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Abstract: Coffee (Coffea arabica L.) is one of the most consumed non-alcoholic beverages. To expand
the coffee market and attract consumers to a diversity of coffee types, data on the nutritional potential
of different coffee varieties are needed. The present study assessed the phytochemical constituents,
i.e., total flavonoid content (TFC), total anthocyanin content (TAC), and total phenolic content (TPC),
and the antioxidant activities of extracts from Bourbon coffee berries differing in color. Furthermore,
the metabolome profiles of the four Bourbon berries, i.e., purple (PF), red (RF), orange (ORF), and
yellow (YF), were explored. The results indicated that the TFC and TPC were significantly higher
in RF (7.12 ± 0.96 and 9.01 ± 1.36 mg/g), followed by YF (6.54 ± 0.38 and 7.80 ± 0.10 mg/g), ORF
(6.31 ± 0.15 and 7.20 ± 0.40 mg/g), and PF (4.66 ± 0.53 and 6.60 ± 1.10 mg/g). A UPLC-MS/MS
analysis resulted in the identification of 579 metabolites belonging to 11 different compound classes.
Of these, 317 metabolites were differentially accumulated in the four varieties. These differentially
accumulated metabolites were majorly classified as flavonoids, organic acids, phenolics, and amino
acids and derivatives. Based on the metabolome profiles, we discuss the major compounds in each
Bourbon coffee variety and highlight their nutritional and health potentials. These findings will
serve as a foundation for the promotion of each variety and provide useful information for coffee
improvement programs.

Keywords: ABTS; antioxidant activities; beverage organoleptic properties; DPPH; FRAP; sensory
properties

1. Introduction

Coffee is the most desirable non-alcoholic beverage due to its taste sensation, psy-
chostimulant effects, and beneficial health impacts. Of the ~70 Coffea species, Coffea arabica
and Coffea canephora are primarily cultivated and consumed; the former is preferred over
the latter. The Chinese coffee market has expanded in the past decade, and in 2022, its
worth reached an estimated CNY 169.6 billion [1]. This has led to an increased produc-
tion of coffee in China; China produced nearly two million bags of coffee in 2021–2022
(https://www.china-briefing.com/; accessed on 30 January 2023). With an increase in
the market, the demand for different flavors and nutritional value also increases. The
Yunnan Province of China is the major coffee producer, and “Catimor 7963”, “Typica”,
and “Bourbon” are the famous varieties/cultivars [2]. Bourbon coffee has a range of fruit
colors, i.e., yellow, red, orange, and dark purple. Among these, the red is the most popular
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among consumers. However, there is limited/no data on the fruit metabolic composition
of Bourbon coffees with different fruit colors produced in China.

Coffee fruits (berries hereafter) of different varieties vary in their chemical composi-
tion [3]. The metabolomic profiles of coffee beans depend on the altitude, origin, macro
and micro climate, and postharvest processing method [4]. Nevertheless, major bioactive
compounds in coffee are phenolics, alkaloids, terpenoids, proteins, carbohydrates, lipids,
flavonoids, and amino acids [5,6]. Berries with different colors have been reported to show
different physical properties after medium roasting [7]. However, the nutritional composi-
tion of berries differing in color is not known, particularly the colored berries of Bourbon
varieties. Coffee brew consumption gives coffee a status of a “functional beverage” due to
the presence of health-beneficial compounds such as soluble carbohydrates, non-volatile
aliphatic acids, volatile acids, oils, proteins, free amino acids, and minerals [8]. Among the
major compounds, purine caffeine (an alkaloid) is strongly associated with coffee quality
as it contributes to bitterness and the stimulation of the central nervous system (inducing
alertness), improving blood circulation and respiration, mood enhancement, and improved
performances in physical exercise [9] and references therein. Other than alkaloids, phenolic
acids present in coffee have potential antioxidant, hepatoprotective, hypoglycemic, and
antiviral activities [10]. However, most of the metabolome analysis studies have reported
the composition of green coffee (C. arabica) or C. anthonyi and C. canephora [11]. Since the
berries are the commercial starting point for coffee production, it is important to understand
how berries of different colors differ in chemistry. It is also important from consumer pref-
erence and health perspectives. Some studies have reported differences in the metabolomic
compositions of berries differing in color. However, these studies reported the changes in
the composition of the same varieties, or the color change was studied from a perspective
of ripening time or coffee processing and not for the varietal differences [12–14].

Fruit color has been associated with different metabolomic compositions in different
plant species. For example, the comparative metabolomics of guava [15], fig [16], Citrullus
spp. [17], cherry tomato [18], pitaya [19], and capsicum [20] fruits with different colors
have revealed that the color of the fruit can be due to the presence of different pigments,
i.e., chlorophyll, xanthophylls, carotenoids, and anthocyanins. Since during development,
the taste and color change [18], it can be assumed that coffee cherries with different colors
could have different metabolomic compounds affecting the color and taste. This is also
related to the fact that the color intensity, hue, and saturation of food/drink influences
multisensory flavor perception [21]. Furthermore, color is a factor in food choice [22,23].
Therefore, to capture a large number of consumers, the provision of coffee with different
colors is a useful strategy. If the metabolomic profile of the coffee berries with different
colors is revealed, the consumer will have more knowledge of the nutrition profiles and
health impacts of the chosen coffee. To this regard, we explored the metabolomic profiles
of peels of yellow, red, orange, and dark purple Bourbon berries.

2. Materials and Methods
2.1. Coffee Genetic Resources and Field Conditions

Healthy seeds of the four Bourbon varieties (Coffea arabica L.) with different colors,
i.e., red (RF), yellow (YF), orange (ORF), and dark purple (PF), were obtained from the
Coffee Research Center in the Institute of Tropical and Subtropical Cash Crop, Yunnan
Academy of Agricultural Sciences, China. The seeds were planted in July 2017 at the
scientific research station of the Institute in Lujiang Town, Boashan City (24◦58′17.93′′ N;
98◦52′43.28′′ E), China. Planting was carried out at 1 m intra-row and 2 m inter-row, and
each variety had at least 15 plants. The experimental site is located in a low-latitude
quasi-tropical monsoon rainforest with a dry and hot valley transition type of climate.
The average temperature and rainfall in the experimental area are 21.5 ◦C and 755.3 mm,
respectively. The experimental site encounters a dry season from November to May
each year with adequate sunlight and significant variation in temperature between day
and night.
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The cultivated coffee varieties started producing fruits in 2019. Plants at the border
of each field were excluded during fruit sampling. Healthy and disease-free coffee plants
from the four varieties were selected for sampling. Five plants were randomly selected
in January 2020 and tagged for fruit harvesting. Fully mature, healthy, and fresh berry
samples with uniform colors were picked from the first-level branches on the inner plants
of each variety. After labeling, the fruit samples were placed in a liquid nitrogen container
to transfer to the laboratory where they were stored in −80 ◦C ultra-low temperature
refrigerator until further processing.

2.2. Determination of Total Flavonoid, Anthocyanin, and Phenolic Contents in the Peels of the
four Coffee Varieties

The total flavonoid content (TFC) in the peels among the four coffee varieties was de-
termined using the NaNO2–AlCl3–NaOH method [24] using a biochemical kit (NMKD0120,
Norminkoda Biotechnology Co., Ltd., Wuhan, China). Briefly, about 0.02 g of the flesh
tissues was extracted using 1 mL of 80% methanol in 60 ◦C water in an ultrasonic bath
for 30 min. The solution was centrifuged at 10,000× g at 25 ◦C for 10 min, and the super-
natant was collected. The supernatant was combined and standardized to a final volume of
10 mL with 80% methanol. The spectrophotometer microplate reader was preheated for
30 min, and the absorbance was measured at the wavelength of 510 nm. The total flavonoid
content was expressed in µg g−1 of the fresh weight (FW).

The total anthocyanin content (TAC) was quantified by pH differential method [25]
using the Plant Anthocyanin Content Detection Kit (Norminkoda Biotechnology Co., Ltd.,
Wuhan, China) according to manufacturer’s protocols. The absorbance of samples was
measured at 530 and 700 nm. TAC was computed using the following formula:

TA =
A×V

M
(1)

where A = (A520 nm − A700 nm) pH 1.0 − A = (A520 nm − A700 nm) pH 4.5; V = volume of
extract (mL); and M = fresh mass of the sample (g).

