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Abstract: The configuration of the sensory quality of coffee begins in the tree, where chemical
precursors are deposited and formed in the seeds as the fruits develop. Fruit within the range
classified as mature can have a wide range of properties. This study evaluated three degrees of
maturity and established their chemical and sensory characteristics using analytical techniques such
as liquid and gas chromatography. The maturity states evaluated did not show differences in organic
acids, free fatty acids, lipids, total chlorogenic acids, proteins, alkaloids or sucrose. Fructose and
glucose showed differences with respect to the degree of maturity, with higher values associated
with more developed states. The analysis of variance did not show a significant effect on sensory
attributes or sensory quality. The chromatic coordinate a* of the CIEL*a*b* scale reached a maximum
value of 25.16, and the evaluated states were different from each other.
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1. Introduction

The fruit of Coffea arabica L. is a drupoid and reaches its maximum development
between 220 and 240 days after anthesis; it is initially green and later develops yellow
or red tones depending on the genotype [1]. It consists of a well-developed pericarp or
cortex with three characteristic tissues: the exocarp, mesocarp and endocarp [2,3]. The
endosperm consists of irregularly shaped cells with very thin cell walls and a large number
of amyloplasts inside. Most of the endosperm is composed of parenchymal storage cells
that accumulate materials, both in the cytoplasm and in the walls [3]. Knowledge of the
different structures that make up the fruit, the relationships and biochemical pathways of
metabolic flow between tissues and the accumulation of materials within the endosperm is
fundamental to identify the objectives for improving the quality of the mature bean [4,5].

Fruit growth can be described by a logistic function in a sigmoidal curve: an initial
exponential stage of slow growth, a linear stage of accelerated growth and a final stage of
stabilization. Subsequently, a decrease stage is observed, associated with degradative and
postmaturation processes [1]. The last phase is characterized by weight losses associated
with dehydration, microorganism attack and increased fruit respiration [1,6]. During the
initial development phase of the coffee fruit, the water content approaches 80% (fresh
weight); subsequently, the water content decreases, related to the increase in dry weight
due to the accumulation of dry matter of the seed during maturation. The variation in
water content between fruit components seems to be related to the coffee species, variety
and climatic conditions during development [5]. The water content of the seed reaches
approximately 50% at the end of ripening, while that of the fruit remains at approximately
70%, due to the mucilaginous mesocarp characteristic of mature fruits [5]. The pectin
content of this tissue is characterized by its high water retention capacity. The amount of
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mucilage with respect to the weight of the fruit varies with maturity; mature and fresh
fruits contain 10.4% mucilage on average [7].

Coffee fruits turn red when ripe due to the replacement of chlorophyll in the exocarp
by red flavonoid pigments. The color of the cherry is a good marker of maturation and
is correlated with the development of high-quality flavors in the coffee beverage [8]. The
chlorophyll content varies with the species and decreases without ever reaching zero,
while the contents of carotenoids and anthocyanins increase [1]. Coffee fruits are usually
harvested according to the color of the fruit. Selective harvesting is performed manually
by selecting ripe fruits in a timely manner and avoiding immature, half-ripe and overripe
beans; this method is used to harvest coffee in approximately 10 to 15 countries per year
in equatorial regions [9]. Green, half-ripe, ripe, overripe and dry fruits have specific
characteristics that ultimately affect the quantity and quality of the final product [10,11].
Some authors have measured the color of fruits using different models and color methods:
the Royal Horticultural Society color chart; the Pantone color chart; and RGB, HSV and YIQ
color spaces [12]. Color is a perceived characteristic, and, hence, the use of different scales
to help in color interpretation is becoming more common; these scales express color in
easily reproducible numerical terms that correspond to reality. The L*a*b* color space, also
referred to as CIELAB, is one of the most commonly used color scales to evaluate the color
of an object because it correlates numerical values with human visual perception. This scale
was designed according to color theory that establishes the opposites of two colors. In this
case, for the chromatic coordinate a*, an object cannot be red and green at the same time,
which is very useful for the definition of the maturation stage of coffee fruit. According to
the CIEL*a*b* scale, the luminosity of the coffee fruit varies with the stage of development,
reaching its highest intensity in fruits at 31 weeks of development. Through the chromatic
coordinates a* and b* and various light wavelengths reflected by the epidermis, coffee
fruits at 31, 32, 33 and 34 weeks of development can be differentiated [12].

Bean filling occurs through a sequential growth pattern associated with the biosyn-
thesis of the compounds that are present in the mature bean. Some compounds, such as
proteins and lipids, are synthesized in the mature bean, that is, the endosperm. Other com-
pounds, such as caffeine, are synthesized in chlorophyll tissues, mainly in the leaves but
also in the pericarp. Such compounds synthesized in the chlorophyll tissues are transported
to the bean, which implies not only transport in vascular vessels but also an important
phenomenon of exchange between the different tissues of the fruit [6].

