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Abstract
The sensory properties of cacao beans are linked to the chemical composition of 
the seeds, and both characteristics are the partial results of its allelic composition. 
Therefore, it is useful to search for molecular markers associated with these traits. 
We perform multiple regression analysis to associate previously generated data of 
alleles generated with 12 SSR (of cultivated cacao trees) with data obtained from 
chemical and sensory characterization (of beans) of plants grown in the southern 
region from Mexico. When the association was significant, the mathematical mod-
els for predictive purposes were proposed. All phenotypic traits evaluated showed 
equations with setting values R2 > 0.5. All chemical characters tested have a signifi-
cant association with at least two alleles (P < 0.05). In addition, the fat content was 
associated with six molecular markers (mTcCIR03209, mTcCIR12188, mTcCIR19286, 
mTcCIR07150, mTcCIR19310). The most common allele was mTcCIR12188, which 
was associated with the contents of eicosanoic acid, moisture, fat and total polyphe-
nols content. The mTcCIR28362 allele is associated with sensory characters bitter-
ness, musty odor, and roasted odor. These alleles could be useful as molecular mark-
ers of chemical and sensory characteristics of cacao samples.
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Introduction

The production and marketing of the cacao beans that are obtained from the 
tropical tree of Theobroma cacao L. occupy an important place in the economy 
of several countries of America, Africa, and Asia. The chemical composition 
and sensory quality of the cacao beans depends on several factors. The mains 
include genetic pool of plants, environmental conditions where the tree is grown 
(Loureiro et al. 2017), as well as the fermentation, drying and roasting conditions 
of the beans (Kongor et al. 2016). Therefore, these conditions influence the char-
acteristics that will exhibit the cacao products or derivatives.

During the almost 4000 years of human management of this plant (Powis et al. 
2011), genetic improvement has been made, however, it was until the second half 
of the twentieth century when the major efforts were started. These activities 
sought to obtain desirable characteristics such as large trees, higher productivity, 
pest tolerance, disease tolerance, and high fruit and seed quality (Monteiro et al. 
2009).

Traditional breeding resources that were very useful have been replaced step 
by step by others supported by molecular markers (Livingstone et  al. 2015). 
Thus, genetic mapping-based analyses focused on the detection of quantitative 
character-linked loci (QTL) are a tool that has become popular for many plant 
species. However, experimental crosses are inherently time-consuming and logis-
tically expensive (Stack et al. 2015). In fast-growing plants, the search of QTL is 
a very profitable option; however, for perennial tree species, this approach it takes 
several years of work that in some regions of the world is not very cost-effec-
tive. For T. cacao, several research groups have mapped and located several QTL 
candidates. The main objectives have been to locate markers for agronomic traits 
interest or for diseases resistance. Feltus et al. (2011) sequenced and assembled a 
QTL-rich region of ~3 Mbp and represented by 27 BACs, on linkage group 5 of 
the Theobroma cacao cv. Matina 1–6 genome and identified several genes poten-
tially responsible for black pod disease resistance, bean shape index, and pod 
weight. Motilal et  al. (2016) using an association mapping approach identified 
several markers SSR and SNP associated with number of filled seeds, black pod 
resistance and witches’ broom disease resistance. Other reports use QTL mapping 
(Brown et al. 2007), meta-QTL analysis (Lanaud et al. 2009) and genetic linkage 
map (Royaert et  al. 2016) to identify loci associated to disease tolerance/resist-
ance. The search for markers associated with phenotypic characteristics involved 
in sensory quality has been limited (Vázquez-Ovando et al. 2012). Lanaud et al. 
(2009) identified QTL’s for bitterness, fruits taste, floral taste, among others. 
Also, Araújo et al. (2009) using QTL mapping identified one QTL associated to 
butter content at linkage group 9 and two QTLs for butter hardness at linkage 
groups 9 and 7. The complexity of the sensory traits (aroma, flavor, texture) may 
be the main reason of the low number of researches in this respect.

It has been shown that the sensory characteristics of cacao beans are related 
to the chemical composition of the seeds (Luna et al. 2002), so it may be useful 
to locate molecular markers associated with chemical or sensory characteristics. 
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Therefore, the studies of associations between molecular markers and pheno-
typic characters using statistical tools such as multiple regression analysis (MRA) 
(Virk et  al. 1996; Khadivi-Khub 2014; Khadivi-Khub et  al. 2014; Körber et  al. 
2016) may be a useful means for reveal data (alleles) helpful as a previous step 
to the selection of candidate genomic regions to be QTLs; to predict chemical 
composition or sensory quality; or alone as true molecular markers for breeding 
programs. Based on the above, the objective of this work was to search for the 
association of alleles generated with SSR molecular markers and some chemical 
and sensory traits of cacao beans using multiple regression analysis.