The total phenolic content (TPC) was determined by total phenols test [24] using a
kit from Norminkoda Biotechnology Co., Ltd., Wuhan, China. Under alkaline conditions,
the phenolic substance reduced the tungsten molybdic acid to produce a somewhat blue
compound with a characteristic absorption peak at 760 nm. Absorbance at 760 nm was
measured to obtain the sample’s total phenol content. About 0.1 g of flesh tissue powder
was weighed, 2.5 mL of extract solution was added, and total phenols were extracted
by ultrasonic extraction. The ultrasonic power was 300 W, the mixture was broken for
5 s, intermittent 8 s, and then extracted for 30 min at 60 ◦C. The mixture was centrifuged for
10 min at 12,000 rpm, at 25 ◦C, and the supernatant was taken and diluted to a final volume
of 2.5 mL with the extraction solution. The absorbance of the extract was measured at wave-
length of 760 nm using a Microplate reader (pectraMax M2, Molecular Devices, Sunnyvale,
CA, USA). The standard curve was tested with 1 mg mL−1 tannic acid standard solution.

The TFC, TAC, and TPC measurements were performed for three biological replicates
for each of the four Bourbon varieties.

2.3. Assessment of Antioxidant Activities in the Peels of the Four Coffee Varieties

Antioxidant activities were assessed by 2,2-dyphenyl-1-picrylhydrazyl (DPPH), 2,2-
azino-bis(3-ethyl-benzothiazoline-6-sulphonic acid) di-ammonium salt (ABTS) and ferric
reducing antioxidant potential (FRAP) following procedures reported by Afonso et al. [26]
with NMKD0109, NMKD0110, and NMKD0111 kits, respectively, from Norminkoda
Biotechnology Co., Ltd. Wuhan, China. The measurement of DPPH, ABTS, and FRAP was
conducted in triplicates for each variety.
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2.4. Metabolome Profiling in the Peels of the Four Coffee Varieties by Ultra-High-Performance
Liquid Chromatography-Mass Spectrometry

Twelve samples (4 coffee varieties × 3 biological replicates), each weighing about
3 g, were crushed into powder following vacuum freeze-drying with a mixer mill MM400
and zirconia beads (15 mm) for 1.5 min at 30 Hz. Thereafter, sample powder of 100 mg
was extracted overnight at 4 ◦C in 1.0 mL 70% aqueous methanol and centrifuged for
10 min at 10,000× g. The extracts were filtered and transferred to a new tube for ultra-high-
performance liquid chromatography-tandem mass spectrometry (ULPLC-MS/MS) analysis
as reported earlier [27]. Briefly, widely untargeted metabolite profiling was performed with
a self-built database by MetWare Biotechnology Co., Ltd. (Wuhan, China). A control analy-
sis was conducted by mixing sample extracts from four samples to check in the repeated
analyses. The metabolites were assessed by secondary spectrum information by qualitative
means. The metabolites were quantified by a multi-reaction monitoring mode analysis via
triple quadruple-bar mass spectrometry, AB4500 Q TRAP UPLC/MS/MS System, equipped
with an ESI Turbo Ion-Spray interface. The system worked in both positive and negative ion
modes and was controlled by Analyst 1.6.3 software (AB Sciex). The ESI source operation
parameters were set as follows: ion source, turbo spray; source temperature 550 ◦C; ion
spray voltage (IS) 5500 V (positive ion mode)/−4500 V (negative ion mode); ion source
gas I (GSI), gas II(GSII), curtain gas (CUR) was set at 50, 60, and 25.0 psi, respectively; the
collision-activated dissociation (CAD) was high. Instrument tuning and mass calibration
were undertaken in 10 and 100 µmol/L polypropylene glycol solutions in QQQ and LIT
modes, respectively. QQQ scans were obtained as MRM experiments with collision gas
(nitrogen) set to medium. DP and CE for individual MRM transitions were done with
further DP and CE optimization. A specific set of MRM transitions was checked for each
period according to the metabolites eluted within this period.

2.5. Statistical Analyses

Data obtained for TFC, TAC, TPC, DPPH, ABTS, and FRAP in triplicates were sub-
jected to the analysis of variance (ANOVA) in GenStats, version 12 (VSN International
Ltd., UK, www.vsni.co.uk, accessed on 20 February 2023), and post hoc mean separation
was performed with Duncan multiple-range test at p < 0.05. Graphs with means and stan-
dard error of mean were generated with the help of GraphPad Prism statistical software
(version 8, GraphPad Software, San Diego, CA, USA, www.graphpad.com, accessed on 20
February 2023).

Data quality and reproducibility of metabolites detected were assessed by principal
component analysis (PCA), hierarchical clustering heatmap (HCH), and Pearson’s corre-
lation analysis based on ion intensities with tidyverse [28], pheatmap [29], and corrplot [30]
packages in R, respectively. The differentially accumulated metabolites (DAMs) were identi-
fied by using stringent filtering criteria of the orthogonal partial least squares-discriminant
analysis (OPLS-DA) using a threshold of log2 foldchange, i.e., |log2FC ≥ 1| and variable
importance in projection (VIP) ≥ 1 [31]. The heatmap of selected DAMs was constructed in
R with pheatmap package [29].

3. Results
3.1. Levels of Bioactivities and Bioactive Secondary Metabolites in the Peels of Four Varieties of
C. arabica

The berry color is reported to influence consumer preference [32], possibly due to
variation in nutritional contents, i.e., bioactivities and bioactive secondary metabolites. The
present study utilized the peels of four C. arabica Bourbon varieties with different fruit colors,
i.e., purple (PF), red (RF), orange (ORF), and yellow (YF) (Figure 1). The total flavonoid con-
tent (TFC), total anthocyanin content (TAC), and total phenolic content (TPC) were assessed.
In addition, antioxidant activities were assessed by 2,2-azino-bis(3-ethyl-benzothiazoline-6-
sulphonic acid) di-ammonium salt (ABTS), 2,2-dyphenyl-1-picrylhydrazyl (DPPH), and

www.vsni.co.uk
www.graphpad.com


Diversity 2023, 15, 724 5 of 21

ferric reducing antioxidant potential (FRAP). Significant variations in the studied parame-
ters were observed among the four Bourbon coffee varieties (Figure 2A–F).

The RF had significantly (p < 0.05) the highest TFC (7.12 ± 0.96 mg/g) compared to YF
(6.54 ± 0.38 mg/g), ORF (6.31 ± 0.15 mg/g), and PF peels (4.66 ± 0.53 mg/g) (Figure 2A).
On the contrary, PF had the highest TAC (0.091 ± 0.005 mg/g), which was significantly
(p < 0.05) different from the other three varieties (Figure 2B). The highest TAC was
recorded in PF, followed by RF (0.050 ± 0.008 mg/g), YF (0.013 ± 0.003 mg/g), and ORF
(0.012 ± 0.003 mg/g). The TAC was significantly higher in PF and RF compared to the
other two; however, it did not differ significantly in YF and ORF (Figure 2B). Similarly, the
TPC in berries varied significantly (p < 0.05) among the four varieties such that RF had
the highest content (9.01 ± 1.36), followed by YF (7.80 ± 0.10), ORF (7.20 ± 0.40), and PF
(6.60 ± 1.10 mg/g) (Figure 2C).
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The antioxidant activities (ABTS, DPPH, and FRAP) differed significantly among the
four coffee varieties (Figure 2D–F). The RF berries had the highest activities, i.e., ABTS,
DPPH, and FRAP, followed by ORF, YF, and PF (Figure 2D–F), which is consistent with TFC
and TPC (Figure 2A,C–E). These observations suggest a high level of correlation between
antioxidant activity (ABTS, DPPH, and FRAP) and TFC and TPC [33,34]. Next, we studied
the metabolome profiles of the four coffee berries to understand the major metabolite
composition in these varieties.