Carbohydrates play an important role in the maturation process through depoly-
merization, which leads to a decrease in molecular size. The main classes of cell wall
polysaccharides that undergo modifications during maturation are starch, pectin, cellulose
and hemicellulose [13]. Most of the sugars present in the fruit are sucrose, fructose and
glucose, which are found in higher concentrations in the perisperm of mature coffee beans.
Higher levels of sucrose in the endosperm are correlated with higher levels of glucose and
fructose in the perisperm tissue. Organic acids such as citric and malic acids dominate
in mature bean, with higher concentrations in Arabica than in Canephora [14]. Ref. [6]
showed that there are significant differences in protein composition during maturation.

Ref. [15] discovered that the content of chlorogenic acid (CGA) in coffee beans de-
creases with the maturation of the coffee fruit and that there is a difference between ripe
fruit (pink) and fully ripe fruit (red). Ref. [16] worked with fruits of two varieties of Arabica,
Typica and Catuai, which were harvested at three different stages of maturity: immature,
semimature and mature; they observed that for both varieties of coffee, with an increase
in the degree of maturity, the content of monocaffeoylquinic acids: 3-CQA increased, and
the contents of 5-CQA and di-CQA decreased. Some differences were observed in fructose
content at different degrees of maturity; immature and semimature Catuai samples had
the highest content, while mature Catuai samples had the lowest. There was no difference
between the degrees of maturity for Typica coffee.

Regarding sensory quality, some studies have determined that the best sensory at-
tributes of the coffee beverage are obtained from ripe fruits [17]. However, green and
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half-ripe fruits can have lower quality due to multiple defects, such as bitterness, graininess
and sourness. Similarly, overripe and dried fruits exhibit defects ranging from fermentation
to moldiness, strange flavors and unpleasant odors. Ref. [18] evaluated the volatile profiles
of fruits at different stages of ripening, from partially ripe to overripe, and minimal differ-
ences were obtained; immature fruits were excluded from the analysis. These findings were
similar to those for sensory quality, in which mature fruits and partially ripe, yellow—green
fruits presented cups of similar quality to red-ripe fruits. Ref. [19] found that coffee seeds
harvested in the ripe cherry state have a greater storage potential than those harvested in
the half-ripe state. The variations in the physical, chemical and sensory properties of coffee
fruit have been evaluated throughout the maturation scale, including green, half-ripe and
overripe fruits, which are the states of maturation exhibiting differences with respect to
the mature fruit. Changes in chemical compounds during ripening mainly include the
insufficient development of bean markers that have a negative effect on quality [16]. Within
the range of maturity in which coffee fruit can be classified as ripe, there are a wide range of
characteristics; this study differentiated and evaluated three states of maturity with respect
to color, weight, amount of mucilage, chemical composition and sensory profile, revealing
differences that could be used to determine the optimal level of maturation at which the
fruit retains its characteristics and provides the maximum sensory quality without entering
the senescence stage.

2. Materials and Methods
2.1. Coffee Fruits

Coffee fruits of the species C. arabica L., variety Castillo®, from Chinchind, Caldas,
Colombia, were collected in the main harvest of 2020 and 2021 in multiple passes [20],
which ensured the maximum concentration of mature coffee. A total of 200 kg of fruit
(working unit) was harvested, hydraulically classified to eliminate low-quality fruits and
subsequently separated into three degrees of maturity. The first state was defined by a
red—-orange color (MS1); the second, a crimson color (MS2); and the third, a red wine color
(MS3) (Figure 1). The agroclimatological characteristics of the area for 2020 were as follows:
altitude 1381 m, minimum temperature 17.1 °C, maximum temperature 27.8 °C, average
temperature 21.6 °C, relative humidity 80.3%, total precipitation 2470.9 mm, rainy days 222,
and solar brightness 1440.9 h.

MS1 MS2 MS3

Figure 1. Maturity stages of coffee fruits.

The National Coffee Research Center (Cenicafé) uses the strategy of genetic diversity
to obtain coffee varieties with durable resistance to coffee rust. Under this concept, the vari-
eties developed by Cenicafé are compound varieties, which means that they are a mixture of
different progenies that differ in their level of resistance but that share agronomic attributes
such as high production and good physical and sensory quality of the bean. In 2005, it
delivered the Castillo® variety adapted to specific coffee growing regions of Colombia. The
Castillo® General variety stands out for its intermediate aspect, durable resistance to rust,
tolerance to coffee cherry disease (CBD) and high sensory quality. They are composite
varieties, made up of improved lines that are not necessarily similar in appearance, which
means that different types of plant architecture and foliar colors (green and bronze) can
be observed in the field, without this being a limiting factor in the development of their
agronomic and productive potential.

The low-growing varieties grown in Colombia allow the use of higher planting den-
sities compared to the densities used in tall varieties. The highest yields obtained with
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low-growing varieties have been achieved with planting densities of 10,000 plants per
hectare and for tall varieties with planting densities of 5000 plants per hectare. In general,
for the intermediate varieties, planting densities between the above-mentioned range were
used, sowing during the rainy season, after the main harvest of the area, which corresponds
to the second half of the year, had been completed.

