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Abstract

Introduction Coffee is a popular beverage because of its pleasant aroma and distinctive flavor. The flavor of coffee results
from chemical transformations influenced by various intrinsic and extrinsic factors, including altitude, geographical origin,
and postharvest processing. Despite is the importance of grading coffee quality, there is no report on the dominant factor
that influences the metabolomic profile of green coffee beans and the correlated metabolites for each factor.

Objective This study investigated the total metabolite profile of coffees from different altitudes and coffees subjected to
different postharvest processing.

Method Arabica green coffee beans obtained from different geographical origins and different altitudes (400 and 800 m) and
produced by different postharvest processes (dry, honey, and washed process) were used in this study. Coffee samples obtained
from altitudes of 400-1600 m above sea level from various origins that were produced by the washed method were used for
further study with regard to altitudes. Samples were subjected to gas chromatography/mass spectrometry (GC/MS) analysis
and visualized using principal component analysis (PCA) and orthogonal partial least squares (OPLS) regression analysis.
Results The PCA results showed sample separation based on postharvest processing in PC1 and sample separation based
on altitude in PC2. A clear separation between samples from different altitudes was observed if the samples were subjected
to the same postharvest processing method, and the samples were of the same origin. Based on this result, OPLS analysis
was conducted using coffee samples obtained from various altitudes with the same postharvest processing. An OPLS model
using altitude as a response variable and 79 metabolites annotated from the GC/MS analysis as an explanatory variable was
constructed with good R? and Q? values.

Conclusion Postharvest processing was found to be the dominant factor affecting coffee metabolite composition; this was
followed by geographical origin and altitude. The metabolites glutamic acid and galactinol were associated with the washed
and honey process, while glycine, lysine, sorbose, fructose, glyceric acid, and glycolic acid were associated with the dry
process. Two metabolites with high variable influence on projection scores in the OPLS model for altitude were inositol and
serotonin, which showed positive and negative correlations, respectively. This is the first study to report characteristic coffee
metabolites obtained from different altitudes.

Keywords Coffee - Altitude - Postharvest process - Gas chromatography/mass spectrometry - Orthogonal partial least
squares

< Sastia Prama Putri Indonesian Coffee and Cocoa Research Institute,
sastia_putri@bio.eng.osaka-u.ac.jp J1. PB. Sudirman 90, Jember, Indonesia

Industrial Biotechnology Division, Institute for Open
and Transdisciplinary Research Initiatives, Osaka University,
2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

Department of Biotechnology, Graduate School

of Engineering, Osaka University, 2-1 Yamadaoka, Suita,
Osaka 565-0871, Japan

Osaka University Shimadzu Omics Innovation Research
Laboratories, Osaka University, 2-1 Yamadaoka, Suita,
Osaka 565-0871, Japan

School of Life Sciences and Technology, Institut Teknologi
Bandung, J1. Ganesha No.10, Lb. Siliwangi, Coblong,
Kota Bandung, Jawa Barat 40132, Indonesia

@ Springer


http://orcid.org/0000-0002-3045-4252
http://crossmark.crossref.org/dialog/?doi=10.1007/s11306-021-01817-z&domain=pdf

69 Page2of16

F. Amalia et al.

1 Introduction

Coffee is a beverage consumed globally owing to its pleas-
ant aroma and flavor (Cordoba et al., 2019). Hence, flavor
and aroma are essential aspects to determine coffee quality
(Buffo, 2018). The sensorial aspects of coffee are correlated
with non-volatile compounds that are derived from a long
chain of chemical transformations from seed to cup (Joét &
Dussert, 2018; Seninde and Chambers IV, 2020). The sen-
sorial quality of coffee is closely related to the biochemical
composition of raw, green coffee beans (Worku et al., 2018).
Hence, the biochemical composition of green coffee beans
was investigated in previous studies (Joét et al., 2010; Worku
et al., 2018). Green coffee beans are non-aromatic (contain
green, musty notes) and contain many non-volatile com-
pounds that act as flavor and aroma precursors for numerous
volatile compounds generated through the roasting process
(Fisk et al., 2012; Joét & Dussert, 2018). Pyridines and pyr-
roles are examples of volatile compound classes found in
roasted coffee and are produced from the reaction between
trigonelline and amino acids during the roasting process
(Fisk et al., 2012; Tsegay et al., 2019; Seninde and Cham-
bers IV, 2020). Therefore, the biochemical composition of
green coffee beans is crucial for identifying the key precur-
sors of coffee flavor and aroma. The biochemical compo-
sition of green coffee beans may be influenced by several
factors, including species, geographical origin, postharvest
processing, roasting, and brewing methods (Joét & Dussert,
2018; Putri et al., 2019; Sunarharum et al., 2014).