Materials and Methods

Data Collection

Three data sets were collected from previous studies conducted. First, data from 
fragments size (indicated as subscripts in the nomenclature of SSR marker) gener-
ated from the molecular characterization of cacao trees grown in farms at south-
ern of Mexico with microsatellites markers (mTcCIR1, mTcCIR3, mTcCIR6, 
mTcCIR7, mTcCIR8, mTcCIR11, mTcCIR12, mTcCIR15, mTcCIR19, mTc-
CIR21, mTcCIR25, mTcCIR28) obtained by Vázquez-Ovando et  al. (2014) were 
used. These loci markers were chosen because they are distributed throughout the 
T. cacao genome (TropGene DB, Hamelin et al. 2013), they are part of the inter-
national set of SSR markers for cacao tree characterization (Saunders et al. 2004) 
and also have good discriminatory power (Motilal et al. 2009). Details of these loci 
markers are shown in Supplementary File 1. The cacao trees included as source of 
DNA (44) belong to cultivated farms of a geographic population or region compris-
ing an approximate area of 4600 km2 (Soconusco at southern of Mexico), 6 geo-
graphic subpopulations (without evidence of genetic grouping by distance) and two 
genetic groups (Criollo and non-Criollo) and Admixtures individuals, all character-
ized by 12 SSR markers. The trees were selected based on at least one trait of fruits 
(pod) or seeds, which resembled those of the Criollo-type (Table 1). Pods were elon-
gated, deeply grooved, pointed at the end, had a lumpy surface with a warty appear-
ance outside, white or slightly pigmented seeds, and sweet micilage as described by 
Engels (1983) and reported in Vázquez-Ovando et al. (2014).

Second, data from the chemical characterization of cacao beans belonging to 
the same samples (trees) were obtained (Vázquez-Ovando et  al. 2015a); for this, 
the contents of moisture, ash, fat, protein, fatty acids (C14:0, C16:0, C16:1, C18: 
0, C18:1, C18:2, C20:0, C22:0), polyphenolic compounds and antioxidant capacity 
were used. Finally, the numerical data of sensory descriptors reported by Vázquez-
Ovando et  al. (2015b) obtained by trained panelists, which includes nine odors 
(chocolate, nutty, hazelnut, acidity, sweet, spicy, roasted, musty, and off-odor) as 
well as four taste traits (bitterness, acidity, astringency and sweetness). Data from 44 
samples were included for the molecular marker-phenotypic characteristic associa-
tion analysis. Likewise, data from seven composite samples (means of the samples 
groups) was included for the sensorial characters.
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Association Analysis

Following the procedure suggested by Virk et al. (1996), a binary matrix of pres-
ence (1) and absence (0) was constructed. The SSR loci of each size (bp) of the 
44 samples were scored. The matrix was complemented with data from each of the 
chemical or sensory characteristics. Molecular data were considered as independ-
ent variables and chemical or sensory characters as dependent variables. MRA was 
performed using the "stepwise" method of "linear regression analysis" option with 
XLStat Pro software v 2013.

The analysis was based on the model 
Y = a + b1m1 + b2m2 +⋯ + bjmj +⋯ + bnmn + d + e, which related the varia-
tion in the dependent variable (Y means value for the chemical or sensory charac-
ter) as a linear function of the set of independent variables (mj) represented by the 
SSR markers (Khadivi-Khub 2014). The bj terms are the partial regression coeffi-
cients that specify the empirical relationships between Y and mj, d represents the 
residual values between accessions after regression and e is the random error of Y 
that includes the environmental variation (Virk et al. 1996; Khadivi-Khub 2014). In 
order to select the independent variables for the regression equation, F values with 
0.045 and 0.099 probabilities were used as “enter” and “removal” criteria, respec-
tively (Affifi and Clark 1984; Khadivi-Khub 2014). The R2 value denotes the multi-
ple determination coefficients.

