chemists (AOAC). 1995. Fat in cacao products:
soxlet extraction method. In Official Methods of the AOAC International.
16 Edition. Washington, DC: AOAC. pp. 15 www.cabidigitallibrary.
org/doi/full/10.5555/19951414840

Geraldi 10, Miranda-Filho JB. 1988. Adapted models for the analysis of
combining ability of varieties in partial diallel crosses. Brazilian Journal
of Genetics 11:419—-430

Griffing B. 1956. Concept of general and specific combining ability in
relation to diallel crossing systems. Australian Journal of Biological
Sciences 9:463—493

Cruz CD, Regazzi AJ, Carneiro PCS. 2004. Modelos biométricos aplicados
ao melhoramento genético. Vigosa, Editora UFV. pp. 480 www.editor

Page 6 of 6

Combining ability for fat content in cacao seeds

aufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-
genetico-1/p?srsltid=AfmB0O00jo-00DpiDZcu7eCuXZE6SWUEYXEV61
xh0GeEiuCimuNsJOFFs

Tucci MLS, de Abreu MF, Coral FJ, Futino AM, Alfonsi LRR, et al. 1996.
Teores de gordura e acidos graxos de clones de cacau nas condicdes
do Vale do Ribeira (SP). Bragantia 55:207-213

Engles JMM. 1985. A systematic description of cacao clones. V. Quanti-
tative genetic aspects of several fruit characters. Café Cacao Thé
29:3-10

Mora LGR. 1987. Herencia de ciertos caracteres de la mazorca y del arvol
de cacao (Theobroma cacao). Dissertation. Universidad de Costa Rica,
Turrialba: Catie. pp. 97

Ojo AA. 1982. A partial diallel evaluation of selected Theobroma cacao
clones. Proceedings 9™ International Cocoa Research Conference.
Cartagena, Cocoa Producers' Alliance. pp. 667-671

Tan GY. 1990. Combining ability analysis of yield and its components in
cacao. Journal of the American Society for Horticultural Science
115:509-512

Monteiro WR, Carletto GA, Bartley BGD. 1985. Avaliacdo da capacidade
combinatéria de clones de cacaueiro. Proceedings 9" International
Cocoa Research Conference. Cartagena, Cocoa Producers' Alliance. pp.
227-232

Baez OL. 1984. Herencia de ciertos caracteres de la semilla del cacao
(Theobroma cacao L). Thesis. Universidad de Costa Rica, Turrialba: Catie.
pp. 93

Copyright: © 2026 by the author(s). Published by
By Maximum Academic Press, Fayetteville, GA. This article
is an open access article distributed under Creative Commons

Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

[29

[30

[31

[32

[33

[34

[35

Melo et al. Beverage Plant Research 2026, 6: €002


https://agritrop.cirad.fr/388430/
https://agritrop.cirad.fr/388430/
http://www.locus.ufv.br/handle/123456789/10516
https://repositorio.usp.br/item/001069114
https://doi.org/10.2307/3001412
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/outras-publicacoes/cultivo-do-cacaueiro-no-estado-da-bahia.pdf
https://www.cabidigitallibrary.org/doi/full/10.5555/19951414840
https://www.cabidigitallibrary.org/doi/full/10.5555/19951414840
https://doi.org/10.1071/BI9560463
https://doi.org/10.1071/BI9560463
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://www.editoraufv.com.br/modelos-biometricos-aplicados-ao-melhoramento-genetico-1/p?srsltid=AfmBOoojo-0ODpiDZcu7eCuXZE6SwuEYXEv61xh0GeEiuCimuNsJ0FFs
https://doi.org/10.1590/S0006-87051996000200001
https://doi.org/10.21273/JASHS.115.3.509
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Genetic material and experimentl design
	Fat percentage
	Statistical analysis

	Results and discussion
	Characterization of seed fat percentage in parents and their hybrids
	GCA and SCA for seed fat content percentage

	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	References