Arabica and Robusta are two commercially available
species that account for 60% and 40% of the worldwide
production, respectively (Clifford et al., 2018). Arabica and
Robusta have distinct aromas and flavors, wherein Arabica is
usually described as having a pleasant aroma, higher acidity,
and is less bitter than Robusta, while Robusta is described
as bitter, mild, and with earthy notes (Hoffmann, 2014; Joét
& Dussert, 2018). The differences in flavors are due to their
biochemical composition with Arabica green coffee beans
having notably lower caffeine and malic acid content than
Robusta beans (Putri et al., 2019). After roasting, Arabica
coffee beans contain more 2-acetylfurans and furfurals than
Robusta coffee beans. This enhances the taste properties of
balsam and almond in Arabica coffee beans (Seninde and
Chambers 1V, 2020). Owing to its superior taste, Arabica
coffee is widely consumed in the US and European coun-
tries and is sold as a specialty coffee grade with 20-60%
higher price than that of regular coffee (Sittipod et al., 2019;
Tolessa, 2017). A specialty coffee grade is given to coffee
with a cup score higher than 80, according to sensory evalu-
ation performed by trained panelists called Q-graders whose
evaluation is based on the Specialty Coffee Association of
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America (SCAA) standard procedure (SCAA, 2015; Seninde
and Chambers IV, 2020).

Arabica coffee is produced by countries located in the
tropical belt. Interestingly, the flavor quality of Arabica dif-
fers depending on the geographical origin; therefore, high-
grade coffee is commonly marketed as single-origin coffees
(Purnomo et al., 2019). Previous metabolomics studies have
reported the influence of sugars, amino acids, and organic
acids on samples based on geographical origin (Putri et al.,
2019; Wei et al., 2012a, 2012b). The metabolomics approach
has also been used to investigate the influence of soil and cli-
mate conditions on the chemical composition of coffee beans
(da Silva Taveira et al., 2014). Geographical origin encom-
passes many factors that result in the uniqueness of each
single-origin coffee; among these factors, altitude and place
of cultivation are generally believed to affect the flavor of
Arabica coffee (Joét et al., 2010). Coffee grown at high alti-
tudes (1000-1200 m above sea level) has good sensory qual-
ity with better aroma, acidity, and fruitiness than that grown
at lower altitudes featuring earthy and green notes (Avelino
et al., 2007; Bertrand et al., 2012; Davis et al., 2012; Schroth
et al., 2015). Studies on the correlation between biochemi-
cal composition and altitudes have only analyzed targeted
metabolites, including sugars, chlorogenic acid, and caf-
feine (Joét et al., 2010). However, whereas an earlier study
reported that caffeine content was unaffected by altitude
(Jogt et al., 2010), a more recent study reported that caffeine
content decreased as altitude increased (Tolessa et al., 2017).
Increase (Avelino et al., 2005) or decrease (Tolessa et al.,
2017) of chlorogenic acid content with increasing altitude
has also been reported. Therefore, future studies covering
broader metabolite coverage have been suggested to better
clarify the relationship between altitude and coffee chemical
composition (Joét et al., 2010).