In addition, the selected markers were tested independently with linear curve fit-
ting using linear models for confirming the significance of the ß statistic for each 
allele identified by the analysis. Beta can be defined as the standardized regression 
coefficient = BSx/Sy, where B is the regression coefficient or slope and Sx and Sy are 
the standard deviations of the independent (x) and dependent (y) variables (Affifi 
and Clark 1984; Khadivi-Khub 2014). Student’s t test was performed to evaluate 
the significance between phenotypic trait estimates of genotypes where the specific 
markers were present and absent. Only those markers that showed significant regres-
sion values (P < 0.05) were considered as associated with the character under con-
sideration (Khadivi-Khub 2014).

To validate the utility of the association and avoid false positives, the frequency 
distributions of the phenotypic characteristics included in the study were verified by 
the Shapiro–Wilks normality test using the software XLStat Pro software v 2013. 
The histograms of density and statistic values are presented in Supplementary File 2.

Results and Discussion

For all the chemical and sensory characters evaluated, significant associa-
tions were found with at least one SSR allele and in all cases, the models are 
significant (P values < 0.05, Tables  2 and 3). Likewise, the models with the R2 
(phenotypic variation proportion) in the range of 0.204 (linoleic fatty acid) to 
0.849 (eicosanoic fatty acid) were found for chemical traits (Table  2). For the 
sensory data models, the smallest R2 was 0.545 (sweet odor, Table 2). Tables 1 
and 2 highlights in bold the phenotypic traits whose models presented values of 
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Table 2   Microsatellite markers associated with traits of the chemical composition of cacao beans 
revealed by multiple regression analysis and their respective coefficients

Trait SSR markers 
(alleles)

Correlation 
coefficient 
(r)

Multiple 
determination 
coefficient (R2)

Standardized 
beta coef-
ficient

t value P value

Myristic acid mTcCIR11370 0.684 0.468 0.640 6.547 < 0.0001
mTcCIR15228 0.749 0.561 0.256 2.533 0.015
mTcCIR06335 0.780 0.609 0.253 2.583 0.014
mTcCIR06209 0.812 0.659 0.224 2.372 0.023

Palmitoleic 
acid

mTcCIR28330 0.417 0.174 − 0.414 − 3.490 0.001
mTcCIR06261 0.557 0.310 − 0.265 − 2.215 0.033
mTcCIR06251 0.636 0.404 0.342 2.966 0.005
mTcCIR19328 0.709 0.502 0.323 2.774 0.008

Palmitic acid mTcCIR19214 0.479 0.229 − 0.534 − 5.056 < 0.0001
mTcCIR06237 0.568 0.323 − 0.389 − 3.744 0.001
mTcCIR19310 0.653 0.426 0.249 2.514 0.017
mTcCIR11370 0.727 0.528 − 0.393 − 4.005 0.000
mTcCIR15248 0.766 0.586 − 0.334 − 3.203 0.003
mTcCIR06247 0.796 0.633 0.350 3.007 0.005
mTcCIR28338 0.823 0.677 − 0.244 − 2.198 0.034

Linoleic acid mTcCIR08319 0.341 0.116 0.419 2.909 0.006
mTcCIR12210 0.452 0.204 0.307 2.132 0.039

Oleic acid mTcCIR06211 0.370 0.137 0.416 3.232 0.003
mTcCIR06309 0.481 0.231 0.349 2.736 0.009
mTcCIR03199 0.560 0.314 − 0.295 − 2.342 0.024
mTcCIR15266 0.630 0.397 0.296 2.322 0.026

Stearic acid mTcCIR19214 0.480 0.230 0.475 4.824 < 0.0001
mTcCIR11370 0.584 0.341 0.597 5.556 < 0.0001
mTcCIR06237 0.690 0.476 0.486 4.852 < 0.0001
mTcCIR15228 0.756 0.572 − 0.445 − 4.125 0.000
mTcCIR07150 0.786 0.618 − 0.257 − 2.495 0.017
mTcCIR28351 0.817 0.668 − 0.236 − 2.348 0.024

Eicosanoic 
acid

mTcCIR11370 0.583 0.340 0.273 3.461 0.002
mTcCIR15248 0.658 0.433 0.340 4.289 0.000
mTcCIR25175 0.733 0.537 − 0.587 − 7.655 < 0.0001
mTcCIR07172 0.771 0.594 − 0.544 − 6.536 < 0.0001
mTcCIR28351 0.810 0.656 − 0.357 − 4.564 < 0.0001
mTcCIR19268 0.838 0.702 0.220 2.669 0.12
mTcCIR12188 0.862 0.743 − 0.442 − 5.163 < 0.0001
mTcCIR08319 0.887 0.787 − 0.434 − 5.082 < 0.0001
mTcCIR03227 0.908 0.825 − 0.223 − 2.949 0.006
mTcCIR07142 0.921 0.849 − 0.207 − 2.707 0.011

