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This study aimed to evaluate the cup quality of Coffea arabica elite genotypes submitted
to wet processing. C. arabica elite genotypes, which were grouped according to their
genealogy: Bourbon, Paraiso Germplasm, and Resistant to Rust. Coffees were sent to
wet processing to obtain fully washed coffee. After processing and drying the coffees
were subjected to cup quality analysis according to the methodology of the Association of
Special Coffees (SCA). To characterize and discriminate the genealogical groups the data
were submitted to chemometric analysis, Principal Component Method (PCA) and Partial
Least Squares Discriminant Analysis (PLS-DA). The PCA was effective in presenting an
overview of the data, demonstrating the variables that most contributed to the analysis
response. However, the PCA was not efficient to group genotypes according to their
genealogical origin, based on chemometric data, as it is an unsupervised analysis. Even
though most of the samples were classified correctly, the PLS-DA model created has
not yet managed to correctly classify the genotypes of the Paraiso germplasm group.
The C. arabica elite genotypes evaluated have the potential to produce special coffees,
especially on the genotypes Paraiso 2, H493-1-2-10 and UFV-7158 with scores equal
to or above 90 points.

Keywords: coffee breeding, coffee quality, post-harvest, multivariate analysis, chemometric analysis

INTRODUCTION

The consumption in the world of specialty coffees has been growing in much greater proportions
than the consumption of ordinary coffees, mainly due to changes in the behavior of consumers
who seek not only its stimulating effect, but also pleasure and satisfaction when tasting the coffee
beverage (Fassio et al., 2019a).

The beverage quality of the coffee is dependent to the intrinsic quality of the coffee beans
(Figueiredo et al., 2013), which is expressed by the chemical composition originated from the
interaction between genotype x environment x processing (Borém et al., 2016; Fassio et al., 2019a;
Malta et al., 2020). These compounds will, after roasting, develop the characteristic aroma and
flavor of the beverage, in addition to other important sensory attributes such as body, acidity and
sweetness (Figueiredo et al., 2015; Borém et al., 2016).

The genetic component has an important influence on the determination of flavor and aroma
of coffee. C. arabica species is the one with the greatest potential to produce coffee of superior
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quality within the Coffea genus (Teressa et al., 2010; Tessema
et al., 2011; Fassio et al., 2019a; Malta et al., 2020). C. arabica
is originally from Ethiopia and has been propagated and
disseminated worldwide from a small number of plants, which
has led to a narrow genetic basis within Arabica coffee cultivars
(Scholz et al., 2016). To increase genetic variability, several
introductions have been made since 1928 and transferred to
germplasm banks around the world, used to produce new, more
productive cultivars, adapted to growing regions and resistant to
diseases (Kathurima et al., 2009; Tessema et al., 2011; Gimase
et al., 2014; Scholz et al., 2016). Within this context, several elite
progenies are in the final selection phase and will soon be able to
constitute new genetic materials available for cultivation.

Due to the importance of the genetic component as well as
the form of processing used to determine the cup quality, the
purpose of this investigation was to evaluate the quality potential
of 31 elite genotypes of C. arabica from Epamig’s improvement
program submitted to wet processing and to characterize the
sensory profile of the elite genotypes, using multivariate statistical
tools in view of the use of a model created by the PLS-DA method
to classify and discriminate Arabica coffee genealogical groups
Bourbon (GB), Paraiso Germplasm (GP) and Rust-resistant (GR)
according to the sensory profile of these genotypes.

MATERIALS AND METHODS

Sampling, Experiment Location, and

Processing

The experiment was carried out in the 2015 and 2016 agricultural
years with coffee samples from 31 elite genotypes of C. arabica
L. from Epamig’s improvement program and partner institutions
which were separated into groups according to the genealogical
origin (Table 1). The three genealogical groups are formed by
genotypes that have stood out in relation to the cup quality
according to evaluations where protocols of the Association of
Special Coffees—SCA were used.

The elite genotypes evaluated in this study are implemented
in the field, in a randomized block design with two replications
and 10 plants per plot, in the Empresa de Pesquisa Agropecuaria
de Minas Gerais—EPAMIG (Agricultural Research Company),
located at 18°59°26” south latitude, 48°58°95” west longitude, and
975 meters altitude, in the Alto Paranaiba region.

The coffee fruits were collected when most were at the ideal
maturation point and processed by the wet method to obtain
fully washed coffee (Figure 1). The grains were dried in screened
bottom sieves and periodically revolved until reaching a water
content of 11% (w.b.). After drying, the coffee samples were
packed in a Kraft® paper bag and covered with a polyethylene
bag. The samples were stored in a cold chamber at & 18° C for a
period of 30 days.