The final coffee quality is vastly affected by postharvest
processing. A series of steps, including the removal of the
pericarp, flesh, and mucilage from the fruit, are carried out
to obtain dried coffee beans or green coffee beans suitable
for roasting (de Melo Pereira et al., 2019; Lee et al., 2015).
There are three types of postharvest methods: dry, hybrid,
and washed. The dry process or natural process method is
performed by drying the harvested coffee fruit under the
sun and turning it periodically for 10-25 days. After the
drying process, the removal of other coffee fruit parts was
conducted to yield coffee beans. The washed process or wet
process method is performed by mechanically de-pulping
the pericarp and flesh of coffee fruit. Subsequently, muci-
lage from coffee beans was removed by fermentation for
24-48 h. Afterwards, the coffee beans are then dried under
the sun until the water content reaches 11-13%. The hybrid
process is a combination of dry and washed processes, in
which de-pulping the pericarp and flesh of coffee fruit are
first performed, followed by sun-drying of coffee beans with
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the mucilage layer intact. The honey process and pulped
natural process fall under the classification of a hybrid pro-
cess (Hoffmann, 2014; Lee et al., 2015). The type of post-
harvest process method employed affects the distinct sensory
properties of Arabica coffee beans, with the washed process
coffee beans having fruity and acidic attributes and less bit-
terness (Lee et al., 2015). This sensory profile of washed-
process coffee beans is developed during fermentation step
when microbial activity yields reducing sugars, amino acids,
organic acids aldehydes, esters, alcohols, and ketones that
contribute to the aroma and flavor of the roasted beans and
coffee brew (Seninde and Chambers IV, 2020; Ruta & Far-
casanu, 2021). In addition, the selection of the postharvest
process method also reflected in the chemical composition of
green coffee beans. A chemical composition study of green
coffee beans obtained from dry process and washed process
methods has shown that the green coffee beans obtained
from dry process have a higher content of sugar compounds,
caffeic acid, caffeine, trigonelline, and several caffeoylquinic
acid isomers, whereas green coffee beans obtained from the
washed process are high in citric acid, erythritol, glutamic
acid, and aspartic acid (Bytof et al., 2005; De Bruyn et al.,
2017; Knopp et al., 2006; Selmar et al., 2002). Based on
these studies, the employed postharvest process method was
found to influence the chemical composition of green coffee
beans and their sensory properties. Therefore, along with
geographical origin and altitude, the postharvest process is
an important factor influencing coffee quality.
Geographical origin, altitude, and postharvest process
were described as important factors for the biochemical
composition of green coffee beans and overall coffee qual-
ity. These factors were studied separately in previous studies
using various analytical instruments (Joét et al., 2010; Ber-
trand et al., 2012; De Bruyn et al., 2017; Putri et al., 2019;
Tsegay et al., 2020). The effect of postharvest processes
on coffee quality were studied using metabolite profiling
approach by multiple analytical instruments such as high-
performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) for free carbohy-
drate and sugar alcohols, gas chromatography with flame
ionization detection (GC-FID) for short-chain fatty acids and
ethanol, ultraperformance liquid chromatography coupled to
mass spectrometry (UPLC-MS) for organic acids, and high-
performance liquid chromatography coupled to tandem mass
spectrometry (HPLC-MS/MS) for amino acids (De Bruyn
et al., 2017; Zhang et al., 2019). The altitude effect on coffee
quality and biochemical compositions covering sugar and
sugar alcohols were studied by HPAEC-PAD, chlorogenic
acids using HPLC and fatty acids and volatile compounds
using gas chromatography mass spectrometry (Joét et al.,
2010; Bertrand et al., 2012; Tsegay et al., 2020). Studies
on coffee based on its geographical origin were studied by
NMR-based fingerprinting and GC/MS-based fingerprinting.

NMR-based fingerprinting workflow offer non-destructive
analysis covering sugar compounds, amino acids, and
coffee-related metabolites (Wei et al., 2012a, 2012b). GC/
MS-based fingerprinting require extraction and derivation
with more informative and wider-range metabolite coverage
that fall into low molecular hydrophilic compounds such
as amino acids, organic acids, sugars, and coffee-related
compounds (Putri et al., 2019). Since each of method and
analytical instrument offer different targeted metabolite cov-
erage, it has its own merits and demerits depending on the
purpose of each study. Therefore, in this study, we aimed
to identify factors that influence coffee quality the most by
analyzing the coffee from various geographical origin, alti-
tude, and postharvest processes simultaneously. Thus, the
metabolite correlated with each factor could be determined.
Therefore, gas chromatography/mass spectrometry-based
metabolic profiling, combined with multivariate analysis,
was employed to analyze differences in the metabolite pro-
files of coffee from different altitudes, geographical origins,
and postharvest processes simultaneously. The simultaneous
analysis of multiple factors allowed unsupervised analysis of
the dominant factors that influenced the green coffee bean
metabolite profile, leading to descriptive analysis of the
profile. Our study using extraction and derivatization GC/
MS analysis workflow to obtain the metabolites belong to
low molecular hydrophilic class compounds that might be
in complement with previous study focusing on non-polar
fractions of coffee beans as well as volatile compounds and
other coffee-related metabolites to describe the effects of
geographical origin, altitude, and postharvest process on
coffee quality (Joét et al., 2010; Bertrand et al., 2012; De
Bruyn et al., 2017; Zhang et al., 2019; Putri et al., 2019;
Tsegay et al., 2020). The results of this study could be used
by coffee industry stakeholders to decide the most crucial
factors impacting coffee production.

2 Material and methods
2.1 Chemicals

The chemicals used in this study are described by Jum-
hawan et al. (2013) and Putri et al. (2019). All chemicals
were of analytical grade. Methanol (99.8%), infinity pure
pyridine, and ribitol were purchased from FUJIFILM Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). Chloro-
form (99%) was purchased from Kishida Chemical (Osaka,
Japan). Methoxyamine hydrochloride was purchased from
Sigma Aldrich (Milwaukee, WI, USA). N-Methyl-N-
(trimethylsilyl) trifluoroacetamide (MSTFA) and a standard
alkane mixture (C9—-C40) were purchased from GL Science
Inc. (Tokyo, Japan).
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2.2 Green coffee bean sample collection