Behenic acid mTcCIR19236 0.458 0.210 0.381 2.357 0.023
mTcCIR28322 0.553 0.306 0.247 2.477 0.018
mTcCIR07150 0.619 0.383 0.194 2.225 0.032
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R2 > 0.5, but which were also associated with three or more alleles. With this cri-
terion, 33 alleles were significantly associated (positively or negatively) with 13 
phenotypic traits and 14 alleles had an association with more than one charac-
ter (bold in Tables 2 and 3). The most frequent allele was mTcCIR12188, which 
was found to be associated with six phenotypic traits. The second most frequent 
allele (mTcCIR15248) was associated with five traits. Others alleles that tag at 
least three traits include mTcCIR06237 (three traits), mTcCIR06251 (three traits), 
mTcCIR11370 (four traits), mTcCIR15228 (four traits), mTcCIR19268 (four traits), 
mTcCIR28351 (three traits), and mTcCIR28362 (three traits). These alleles may be 
useful in cacao improvement programs, as it has been reported that markers that 
associate with more than one character may be highly useful in breeding pro-
grams (Khadivi-Khub 2014). The mTcCIR15 and mTcCIR19 SSR markers have 
previously been associated with agronomic performance traits (Clement et  al. 
2003) and, one QTL related to pod number and to the average weight of single 
pods was also detected close to mTcCIR15 (Lanaud et al. 1999).

Table 2   (continued)

Trait SSR markers 
(alleles)

Correlation 
coefficient 
(r)

Multiple 
determination 
coefficient (R2)

Standardized 
beta coef-
ficient

t value P value

Moisture 
content

mTcCIR28330 0.436 0.190 − 0.440 − 3.707 0.001
mTcCIR12188 0.568 0.323 0.374 2.861 0.007
mTcCIR15248 0.644 0.415 0.401 3.144 0.003
mTcCIR15228 0.691 0.478 0.290 2.176 0.036

Ash content mTcCIR08318 0.369 0.136 0.517 3.726 0.001
mTcCIR06287 0.469 0.220 0.357 2.597 0.013
mTcCIR08265 0.560 0.314 0.319 2.348 0.024

Fat content mTcCIR03209 0.395 0.156 0.495 4.359 < 0.0001
mTcCIR12188 0.544 0.296 0.443 3.979 0.000
mTcCIR19286 0.638 0.407 − 0.431 − 3.712 0.001
mTcCIR07150 0.694 0.482 − 0.268 − 2.314 0.026
mTcCIR19310 0.737 0.543 − 0.253 − 2.260 0.030

Protein con-
tent

mTcCIR19268 0.401 0.161 − 0.436 − 3.835 0.000
mTcCIR06251 0.550 0.302 0.449 3.879 0.000
mTcCIR15266 0.630 0.397 − 0.337 − 2.931 0.006
mTcCIR15248 0.678 0.460 − 0.267 − 2.345 0.024
mTcCIR11304 0.718 0.516 0.240 2.086 0.044

Polyphenols 
content

mTcCIR08265 0.359 0.129 − 0.403 − 2.885 0.006
mTcCIR12188 0.467 0.218 − 0.301 − 2.153 0.037

Antioxidant 
capacity

mTcCIR19268 0.276 0.076 − 0.255 − 1.860 0.070
mTcCIR15248 0.407 0.166 − 0.406 − 2.852 0.007
mTcCIR12188 0.522 0.272 − 0.348 − 2.418 0.020
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Another potential use of the SSR alleles associated with the phenotypic traits 
evaluated in cacao is with a predictive approach. In this sense, all phenotypic char-
acters evaluated presented equations with adjustment values R2 > 0.5 (Table  3) 
denoting appropriate adjustments to the model. Although all characters found a 
model that was significant (P < 0.05), only a few characters show a predicted data 

Table 3   Microsatellite markers associated with sensory traits of cacao beans revealed by multiple regres-
sion analysis and their respective coefficients

Trait SSR markers 
(alleles)

Correlation 
coefficient 
(r)

Multiple 
determination 
coefficient (R2)