3.2. Overview of Metabolome Profiling among the Four Varieties of C. arabica

A total of 579 metabolites were detected by UPLC-MS/MS in the berries of the four
coffee varieties. These metabolites belong to 11 compound classes (Figure 3). The top five
compound classes were flavonoids (19.86%), organic acids (12.44%), others (saccharides and
alcohols, vitamins and others, 11.92%), lipids (11.74%), and amino acids and derivatives
(11.57%) (Figure 3; Table S1). The remaining classes included phenolic acids (10.54%),
nucleotides and derivatives (7.08%), alkaloids (5.87%), lignans and coumarins (3.11%),
terpenoids (3.11%), and tannins (2.76%) (Figure 3A). The sum of all compounds within
each class differed among the varieties such that RF was rich in tannins, YF in alkaloids,
lignans and coumarins, and lipids, ORF in amino acids and derivatives, organic acids,
and terpenoids, and PF in flavonoids, nucleotides and derivatives, and phenolic acids
(Figure 3B). These observations suggest that each of the studied varieties offers a unique
nutritional value based on the presence of compounds. These results are important from
the point of view of health benefits and consumer preference (Figure 3B).
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Figure 2. Antioxidant and antiradical activities of the extracts of four Bourbon varieties. (A) Total
flavonoid content, (B) total anthocyanin content, (C) total phenolic content, (D) 2,2-azino-bis(3-ethyl-
benzothiazoline-6-sulphonic acid) di-ammonium salt (ABTS), (E) 2,2-dyphenyl-1-picrylhydrazyl
(DPPH) content, and (F) ferric reducing antioxidant potential (FRAP). The bars represent mean
(n = 3), and the error bars indicate standard error of mean (SEM). The post hoc mean separation was
performed by Duncan multiple-range test at p < 0.05. Bars (Mean ± SEM) with a standard alphabet
show no significant difference (p > 0.05), while those with different alphabets indicate significant
difference (p < 0.05).
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Pearson correlation analysis based on the ion intensities of the 579 metabolites dis-
played high reproducibility between biological replicates (correlation coefficients ≥ 0.79)
(Figure S1). In addition, PCA explained that there was 56.09% variability among the four
varieties (Figure 4A). The HCH based on the ion intensities of the 597 metabolites showed
that the biological replicates grouped as two clusters. Cluster 1 consisted of only PF, while
Cluster II included YF, RF, and ORF (Figure 4B). These results suggest that coffee fruit
peels differ in their metabolite composition such that YF, RF, and ORF may contain a
greater number of common metabolites, whereas the composition of PF might be different
from the other three varieties. Overall, the Pearson’s correlation, PCA, and HCH analyses
indicate the presence of metabolome variability which could account for the difference in
the nutritive value of the four varieties.
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3.2.1. Comparative Analysis of Differentially Accumulated Metabolites among the
Four Varieties of C. arabica

We screened the DAMs based on the filtering criteria, i.e., |log2FC ≥ 1| and VIP ≥ 1,
which resulted in the identification of DAMs (Figure 5A,B). The highest and lowest numbers
of DAMs were detected in YF_vs_PF (194) and ORF_vs_RF (106), respectively. These
319 DAMs are grouped into nine sub-classes such that the sub-class 4 (name of the class)
and 9 (name of the class) had 55 (name of the class) and 18 (name of the class) metabolites,
respectively (Figure S2; Tables S2 and S3). Moreover, based on the results of the antioxidant
and antiradical bioactivities, the bioactive secondary metabolite contents (Figure 2A–F),
and HCH (Figure 4B), we compared RF to the other three varieties, i.e., PF, YF, and ORF,
and thus we present ORF_vs_RF, RF_vs_PF, and YF_vs_RF in our subsequent analyses
(Figure 5C).

Variation in Flavonoid (and Anthocyanin) Contents in the Ripe Fruit Peels of
Four C. arabica Varieties

We further screened the flavonoid compounds from the 319 DAMs accumulated
in the four coffee varieties. Of the 319 DAMs, 103 flavonoid compounds showed differ-
ential accumulation in the four varieties. The flavonoids accumulated in the order of
PF (624,955,246.85) > RF (617,112,251.64) > ORF (491,334,557.73) > YF (257,461,277.53)
(Table S3). These compounds include anthocyanins, chalcones, dihydroflavones, dihy-
droflavonols, flavanols, flavonoids, flavonoid carbonosides, flavonols, and isoflavones.
Notably, cyanidin-3-O-(6′′-O-p-coumaroyl)glucoside, 3,3′,5-trihydroxy-4′,7-dimethoxy-
flavanone, epicatechin, 3′-O-methyl-(-)-epicatechin, luteolin-7-O-rutinoside, kaempferol-
3-O-glucoside (astragalin), kaempferol-3-O-rutinoside-7-O-glucoside, kaempferol-3-O-
rutinoside(nicotiflorin), kaempferol-3,7-O-dirhamnoside (kaempferitrin), kaempferol-
3-O-neohesperidoside, and 2’-hydroxyisoflavone were highly accumulated in RF com-
pared to the other three varieties (Table S2), which seems to be a possible reason for
observing the highest TFC content in RF (Figure 2A).
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Anthocyanins are documented to have an antioxidant and anti-inflammatory poten-
tial [35,36]. Petunidin-3-O-(6′′-O-p-coumaroyl)glucoside and delphinidin-3-O-rutinoside-
7-O-glucoside compounds accumulated 0.25-fold lower in RF than in ORF, while the
other two compounds (cyanidin-3-O-glucoside (kuromanin) and cyanidin-3-O-rutinoside
(keracyanin)) had 4.27–7.91-fold higher content in RF than ORF. Contrarily, these four
compounds showed an opposite accumulation trend in RF_vs_PF (Table S4A,B; Table 1).
Only kuromanin and keracyanin were up-accumulated in RF compared with PF (Table
S4C; Table 1). Among the three other varieties, five anthocyanin compounds generally
accumulated in the order of PF > YF > ORF. These trends are consistent with the TAC
results (Figure 2B).

The relevance of the antimicrobial, anti-inflammatory, antioxidant, and anti-diabetic
effects of luteolin and its related compounds have recently been highlighted in food pro-
cessing and utilization [37]. Considering this, we screened the differentially accumulated
luteolin and its related compounds among the four coffee varieties. At least one of seven
luteolin compounds showed differential accumulation in the pairwise comparisons (ex-
cept ORF_vs_RF and ORF_vs_PF). For example, luteolin-7-O-neohesperidoside (lonicerin),
luteolin-7-O-rutinoside, and luteolin-7-O-(2′′-O-rhamnosyl)rutinoside had higher content
in RF than PF (Table 1; Table S4B). Conversely, luteolin-6-C-glucoside-7-O-(6′′-feruloyl)ar-
abinoside accumulated lower in RF than YF. Again, luteolin-8-C-glucoside-7-O-glucoside
had a higher abundance in ORF than YF (Table 1; Table S4D). Moreover, most of the
luteolin compounds (four out of seven) were up-accumulated in YF in comparison to
PF (Table 1; Table S4E). Additionally, other beneficial flavonoid compounds such as
quercetin, kaempferol, and others found in Table S4A–F had varied accumulation among the
four varieties [38].
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Table 1. Selected differentially accumulated flavonoid compounds and their fold change among the
four coffee varieties with different fruit colors (orange-colored (ORF), red-colored (RF), yellow-colored
(YF), and purple-colored (PF)) in pairwise comparisons.

Compounds ORF_vs_RF RF_vs_PF YF_vs_RF YF_vs_ORF YF_vs_PF ORF_vs_PF

Anthocyanins

Delphinidin-3-O-rutinoside-7-O-glucoside 0.25 4.97 ns 3.60 4.43 ns
Petunidin-3-O-(6′′-O-p-
coumaroyl)glucoside 0.25 4.75 ns 6.11 7.13 ns

Cyanidin-3-O-(6′′-O-caffeoyl)glucoside ns 0.35 ns ns ns ns
Cyanidin-3-O-(6′′-O-p-
coumaroyl)glucoside ns 0.44 ns ns 0.27 ns

Cyanidin-3-O-glucoside (kuromanin) 7.91 ns 257.07 32.50 202.24 6.22
Cyanidin-3-O-rutinoside (keracyanin) 4.17 ns 216.51 51.88 208.73 4.02
Chalcones/dihydroflavones/flavonoids

Naringenin chalcone ns ns 5.07 5.45 8.80 ns
Naringenin (5,7,5′-trihydroxyflavanone) ns ns 743.33 692.24 899.14 ns
Naringenin-7-O-glucoside (prunin) ns ns ns ns 2.31 ns
Naringenin-4′-O-glucoside ns ns 4.22 4.28 3.82 ns
Hesperetin-5-O-glucoside 0.35 ns ns ns ns ns
Hesperetin-7-O-glucoside 0.18 6.71 ns 10.97 13.17 ns
Hesperetin-7-O-rutinoside (hesperidin) ns 4460.93 ns ns 4460.93 4460.93
Hesperetin-7-O-(6′′-malonyl)glucoside ns ns 0.44 ns 0.33 ns
Luteolin-7-O-neohesperidoside (Lonicerin) ns 0.39 ns ns ns ns
Luteolin-7-O-rutinoside ns 0.41 ns ns ns ns
Luteolin-7-O-(2′′-O-rhamnosyl)rutinoside ns 0.27 ns ns 0.32 ns
Luteolin-6-C-glucoside-7-O-(6′′-
feruloyl)arabinoside ns ns 0.48 ns 0.50 ns