Green coffee bean samples were collected from the Indo-
nesian Coffee and Cocoa Research Institute (ICCRI) coffee
collection which was collected and purchased from produc-
ers. The green coffee beans were stored in a vacuum-sealed
pack and prevent direct sun exposure during sample trans-
portation. A total of 17 specialty grade samples of Arabica
green coffee beans were sourced. The samples were received
in green coffee bean form and were obtained from coffee
fruit harvested from coffee plantations at various altitudes
across Indonesia. These ranged from 400 to 1600 m above
sea level. Coffee fruit harvested from trees planted at 400 m
and 800 m above sea level were processed by three different
process: dry, honey, and washed process method. Since Ara-
bica coffee is usually cultivated in higher altitude (1000 m
above sea level), one sample each from lower altitude (400 m
and 800 m) were used in this study. Coffee fruit harvested

Table 1 List of sample sets

from trees planted at more than 1000 m above sea level
were processed by washed process. Samples were stored at
—30 °C until extraction and analysis. Detailed information
on the samples used, including their cup scores, is shown
in Table 1.

2.3 Metabolite extraction and derivatization

Metabolite extraction and derivatization have been per-
formed using a published protocol with minor modifications
(Jumhawan et al., 2013; Putri et al., 2019). The metabo-
lite extraction of each sample was performed in a techni-
cal replicate (n=35). Green coffee beans were added to a
50 mL grinding tube (Yasui Kikai Co., Osaka, Japan) along
with a metal cone (Yasui Kikai Co., Osaka, Japan). The
tube was closed tightly and quenched by dipping in liquid
nitrogen. The closed tube was then immediately put into a
Multi-beads shocker (Yasui Kikai Co., Osaka, Japan) and

Sample name/code Coffee processing method Altitude (m above  Origin Cultivar Total cup-
sea level) ping score
Sample set I
400-DB Dry process 400 Bajulmati Andungsari 2 K 83.42
400-HB Honey process 400 Bajulmati Andungsari 2 K 82.58
400-WB Washed process 400 Bajulmati Andungsari 2 K 81.33
800-DK Dry process 800 Kalibendo S795 81.92
800-HK Honey process 800 Kalibendo S795 81.50
800-WK Washed process 800 Kalibendo S795 82.83
Sample set 11
400-BM Washed process 400 Bajulmati Andungsari 2 K 81.33
800-KB Washed process 800 Kalibendo S795 82.83
1000-AG Washed process 1000 Aceh Gayo Gayo 1 85.19
1200-AS Washed process 1200 Andungsari Mix of Andungsari 2 K/ 84.06
KOMASTI/BP7000
1400-B Washed process 1400 Bondowoso Mix of S795/Cobra/USDA 84.08
1400-M1 Washed process 1400 Manglayang Kartika 85.08
1600-B Washed process 1600 Bondowoso Mix of S795/Cobra/USDA 83.58
1600-M1 Washed process 1600 Manglayang Mix Variety Java Preanger 84.25
1000-B Washed process 1000 Bondowoso Mix of S795/Cobra/USDA 84.92
1200-B Washed process 1200 Bondowoso Mix of S795/Cobra/USDA 83.42
1200-F Washed process 1200 Flores S795 86.44
1400-M2 Washed process 1400 Manglayang Kartika 80.08
1600-M2 Washed process 1600 Manglayang Mix Variety Java Preanger 82.92
Sample set 1T
1000-B Washed process 1000 Bondowoso Mix of S795/Cobra/USDA 84.92
1200-B Washed process 1200 Bondowoso Mix of S795/Cobra/USDA 83.42
1400-B Washed process 1400 Bondowoso Mix of S795/Cobra/USDA 84.08
1600-B Washed process 1600 Bondowoso Mix of S795/Cobra/USDA 83.58

DB Dry process-Bajulmati, HB honey process-Bajulmati, WB washed process-Bajulmati, DK dry process-Kalibendo, HK honey process-
Kalibendo, WK washed process-Kalibendo, BM Bajulmati, KB Kalibendo, AG aceh gayo, AS Andungsari, B Bondowoso, F' Flores, M Manglay-

ang
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shaken at 2000 rpm for 30 s. This protocol was repeated
2-3 times to produce a fine powder of green coffee beans.
Ten milligrams of green coffee powder were transferred to
a 2 mL Eppendorf tube and extracted using 1 mL of a mixed
solvent (methanol, ultrapure water, and chloroform =5/2/2
(v/v/v) ratio) containing an internal standard (ribitol 0.2 mg/
mL). The samples and blank (mixed solvent only) were vor-
texed and incubated at 1200 rpm at 37 °C for 30 min. Then,
the samples and blank were centrifuged at 16,000 X g for
3 min at 4 °C. The supernatant (900 uL) was transferred to
a 1.5 mL Eppendorf tube and 400 pL ultrapure water was
added before the samples were vortexed and re-centrifuged.
Subsequently, 100 pL of the aqueous layer was transferred to
anew tube with a pierced cap. For quality control (QC) pur-
poses, 100 pL of the aqueous layer obtained from samples
were collected in one pool by transferring it into a 15 mL
Eppendorf tube. The collection of sample extracts in the QC
pool was homogenized and 100 pL extract was transferred
into a 1.5 mL Eppendorf tube with a pierced cap. The sam-
ple, QC, and blank extracts were concentrated by vacuum
centrifugation for 20 min and lyophilized overnight.