Standardized 
beta coef-
ficient

t value P value

Sweetness mTcCIR01147 0.838 0.702 0.838 3.429 0.019
Bitterness mTcCIR28362 0.844 0.713 − 0.651 – –

mTcCIR12188 0.961 0.924 − 0.494 – –
mTcCIR06237 0.992 0.985 0.181 – –
mTcCIR15248 0.999 0.999 − 0.151 – –
mTcCIR19268 1.000 1.000 0.057 – –

Acidity mTcCIR11292 0.946 0.895 − 1.015 – –
mTcCIR11304 0.987 0.975 − 0.354 – –
mTcCIR19268 0.998 0.997 0.129 – –
mTcCIR06251 1.000 1.000 − 0.081 – –
mTcCIR28351 1.000 1.000 − 0.020 – –

Astringency mTcCIR12210 0.682 0.465 0.682 2.087 0.091
Chocolate odor mTcCIR12168 0.923 0.852 − 1.094 − 9.085 0.001

mTcCIR25137 0.977 0.955 0.364 3.019 0.039
Nutty odor mTcCIR01147 0.831 0.690 0.716 29.198 < 0.0001

mTcCIR12188 0.993 0.987 0.575 23.437 0.000
mTcCIR15228 0.999 0.998 − 0.112 − 4.583 0.020

Hazelnuts odor mTcCIR06211 0.910 0.828 1.144 9.183 0.001
mTcCIR25137 0.978 0.957 0.428 3.433 0.026

Acidity odor mTcCIR12168 0.673 0.453 0.731 16.175 0.001
mTcCIR12188 0.958 0.918 − 0.635 − 14.040 0.001
mTcCIR19300 0.997 0.994 − 0.286 − 6.322 0.008

Spicy odor mTcCIR25137 0.828 0.686 0.828 3.302 0.021
Musty odor mTcCIR12168 0.682 0.465 0.870 7.510 0.005

mTcCIR25137 0.922 0.851 − 0.807 − 7.129 0.006
mTcCIR28362 0.986 0.972 0.407 3.624 0.036

Off odor mTcCIR12230 0.777 0.603 − 1.142 − 6.553 0.003
mTcCIR28351 0.915 0.915 − 0.668 − 3.830 0.019

Roasted odor mTcCIR15228 0.780 0.608 − 0.522 − 17.904 0.003
mTcCIR28362 0.943 0.889 0.702 24.108 0.002
mTcCIR12188 0.990 0.981 − 0.401 − 13.777 0.005
mTcCIR15248 0.999 0.999 0.161 5.534 0.031

Sweet odor mTcCIR06251 0.738 0.545 0.738 2.446 0.050
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distribution against observed data consistent with the fit (Fig. 1) and match the high-
est R2 values. Thus, palmitic acid, stearic acid, and eicosanoic acid are the most 
suitable predicted traits. Also, these phenotypic characters will not be subject to 
bias, since the data come from a population with normal distribution according 
to the Shapiro–Wilk test (Supplementary File 2). Of all the phenotypic characters 
included in the study, only the contents of myristic acid (P < 0.0001), behenic acid 
(P < 0.0001), and antioxidant capacity (P = 0.003) presented a non-normal distribu-
tion. For this reason, although myristic acid was associated with four SSR alleles 
(Table 2) and the prediction equation can even be described, this association would 
be subject to bias and is not presented (Table 2) and only the adjustment model is 
shown for comparative purposes (Fig. 1).

The butter content and quality in cocoa beans are genetically controlled charac-
teristics (Araújo et  al. 2009). In our analysis, a significant association was found 
between fat content and several markers. For this reason, the SSR alleles associated 
with this trait may be candidates to be used in programs to locate cacao accessions 
with a higher fat content or indicators of the butter quality, given that the content of 
stearic acid, which determines the chemical characteristics of cocoa butter, showed 
strong association with six molecular markers (mTcCIR19214, mTcCIR11370, 
mTcCIR06237, mTcCIR15228, mTcCIR07150, mTcCIR28351). This set of six mark-
ers can be useful in predicting the quality of cocoa. It has also been reported that 

Fig. 1   Correlation drawing between observed data and predicted data for traits of the chemical composi-
tion of cacao beans. Obtained from multiple correlation-regressions of 37 alleles
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a strong QTL for cocoa butter hardness was found localized in LG 7 near a gene 
orthologous to fatty acid desaturase 4 (FAD4), which is involved in creating a bond 
between C2 and C3 of the lipid chain, resulting in lipids with a higher melting point, 
which, in terms of cocoa butter, represents greater hardness (Argout et  al. 2011). 
The SSR marker mTcCIR07 is locate to LG7.