Luteolin-8-C-glucoside-7-O-glucoside ns ns ns 2.11 ns ns
Luteolin-3′-O-glucoside ns ns ns ns 0.39 ns
Luteolin-4′-O-glucoside ns ns ns ns 0.37 ns
Dihydroquercetin(taxifolin) 0.18 ns 3.57 19.72 3.38 ns
Quercetin-3-O-xyloside (reynoutrin) 0.36 ns ns 2.91 ns 0.40
Quercetin-3-O-arabinoside (guaijaverin) 0.27 ns ns 3.12 ns 0.44
Quercetin-3-O-rhamnoside(quercitrin) 0.23 ns ns 5.93 2.50 0.42
Quercetin-3-O-glucoside (isoquercitrin) 0.38 ns ns ns ns ns
Quercetin-3-O-sambubioside 0.34 ns ns 4.50 2.06 0.46
Quercetin-3-O-apiosyl(1→2)galactoside 0.35 ns ns 4.47 2.07 0.46
Quercetin-3-O-xylosyl(1→2)glucoside 0.37 ns ns 3.68 ns 0.50
Quercetin-3-O-rutinoside (rutin) 0.35 ns ns 2.43 ns ns
Quercetin-3-O-rutinoside-7-O-rhamnoside 0.31 ns ns ns ns 0.44
Azaleatin (5-O-methylquercetin) 0.20 13.75 ns 9.72 27.18
Quercetin-7-O-(6′′-malonyl)glucoside ns 2.58 ns ns 2.06 2.22
Quercetin-3-O-(6′′-malonyl)galactoside ns 2.63 ns ns ns ns
Quercetin-3-O-(2′′-galloyl)arabinoside ns 0.15 0.42 0.44 0.06 0.14
Quercetin-3-O-neohesperidoside ns 20.09 ns ns 31.83 24.16
Quercetin-3-O-robinobioside ns 24.70 ns ns 27.15 24.27
6-C-methylquercetin-3-O-rutinoside ns 59.26 ns 2.03 111.92 55.21
Quercetin-3-O-rutinoside-7-O-rhamnoside ns ns ns 3.13 ns ns
Quercetin-3-O-(2
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Fold change (FC) was computed on the average of the three replicates of each variety (ORF, YF, RF, or PF), against
each other; for details, see Supplementary Table S4A–F. The FC with <1 value indicates down-accumulated in
the first variety on left-hand side in the pairwise comparison, while those with >1 mean up-accumulated in the
right-hand side variety in the pairwise comparison.

In addition to anthocyanins and luteolin, hesperetin and its derivatives are known
to have antioxidant and anticarcinogenic properties [39,40]. Four of these compounds,
hesperetin-5-O-glucoside, hesperetin-7-O-glucoside, hesperetin-7-O-rutinoside (hesperidin),
and hesperetin-7-O-(6′′-malonyl) glucoside, accumulated variedly among the four coffee
varieties (Table S4A–F; Table 1). For instance, both hesperetin-5-O-glucoside and hesperetin-
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7-O-glucoside accumulated higher in ORF than in RF (Table S4A). Meanwhile, in YF_vs_RF,
hesperetin-7-O-glucoside also accumulated higher in YF than RF. Interestingly, hesperetin-
7-O-rutinoside (hesperidin) was also detected in YF (Table S4B). Hesperetin-7-O-glucoside
accumulated 0.44-fold lower in RF than in PF (Table S4C). Among the other three coffee
varieties (ORF, YF, and PF), at least one compound classified as hesperetin or its derivative
accumulated differentially (Table S4D–F; Table 1).

Comparison of Phenolic Compounds Accumulated Differentially among the Ripe Fruit
Peels of Four Varieties of C. arabica

Coffee is known to contain a number of phenolic compounds [41], making it useful for
hepatoprotective, hypoglycemic, and antiviral activities [10]. In all, 35 compounds classified
as phenolic acids were differentially accumulated among the four coffee varieties. The high-
est phenolic acid accumulation (cumulative) was observed in PF (126,153,037.37), followed
by RF (71,001,425.70), ORF (60,938,409.73), and YF (59,286,683.50) (Tables S2 and S3). These
observations are different from the TPC results (Figure 2C), which could be due to the sen-
sitivity of the detection methods, as well as the fact that only phenolic acids were detected
by UPLC-MS/MS. 2-Hydroxybenzaldehyde (Salicylaldehyde), 3,4-dihydrobenzeneacetic
acid, phthalic anhydride, and dibutyl phthalate had higher contents in RF followed by YF,
ORF, and PF. Meanwhile, disinapoyl glucoside, 3,4-dihydroxybenzoic acid (protocatechuic
acid), methyl sinapate, 1-O-sinapoyl-D-glucose, and 4-O-sinapoylquinic acid had higher
accumulation in ORF than RF (Figure 6A, Table S4A). Interestingly, 2-(formylamino)benzoic
acid was unique to RF (Figure 6A, Table S4A).

Twenty-two phenolic acids differentially accumulated in RF_vs_PF; six and sixteen
were down- and up-accumulated in PF and RF, respectively (Figure 6A, Table S4B). The
compounds that had higher contents in PF include 4-O-feruloylquinic acid, caffeoylferu-
loylshikimic acid, 3,4-O-dicaffeoylquinic acid methyl ester, sinapoyl malate, 1-O-sinapoyl-
D-glucose, and 3,4,5-tricaffeoylquinic acid (Table S4B). Meanwhile, 2-phenylethanol, 5-
hydroxymethylfurfural, and 6-O-acetylarbutin had higher contents in RF than PF. Of these,
2-phenylethanol is reported to improve the organoleptic properties of cider, offer health
benefits through its antioxidant properties [42], and enhance tomato fruit taste [43,44]. In
addition to these, 2-(formylamino)benzoic acid, 3,3′,4-trimethoxyellagic acid, and 6′-O-
feruloyl-D-sucrose were solely identified in the RF variety in contrast to the PF variety.

Thirteen phenolic acids including 1,3-O-dicaffeoylquinic acid (cynarin), 1-O-(3,4-
dihydroxy-5-methoxy-benzoyl)-glucoside, 2,6-dihydroxybenzoic acid O-glucoside, and
tyrosol had higher contents in RF compared to YF (Figure 6A, Table S4C). Seven compounds,
i.e., syringaldehyde, 4-Hydroxy-3,5-dimethoxybenzaldehyde, methyl sinapate, sinapoyl
malate, 4-O-feruloylquinic acid, chlorogenic acid methyl ester, 1-O-sinapoyl-D-glucose,
and 3,4,5-tricaffeoylquinic acid were in higher abundance in YF than RF (Table S4C). It has
been documented that chlorogenic acid and its related compounds are flavor precursors
during roasting and provide a distinctive coffee taste [32,45], making the YF variety a good
candidate for processing and consumption.

Considering other varietal comparisons, there were 13 (2 down and 11 up), 21 (4 down
and 17 up), and 20 (5 down and 15 up) compounds that exhibited differential accumu-
lation in YF_vs_ORF, YF_vs_PF, and ORF_vs_PF, respectively (Figure 6A, Table S4D–F).
Of these, 1,3-O-dicaffeoylquinic acid (cynarin) was detected in only the ORF variety. It
has been reported to be a major compound in coffee compared to other beverages [41,46]
and have anti-inflammatory and antioxidant properties [47]. In addition, sinapoyl malate
was in higher abundance in the PF variety than both YF and ORF varieties, and tyrosol
followed a similar trend to sinapoyl malate (Figure 6A, Table S4D–F). Several other com-
pounds exhibited differences in accumulation among the three varieties, suggesting that
the ORF, YF, and PF varieties with some unique metabolites have potential for specific
human use [41,48].
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Figure 6. Fold change (FC) of differentially accumulated metabolites (based on ion intensities) of different classes of compound pairwise comparison among the four
coffee varieties (red-colored fruit peels (RF); yellow-colored fruit peels (YF); orange-colored fruit peels (ORF), and purple-colored fruit peels (PF)). (A) Phenolic acids.
(B) Alkaloids. (C) Lignans and coumarins. (D) Lipids. FC < 1 means down-accumulated, FC > 1 represents up-accumulated, and FC = 0 indicates not differentially
accumulated. For instance, FC < 1, FC > 1, and FC = 0 in ORF_vs_RF indicate higher accumulation in ORF than in RF, lower accumulation in ORF than in RF, and no
difference between ORF and RF, respectively. Details on the accumulation in the individual varieties in the pairwise comparisons are shown in Table S4A–F.