The derivatization process consists of two steps, oxima-
tion and trimethylsilylation, as described in the published
procedure (Jumhawan et al., 2013; Putri et al., 2019). The
dried extract was subjected to oximation by adding 100 uL.
methoxyamine hydrochloride (20 mg/mL in pyridine), then
vortexed and incubated at 1200 rpm and 30 °C for 90 min.
Subsequently, 50 uL. MSTFA was added and the mixture was
re-vortexed and incubated at 1200 rpm and 37 °C for 30 min.
Sample mixture (100 pL) was transferred into a GC/MS vial
prior to GC/MS analysis.

2.4 GC/MS analysis

The workflow for GC/MS analysis of coffee bean extract
has previously been developed and published elsewhere
with several modifications (Jumhawan et al., 2013; Putri
etal., 2019). GC-Q/MS analysis was performed on a GCM-
SQP 2010 Ultra (Shimadzu, Kyoto, Japan) equipped with
a 30 mx0.25 mm i.d. fused silica capillary column coated
with 0.25 pm InertCap SMS/NP (GL Science, Inc., Tokyo,
Japan) and an AOC-20i/s (Shimadzu, Kyoto, Japan) as an
autosampler. System control and data acquisition were con-
ducted using GC/MS solution software (Shimadzu, Kyoto,
Japan). The mass spectrometer was tuned and calibrated
prior to analysis. The standard alkane mixture (C9 — C40)
was injected at the beginning of the retention index calcula-
tion. The derivatized sample and blank (1 pL) were injected
in random order with QC injections (1 pL) every four injec-
tions. The injections were conducted in split mode, 25:1
(v/v), and at an injection temperature of 270 °C. Helium
was used as the carrier gas with a flow rate of 1.12 mL/min
and a linear velocity of 39 cm/s. The column and transfer

line temperature settings are identical to those previously
published (Jumhawan et al., 2013; Putri et al., 2019). The ion
source temperature was 280 °C and ions were generated by
electron ionization at 70 eV. The mass spectra were recorded
at 20 scans per second over the mass range 85-500 m/z.

2.5 Data processing

The obtained chromatogram data were converted to a
netCDF format using the GCMS Solution software pack-
age (Shimadzu, Kyoto, Japan). The netCDF files were then
converted into ABF format using Reifycs Abf Converter
(https://www.reifycs.com/AbfConverter/). Peak detection,
deconvolution analysis, identification, and alignment were
performed using MS-DIAL version 4.18 (Tsugawa et al.,
2015; Lai et al., 2018; Tsugawa et al., 2019), which is a free
software (http://prime.psc.riken.jp/Metabolomics_Software/
MS-DIALY/). The minimum height for peak detection was
set as 1000 amplitude with a linear weight moving average
smoothing method. Smoothing level began at 5 scans and
average peak width of 20 scans. In deconvolution analysis
the sigma window value was set as 1, and the EI spectra cut-
off was 200 amplitude. Peak identification used the retention
index (RI) based on the retention time of the standard alkane
mixture (C9-C40) and GL-Science DB library (InertCap
SMS-NP, Kovats RI, 494 records; http://prime.psc.riken.
jp/Metabolomics_Software/MS-DIAL/GCMS%20DB _
InertCap%205MS-NP_GLscience.msp). The parameters
for peak identification and alignment were: RI tolerance 10,
RT tolerance 0.5 min, m/z tolerance 0.5 Da, EI similarity
cut-off 70%, and identification score was cut-off at 70%.
Metabolite identification was conducted by comparing the
mass spectra and RI with the GL-Science DB library. After
peak detection, the height of the detected peaks was nor-
malized by the height of the internal standard peaks. The
data matrix was constructed consisting of the raw height and
normalized height of peaks. Filtering was then performed to
exclude peaks that were not of biological origin by referring
to the blank chromatogram from the data matrix (Putri et al.,
2019). Moreover, peaks with a relative standard deviation
of more than 30% in QC and with a raw height less than
3000 were also removed. The final data matrix with filtered
and assigned peaks was constructed and used for further
analysis.