Bitterness and acidity were associated with five DNA alleles (each of the descrip-
tors) with R2 values of 1 (Table 4). Another four sensory traits were also associated 
with several alleles at significance value higher than 0.97. For all phenotypic traits 
that showed a significant association, a percentage of prediction on the character 
above 50% even with a single allele (data not shown, R2 values of 0.5) was achieved. 
The mTcCIR28362 allele was found associated with bitterness taste, musty odor, and 
roasted odor. Bitterness and musty odor are traits indicators of poor quality of fine 
cacao. Since all samples were fermented, dried and roasted by the same procedure, 
the association of the mTcCIR28362 allele with these traits could reveal the utility of 
this fragment as a true molecular marker of undesirable sensory characters in fine 
cacao. The graphical representations of observed data against the predicted data 
estimated by the model are shown in Fig. 2. Although the number of samples ana-
lyzed for the sensory profile was seven (representative of 45 samples of cacao that 
were clustered according to their chemical composition), the predictive models fit 
result in two descriptors with exact-fit (bitterness and acidity).

The physical position of several of the molecular markers used in the study that 
are associated with chemical or sensorial traits may be an indication of the regions 
of chromosomes of T. cacao that are intrinsically related to phenotypic traits. While 
SSRs amplify very small alleles, and all those included in the study are associated 
with non-coding regions as they are di and tetranucleotides (Vieira et al. 2016), the 
possibility that they are close to coding regions cannot be discounted. The number 
of SSR allele associated with fatty acids may reinforce this hypothesis. It has been 
reported in T. cacao the presence of a great number of genes encoding for enzymes 
that have a direct relationship with fatty acid biosynthesis, even higher than of other 
oleaginous dicotyledons (Argout et al. 2011). Few studies have examined the associ-
ation of molecular markers with traits different to agronomic yield or disease resist-
ance. It has been reported some molecular markers related to the fat content and 
cocoa butter hardness (Araújo et al. 2009). Three alleles obtained (in our analysis) 
with the mTcCIR19 (two) and mTcCIR11 (one) markers located on chromosome 2 
associated with fat content coincide with the region reported as QTL marker in the 
same linkage group (Araújo et  al. 2009); however, two additional alleles revealed 
by the loci mTcCIR03 and mTcCIR07 are located on chromosomes 2 and 7, respec-
tively could be useful to explain this phenotypic trait. In the LG 2, 4, and 6, a high 
number of probable genes involved in fatty acid biosynthesis have been located 
(Argout et  al. 2017; Cocoa Genome Hub 2018). Others alleles revealed with the 
mTcCIR06 and mTcCIR28 markers may be related with this important trait of cacao 
beans.

Other researchers analyze the presence of DNA markers related to the color 
of the cacao pod (Brown et al. 2007; Motamayor et al. 2013) and even, because 
it is a monogenic trait with a known candidate gene, this trait is used as the 
positive control to compare the association results with the quantitative traits 
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(Romero-Navarro et  al. 2017). Such markers are located on chromosome 4 of 
the cacao genome. In our analysis, we did not find molecular markers associated 
with polyphenolic molecules, which determine the color of the pod; however, 
in this same chromosome, we locate alleles revealed by the microsatellite mTc-
CIR12 (mTcCIR12168, mTcCIR12188), in addition to other alleles (del LG6, CIR6 
y CIR 28) close to genes located in the LG6 (Cocoa Genome Hub 2018) and that 
are involved in the transformation of phenolic compounds responsible for color 
and precursors of flavor. This association seems to have the same direction in the 
correlation (Table 3), that is, the presence of the alleles is related to increase in 
desirable odors (nutty odor) and a decrease of undesirable odors (musty and acid-
ity odors).

Conclusion

The fit models found in the association study reveal the usefulness of multiple 
regression analysis to correlate the alleles generated by microsatellite molecular 
markers and phenotypic traits: palmitoleic acid, palmitic acid, stearic acid, eicosa-
noic acid, fat content, protein content, bitterness taste, acidity taste, nutty odor, acid-
ity odor, musty odor, and roasted odor. Finally, the empirical validation of the pro-
posed models would be the additional step to convert the alleles proposed in the 
present analysis into true markers of phenotypic quality.
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