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Abstract: This paper reports on the chemical compounds in arabica coffee beans with a high Specialty
Coffee Association (SCA) cupping score, especially those in specialty coffee beans. We investigated
the relationship between the chemical compounds and cupping scores by considering 16 types
of Coffea arabica (arabica coffee) beans from Guatemala (SCA cupping score of 76.5–89.0 points).
Non-targeted gas chromatography-mass spectrometry-based chemometric profiling indicated that
specialty beans with a high cupping score contained considerable amounts of methyl-esterified
compounds (MECs), including 3-methylbutanoic acid methyl ester (3-MBM), and other fatty acid
methyl esters. The effect of MECs on flavor quality was verified by spiking the coffee brew with 3-
MBM, which was the top-ranked component, as obtained through a regression model associated with
cupping scores. Notably, 3-MBM was responsible for the fresh-fruity aroma and cleanness of the coffee
brew. Although cleanness is a significant factor for specialty beans, the identification of compounds
that contribute to cleanness has not been reported in previous research. The chemometric profiling
approach coupled with spiking test validation will improve the identification and characterization of
3-MBM commonly found in arabica specialty beans. Therefore, 3-MBM, either alone or together with
MECs, can be used as a marker in coffee production.

Keywords: arabica specialty coffee; 3-methylbutanoic acid methyl ester; GC–MS; SCA cupping
score; cleanness

1. Introduction

Coffee is a popular beverage consumed globally, yet there are no universal chemical-
based standards to assess the coffee flavor and quality, although more than 800 volatile
compounds have been identified in coffee beans [1,2]. Using a variety of analytical tech-
niques, including solid-phase microextraction coupled with gas chromatography-mass
spectroscopy (GC–MS) and liquid-liquid extraction coupled with GC–MS, the volatile
compounds in coffee have been analyzed to characterize the variability among coffee
beans [3–7]. Numerous methods, some of which use sensory analysis (e.g., aroma extract
dilution analysis, GC–olfactometry, and omission test), have been performed to detect
the volatile compounds that contribute to coffee aroma [8–12]. However, studies on the
volatile compounds in coffee beans with high Specialty Coffee Association (SCA) cupping
scores [13], which are regarded as the global coffee evaluation standard, particularly spe-
cialty coffee beans with cup quality defined based on the SCA evaluation criteria, are still
limited.

Metabolic profiling has been used in the fields of medicine, agriculture, plant physiol-
ogy, and microbiology as a comprehensive, non-targeted approach. Metabolic profiling in
food science enables us to evaluate the balance of components in samples, determine the
differences in samples containing multi-component compounds, and predict the correla-
tions between bioactivity/functional activity and multi-component compounds [14–16].
Recently, Fujimura et al. identified multi-component compounds in tea extracts, which
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were correlated with bioactivity, by employing non-targeted analyses using matrix-assisted
laser desorption ionization-mass spectrometry [17]. Among many metabolic profiling
analytical techniques, such as nuclear magnetic resonance spectroscopy [18], visible micro-
Raman spectroscopy [19], Fourier-transform infrared spectroscopy [20], hyperspectral
imaging [21,22], liquid chromatography (LC) [23], and combined platforms [24], MS-based
techniques are particularly sensitive and selective [25]. The advantage of non-targeted MS-
based metabolic profiling is that it enables the detection and characterization of previously
unidentified specific markers.

The constitution of green coffee beans directly affects the final beverage flavors due to
the presence of precursors (e.g., sucrose, amino acids, and fatty acids) of key flavor-active
compounds that are generated during roasting. In our previous report, we investigated
the relationship between SCA cupping scores and compound information using an LC–
MS-based metabolic profiling technique. We successfully identified 3-methylbutanoyl
glycosides in green beans that were converted to 3-methylbutanic acid during roasting and
that contributed to aftertaste [26]. Although several chemometric studies of roasted beans
have been reported previously [3,4,27–30], understanding the chemistry behind sensory
perception is still needed [31].

In this study, based on the development of chemometric profiling for sample prepa-
ration and non-targeted GC–MS measurement, the specialty arabica roasted beans were
assessed. We characterized the chemical compounds that may be utilized for one of
the markers.