2.6 Multivariate analysis

PCA and OPLS regression analyses were performed using
the commercially available SIMCA-P + version 13.0.3
(Umetrics, Umed, Sweden). The data matrix was subjected
to PCA and OPLS with auto-scale and without transforma-
tion, to analyze all the obtained metabolites equally (van den
Berg et al., 2006). The relative intensity differences between
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samples on selected metabolites were evaluated using one-
way analysis of variance and post hoc multiple comparison
tests using JASP version 0.13.1 (JASP Team, 2020), which
is a freely available software (https://jasp-stats.org).

2.7 Sensory analysis

The green coffee beans used in this study were subjected
to sensory analysis at the Indonesian Coffee and Cocoa
Research Institute (ICCRI) facility in Jember, Indonesia.
The roasting process of the beans and the sensory analy-
sis of the roasted beans, and coffee brew, was conducted
according to a standardized protocol which was published
by the Specialty Coffee Association of America (SCAA).
The sensory analysis was performed by a certified panelist
(Q-grader) on ten parameters which were rated from to 0-10,
with zero indicating the least strong and ten for the strongest
taste. The score from each parameter was accumulated and
the total cup score was obtained. The cup score was used to
determine coffee bean grade (SCAA, 2015).

3 Result and discussion

3.1 Postharvest processing and geographical origin
effects on the metabolome profile of coffee
obtained from various altitudes and origins,
processed by different postharvest process
methods

There were 142 metabolites detected in GC/MS analysis.
After data filtering, 79 detected metabolites were selected for
multivariate analysis. Seventy peaks consisted of 50 anno-
tated metabolites and 29 unknown metabolites. The anno-
tated metabolites were categorized as amino acids, sugar
compounds, sugar alcohol compounds, organic acids, and
other class compounds (Table 2). The unknown metabolites
found in this study were numbered based on their retention
times. The data matrix of normalized peaks was constructed
and subjected to PCA for unsupervised data exploration and
visualization of information based on sample variance. The
result of PCA were shown in Fig. 1.

The PCA score plot (Fig. 1a) and a loading plot (Fig. 1b)
of sample set I (Table 1) showed that the coffee samples
were clustered based on postharvest process in the first prin-
cipal component (41%). Samples were clustered into two
groups based on postharvest process: dry process method
in the positive quadrant and honey and washed process
methods in the negative quadrant (Fig. 1a). Furthermore,
most metabolites in the PCA loading plot (Fig. 1b) were
located in the positive quadrant compared to the negative
quadrant, suggesting that green coffee beans produced by
dry process method had more metabolite accumulation than

@ Springer

beans produced by honey and washed process methods. This
might be due to the existence or absence of the de-pulping
step in the coffee processing methods. Unlike dry process,
honey and washed process methods require the de-pulping
step, which causes injury and leads to the loss of sugar com-
pounds (De Bruyn et al., 2017; Hoffmann, 2014; Selmar
et al., 2014).

The metabolites correlated with green coffee beans,
which were obtained from coffee fruit after the dry process
method, were glycine, lysine, sorbose, fructose, glyceric
acid, and glycolic acid (Fig. 1c). In contrast, metabolites
correlated with honey and washed processed coffee beans
were galactinol and glutamic acid (Fig. 1¢). Green coffee
beans obtained from the dry process method were reported
to have a higher glucose and fructose content (De Bruyn
et al., 2017). The current study also corroborated this find-
ing. It was also found that other sugar metabolites, including
galactose and sorbitol were more abundant in green beans
produced by dry process method compare with other meth-
ods (honey process method and washed process method)
(Fig. 1c; Fig. S1). In green coffee beans, produced by honey
and washed process method, the higher content of galactinol
was found (Fig. 1c). Reports mentioning galactinol corre-
lated with coffee processing are scarce. A previous report
mentioning galactinol found that it is correlated with coffee
beans obtained from a particular area in Brazil and may be
a potential metabolite marker (da Silva Taveira et al., 2014).
Galactinol was also found to be correlated with coffee beans
based on the geographical origin and the fermentation pro-
cess (Aditiawati et al., 2020; Putri et al., 2019). For the first
time this study points out that galactinol is correlated with
the postharvest processes, especially honey and washed
process methods. Galactinol is a less common sugar alco-
hol, with proven function is as a substrate for larger soluble
oligosaccharides in plant systems, including seeds (Sen-
gupta et al., 2015). The results of our study could be used
to determine whether the galactinol content in green coffee
beans contributes to the flavor development of coffee beans
during the roasting process. As established by several stud-
ies on coffee, galactinol could be added to the list of cof-
fee constituents along with other sugar compounds, amino
acids, caffeine, and chlorogenic acids. Glycine, lysine and
glutamic acid were also found to be related to postharvest
processing. In this study, glycine and lysine content was
found to be higher in green coffee beans produced by the dry
process method (Fig. 1¢). Glutamic acid content was found
to be higher in green coffee beans produced by honey and
washed processed methods (Fig. 1c). These findings found
to be consistent with previous studies (Bytof et al., 2005;
Selmar et al., 2014). Glycine and lysine are not the dominant
amino acids in green Arabica coffee beans and the content
of glycine and lysine are relatively low compared to other
amino acids (Bytof et al., 2005; Murkovic & Derler, 2006).
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Table 2 List of detected metabolites