The soil characteristics of the experimental farm of Naranjal are as follows: pH 5.2,
organic matter 13.3%, nitrogen 0.51%, phosphorus 0.51 ppm, taxonomic group Hapludands
and parent material volcanic ashes. In coffee, the two most absorbed macronutrients at
all stages of the crop are nitrogen and potassium; calcium, phosphorus, magnesium and
sulfur are in second place. The nutritional requirements of coffee increase with age. At
the beginning of the reproductive phase the plant increases its growth rate and with it
the demand for nutrients increases. The productivity of coffee plantations depends to a
great extent on adequate nutrition. In order to obtain high yields, it is necessary that the
plants first form sufficient roots, stems, branches and leaves: organs that also demand
nutrients, and without which it would be impossible to achieve this purpose. Through the
supply of the following quantities of nutrients, the needs of the technified coffee plantations
with high sowing densities and free exposure to the sun were met: 300 kg/ha/year of
nitrogen-N, 260 kg /ha/year of potassium-K,O and 50 kg/ha/year of phosphorus-P,0s,
50 kg/ha/year of magnesium-MgO and 50 kg/ha/year of sulfur-S. Fertilization is carried
out at the beginning of the rainy season.

From each stage of maturity, a sample composed of 200 g of fruits was taken to
quantitatively determine the color on the CIEL*a*b* scale with a Chroma Meter CR410
(Konica Minolta, Tokyo, Japan), the fresh and dry weight, and the composition of the
exocarp (shell), mesocarp (mucilage) and endosperm (seed). A total of eight working
units for each stage of maturity were wet processed as follows: within 6 h of collection,
the exocarp was removed by means of a 2500 horizontal pulper with a circular sieve (JM
Estrada, La Estrella, Colombia). Subsequently, the mucilage was removed by mechanical
demucilagination, followed by mechanical drying at 40 °C until the bean reached a moisture
content between 10 and 11.5%.

2.2. High-Performance Liquid Chromatography (HPLC)

The analytes of interest were hot extracted from ground green coffee using type I
water as a solvent. For the separation and quantification of sugars, an Alliance 2690 HPLC
system coupled to a 2414 refractive index detector was used with a Sugar Pack I column
(Waters, 6.5 x 300 mm, 10 um) at 85 °C and deionized water at a flow rate of 0.5 mL/min.
Organic acids and alkaloids were determined using a Waters 600E HPLC system coupled
to a diode array detector (DAD-996). A Hi-Plex H column (Agilent, 7.7 x 300 mm, 8 um)
was used for the separation of organic acids at 50 °C with a flow of 0.5 mL/min, deionized
water (acidified with 0.01 M H,SO,) and detection at 210 nm. For the determination of
alkaloids, a Symmetry Cig column (Waters, 4.6 mm x 250 mm, 100 A5 um) was used at
35 °C with a flow of 1.0 mL/min, a mixture of water, methanol and acetic acid (59:40:1
v/v/v) and detection at 273 nm. All compounds were identified by comparison of the
retention times with standards and quantified by using a calibration curve with an external
standard according to the compound of interest.

2.3. Gas Chromatography

The composition of free fatty acids present in the lipid fraction of coffee was deter-
mined by a gas chromatograph coupled to a mass selective detector (HP-6890—MSD 5893)
according to the reference method AOAC 969.33. Free fatty acids were converted to their
corresponding methyl esters with boron trifluoride in 20% methanol followed by two suc-
cessive extractions with 1 mL of hexane. The separation was performed with an HP-5MS
column (Agilent, 30 m, 0.25 mm, 0.25 um) and HP-MS column (5% phenylmethylsiloxane
30 x 250 um x 0.25 um) with a temperature ramp of 20 °C/min from 90 °C to 260 °C and
a constant helium flow of 1.2 mL/min. Structural confirmation of the fatty acids present in
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the samples was performed based on their mass spectra, which were compared with those
of the WILEY 275 and NIST98 databases.

2.4. Total Chlorogenic Acids, Total Lipids and Total Protein

The determination of total CGA was performed in a Beckman spectrophotometer
(DU-650) at wavelengths of 265, 328 and 380 nm after extraction of CGA with aqueous
methanol and purification with Carrez reagents. For quantification of the lipid fraction,
Soxhlet extraction was performed according to the analysis method AOAC 945.16.

The determination of total protein was performed using the dry combustion method
according to AOAC 990.03 (Dumas method) (AOAC 2005), which is based on the destruc-
tion of organic matter through combustion under controlled oxygen supply at very high
temperatures, generating carbon and nitrogen gases, which are quantified by an IR detec-
tion cell and a thermal conductivity cell. The protein value was obtained by multiplying
the percentage of nitrogen obtained from the elemental analysis by a factor of 6.25. The
results are expressed as a percentage (g protein/100 g sample).