Sensory Analysis

The sensory analysis of the coffee was carried out according on
the protocols described by the Specialty Coffee Association—
SCA (Lingle, 2011). One hundred grams of coffee beans were
roasted from until they reached the color standard # 65 for whole
grains of the Agtron/SCA Color Classification System. For cup

TABLE 1 | Coding and identification of the C. arabica L. elite genotypes evaluated.

Genealogical group Genotype code Genotype identification

Bourbon Group (GB) G3 Red Bourbon (MG 0035)
G4 Yellow Bourbon (MG 0009)
G6 Red Bourbon (MG 0011)
G7 Orange Bourbon (MG 0025)
G10 Yellow Bourbon (MGOO73)
G13 Red Bourbon (MG 0064)
G15 Yellow Bourbon (MG 0049)
G16 Yellow Bourbon (MG 0026)
G17 Yellow Bourbon (MG 0020)
G18 Yellow Bourbon (MG 0052)
G21 Yellow Bourbon (MG0036)
G26 Red Bourbon (MG 0014)

Paraiso Germplasm (GP) G8 MGS Paraiso 2
G23 Paraiso MG H419-1
G24 H419-6-2-5-2
G33 H419-10-6-2-10-1
G36 H419-3-3-7-16-4-1
G39 H419-10-6-2-12-1
G40 H419-10-6-2-5-1

Resistant Group (GR) G2 Oeiras
G9 Sarchimor MG 8840
G11 Obata Vermelho IAC 1669-20
G20 H493-1-2-10
G25 UFV 7158
G28 Catigua MG3
G29 Araponga MG1
G30 Catigua MG1
G31 Catigua MG2
G32 Sacramento MG1
G35 Acaua
G37 Pau-Brasil MG1

quality, a panel of three trained judges (Q-grader) evaluated five
cups of each coffee sample in relation to ten sensory attributes:
fragrance/aroma, uniformity, absence of defects, sweetness,
flavor, acidity, body, balance, completion and overall impression.
The final sensory score was generated from the sum of the
evaluated attributes, with coffees with a score equal to or >80
points being considered special coffee.

Data Analysis

The sensory evaluation data for the 31 elite genotypes of C.
arabica, were analyzed using multivariate statistical tools such as
the principal component method (PCA) and partial least squares
discriminant analysis (PLS-DA) using the statistical software R
(R Development Core Team, 2017).

PCA is an unsupervised multivariate method that aims to
find new variables that are not correlated in such a way as
to explain the maximum variation of the original data set (X)
without referring to any class label (Y). These new variables
are the principal components and it is desirable that they be
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correlated with the original variables, in order to reduce the
original dimension of the variables in a smaller dimension of
variables, constituted by the principal components (Malta et al.,
2020). In this sense, the PCA was used for the purpose of
evaluating the similarity between the sensory attributes, formed
by matrix X, in the different genotype codes, as mentioned in
Sampling, Experiment Location, and Processing.

The partial least squares discriminant analysis (PLS-DA) was
used to separate the genotypes in the different genealogical
groups. PLS-DA is a supervised method that uses the desired
response (Y) to build a model that classifies a sample considering
the variables in matrix X and its respective category (Y) for
a given group (Fassio et al., 2019b). The method consists of
modeling the structure of variance and covariance of latent
variables in such a way as to maximize the multidimensional
variance of the variables in matrix X in the direction of
matrix Y. It should be noted that, due to the existence of
a correlation between the sensory attributes, the usual linear
regression methods, and conventional discriminant analysis
(Linear Discriminant Analysis-LDA) would not be adequate
(Taveira et al., 2014).

The PLS-DA model was developed to separate the genealogical
groups of elite genotypes of C. arabica submitted to wet
processing according to sensory attributes. To assess the model’s
performance, the classification error rate for each component of
the PLS-DA was considered (Rohart et al., 2017). The load of
each variable in the component was also used, which provided

| Ripe Fruit (20 liters) I

Washing and hydraulic separation

l 8 liters: sample pulper I

[ Fermentation Tank — 16 hours I

I Sieves with screened bottoms I

Paved yard

| Drying process until 11% (wb) I

Turned 20 times per day

Fully washed Coffee — Wet
process

FIGURE 1 | Flowchart of the wet processing method adopted to obtain fully
washed coffee.

in a better error rate to indicate the variables in matrix X that
presented the greatest contributions to the PLS-DA component.