No Metabolite name Class RT* (min) RI® Quant. m/z DPSS® (%) RDPSS? (%) MSI Level®
1 Alanine Amino Acid 4.99 1108 116 89.5 93.3 1
2 Asparagine Amino Acid 10.29 1685 116 95.4 99.2 1
3 Aspartic acid Amino acid 9.09 1533 232 98.2 97.7 1
4 Glutamic acid Amino acid 9.88 1631 246 98.2 99.5 1
5 Glycine Amino acid 7.16 1317 174 98.3 89.5 1
6 Isoleucine Amino acid 7.03 1302 158 80.7 89.5 1
7 Leucine Amino acid 6.81 1280 158 93 87.9 1
8 Lysine Amino acid 12.11 1940 174 929 94.8 1
9 Phenylalanine Amino acid 9.96 1641 218 91.3 95.3 1
10 Proline Amino acid 7.06 1306 142 774 86.2 1
11 Pyroglutamic acid Amino acid 9.09 1533 156 93.3 93.7 1
12 Serine Amino acid 7.68 1372 204 97.5 95.7 1
13 Tryptophan Amino acid 14.03 2248 202 89.8 93.5 1
14 Tyrosine Amino acid 12.23 1958 218 97.8 97.5 1
15 Valine Amino acid 6.24 1224 144 95.2 95.1 1
16 Chlorogenic acid Organic acid 18.59 3173 345 89.1 98 1
17 Fumaric acid Organic acid 7.47 1350 245 99.1 96 1
18 Glucarate Organic acid 12.88 2059 333 92 93.7 1
19 Gluconic acid Organic acid 12.78 2043 333 86.2 95.4 1
20 Glyceric acid Organic acid 74 1342 147 97.6 90.3 1
21 Glycolic acid Organic acid 4.67 1079 147 96.6 96.3 1
22 Citric acid Organic acid 11.44 1842 273 94.8 99 1
23 Lactic acid Organic acid 4.51 1065 147 99.1 98.5 1
24 Malic acid Organic acid 8.81 1499 147 97.8 99 1
25 Quinic acid Organic acid 11.79 1892 345 94.8 98.8 1
26 Succinic acid Organic acid 7.17 1317 147 90.8 93.3 1
27 Fructose Sugar 11.95 1916 103 97.1 98 1
28 Galactose Sugar 12.03 1928 205 92.4 98.2 1
29 Galactose + Glucose Sugar 12.2 1953 205 91.7 97 1
30 Glucose Sugar 12.07 1934 205 92.6 98.4 1
31 Maltose Sugar 16.99 2814 204 83.1 79.9 1
32 Melezitose Sugar 20.67 3585 361 79.2 85.1 1
33 Raffinose Sugar 20.17 3502 361 92 94.5 1
34 Sorbose Sugar 11.88 1906 103 96.7 97.7 1
35 Sucrose Sugar 16.48 2707 361 94.4 97 1
36 Galactinol Sugar alcohol 18.17 3076 204 98.9 99.3 1
37 Inositol Sugar alcohol 13.34 2132 217 96.6 99.1 1
38 Mannitol Sugar alcohol 12.3 1969 205 96.3 98.8 1
39 Meso-erythritol Sugar alcohol 9.03 1526 217 98 92.7 1
40 Sorbitol Sugar alcohol 12.35 1976 205 96.5 97.9 1
41 Threitol Sugar alcohol 8.97 1518 147 94.8 92.5 1
42 Xylitol Sugar alcohol 10.67 1736 217 98.7 88.7 1
43 2-Aminoethanol Other 6.76 1276 174 98.9 96.1 1
44 4-Aminobutyric acid Other 9.16 1542 174 99 99.7 1
45 Caffeine Other 11.58 1862 194 99.1 99.1 1
46 Glycerol Other 6.85 1284 147 97.9 97.5 1
47 N-Methylnicotinate Other 8.94 1514 210 97.5 98.2 1
48 Phosphate Other 6.83 1283 299 94.3 95.2 1
49 Putrescine Other 10.82 1756 174 90.1 92.7 1
50 Serotonin Other 15.37 2490 174 83.6 77.4 1
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Table 2 (continued)