2.5. Physical and Sensory Quality

In the analysis of the physical quality of the dry parchment coffee, the moisture content,
the percentage of waste, defective beans, black and sour beans, broken beans and percentage
of healthy kernels were measured [21]. The sensory evaluation was performed following
the Specialty Coffee Association (SCA) protocol with the participation of 5 certified Q-
Grader tasters. This methodology included the preparation protocol (colorimetry of the
roasted beans, roasting time, coffee proportion, grinding, temperature and water quality)
and analysis temperature. The samples were roasted in a Probat BRZ2 roaster with an
initial temperature of 200 °C, reaching an average minimum temperature of 156.8 °C in
4 min and ending with an average temperature of 208.7 °C in 10.4 min. All samples were in
a range of roasting colorimetry between 55-65 Agtron/SCA and time between 8 and 12 min.
The perceived quality of 10 coffee flavor attributes was recorded: fragrance/aroma, flavor,
residual flavor, acidity, body, balance, uniformity, clean cup, sweetness, overall impression,
defects, and total score.

2.6. Statistical analysis

For each maturity stage, the response variables were analyzed with an analysis of
variance corresponding to a completely randomized experimental design model at a
significance level o = 0.05. When the analysis of variance showed effect of treatments
(p-value < 0.05), Duncan’s multiple comparison test (x = 0.05) was performed on the treat-
ments to identify the effect of the maturity stage. A Pearson correlation coefficient matrix
was developed using a heatmap to verify the relationships between chemical compounds
and sensory attributes (SCA). This coefficient is a measure of linear dependence between
two quantitative random variables: if the value is calculated as 1 if there is a perfect positive
correlation and as —1 if there is a perfect negative correlation.

3. Results and Discussion
3.1. Colorimetry and Composition of Coffee Fruits

The chromatic coordinates of the exocarp, the weight of fresh and dried fruits, and
the composition of the fruit expressed as % peel (exocarp), % mucilage (mesocarp) and
% bean (seed) were evaluated over the entire maturity scale, starting with green (G), half-
ripe/green (HG), half-ripe/mature (HM) and mature/half-ripe (MH); followed by the
three maturity stages studied, MS1, MS2 and MS3; and ending with dry coffee (D). The
coffee from the eight experimental units was separated into the states described above, and
the fruits were measured with the color coordinates L*, a* and b*. The average weight of
the fresh fruit was determined, and for the dry weight, the standard oven method at 105 °C
was used according to ISO 6673 [22]. The composition of the fruit was determined by the
weight of each of the components: peel, mucilage and bean.
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The L* coordinate, which indicates luminosity, presents the maximum value in the HM
state. The values for the HG and MH states are the same, and the values for the maturity
stages MS1, MS2 and MS3 exhibit differences. As reported by [23], the luminosity L* does
not show any significant effect in the prediction of the different physical or mechanical
properties of the fruit. The minimum value was found in the D state. The chromatic
coordinate a* has negative values in the green states and reaches a maximum value of
25.16 in MS1, and the values of the maturity stages MS1, MS2 and MS3 are different
from each other. According to [23], the size of the fruit can be predicted from the color
coordinate a*, and the fresh and dry mass of the coffee fruit can be predicted from a* and b*,
with correlations of 92.1% and 78.5%, respectively. This correlation was confirmed by the
maximum average values obtained for a* and the weight of the fresh fruit in MS1, where
the maximum value of a* of 25.16 corresponds to the maximum fresh weight of the fruit of
2.07 g. The chromatic coordinate b* has a maximum value of 24.48 in the HG state due to
its similarity to the color yellow, and the ripe fruits of MS1 are significantly different from
those in the MS2 and MS3 states according to Duncan’s test at 5% (Figure 2). The results
for the chromatic coordinate b* differentiate the HG, HM and MH states from the three
maturity stages evaluated, similar to the results found by [12], where the b* coordinate
differentiated coffee fruits at 217 DAA (HG) from the mature fruits at 231 and 238 DAA
(MS1 and MS3).

Crzen Halitipe/green Helisips /motuse Memsos halicips Mo 1 WMot 2 WMoturs 3 Doy

oo TL *a &

ol ¢ o ¢ afll o ¢H <1

L* a* b*
Avg Avg Avg
5097 C -15.18 & 17.71 C
64.03 B -454 F 2448 A
65813 A 402 D 2097 B
63.05 B 1742 B 2095 B
4301 D 2516 A 774 D
4158 E 17.55 B 171 E
3054 F 8.09 C -0.59 E
1691 = 2.10 E -0.07 E

Figure 2. Colorimetry of coffee fruit by ripening stage. Different letters indicate a difference between

means according to Duncan’s test at 5%.

The average weight of fresh fruits varies between 0.63 and 2.07 for D and MS1, respec-
tively. The weight for MS2 is not significantly different from those of MS1 and MS3, while
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the weight of MS3 shows no difference with respect to HM. The weights of the fresh fruits
in the green and dry states are different from those in the other states. The maximum dry
weight values were found in the maturity stages MS1, MS2 and MS3, and there was no
significant difference between them. As was observed for the fresh weight, the dry weights
of the fruits of the green and dry states are different from those of the other states. The
fresh weight of the MS1 maturity stage is 10.14% higher than that of the MS3 stage, while
the dry weights of the three stages are statistically equal. This loss of fresh weight between
maturity stages 1 and 3 can be associated with the dehydration processes that the fruit
undergoes in the last phase of ripening [1,6].