2. Materials and Methods
2.1. Chemicals

LC-MS-grade methanol was purchased from Wako Pure Chemical Industries (Osaka,
Japan). Analytical grade undecane, acetone, n-pentane, diethyl ether, dichloromethane,
phenyl isocyanate, and 3-methylbutanoic acid methyl ester were purchased from Nacalai
Tesque (Kyoto, Japan). 3-Methylbutanoic acid methyl ester as a food additive, Supelco® 37
component FAME Mix (methylene chloride solution), and C4–C24 even carbon-saturated
FAMEs (hexane solution) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Green and Roasted Coffee Beans

Sixteen commercial samples of green arabica coffee beans from Guatemala (with dif-
ferent cultivars, geographic altitudes, growing region, and ripeness stages) were obtained
in the market (Table S1). Each sample of green coffee beans (100 g) was roasted using a
laboratory-scale roaster (Suntory Coffee Roastery Lab, Kanagawa, Japan), as described in
our previous report [26]. The roasting degree was adjusted to a luminosity (L) value of
22–23 for all samples.

2.3. Sensorial Evaluation for Chemometric Profiling

Sensory evaluation experiments for chemometric profiling were performed in accor-
dance with the Specialty Coffee Association (SCA) cupping protocol [13] on 16 samples
of coffee beans using a method based on our previous report [26]. The experiments were
conducted twice in random order, whereby the control sample was assigned 83.0 points (the
median value for all samples). All samples were evaluated by an experienced “Licensed Q
Grader” certified by the Coffee Quality Institute.

2.4. Preparation of Roasted Bean Extracts and GC–MS Analysis

The roasted beans were ground one to two days after roasting, and 4 g of freshly
ground coffee powder was mixed with 10 mL of pentane/diethyl ether (1:2 v/v). Undecane
(100 µL of 2 mL/L in acetone) was then added as an internal standard (IS), and the coffee
was extracted with shaking (100 rpm) for 16 h at ambient temperature. Extracts were
filtered using polyvinylidene fluoride (0.22 µm) ultra-free-MC filters (Millipore, Billerica,
MA, USA) before GC–MS analyses. GC–MS measurements were performed using a 7890A
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GC system coupled to a 5975 inert XL MSD mass spectrometer (Agilent Technologies, Santa
Clara, CA, USA), and separation was carried out using a J&W DB-WAXetr fused silica
capillary column (60 m × 0.32 mm i.d., df = 0.25 µm, Agilent Technologies). The GC was
operated in splitless injection mode (2 µL injection volume), and helium was used as the
carrier gas at constant pressure. The GC temperature program was as follows: hold at
40 ◦C for 2 min, increase to 250 ◦C at 4 ◦C/min, and hold at 250 ◦C for 5 min. MS analysis
was conducted at a transfer-line temperature of 250 ◦C and an ion-source temperature of
230 ◦C. MS scans were performed over an m/z range of 33–450. Samples were analyzed
in triplicate.

2.5. GC–MS Data Processing, Multivariate Statistical Analysis, and Correlation Plots

Peak deconvolution and integration were performed using the Automatic Mass Spec-
tral Deconvolution and Identification System software package [32–34]. Mass Profiler
Professional software (Agilent Technologies, Santa Clara, CA, USA) was employed for
the alignment and identification of the data from the National Institute of Standards and
Technology mass spectral database [35]. All peak areas were normalized using those of
undecane in each sample, and the obtained data were filtered using a coefficient of variance
(CV) < 35%. As a result, 237 valid signals were obtained.

The resultant peaks were subjected to multivariate statistical analysis using the SIMCA-
P+ software (version 13.0; Umetrics, Umea, Sweden). An orthogonal projection to latent
structure (OPLS) regression model was created to develop a sensory predictive model for
the SCA cupping score. Correlation plots between the cupping score and the extracted
normalized peak areas of the markers were plotted (Figure S1). The target compounds
were identified by comparing their chromatographic retention times and mass spectral data
obtained with authentic pure standards that were analyzed under the same conditions.