Diversity 2023, 15, 724 13 of 21

Variation in Alkaloid and Lignan and Coumarin Compounds in RF Variety Relative to
ORF, YF, and PF Varieties of C. arabica

Alkaloids present in different foods, e.g., coffee, offer a arrange of health benefits [49].
For example, caffeine is the most studied and the most useful compound that has sensory
and physiological effects [50,51]. Caffeine was observed to accumulate in the order of
YF > ORF > RF > PF (Table S3); however, it accumulated differentially in YF_vs_PF
(Figure 6B; Table S4E). The other alkaloid compounds worth elaborating on are quinoline
and its derivatives, 4-hydroxyquinoline, and 2,4-dihydroxyquinoline. 4-hydroxyquinoline
accumulated highly in the YF variety relative to ORF, RF, and PF (Figure 2B; Table S4C–E).
In addition, 2,4-dihydroxyquinoline had a higher abundance in YF than in ORF (Figure 2B;
Table S4D). Similarly, sinapine, which is known for its antioxidant and radio-protective ef-
fects [52], was accumulated highly in RF relative to either PF or YF (Figure 6B; Table S4B,C).
However, sinapine exhibited higher abundance in either YF or ORF than PF (Figure 6B;
Table S4E,F). Among the other alkaloids, notably, caffeoylspermine and N1,N8-bis(sina-
poyl)spermidine showed differential accumulation in YF and PF such that YF had higher
contents than PF (Table S4E).

Lignan and coumarins offer numerous human health benefits. We observed that lig-
nans and coumarins were highly accumulated in YF, followed by ORF, RF, and PF. Among
the differentially accumulated lignans and coumarins, isofraxetin (IF) showed differen-
tial accumulation in RF_vs_PF, YF_vs_PF, and ORF_vs_PF such that RF, YF, and ORF
had higher accumulation than PF (Figure 6C; Table S4B,E,F). Two variants of pinoresinol,
i.e., pinoresinol-4,4′-O-di-O-glucoside and pinoresinol-4-O-(6′′-acetyl) glucoside, accumu-
lated differentially (Figure 6C; Table S4A–F). Pinoresinol-4,4′-O-di-O-glucoside accumu-
lated higher in either YF, PF, or ORF than RF (Figure 6C; Table S4A–C). Meanwhile, it
accumulated >2-fold higher in ORF than YF (Table S4E). On the other hand, ORF had more
abundance of pinoresinol-4-O-(6′′-acetyl) glucoside than either RF or YF (Table S4A,F). Sim-
ilarly, scoparone had higher accumulation in RF than either YF, ORF, or PF (Table S4A–C),
while in the case of YF_vs_PF and ORF_vs_PF, PF had a lower abundance than either YF or
ORF (Table S4E,F). In summary, these results indicate that unique compounds’ presence
(and combinations) in each of the studied varieties makes them useful.

Lipid and Terpenoid Compounds Showed Diverse Accumulation among the Peels of the
Four Varieties of C. arabica

Coffee contains a large number of lipid compounds mostly stored as triacylglyc-
erol and linoleic acid (fatty acid desaturation) [53–55], which contribute significantly to
beverage organoleptic properties. They are also considered to be the determinants of
coffee quality [55]. Palmitoleic acid showed differential accumulation between RF and
either YF, ORF, or PF in the order of YF > ORF > PF > RF (Figure 6D; Table S4A–C).
In addition, five derivatives of linolenic acids (1-linolenoyl-rac-glycerol-diglucoside, 1-
linoleoylglycerol-2,3-di-O-glucoside, 1-linoleoyl-sn-glycerol-diglucoside, 1-α-linolenoyl-
glycerol-2,3-di-O-glucoside, and 1-α-linolenoyl-glycerol-3-O-glucoside) showed varied
accumulation patterns (Figure 6D; Table S4A–C). For instance, 1-α-linolenoyl-glycerol-3-O-
glucoside accumulated in the order of ORF > RF (ORF_vs_RF), YF > RF (YF_vs_RF), and
YF > PF (YF_vs_PF).

Moreover, the punicic acid (9Z,11E,14Z-octadecatrienoic acid) accumulation was
higher in ORF than RF or PF (Figure 6D; Table S4A,F), while 13 derivatives of punicic
acid including 11-octadecanoic acid (vaccenic acid) and pentadecanoic acid had varied ac-
cumulation patterns among the four coffee varieties (Figure 6C; Table S4A,F). Furthermore,
the other derivatives of palmitic (16:0), linoleic (18:2), stearic (18:0), and oleic (18:1) acids
had varied accumulation among the four coffee varieties (Figure 6D; Table S4A–F).

Terpenoids also possess antihypertensive, anticancer, antifungal, and antimicrobial
properties [56]. Hence, we compared the accumulation trends of the terpenoid compounds
among the four coffee varieties. Cafestol is one of the major terpenoid compounds [46],
which showed a higher accumulation trend in either RF, YF, or ORF than PF (Table S4B,E,F).
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Similarly, mascaroside, a diterpene glycoside compound, provides bitterness in coffee
as a caffeine-free compound. Our results showed that three derivatives of mascaroside,
i.e., mascaroside I, II, and IV, were differentially accumulated among the four coffee varieties
such that RF had higher contents compared to YF, ORF, or PF (Table S4A–C). This suggests
that mascaroside may impart a bitter taste in RF.

Composition of Organic Acid and Nucleotide and Derivative Compounds among the Ripe
Fruit Peels of the Four Varieties of C. arabica

Quinic acid (QA) is a common organic acid present in different coffee varieties [57,58].
Our results showed that QA had the highest accumulation in PF followed by ORF, RF,
and YF (Table S4B,D–F). In addition, 23 other organic acid compounds including isocitric,
mevalonic, muconic, shikimic, and α-ketoglutaric acids, as well as phosphoenolpyruvate,
accumulated differentially among the four coffee varieties (Table S4A–F).

Regarding nucleotides and derivatives, nine compounds (adenine, hypoxanthine,
guanine, xanthine, 1,7-dimethylxanthine, 9-(arabinosyl) hypoxanthine, uridine 5′-mono-
phosphate, 2′-Deoxyadenosine-5′-monophosphate, and NADP (nicotinamide adenine dinu-
cleotide phosphate)) were all up-accumulated in PF relative to RF (Table S4B). Of these, only
adenine, xanthine, 9-(arabinosyl) hypoxanthine, 2′-deoxyadenosine-5′-monophosphate,
and NADP (nicotinamide adenine dinucleotide phosphate) were highly accumulated in
PF (Table S4E). Similarly, all nine compounds (except guanine and 9-(arabinosyl) hypoxan-
thine) were up-accumulated in PF compared to ORF. Moreover, 16 other nucleotide and
derivative compounds accumulated differentially in YF_vs_RF, YF_vs_ORF, YF_vs_PF, and
ORF_vs_PF (Table S4C–F).

Amino Acid and Derivative, Tannin Compound, and Other (Saccharides and Alcohols,
Stilbenes, and Vitamins) Variation among the Fruit Peels of the Four Varieties of C. arabica

Coffee is known to contain an appreciable amount of different amino acids and deriva-
tives [57,59,60]. It was generally observed that amino acids and derivatives mostly accumu-
lated higher in either ORF or PF than RF (Table S4A,B). Notably, L-histidine, L-isoleucine,
L-leucine, and L-methionine were up-accumulated in either ORF or PF compared to RF.
Generally, the amino acid and derivatives were highly accumulated differentially in ORF
followed by PF and YF (Table S4D–F). These observations suggest that ORF, YF, and YF are
richer in amino acids compared to the RF variety.

It was generally observed that tannins had higher accumulation in RF than either YF
or PF (Table S4A,B). For example, cinnamtannin B2 was absent in the PF variety but had
~13-fold lower accumulation in YF relative to RF. Cinnamon is known as a remedy for
respiratory, digestive, and gynecological disorders, among others, as outlined in Ranasinghe
and Galappaththy [61]. The highest accumulation of tannins in the RF variety may account
for the higher TPC recorded in RF than the other three varieties (Figure 2D).

Finally, coffee also contains volatile and carbohydrate compounds such as saccha-
rides and alcohols, stilbene, and vitamins [57,60,62]. Among the vitamins, L-ascorbic
acid had higher accumulation in either RF or YF than PF (Table S4B,E). In the case of
stilbenes, piceatannol-3′-O-glucoside was highly accumulated in RF, YF, or ORF compared
to PF (Table S4B,E,F). In addition to amino acids and stilbenes, 18 compounds classified
as saccharides and alcohols were also differentially accumulated among the four coffee
varieties (Table S4A–F). For example, D(+)-melezitose O-rhamnoside accumulated higher
in ORF than in either of the other three varieties (RF, YF, or PF). Notably, D-(+)-sucrose was
differentially accumulated in YF_vs_PF such that YF had higher contents than PF.