After the dry weight reached the maximum values in the three stages of maturity
evaluated, it decreased to the minimum value of 0.3 g in the dry state, defined for its
deteriorated appearance associated with the absence of mucilage and lower water content.
Once maturity is reached, the seed loses weight, which can be explained by the interrup-
tion of the translocation of photoassimilates from the fruit to the seed, as well as by the
consumption of substrate necessary for respiration during the stages of full maturity [5].

The mucilage contents in the maturity stages MS1 and MS2 are the same but are
different from that of MS3; the maximum is found for MS1 with a value of 15.44, and
the value decreases as the state of maturity increases until reaching 10.07. This mucilage
content of the MS3 stage is equal to that in the HG and HM stages. The bean content
presents a behavior similar to that of mucilage; the percentages in the stages of maturity
MS1 and MS2 are equal but are different from that in MS3, and the value for MS3 is equal
to that of HM (Figure 3). The processing of fruits of the MS3 stage, which involves the
use of a demucilator, implies greater defects; since the mucilage content is lower, there is a
greater risk of generating physical defects such as cracked, broken or threshed beans.

15

e FreshL Wz bR (5 )

0a

Grasn Half-tpe/grean Halfripe mahwe Mzhee halfdpe Dvlatre 1 bature 2 hazare 5 Dy
Dry weight (g)  Fresh weight (g) %% Peel %% Mucilage % Bean Conwversion
Avg Avg Avg Avg Avg Avg
v 03 D 13 D MNd Nd Nd Nd
v 048 C 170 C 4138 D §71 D 4736 A 418 L
P 030 CE 176 C 4260 DC 1112 C 423 B 445 B
MFP 054 B 187 BC 4294 DC 1333 B 4146 C 463 B
MS1 0ed A 207 A 4398 BC 1544 A 3852 D 486 A
MS2 062 A 195 EBA 4584 BA 1410 BA 3814 D 494 A
MS3 0el A lgs BC 4684 A 1007 DC 4091 C 4156 =
s 030 E 0e3 E Nd MNd Nd Nd

Figure 3. Fresh and dry weight, and composition of coffee fruit by ripening stage. Different letters
indicate a difference between means according to Duncan’s test at 5%.

Conversion refers to the amount of coffee fruits (kg) required to obtain 1 kg of dry
parchment coffee; normally, for wet-processed coffees, this conversion corresponds to 5 kg
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of mature coffee. As in the case of mucilage and bean, the conversion in the maturity stages
MSI1 and MS2 is the same but different from that in MS3, and the conversion in MS3 is
the same as that in the HG and HM stages. The lowest value among the maturity stages
MS1, MS2 and MS3 is observed for MS3 with a value of 4.56. The conversion of fruits in
the MS3 stage coincides with the value of 4.51 for a mixture of mature and overripe fruits
reported by [20] reported a value. This result implies that to obtain the same amount of dry
parchment coffee, if a mass composed entirely of fruits in the state of maturity MS3 is used,
8.8% less of the total mass is processed.

3.2. Physical Quality

The analysis of the physical quality of the dry parchment coffee included the mea-
surement of the following variables: moisture content, percent loss, defective beans, black
and sour beans, broken beans and percentage of healthy kernels. The percent loss refers
to the amount of parchment (endocarp) that the dry bean has. Regarding the physical
quality variables, there were no significant differences between the stages of maturity
evaluated. In the case of the content of broken beans, it is important to clarify that in the
multiple-pass harvesting method, to optimize the concentration of mature fruits, levels of
borer infestation less than 2% are required before starting the harvest process to preserve
physical quality.

The average moisture content of the samples was 11.3%, which implied that the
average water activity was 0.6216. The percent loss had an average value of 18.54, and the
minimum and maximum values of 16.5 and 21.1 were found in the maturity stages MS2
and MS3, respectively. The maximum content of defective beans was presented by MS3
with a value of 4.06; for black and sour beans, the maximum value was found in MS2 with
a value of 0.81. Ref. [24] evidenced a negative correlation between the number of black
and insect-attacked beans and the quality of the coffee beverage. Physical quality can be
affected by postharvest process. Ref. [25] reports color differences between coffee beans
from freshly processed and soaked fruits, attributing it to the effect of leaching of color
pigments from the outer layer of the coffee bean. The average content of broken beans was
3.27%, and the maximum value was found in MS2 with a value of 10.79%. The percentage
of healthy kernels refers to the number of healthy kernels without any defects present
in a given amount of coffee. The average value for washed coffee is estimated at 74%,
and higher values indicate a better physical quality. The percentages of healthy kernels
were 75.71, 76.07 and 74.75 for the maturity stages MS1, MS2 and MS3, respectively. The
maximum value of healthy kernels was reported for MS1 with a value of 80.78%.