2.6. Quantitative Analysis of 3-Methylbutanoic Acid Methyl Ester in Coffee Brews by GC–MS

Two samples of green beans from Guatemala were purchased: a good-quality bean
(SCA cupping score: 77.0 points) used as the control bean and an excellent quality bean
(SCA cupping score: 84.0 points). Both types of beans were roasted with an L-value of 22–23
and ground. The ground powder (10 g) of each roasted bean sample was extracted with
100 mL of hot water (97 ◦C) for 5 min. Then, the extracts were filtered with paper coffee
filters and 20 mL of each filtrate was spiked with 20 µL of phenyl isocyanate (0.5 mL/L in
ethanol) as an IS. Further, for the calibration curve, 20 mL of the control filtrate including
IS was spiked with 20 µL or 200 µL of 3-MBM (0.05 mL/L in ethanol). The spiked samples
were loaded onto 150 mg of PoraPakTM Q (50–80 mesh, GL Science, Tokyo, Japan) in a
glass column, and 1 mL of dichloromethane was used to elute the flavor compounds. The
eluates were then analyzed by GC–MS using a J&W DB-WAXetr fused silica capillary
column (60 m × 0.32 mm i.d., df = 1 µm, Agilent Technologies) for separation because of
the retention of 3-MBM on the column.

2.7. Evaluation of the Sensorial Effect of 3-MBM in Coffee Brew

Roasted control beans were ground and the ground powder (30 g) was extracted
with 300 mL of hot water (97 ◦C). The resultant coffee brew (control brew) and coffee
brew with 5 or 10 nL/L of 3-MBM additives were evaluated using four trained panelists.
The fruity-aroma intensity and cleanness intensity were assigned a value from 1 to 5 in
quarter-point increments. The control brew and brew from beans with SCA cupping score
of 84.0 points were assigned 3 points and 5 points, respectively.

3. Results and Discussion
3.1. Identification of the Chemical Compounds Correlated with the SCA Cupping Score Using
Chemometric Profiling

The identification of the chemical compounds in specialty beans was investigated in
relation to the relationship between the sensorial data (cupping score) and information
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about the compounds obtained by non-targeted analyses. One of the important aspects
of this approach is the quality of beans analyzed. Sixteen diverse samples of green coffee
beans from Guatemala with different qualities were prepared and roasted uniformly. The
roasted beans were evaluated by an experienced Q grader using the standardized SCA
protocol to ensure accurate evaluation. The SCA cupping scores among 16 samples were
ranged from 76.5 to 89.0 (Tables 1 and S1).

Table 1. Sixteen green coffee beans from Guatemala were evaluated using the SCA cupping score.

SCA Cupping Score (Point)

89 89.0
88
87
86
85
84 84.0
83 83.25
82 82.0, 82.0, 82.25, 82.5
81 81.0, 81.25, 81.25, 81.5
80 80.75
79 79.0
78 78.5
77 77.5
76 76.5

The remainder of the roasted beans were extracted with pentane/diethyl ether for
comprehensive analysis and then subjected to non-targeted GC–MS measurements. Data
processing and filtering of the GC–MS spectra provided 237 valid peaks. To isolate the
key compounds and contributing to the SCA cupping scores, a supervised statistical
multivariate technique was applied. Using the SIMCA-P+ software, a cupping score
prediction model based on OPLS regression analysis was created [36,37]. The cupping
score could be predicted with high accuracy using the information provided by GC–MS,
as indicated by the value of the correlation coefficient (R2Y = 0.976), the cross-validated
correlation coefficient (Q2 = 0.936), and the square error of estimation (RMSEE = 0.46), with
statistical significance (Figure 1A) [36]. The cupping score was highly correlated with the
compound or multi-component compound information obtained from the beans. Using the
results of the OPLS regression model, we determined the quality-related compounds based
on the variable influence on the projection (VIP) parameter (Figure 1B). The top-ranked
compound, 3-MBM (VIP-01), contributed most to the cupping score. In addition to the
Maillard-derived aromatic compounds, which are important to determine the quality of
coffee flavor [8,38–40], among the top 30 variables, four MECs were listed: VIP-08, linoleic
acid methyl ester, VIP-09 palmitic acid methyl ester, VIP-11, stearic acid methyl ester, and
VIP-26, oleic acid methyl ester. The SCA scores and the GC–MS normalized areas of these
five markers were strongly correlated (VIP-01, VIP-08, VIP-09, VIP-11, and VIP-26, with
R2 values of 0.73, 0.59, 0.54, 0.49, and 0.41, respectively (Figures 1C and S1)). Moreover,
these correlations were all positive, indicating that high-cupping score coffee beans contain
higher amounts of these MECs. Although MECs are known to be present in roasted
beans [41], to the best of our knowledge, this is the first study to report that MECs are key
compounds that contribute to higher-cupping score coffee flavor in arabica beans.
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Figure 1. MECs strongly correlated with the SCA cupping score studied by non-targeted analysis.
(A) OPLS model. The SCA cupping score was predicted by chemical information. (B) VIP plots.
The top 30 variables (compounds) are shown. Arrow heads indicate MECs. (C) Correlation plots
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3.2. Validation of the Sensory Effect of MECs in Coffee Brews