In summary, the above results suggest that the four studied varieties have a range of
metabolites that are important from nutrition and health perspectives.

4. Discussion
4.1. Coffee Berries with Different Colors Offer Different Antioxidant Potentials

An increase in coffee consumption in China is driving the expansion of its market.
Though coffee production, as well as import, is increasing in China, new strategies are
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needed to expand the coffee market [1]. One such strategy is to use a variety of processed
products, e.g., different-colored coffees. Coffea arabica var. Bourbon is available in different
colors, i.e., yellow, red, orange, and dark purple. To develop interest in consumers for
consuming coffee of different colors, the provision of more information on their health
and nutritional benefits can be useful [2]. Here, we report the antioxidant potential of four
Bourbon coffees with different berry colors, i.e., yellow, red, orange, and dark purple. The
highest FRAP in RF indicates the presence of the highest antioxidant content and respective
antioxidant activity (Figures 1 and 2) [63]. Interestingly, the observed FRAP content
trend was consistent with the DPPH content (%), as well as ABTS content (Figure 2D–F).
Thus, the studied fresh berries can be arranged as RF > ORF > YR > PF as per their
antioxidant capacities. The similar trends of these antioxidant capacities in bioactive
compounds, e.g., TFC and TPC, in the four Bourbon varieties indicate the potential role
of these compounds (Figure 2A–F). Earlier studies on coffee, e.g., green coffee [64], black
grapes [65], and chestnut [66], have shown that TFC and TPC are responsible for an increase
in antioxidant potential. The UPLC-MS/MS analysis results showed that a major fraction
of the metabolites classified as flavonoids, as well as phenolic acids, were accumulated
in higher quantities in RF compared to YF (YF vs. RF) and PF (PF vs. RF), except for
ORF (ORF vs. RF) (Tables S2 and S3). These observations indicate that other secondary
metabolites might also be involved in the observed antioxidant potential. For example,
terpenoids, alkaloids [67], saccharides and alcohols [68], and tannins [69]. This is consistent
with the earlier reports that the antioxidant potential is also related to these compound
classes [70,71]. In summary, all four tested coffee types offer potential health benefits.

4.2. Coffee Berries with Different Colors Have Different Metabolomic Profiles

Metabolomic variations within a variety of a cultivar exist and are important markers
for consumer preference [72]. Our results show that each of the studied Bourbon coffee
berries with different colors offering a unique nutritional value is important. For example,
the highest accumulated contents of tannins (RF), alkaloids, lignans, coumarins, lipids
(YF), amino acids, organic acids, terpenoids (ORF), flavonoids, nucleotides, and pheno-
lic acids (PF) in the respective berries provide a guide for their consumption (Figure 3;
Tables S2 and S3). Among these compound classes, each has its own health benefits, which
together with the metabolome profile of the studied Bourbon coffee berries hint toward
their preferred utility. Tannins offer both health-beneficial (antioxidant, anticancer, antialler-
gic, anti-inflammatory, and antimicrobial activities) and negative (carcinogenic, hepatotoxic,
and mutagenic) effects [73]. Their presence in C. arabica is previously reported [71] to have
a role in antioxidant activity. It is possible that the observed higher antioxidant potential in
RF could be partially due to tannins since they are phenolic compounds and can be a cause
of higher TPC [74].

However, the relatively total content of other compounds indicates that those varieties
are also nutritionally diverse. Alkaloids, lignins and coumarins, and lipids were highly
accumulated in YF. Alkaloids are reported to have anti-inflammatory, anticancer, analgesic,
local anesthetic and pain relief, neuropharmacological, antimicrobial, antifungal, and many
other beneficial activities [49,50,75–77]. Among them, caffeine is a metabolite of great
economic significance in coffee since it influences the sensorial and physiological impact
of the beverage. The result that YF had the highest total alkaloid contents is important
from a sensory and physiological point of view because caffeine stimulates brain function,
improves wakefulness, alleviates fatigue, and protects against Alzheimer’s and Parkinson’s
diseases [50,51,77]. The notable higher contents of other metabolites classified as alkaloids
in YF, RF, and PF, e.g., quinoline, 4-hydroxyquinoline, 2,4-dihydroquinoline, sinapine,
caffeoylspermine, and N1-N8-bis(sinapoyl)spermidine, suggest that these Bourbon types
could offer health-beneficial effects. This is because apart from caffeine, quinoline and its
derivatives, sinapine, and spermidine have been reported as anticancer, anti-angiogenic
agents, inhibiting telomerase activity in tumor cells [75,78] and showing radio-protective
and antioxidant activities together with other health-beneficial effects [52,79–81]. In ad-
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dition to alkaloids, YF (followed by ORF, RF, and PF) was rich in lignans and coumarins
(Tables S3 and S4A–F). Earlier studies have also reported their presence in coffee [57,82].
These compounds offer a range of health benefits including antioxidant, antimicrobial, anti-
inflammatory, antitumor, neuroprotective, and antihyperglycemic effects [83,84]. Together
with alkaloids, the relatively higher accumulation of these compounds in YF and ORF
indicates that these two varieties may offer fairly greater health benefits. Particularly, the
higher accumulation of coumarins, i.e., IF (in YF and ORF), pinoresinol (in YF, PF, and ORF),
and scoparone (in RF), is interesting from a health perspective. Isofraxetin is known for its
anticancer, anti-inflammatory, antioxidant, cardioprotective, weight loss, anti-osteoarthritis,
antimalarial, and neuroprotective effects [85]. Pinoresinol is a hypoglycemic agent and
improves memory impairment [86], whereas scoparone has attracted much attention in
recent years due to its anti-inflammatory activities and is a hepatoprotective candidate for
hepatitis therapy [87,88]. Finally, the third most accumulated class of compounds in YF
was lipids (Figure 5). These results suggest that the organoleptic properties of YF Bourbon
coffee are higher followed by ORF and RF [55]. Because these varieties had relatively
higher caffeine content, the detection of higher palmitoleic acid is understandable since it
promotes the conversion of palmitic acid (16:0) to palmitoleic acid (16:1) [89]. Furthermore,
the accumulation of linolenic acid and punicic acid and their derivatives in these Bourbon
varieties (YF > ORF > RF > PF) indicates that they offer nutraceutical benefits. Particularly,
punicic acid is an essential nutraceutical compound that can prevent neurodegenerative
diseases, e.g., Alzheimer’s, Parkinson’s, and Huntington’s diseases [90].

From the perspective of richness in amino acids (and derivatives), organic acids,
and terpenoids, the ORF Bourbon berries had the highest contents (Table S3; Figure 5).
Amino acids and their derivatives are used to enhance physical and mental performance
in athletes [91]. The comparative results that ORF and PF had higher concentrations of
the amino acids (and their derivatives) than RF and YF indicate their usability from a
nutritional perspective (Table S4A–F). Particularly the higher contents of pipecolic acid,
isoleucine, leucine, ornithine, 2,3-dimethylsuccinic acid, methionine, histidine, tryptophan,
and N-α-acetyl-L-ornithine in ORF and PF compared to RF suggest that these two Bourbon
coffees can be beneficial to consumers for preventing oxidative stress, improving immune
responses, and maintaining normal physiological mechanisms [92]. The higher antioxidant
potential observed for ORF as compared to YF and PF can be due to the presence of
these amino acids and derivatives. Earlier studies have shown that both amino acids and
derivatives and organic acids contribute toward DPPH and FRAP [93–95]. The results
that ORF had the highest organic compounds are consistent with these reports. Moreover,
the highest terpenoid content in ORF followed by YF and RF could also be a reason for
their higher antioxidant potential because they are known for their antioxidant activities in
different plants [96]. Particularly, cafestol extracted from coffee beans has been shown to
have multiple pharmacological actions in humans [97]. In summary, the higher contents
and unique combinations of amino acids, organic acids, and terpenoids make ORF Bourbon
coffee a good choice from a health perspective followed by YF, PF, and RF.