3.3. Organic Acids

The contents of the different organic acids did not show significant differences between
the stages of maturity evaluated. MS1 presented the maximum values for lactic and succinic
acids, MS2 presented the maximum values for acetic, citric, malic and quinic acids, and MS3
presented the maximum value for oxalic acid (Figure 4). The major acids found followed
the order citric acid, quinic acid, malic acid and acetic acid, the first three coinciding with
those reported by [26]. These authors found different accumulation patterns of carboxylic
acids in the pericarp and in the seeds, and the most significant difference was found in the
accumulation of citric acid, which is one of the main carboxylic acids in the seeds. Among
the evaluated acids, this study obtained an average and maximum value of 9.28 g/kg.
During fruit ripening, quinic acid, which is a precursor of all CGAs, increases slightly in
the pericarp and endosperm, suggesting that it is transported through the perisperm to the
endosperm [6]. However, in this study, there is no evidence of an increase in this acid in
the coffee seed in advanced stages of fruit maturity.
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Figure 4. Average content (g/kg) of organic acids for three stages of maturity of coffee fruit.

3.4. Lipids and Fatty Acids

Lipids in coffee have an important impact on the final quality of the product due
to the formation of oxidation products over time [27]. Among the fatty acids present in
coffee, linoleic acid is the predominant fatty acid, followed by palmitic acid. The coffee
kernel waxes, together with the hydroxytryptamide esters of various fatty acids (arachidic,
behenic and lignoceric), originate in the epicarp of the fruit [28]. Regarding the average
values of fatty acids, palmitic acid was the predominant fatty acid, followed by linoleic,
oleic, stearic and arachidic acids. The analysis of variance did not show a significant effect
of maturity stage on the lipid fraction or on the composition of fatty acids.

The maximum average lipid fraction was found in the state of maturity MS2 with a
value of 10.45. Regarding the composition of fatty acids, MS1 presented the maximum
values for palmitic and oleic fatty acids, and MS3 presented the maximum values for stearic
and arachidic fatty acids. Linoleic fatty acid had an equal maximum value for maturity
stages MS1 and MS3 (see Table 1).

3.5. Total Protein and Alkaloids

The analysis of variance did not show a significant effect of maturity stage on total
protein and alkaloids. The total protein presented the minimum value in MS3 and the
maximum in MS2 (Table 1). Ref. [4] reported that in mature beans of C. arabica var. Caturra,
the protein content represents 10% of the dry weight. MS2 presented the maximum value
for caffeine and MS3 presented the maximum value for trigonelline; theobromine exhibited
equal values for the three stages of maturity. During ripening, caffeine accumulates in
the endosperm and decreases in the pericarp [6]. The equal values obtained for the three
stages of maturity agree with the study of [4], in which the caffeine content in seeds was
consistent with the dry weight curve and remained constant during maturation, close to
1% on a dry basis. Unlike caffeine, other compounds are synthesized in all parts of the
coffee tree, as well as in the pericarp and beans, generating transport from the chlorophyll
tissues to the endosperm. This behavior is shown by trigonelline, which is synthesized
in the pericarp and transferred to the seeds [29]. This process is evidenced in this study,
where the content of trigonelline increases as the maturity stage advances; the MS1 state
has an average content of 0.85, MS2 has an average content of 0.86 and MS3 has an average
content of 0. 87.
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Table 1. * Average contents of lipids, free fatty acids, protein, alkaloids and total chlorogenic acids
for three stages of maturity of the coffee fruit.

MS1 MS2 MS3

PROM STD MIN MAX PROM STD MIN MAX PROM STD MIN  MAX
Lipids (%) 10.28 0.54 9.50 11.03 10.45 0.77 9.45 11.80 1038 0.60 9.37 10.93
Palmitic acid (%) 4123 1.51 39.07 43.52 41.18 1.26 38.85 276 4115 1.84 39.16 4527
Linoleic acid (%) 34.03 1.15 32.26 35.82 33.91 1.78 30.24 3574  34.03 1.72 3147 3672
Oleic acid (%) 10.66 0.83 9.44 11.80 10.47 0.94 8.75 1196 1045 0.93 9.46 12.00
Stearic acid (%) 9.42 0.39 8.74 9.87 9.60 0.49 8.68 10.22 9.62 0.55 9.16 10.46
Arachidic acid (%) 466 0.48 408 541 471 0.72 3.84 5.68 477 0.69 377 5.85
Protein (%) 13.93 1.01 12.69 15.38 14.52 1.48 12.81 1744 1392 1.04 1269  15.19
Caffeine (%) 1.09 0.11 0.93 127 1.11 0.16 091 1.46 1.10 0.06 1.04 1.23
Theobromine (%) 0.03 0.01 0.02 0.08 0.03 0.01 0.02 0.08 0.03 0.01 0.01 0.08
Trigonellin (%) 0.85 0.08 0.76 0.98 0.86 0.09 0.76 1.02 0.87 0.11 0.66 0.99
Total chlorogenic 418 0.34 3.57 470 429 0.45 3.83 5.10 4.09 0.46 347 488

acids (%)

* For the compounds in Table 1, the analysis of variance showed no maturity stage effect.