RESULTS

Multivariate Analysis

In the multivariate analysis, only the sensory attributes of acidity,
body, flavor, and aroma were evaluated, together with the final
sensory score, as the other attributes didn’t show differences in
the scores for evaluated genotypes.

Principal Component Analysis (PCA)

PCA was used as a first approach to multivariate analysis to
obtain an overview of the data. Figure2 is a projection of
the results obtained in the PCA, regarding the distribution of
genotypes according to the sensory attributes analyzed and the
final sensory score. The first two principal components explained
97.91% of the response variability (95.88% for PC1 and 2.03%
for PC2). The Final Score variable presented the highest loading
value for PC1 and, therefore, the greatest influence (0.9981) in
the separation of the evaluated genotypes. However, all sensory
attributes were important in the formation of PC1. The variables
Body and Flavor were determinants for the formation of PC2
(Table 2).

It was observed that the genotypes grouped in the rightmost
region of the biplot present greater intensity of the attributes
of acidity, flavor, fragrance, and final sensory score (Figure 2).
Once the PC1 was determined by all sensory attributes and final
score, all of them presenting positive coefficients (Table 2), it is
noted that the coffees that are located in the bars in the positive
direction of the graph (Figure 3A) are the ones that present
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FIGURE 2 | Biplot of the first two main components PC1 (95.88%) and PC2
(2.03%) for data from 31 elite genotypes of C. arabica wet processed
according to the sensory attributes and final sensory score.
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TABLE 2 | Correlations between the evaluated parameters (final score and sensory attributes) with the first two main components and the respective coefficients of each

parameter with the main component.

Parameters

PC1 (95.88%)

Coefficients

Correlations

PC2 (2.03%)

Coefficients

Correlations

Fragrance
Flavor
Acidity
Body

Final Score

0.4474
0.4474
0.4462
0.4391
0.4559

0.9796
0.9795
0.9770
0.9613
0.9981

—0.2961
—0.4428
—0.0142
0.8430
—0.0729

—0.0943
—0.1410
—0.0045
0.2684
—0.0232
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FIGURE 3 | Scores of PC1 (A) and PC2 (B) for data from 31 Coffea arabica
elite genotypes processed by wet process according to the scores of sensory
attributes and the final score.

highest values of all sensory attributes and final score, with
emphasis on the G8, G20, and G25 genotypes. The G8 genotype
(MGS Paraiso 2) belongs to the Paraiso germplasm. The G20

genotype (H493-1-2-10) comes from a cross between the cultivar
Red Catuai IAC 144 with Timor Hybrid. The G25 genotype (UFV
7158) belongs to the Catimor germplasm and comes from the
crossing between Red Caturra with Timor Hybrid. It should be
noted that all the highlighted genotypes have in their ancestry
the Timor Hybrid germplasm, which shows that it is possible to
obtain specialty coffees when using this germplasm as a source
of resistance to rust. On the other hand, coffees with bars in
the negative direction of the graph are those with the lowest
values of sensory attributes, with emphasis on the genotype G36
(H419-3-3-7-16-4-1), which belongs to the Paraiso Germplasm.

The second principal component (PC2) can be understood as
a comparison between the sensory attributes of flavor and body,
that is, low values of the first imply in high values of the second,
according to the adjusted coefficients of the PC2 (Table 2). Thus,
according to PC2, the G6 genotypes (Red Bourbon) and G4
(Yellow Bourbon) have higher scores for the body attribute and
lower scores for the flavor attribute. In contrast, the G33 genotype
(H419-10-6-2-10-1) has higher scores for the flavor attribute and
lower scores for the body attribute (Figure 3B).

Applying the PLS-DA Model

Through the principal component analysis, it was possible to
establish a relationship between the genealogical groups and the
sensory attributes and the final score. However, such an analysis
does not quantify the relationship of a specific sensory attribute
with that group. In this sense, PLS-DA analysis was used.

The scores obtained by the PLS-DA show the similarity
between the genotype codes (Figure4A), so that most of
the genealogical groups are included in the ellipses of 95%
confidence. It is observed that there are genealogical groups that
are overlapped by the confidence ellipses of other groups, which
can make it difficult to discriminate by the model. Supposedly,
the GP group has similar characteristics to the GB and GR
groups, which justifies the high error rate in the classification of
genotype codes in the genealogic groups (Table 3).