Finally, the relatively higher accumulation of the sum of all flavonoids, nucleotides
and derivatives, and phenolic acids in PF indicates its utility from a health and color
perspective. The relatively higher concentration of anthocyanins among the detected
flavonoids is related to red and dark purple color in RF and PF, respectively. Moreover,
the observed antioxidant potential in PF could be due to the accumulation of the detected
flavonoids and phenolic acids [64–66]. The higher content of nucleotides and derivatives in
PF and YF indicates that these varieties can provide serval benefits to consumers such as
indispensable nutrients which can help the consumer during immune challenges, starvation,
and aging [98]. Finally, the highest sum of the content of phenolic acids in PF followed
by RF and YF indicates that these coffee varieties offer a range of compounds related to
antioxidant and health benefits.

Overall, these results indicate that all of the examined four varieties have interesting
metabolomic profiles that offer sensory, as well as health, benefits to consumers. These
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results are in agreement with the previous studies that have also reported that coffee
varieties may differ in their metabolomic compositions [3,99]. Future studies on the specific
metabolites reported in each of these colored Bourbon coffee berries would lead toward a
detailed understanding of more specific health-beneficial and sensory properties. Moreover,
comparative genomic investigations will be needed to explore the key pathways governing
the common and differential metabolites in these varieties.

5. Conclusions

This study demonstrates that C. arabica Bourbon varieties differing in berry color
have different antioxidant potentials owing to variation in TFC, TAC, and TPC. Based on
the analyses performed in this work, we conclude that RF has the highest FRPA due to
higher antioxidant content and activity followed by ORF, YR, and PF. The metabolome
profile of Bourbon berries with different colors showed that the four coffee types differ in
their compound composition and amount of the compounds present in each type. Based
on the analyses performed, we concluded that the RF type of Bourbon coffee is rich in
tannins, whereas YF has the highest contents of alkaloids, lignans and coumarins, and lipids.
The ORF-type Bourbon coffee is rich in amino acids and derivatives, organic acids, and
terpenoids. Finally, the fourth type, i.e., PF coffee, contains higher contents of compounds
classified as flavonoids, nucleotides and derivatives, and phenolic acids. These results
enable us to conclude that each of the studied varieties offers unique nutritional value
based on the presence of compounds and antioxidant potential.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/d15060724/s1, Figure S1: Pearson’s Correlation Coefficient analysis-
based ion intensities of 579 metabolites detected among the four matured and ripe fruit peel samples
of Coffea arabica (red-colored fruits (RF); yellow-colored fruits (YF); orange-colored fruits (ORF);
and purple-colored fruits (PF)), in triplicates (YF1-3; ORF1-3; RF1-3; and PF1-3). Mix = control
sample from the three varieties (YF, ORF, RF and PF) used for quality check in quadruplicates
(mix01-04). Each column represents one colored bar indicating the replications, Figure S2: K-means
clustering of differentially accumulated metabolites (DAMs) based on the standardized ion intensities
of metabolites (log10 transformed) among the four matured and ripe fruit peel samples of Coffea
arabica (red-colored fruits (RF); yellow-colored fruits (YF); orange-colored fruits (ORF); and purple-
colored fruits (PF)). The sub-class and number of metabolites are shown on top of each sub-class
plot, Table S1: Ion intensities (average of triplicates) of 579 metabolites detected among the peels of
four matured and ripe fruit peel samples of Coffea arabica (red-colored fruits (RF); yellow-colored
fruits (YF); orange-colored fruits (ORF); and purple-colored fruits (PF)) by ultra-performance liquid
chromatography and tandem mass spectrometry, Table S2: K-means clustering of differentially
accumulated metabolites based on the ion intensities of metabolites among the four matured and
ripe fruit samples of Coffea arabica (red-colored fruits (RF); yellow-colored fruits (YF); orange-colored
fruits (ORF); and purple-colored fruits (PF)), Table S3: Sub-classes by K-means clustering of the
319 differentially accumulated metabolites based on the ion intensities of metabolites among the four
matured and ripe fruit samples of Coffea arabica (red-colored fruits (RF); yellow-colored fruits (YF);
orange-colored fruits (ORF); and purple-colored fruits (PF)), Table S4: Differentially accumulated
metabolites in pairwise comparison of the four Coffea arabica varieties (red-colored fruits (RF); yellow-
colored fruits (YF); orange-colored fruits (ORF); and purple-colored fruits (PF)) based on the ion
intensities upon application of stringent criteria of the orthogonal partial least squares-discriminant
analysis (OPLS-DA) using a threshold of log2 foldchange, i.e., |log2FC≥ 1|, and variable importance
in projection (VIP) ≥ 1.
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71. Patay, É.B.; Sali, N.; Kőszegi, T.; Csepregi, R.; Balázs, V.L.; Németh, T.S.; Németh, T.; Papp, N. Antioxidant potential, tannin and
polyphenol contents of seed and pericarp of three Coffea species. Asian Pac. J. Trop. Med. 2016, 9, 366–371. [CrossRef] [PubMed]

72. Farag, M.A.; Zayed, A.; Sallam, I.E.; Abdelwareth, A.; Wessjohann, L.A. Metabolomics-based approach for coffee beverage
improvement in the context of processing, brewing methods, and quality attributes. Foods 2022, 11, 864. [CrossRef]

73. Sharma, K.; Kumar, V.; Kaur, J.; Tanwar, B.; Goyal, A.; Sharma, R.; Gat, Y.; Kumar, A. Health effects, sources, utilization and safety
of tannins: A critical review. Toxin Rev. 2021, 40, 432–444. [CrossRef]

74. Strati, I.F.; Tataridis, P.; Shehadeh, A.; Chatzilazarou, A.; Bartzis, V.; Batrinou, A.; Sinanoglou, V.J. Impact of tannin addition on the
antioxidant activity and sensory character of Malagousia white wine. Curr. Res. Food Sci. 2021, 4, 937–945. [CrossRef] [PubMed]

75. Gaspar, D.; Izabel Luzia, M.; Marisa Alves Nogueira, D. Quinolines, Isoquinolines, Angustureine, and Congeneric Alkaloids—
Occurrence, Chemistry, and Biological Activity. In Phytochemicals; Rao, A.V., Leticia, G.R., Eds.; IntechOpen: Rijeka, Croatia, 2015;
Chapter 6. [CrossRef]

76. Ashihara, H. Metabolism of alkaloids in coffee plants. Braz. J. Plant Physiol. 2006, 18, 1–8. [CrossRef]
77. Perrois, C.; Strickler, S.R.; Mathieu, G.; Lepelley, M.; Bedon, L.; Michaux, S.; Husson, J.; Mueller, L.; Privat, I. Differential regulation

of caffeine metabolism in Coffea arabica (Arabica) and Coffea canephora (Robusta). Planta 2015, 241, 179–191. [CrossRef]

https://doi.org/10.1016/j.apjtm.2016.11.008
https://www.ncbi.nlm.nih.gov/pubmed/27955739
https://doi.org/10.1016/j.fct.2014.02.035
https://doi.org/10.3390/foods10112827
https://doi.org/10.1007/s10068-019-00662-0
https://doi.org/10.1371/journal.pone.0234758
https://doi.org/10.5772/intechopen.102612
https://doi.org/10.3390/molecules27165126
https://doi.org/10.1002/pca.629
https://doi.org/10.1016/j.foodchem.2004.02.039
https://doi.org/10.3390/molecules200916687
https://doi.org/10.4038/cmj.v61i1.8251
https://www.ncbi.nlm.nih.gov/pubmed/27031971
https://doi.org/10.3390/foods11203295
https://doi.org/10.1016/j.nutres.2003.08.005
https://doi.org/10.21548/38-2-2127
https://doi.org/10.3390/foods11213519
https://doi.org/10.1016/j.sintl.2022.100158
https://doi.org/10.5897/JMPR11.1575
https://doi.org/10.1590/1413-70542018423000818
https://doi.org/10.1016/j.apjtm.2016.03.014
https://www.ncbi.nlm.nih.gov/pubmed/27086155
https://doi.org/10.3390/foods11060864
https://doi.org/10.1080/15569543.2019.1662813
https://doi.org/10.1016/j.crfs.2021.11.017
https://www.ncbi.nlm.nih.gov/pubmed/34934957
https://doi.org/10.5772/59819
https://doi.org/10.1590/S1677-04202006000100001
https://doi.org/10.1007/s00425-014-2170-7


Diversity 2023, 15, 724 21 of 21

78. Muñoz, A.; Sojo, F.; Arenas, D.R.M.; Kouznetsov, V.V.; Arvelo, F. Cytotoxic effects of new trans-2,4-diaryl-r-3-methyl-1,2,3,4-
tetrahydroquinolines and their interaction with antitumoral drugs gemcitabine and paclitaxel on cellular lines of human breast
cancer. Chem.-Biol. Interact. 2011, 189, 215–221. [CrossRef]