3.6. Total Chlorogenic Acids

The minimum and maximum average values of total CGA were found in maturity
stages MS3 and MS2, respectively (Table 1). The analysis of variance did not show a signifi-
cant effect of maturity stage on total CGA. In a study conducted by [30] for arabica coffee,
the highest average total CGA content was found in the green state. The average CGA
content for the three stages of maturity is 4.19, which is different from that reported by [30]
but similar to that found by [16]: the first authors report a value of 6.23 for mature arabica
coffee, and the second reports values of 4.1 and 4.6 for mature fruits of the Catuai and
Tipica varieties, respectively. Similar to this study, they did not find significant differences
between the total CGA contents for the different stages of fruit ripening. Compared to
mature beans, immature beans are more sensitive to the oxidation of CGAs [31].

3.7. Sugars

In coffee fruits, sucrose, glucose and fructose are the main free sugars. During fruit
ripening, the sugar content increases in the pericarp and in the seeds; sucrose can corre-
spond to 73% of the total sugars in the seeds [26]. In this study, the analysis of variance
showed a significant effect of maturity stage on fructose and glucose, but not sucrose. The
fructose content is highest in the MS3 state (0.62) and is different from that of the MS1
(0.36) and MS2 (0.45) states. Glucose has a maximum value in the MS3 stage (0.49) and
is different for the three stages of maturity (Figure 5), according to Duncan’s test at 5%.
The higher values of fructose and glucose with increasing state of maturity can be related
to the hydrolysis of sucrose, whose content decreases from 92.34 to 86.09 in the MS1 to
MS3 stages. This behavior is similar to that observed in dry (natural)-processed coffees;
the hydrolysis of sucrose is favored by the presence of water in the fruit, increasing the
contents of fructose and glucose. In the case of natural coffee, this behavior may be a
response to longer processing times of fruit in the drying stage, where the removal of water
is more gradual than in wet-processed coffees. In the advanced stages of maturity, this
trend can be associated with longer periods of permanence of the fruit on the tree. Although
sucrose decreases, it is the main sugar of the seed according to [26]. Ref. [32] reported that
sucrose levels in Coffea racemosa are relatively high and stable during the development of
the endosperm, and this differs significantly from the situation observed in other coffee
species, in which sucrose contents were low in the young endosperm and increased just
before harvest [6], suggesting that sucrose is transported directly to the endosperm from
chlorophyll tissues. As the maturation phase progresses, the accumulation of proteins,
sucrose and complex polysaccharides represent the main reserves of the seed [4]. After
reaching maturity, no further accumulation of sucrose is generated in the fruit, but the
contents of glucose and fructose increase; nevertheless, these changes do not modify the
total sugar content. The effect of this change is not evident in sensory quality since, as
reported by [33], the perceptible sweetness in coffee is a consequence of the presence of
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aromas and flavors associated with sweetness. Although a change in the concentration of
these sugars occurs, the individual effect is not enough to generate changes in the flavor
attribute that will ultimately be reflected in the final score of the drink.
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0.13 025 085 023 B 003 021 0.29 8892 461 7915 93.09
0.09 049 073 034 A 003 028 0.39 86.09 449 8032 9176

Figure 5. Sugar content by state of maturity. Different letters indicate a difference between averages
according to Duncan’s test at 5%.

3.8. Sensory Quality

The total SCA score is calculated from the sum of ten sensory attributes of coffee.
According to the scale, coffees with scores equal to or greater than 80 points are considered
special for their sensory quality. The analysis of variance did not show a significant
effect of the state of maturity on the total ACS score or on the sensory attributes. For the
fragrance/aroma attribute, MS1 obtained the maximum average value, and the maximum
average values of the other attributes, flavor, residual flavor, acidity, body, balance, taste
score and total SCA score were obtained in MS2. The average total SCA scores were 82.73,
82.79 and 82.43 for MS1, MS2 and MS3, respectively, and the corresponding maximum
scores were 83.75, 84.08 and 83.5. This result coincides with [18], who evaluated the volatile
profiles at different stages of maturation, excluding samples of immature fruits; the profiles
showed minimal differences. This finding is similar to the results reported by the same
authors on the sensory quality and [30], in which mature, partially ripe and yellow—green
fruits presented cups of similar quality to red-ripe fruits. The three degrees of maturity
evaluated did not show differences in the sensory attributes or in the final sensory quality
expressed as a total SCA score, which indicates that the stage of maturity MS3 should not
be considered overmature, since this score implies negative considerations for quality. MS3
can be considered an advanced stage of maturity in coffee fruit.