To understand the sensory effect of MECs in coffee brews, we studied the amount
of 3-MBM that contributed to the top-ranked SCA scores in two coffee brews of different
qualities: good quality brews with an SCA score of 77.0 points (control brew) and an
excellent quality brew with an SCA score of 84.0 points. Quantitative analyses revealed that
the 3-MBM concentrations in good and excellent quality brews were 11.4 and 22.0 nL/L,
respectively, confirming that the higher quality brew contained a higher amount of 3-MBM
(Figure 2).
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Next, sensory evaluation was performed. Although MECs are known to exist in
strawberries and fresh strawberry juice and have fruity fragrance [42–44], reports on MECs
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in coffee are limited. The odor threshold value of 3-MBM is 5 nL/L, which is calculated
using the published threshold of 4.4 µg/kg [42] and specific gravity of 0.88 g/mL at
25 ◦C. 3-MBM is considered to be odor-active in coffee brews, although the published
threshold value was determined in water and the threshold in coffee can be modified in
a specific matrix. Spiking the control brews with 3-MBM (10 nL/L) clearly enhanced the
fresh, sweet, and fruity aromas (Figure 3A), which are distinguishable from the fruity odor
from fermentation caused by ethyl-esterified compounds [45]. Furthermore, the effect
of 3-MBM on cleanness of brews was evaluated, because cleanness is one of the most
significant indicators of high-quality coffee and a significant factor affecting coffee flavor
and impression. Figure 3B shows that the cleanness intensities increased with the addition
of 3-MBM (5 or 10 nL/L). Therefore, 3-MBM not only increased the fresh, fruity aroma but
also increased the cleanness of the brews (the reduction of off-flavor).
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Recently, Niu et al. reported an enhancing or synergistic effect of perceptual inter-
action between ethyl-ester aroma compounds in Langjiu [46]. Xiao et al. studied the
evaluation of the interaction between esters and sulfur compounds in pineapple, suggest-
ing enhancement, masking, and synergistic effects [47]. Miyazawa reported that specific
compounds (carboxylic acids (C1, C2, and C4) under odor threshold values) affect other
aroma compounds and increase coffee aroma intensities [48–51]. However, the reduction
of off-flavor in coffee brews has not yet been reported. To the best of our knowledge, this
is the first study to report that 3-MBM is a compound contributing to the reduction of
off-flavor in coffee brews and influencing flavor impression in arabica specialty coffee.

4. Conclusions

This paper reported the study on the chemical compounds in specialty Arabica coffee
beans. The relationship between the chemical compounds and SCA cupping scores by
analyzing 16 types of Coffea arabica beans from Guatemala was investigated. Our results
indicated that specialty beans with a high cupping score contain considerable amounts
of MECs. The effect of MECs on flavor quality was verified by spiking the coffee brews
with 3-MBM. 3-MBM was responsible for the fresh-fruity aroma and cleanness of the coffee
brews and contributed to the reduction of off-flavor in beverage matrices. To the best of
our knowledge, this is the first report on the identification of compounds that influence
flavor cleanness in arabica specialty coffee.

Our previous study [26] indicated that 3-methylbutanoyl glycosides in green beans
were key precursors of odor-active compounds. Those precursors might convert to 3-



Appl. Sci. 2021, 11, 5413 7 of 9

methylbutanic acid and 3-MBM during roasting, thereby contributing to coffee flavors.
Further studies on the production of 3-MBM are needed.

Our results indicated that 3-MBM is a significant factor in arabica specialty coffee
and that 3-MBM, either alone or together with other compounds, can be used as a cri-
terion in designing manufacturing processes. Our findings provide new insights into
flavor chemistry.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11125413/s1, Table S1: Sixteen green coffee beans from Guatemala for chemometric
profiling; Figure S1: Correlation plots between the SCA cupping score and the GC–MS normalized
area of VIP-11 (left) and VIP-26 (right).
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