79. Qian, D.; Chen, J.; Lai, C.; Kang, L.; Xiao, S.; Song, J.; Xie, J.; Huang, L. Dicaffeoyl polyamine derivatives from bitter goji:
Contribution to the bitter taste of fruit. Fitoterapia 2020, 143, 104543. [CrossRef]

80. Roumani, M.; Duval, R.E.; Ropars, A.; Risler, A.; Robin, C.; Larbat, R. Phenolamides: Plant specialized metabolites with a wide
range of promising pharmacological and health-promoting interests. Biomed. Pharmacother. 2020, 131, 110762. [CrossRef]

81. Xiao, X.; Ren, W.; Zhang, N.; Bing, T.; Liu, X.; Zhao, Z.; Shangguan, D. Comparative Study of the Chemical Constituents and
Bioactivities of the Extracts from Fruits, Leaves and Root Barks of Lycium barbarum. Molecules 2019, 24, 1585. [CrossRef]
[PubMed]

82. Mazur, W.; WÄHÄLÄ, K.; Rasku, S.; Makkonen, A.; Hase, T.; Adlercreutz, H. Lignans and Isoflavonoid Polyphenols in Tea and
Coffee. J. Med. Food 1999, 2, 199–202. [CrossRef] [PubMed]

83. Matos, M.J.; Santana, L.; Uriarte, E.; Abreu, O.A.; Molina, E.; Yordi, E.G. Coumarins—An important class of phytochemicals.
Phytochem.-Isol. Characterisation Role Hum. Health 2015, 25, 533–538.

84. Hano, C.F.; Dinkova-Kostova, A.T.; Davin, L.B.; Cort, J.R.; Lewis, N.G. Lignans: Insights into their biosynthesis, metabolic
engineering, analytical methods and health benefits. Front. Plant Sci. 2021, 11, 630327. [CrossRef]

85. Majnooni, M.B.; Fakhri, S.; Shokoohinia, Y.; Mojarrab, M.; Kazemi-Afrakoti, S.; Farzaei, M.H. Isofraxidin: Synthesis, Biosynthesis,
Isolation, Pharmacokinetic and Pharmacological Properties. Molecules 2020, 25, 2040. [CrossRef]

86. Pal, D.; Chandra, P.; Sachan, N. Sesame Seed in Controlling Human Health and Nutrition. In Nuts and Seeds in Health and Disease
Prevention, 2nd ed.; Preedy, V.R., Watson, R.R., Eds.; Academic Press: Cambridge, MA, USA, 2020; pp. 183–210. [CrossRef]

87. Hsueh, T.-P.; Tsai, T.-H. Preclinical Pharmacokinetics of Scoparone, Geniposide and Rhein in an Herbal Medicine Using a
Validated LC-MS/MS Method. Molecules 2018, 23, 2716. [CrossRef]

88. Zhang, A.; Sun, H.; Dou, S.; Sun, W.; Wu, X.; Wang, P.; Wang, X. Metabolomics study on the hepatoprotective effect of scoparone
using ultra-performance liquid chromatography/electrospray ionization quadruple time-of-flight mass spectrometry. Analyst
2013, 138, 353–361. [CrossRef]

89. Du, X.; Huang, Q.; Guan, Y.; Lv, M.; He, X.; Fang, C.; Wang, X.; Sheng, J. Caffeine Promotes Conversion of Palmitic Acid to
Palmitoleic Acid by Inducing Expression of fat-5 in Caenorhabditis elegans and scd1 in Mice. Front. Pharmacol. 2018, 9, 321.
[CrossRef]

90. Guerra-Vázquez, C.M.; Martínez-Ávila, M.; Guajardo-Flores, D.; Antunes-Ricardo, M. Punicic Acid and Its Role in the Prevention
of Neurological Disorders: A Review. Foods 2022, 11, 252. [CrossRef]

91. Luckose, F.; Pandey, M.C.; Radhakrishna, K. Effects of amino acid derivativeson physical, mental, and physiological activities.
Crit. Rev. Food Sci. Nutr. 2015, 55, 1793–1807. [CrossRef]

92. Alagawany, M.; Elnesr, S.S.; Farag, M.R.; Tiwari, R.; Yatoo, M.I.; Karthik, K.; Michalak, I.; Dhama, K. Nutritional significance of
amino acids, vitamins and minerals as nutraceuticals in poultry production and health–a comprehensive review. Vet. Q. 2021,
41, 1–29. [CrossRef]

93. Rao, M.J.; Duan, M.; Wang, J.; Han, S.; Ma, L.; Mo, X.; Li, M.; Hu, L.; Wang, L. Transcriptomic and Widely Targeted Metabolomic
Approach Identified Diverse Group of Bioactive Compounds, Antiradical Activities, and Their Associated Genes in Six Sugarcane
Varieties. Antioxidants 2022, 11, 1319. [CrossRef]

94. Šentjurc, M.; Nemec, M.; Connor, H.D.; Abram, V. Antioxidant Activity of Sempervivum tectorum and Its Components. J. Agric.
Food Chem. 2003, 51, 2766–2771. [CrossRef]

95. Zhang, D.; Nie, S.; Xie, M.; Hu, J. Antioxidant and antibacterial capabilities of phenolic compounds and organic acids from
Camellia oleifera cake. Food Sci. Biotechnol. 2019, 29, 17–25. [CrossRef] [PubMed]

96. GRAßMANN, J. Terpenoids as plant antioxidants. Vitam. Horm. 2005, 72, 505–535. [PubMed]
97. Ren, Y.; Wang, C.; Xu, J.; Wang, S. Cafestol and kahweol: A review on their bioactivities and pharmacological properties. Int. J.

Mol. Sci. 2019, 20, 4238. [CrossRef] [PubMed]
98. Ding, T.; Song, G.; Liu, X.; Xu, M.; Li, Y. Nucleotides as optimal candidates for essential nutrients in living organisms: A review. J.

Funct. Foods 2021, 82, 104498. [CrossRef]
99. Wei, F.; Furihata, K.; Koda, M.; Hu, F.; Kato, R.; Miyakawa, T.; Tanokura, M. 13C NMR-based metabolomics for the classification

of green coffee beans according to variety and origin. J. Agric. Food Chem. 2012, 60, 10118–10125. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cbi.2010.11.010
https://doi.org/10.1016/j.fitote.2020.104543
https://doi.org/10.1016/j.biopha.2020.110762
https://doi.org/10.3390/molecules24081585
https://www.ncbi.nlm.nih.gov/pubmed/31013650
https://doi.org/10.1089/jmf.1999.2.199
https://www.ncbi.nlm.nih.gov/pubmed/19281380
https://doi.org/10.3389/fpls.2020.630327
https://doi.org/10.3390/molecules25092040
https://doi.org/10.1016/B978-0-12-818553-7.00015-2
https://doi.org/10.3390/molecules23102716
https://doi.org/10.1039/C2AN36382H
https://doi.org/10.3389/fphar.2018.00321
https://doi.org/10.3390/foods11030252
https://doi.org/10.1080/10408398.2012.708368
https://doi.org/10.1080/01652176.2020.1857887
https://doi.org/10.3390/antiox11071319
https://doi.org/10.1021/jf026029z
https://doi.org/10.1007/s10068-019-00637-1
https://www.ncbi.nlm.nih.gov/pubmed/31976123
https://www.ncbi.nlm.nih.gov/pubmed/16492481
https://doi.org/10.3390/ijms20174238
https://www.ncbi.nlm.nih.gov/pubmed/31480213
https://doi.org/10.1016/j.jff.2021.104498
https://doi.org/10.1021/jf3033057

	Introduction 
	Materials and Methods 
	Coffee Genetic Resources and Field Conditions 
	Determination of Total Flavonoid, Anthocyanin, and Phenolic Contents in the Peels of thefour Coffee Varieties 
	Assessment of Antioxidant Activities in the Peels of the Four Coffee Varieties 
	Metabolome Profiling in the Peels of the Four Coffee Varieties by Ultra-High-Performance Liquid Chromatography-Mass Spectrometry 
	Statistical Analyses 

	Results 
	Levels of Bioactivities and Bioactive Secondary Metabolites in the Peels of Four Varieties ofC. arabica 
	Overview of Metabolome Profiling among the Four Varieties of C. arabica 
	Comparative Analysis of Differentially Accumulated Metabolites among theFour Varieties of C. arabica 


	Discussion 
	Coffee Berries with Different Colors Offer Different Antioxidant Potentials 
	Coffee Berries with Different Colors Have Different Metabolomic Profiles 

	Conclusions 
	References