With respect to the sensory descriptors of flavor, the tasters identified a total of 125,
which were classified into the following groups: caramel-sweet, chocolate, citrus, spices,
floral, fruit and nuts. Of the total descriptors, 37.60% correspond to the caramel-sweet
group, 24.80% to chocolate, 16.80% to nuts, which include walnut, hazelnut and almond
flavors, 10.40% to fruit, and the remaining 10.40% to the citrus, spice and floral groups. The
highest frequency of descriptors of the caramel-sweet group was found for MS2 with a
value of 40.48%. MS2 also presented the lowest frequency of descriptors of the chocolate
group (19.05%), and the maximum frequency for this group was associated with MS3,
with a value of 30.30%. The fruit group had a similar behavior to the chocolate group: the
frequency was initially 8.08% in MS1, increased to the maximum in MS2 with 19.05%, and
ended with a value of 3.03% in MS3.
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To verify the relationships between chemical compounds and SCA sensory attributes,
a Pearson correlation coefficient matrix was constructed using a heatmap (Figure 6). This
coefficient is a measure of linear dependence between two quantitative variables: if the
value is 1, there is a perfect positive correlation, and a value of —1 denotes a perfect negative
correlation. The chemical compounds with maximum positive correlations with the sensory
attributes are citric acid (0.313), oleic fatty acid (0.591), theobromine (0.205), trigonelline
(0.333) and protein (0.266) with the fragrance/aroma; lactic acid (0.193) and stearic fatty
acid (0.123) with flavor; palmitic fatty acid (0.299) and sucrose (0.196) with residual flavor;
malic acid (0.168) and quinic acid (0.111) with acidity; acetic acid (0.287), succinic acid
(0.353) and arachidic fatty acid (0.156) with the body of the beverage; and the balance is
related to oxalic acid (0.297).
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Figure 6. Heatmap of green coffee kernel chemical compounds and sensory attributes.

Relationships were also established between the sensory attributes and the total score
of the samples. The attributes with the highest correlation values with the total SCA score
are acidity, flavor and balance, with values of 0.922, 0.894 and 0.881, respectively. These
same attributes are correlated with each other, with a correlation between acidity and
balance of 0.774 and between flavor and residual flavor of 0.807. Relative to the total score,
correlation value of residual flavor is 0.792, that of fragrance/aroma is 0.574 and that of
body is 0.674. The compounds that show a positive correlation with the total score are
acetic acid, oxalic acid, oleic fatty acid and protein, with correlation values of 0.207, 0.195,
0.299 and 0.187, respectively. The above results suggest that a single compound does not
have an overall effect on the sensory attributes and in turn on the total rating; in contrast,
all chemical compounds contribute to and have an integral effect on the characteristics that
make up the sensory quality of coffee.

Among the chemical compounds, citric acid is positively related to malic acid (0.636),
and these two compounds are among the major organic acids quantified in this study for
green coffee beans, with average contents of 9.28 and 3.97 g/kg, respectively. Lipids show
correlation values of 0.551, 0.478 and 0.410 with oleic, arachidic and stearic free fatty acids.
Stearic acid has a correlation value of 0.476 with arachidic acid. In the group of alkaloids,
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trigonelline is positively related to theobromine and caffeine, with values of 0.540 and 0.723,
respectively. Fructose and glucose have a correlation value of 0.630.

4. Conclusions

The sensory quality of coffee is influenced by multiple factors that begin in the tree
where the chemical precursors of aromas and flavors are deposited and formed in the seeds
as the fruits develop. Although the sensory complexity is further developed throughout the
different processing steps, it is important to know the particularities of the raw material that
will be processed; for this reason, it is necessary to determine the physical, chemical and
sensory characteristics associated with different degrees maturity of coffee fruits. Coffee
fruits that have not fully developed can have overall negative effects on quality, but within
the range in which the coffee fruit can be classified as ripe there are a wide range of
differences. In this study, various characteristics were evaluated to define the maximum
level of maturation, and the results indicated that in the three maturity stages evaluated,
the fruit preserves its characteristics and allows the maximum quality without entering the
senescence stage. The degrees of maturity evaluated did not show significant differences
in the chemical compounds evaluated, with the exception of fructose and glucose, which
did not generate changes in the sensory attributes or in the final sensory quality. This
indicates that advanced stages of maturity where the fruit has not lost its turgor should not
be considered overripe, since this definition implies negative effects on quality. Confirming
that different stages of maturity do not have differences and do not generate a negative
effect on the characteristics of the bean will allow coffee growers to optimize the harvesting
process by collecting a higher concentration of fruits that are ripe and in advanced stages
of maturity, enabling the processing of a smaller quantity of fresh coffee because of the
lower mucilage content. In future work, it will be important to determine the effect of
coffee fruits at different degrees of maturity in different wet processing stages that involve
contact between the bean and the exocarp and mesocarp; the resulting changes in the
final chemical composition of the coffee bean and in sensory quality; and the mechanisms
driving these changes. The results of this study contribute to understanding the most
suitable processes for achieving the maximum expression of the attributes of coffee and a
consistent final quality.
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