Figures 4B,C (graph of the correlation circle and variable
loads in component 2 of the PLS-DA) show the variables that
most influenced the classification of genotypes in the groups. The
attributes body, acidity, and final sensory score further influenced
the classification of the group of cultivars resistant to rust (GR).

Through cross-validation, the performance of the PLS-DA
model was assessed, returning an overall error rate of 56.71%
(Table 3). The genotype codes data set were divided into five
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(C) Loads of component 2 of the PLS-DA model of sensory attributes for each genealogical group. (D) Classification error rate generated for the components of the
PLS-DA model through a cross-validation procedure using five parts (5-fold) of the data set to adjust the model and the rest to test it in 100 simulations.
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parts through 100 Monte Carlo simulations and one part was
used to obtain the error rates. In this sense due to the similarity
of the GP genealogical group with the other groups, the model
did not correctly classify these samples and most of them
were classified as belonging to the resistant group (GR). The
ideal number of components in the model is 2 (Figure 4D)
and the sensory attribute Body has the greatest contribution
to the classification of genealogical groups, followed by Acidity
(Figure 4D).

In each group, it is possible to identify the highlighted
genotypes for these variables, such as the G20 and G25 genotypes
for the rust resistant group (GR) and the G6 and G13 genotypes
for the Bourbon group (GB), properly classified by the PLS-DA,
according to the Figures 4A, 5.

According to the results presented in Table 3, it appears that
two samples with genotype code from the GP were classified by
the PLS-DA model as being from the GB genealogical group and
five samples as being from the GR group. Therefore, of the seven
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TABLE 3 | Counting false positives and negatives in reference to the classification of genealogical groups by the PLS-DA model and their respective error rates obtained
through a cross-validation procedure using 5 parts (5-fold) of the data set to adjust the model and the rest to test the same in 100 simulations.

Genealogical Groupobserved Genealogical Group classified by PLS-DA model TOTAL
GB* GP* GR*
GB* 8 0 4 12
GP* 2 0 5 7
GR* 4 0 8 12
TOTAL 14 0 17 31
Classification error rate 33.33% 99.29% 55.25% -
Global error rate 56.71% - - -

*GB: Bourbon Group; GP: Paraiso Germplasm; GR: Resistant Group.
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FIGURE 5 | Graph of the PLS-DA scores of two components for the sensory
attributes with the classifications of the genealogical groups. (.) GB-Bourbon
Group, (') GR—Resistant Group (.) GP—Paraiso Germplasm.

total samples in the GP group, none were classified correctly.
Then, the diagonal formed by the numbers 8, 0, 8 are the correct
classifications of the PLS-DA model created.

Even though most of the samples were classified correctly,
the model created still failed to correctly classify the genotypes
of the Paraiso Germplasm (GP) group. It is important to point
out that the accesses belonging to the Paraiso Germplasm group
come from crossings between Yellow Catuai and Timor Hybrid.
Therefore, it appears that just like the group of cultivars resistant
to rust (GR), the Paraiso germplasm group presents in its ancestry
the germplasm Timor Hybrid, which may have made it difficult
to separate these two groups.

DISCUSSION

In this investigation, two multivariate analysis were employed
to evaluate and discriminate elite genotypes, processed by the

wet method (fully washed), for the sensory analysis of coffees,
the PCA method and the PLS-DA method. These methods were
applied together for the separation of C. arabica genealogical
groups regarding the quality of the coffee beverage.

The PCA method identified the behavior of most of the
genotypes with respect to analyzed variables. It is known that
the chemical compounds of the raw coffee beans are important
precursors of the aroma and flavor of roasted coffee (Fassio
et al, 2019b). In addition, genetic variability influences both
the chemical composition and the physical properties of coffee
beans, and these, in turn, directly affects the cup quality (Scholz
et al., 2013; Borém et al, 2016). In that regard, studying the
trends of coffee genotypes in terms of beverage quality becomes
essential for the development of cultivars with the most potential
to produce specialty coffees (Fassio et al., 2019b).

The PCA was efficient in demonstrating an overview of
the data, identifying the variables that most contributed to
the analysis response. However, the PCA was not efficient to
group genotypes according to their genealogical origin, based on
chemometric data, as it is an unsupervised analysis. In a similar
work, Malta et al. (2020), also observed that the PCA didn’t
presented detailed information about the differences between the
group’s accessions. Thus, PLS-DA method was requested as a
useful tool for this proposal.

Through the PCA scores, it was possible to identify patterns
between genotypes codes in relation to sensory attributes and,
as reported by Borém et al. (2016) and Scholz et al. (2013),
the chemical compounds from raw coffee beans are important
precursors of other compounds formed in the roasting process
that are relevant to the cup quality.

Since PCA is an unsupervised procedure, which does not
imply the prior knowledge of genealogical groups, the PLS-
DA procedure becomes a useful tool when one is interested in
incorporating genealogical groups in the analysis. Figures 4, 5;
Table 3 corroborate the efficiency of the method and similar
discussions are raised by Malta et al. (2020).

The PLS-DA created model managed to correctly classify
most genotypes of the Bourbon groups (GB) and Resistant
group (GR). The GB was the one with the best classification by
the PLS-DA created model; what denotes the stability of this
germplasm to produce specialty coffees (Fassio et al., 2019b).
It appears that although Bourbon cultivars are recognized for
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their potential for producing specialty coffees, there is variability
within the GB to produce superior quality coffees, with genotypes
having greater potential for this characteristic than others. The
Bourbon cultivar is traditionally known for the production of
specialty coffees, especially in conditions of high altitude and
low temperature (Ferreira et al., 2012; Figueiredo et al., 2013;
Borém et al., 2016). However, it is possible to observe that under
the same edaphoclimatic conditions, other materials have the
same potential, or higher, than Bourbon cultivars to produce
specialty coffees, which can be used in breeding programs aimed
at obtaining new cultivars with high quality potential.

Within the Bourbon group there are two important variations,
Red Bourbon and Yellow Bourbon. Red Bourbon was introduced
in Brazil because it is more productive than the Typica cultivar
and is of good quality (Ferreira et al., 2012). The xanthocarpa
form (yellow fruits) has its most probable origin by the mutation
of Red Bourbon or by the recombination of the natural crossing
between Red Bourbon and Botucatu Yellow (Carvalho, 2008).
The Bourbon cultivar is recognized worldwide for its high
potential in producing specialty coffees, for its sweet taste and
characteristic aroma. It is relevant to observe that the good
quality of new, more modern cultivars is often attributed, in part,
to the very genetic makeup of the Bourbon cultivar, as it enters
directly or indirectly into the genetic makeup of new cultivars
(Malta et al., 2014).

Most of the improved, rust-resistant cultivars currently in
cultivation have as their source of resistance the germplasm
called the Timor Hybrid, selected by the Coffee Rust Research
Center (CIFC), Oeiras-Portugal. The Timor Hybrid has its origin,
possibly, in a natural cross between C. arabica x C. canephora
(Setotaw et al., 2010). Due to its characteristics of similarity with
the cultivars of C. arabica and, mainly, for its resistance to rust,
the Timor Hybrid has always been seen as very promising for the
improvement of coffee and, therefore, it is widely used to obtain
rust-resistant coffee populations, such as Catimor, Sarchimor,
Cavimor, Cachimor, Blumor, and others. Several investigations
corroborate that the Timor Hybrid can also be used as a source of
genes to improve other relevant characteristics, such as the coffee
beverage quality (Carvalho, 2008; Setotaw et al., 2010; Sobreira
et al., 2015; Fassio et al., 2019a; Malta et al., 2020).

Even though most of the samples were classified correctly,
the model created has not yet managed to correctly classify the
genotypes of the Paraiso germplasm group (GP). The accessions
belonging to the Paraiso germplasm group come from crossings
between Yellow Catuai and Timor Hybrid (Malta et al., 2014).
Therefore, it appears that just like the group of cultivars resistant
to rust (GR), the Paraiso germplasm group has in its ancestry
the Timor Hybrid germplasm, which may have made it difficult
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cultivar MGS Paraiso 2 has a high percentage of flat grains in the
highest sieves, having, on average, four harvests, 67.9% in sieves
16 and above. The high quality of beverage in this cultivar has
also aroused interest in coffee growers who are dedicated to the
production of specialty coffees. The aroma is sweet, with red fruit
flavor, pleasant acidity, velvety body, with great sweetness (Malta
etal, 2014).

CONCLUSION

The PCA was effective in presenting an overview of the data,
demonstrating the variables that most contributed to the analysis
response. However, the PCA was not efficient to group genotypes
according to their genealogical origin, based on chemometric
data, as it is an unsupervised analysis. Even though most of
the samples were classified correctly, the PLS-DA model created
has not yet managed to correctly classify the genotypes of
the Paraiso germplasm group (GP). The C. arabica L. elite
genotypes evaluated have the potential to produce specialty
coffees, especially on the genotypes Paraiso 2, H493-1-2-10 and
UFV-7158, which presented final scores equal to or >90 points.
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