No Metabolite name Class RT? (min) RI° Quant. m/z DPSS® (%) RDPSS? (%) MSI Level®
51 Unknown 1 Unknown 4.20 1037 117 N/A N/A 4
52 Unknown 2 Organic acid 431 1047 117 N/A N/A 3
53 Unknown 3 Unknown 5.83 1184 147 N/A N/A 4
54 Unknown 4 Unknown 6.65 1264 98 N/A N/A 4
55 Unknown 5 Unknown 7.71 1375 156 N/A N/A 4
56 Unknown 6 Unknown 7.99 1404 147 N/A N/A 4
57 Unknown 7 Unknown 8.21 1430 160 N/A N/A 4
58 Unknown 8 Unknown 9.13 1537 174 N/A N/A 4
59 Unknown 9 Unknown 9.28 1556 120 N/A N/A 4
60 Unknown 10 Organic acid 9.52 1585 129 N/A N/A 3
61 Unknown 11 Unknown 9.59 1593 210 N/A N/A 4
62 Unknown 12 Unknown 11.01 1781 217 N/A N/A 4
63 Unknown 13 Unknown 11.07 1789 217 N/A N/A 4
64 Unknown 14 Unknown 12.40 1983 147 N/A N/A 4
65 Unknown 15 Organic acid 12.76 2039 217 N/A N/A 3
66 Unknown 16 Organic acid 12.90 2061 204 N/A N/A 3
67 Unknown 17 Organic acid 13.06 2087 333 N/A N/A 3
68 Unknown 18 Unknown 13.85 2216 204 N/A N/A 4
69 Unknown 19 Unknown 13.93 2231 204 N/A N/A 4
70 Unknown 20 Organic acid 17.96 3026 345 N/A N/A 3
71 Unknown 21 Sugar 18.39 3126 204 N/A N/A 3
72 Unknown 22 Organic acid 18.49 3148 345 N/A N/A 3
73 Unknown 23 Sugar 18.71 3200 204 N/A N/A 3
74 Unknown 24 Unknown 18.72 3204 249 N/A N/A 4
75 Unknown 25 Unknown 18.80 3222 307 N/A N/A 4
76 Unknown 26 Organic acid 18.83 3229 249 N/A N/A 3
77 Unknown 27 Organic acid 18.90 3244 307 N/A N/A 3
78 Unknown 28 Organic acid 19.17 3305 324 N/A N/A 3
79 Unknown 29 Unknown 22.04 3776 204 N/A N/A 4

There are 79 metabolites detected in all samples

#Retention time in minute(s)

PRetention indices (RI) are calculated using a standard alkane mixture (C9-C40)

°DPSS: Dot product similarity score

4RDPSS: Reverse dot product similarity score

“Mass spectra of metabolite peaks that are compared only with the in-house library are considered Metabolic Standards Initiative (MSI) level 1
identification. Several unknown compounds are considered MSI level 3 based on similarity to known compounds of a chemical class in library
and MSI level 4 if there are no similarities with any chemical class compound in library

Although it is not found as dominant amino acids in green
coffee beans, the previous study found glycine and lysine
content higher in dry processed coffee beans and there was
no further discussion related to this finding in the previous
study (Bytof et al., 2005). In contrast, glutamic acid, aspartic
acid, and alanine were found to be in high concentration in
green coffee beans (Bytof et al., 2005; Murkovic & Derler,
2006). This study applied the metabolomics study workflow
which used an auto scale for data pretreatment and gave
all the obtained metabolites equal importance. Further, it
eliminated the importance of concentration (van den Berg

@ Springer

et al., 2006; Sumner et al., 2007). The differences in the
statistical analysis between this study and previous stud-
ies might be the reason for the limited discussion regard-
ing amino acids, especially glycine and lysine, in relation to
the coffee postharvest process method. Therefore, it would
be interesting to closely observe the amino acid profile in
future coffee studies using different and more advanced ana-
Iytical and statistical methods. The current study also found
higher glyceric acid and glycolic acid content in green coffee
beans produced by the dry process method (Fig. 1c). Reports
related to glyceric acid and glycolic acid in correlation with
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Fig. 1 Principal component analysis (PCA) results of sample cluster-
ing based on postharvest processing. Extract of coffee bean samples
(n=15) were obtained from two different altitudes, 400 m (circles) and
800 m (boxes) above sea level. a PCA score plot separates dry pro-
cessed coffee beans (light grey, right quadrant) from honey processed
(dark grey) and washed processed (black) coffee beans. b PCA load-

coffee processing are limited. Organic acids were found in
both green and roasted coffee beans (Ginz et al., 2000). Cit-
ric acid, malic acid, chlorogenic acid, and quinic acid were
predominantly found in green coffee beans. Meanwhile,
formic acid, acetic acid, glycolic acid, and lactic acid were
reported to be products of carbohydrate degradation during
the roasting process of coffee beans (Clarke & Vitzthum,
2002). However, in a recent study the accumulation of other
organic acids, such as lactic acid, gluconic acid, and glu-
curonic acid, has been observed due to fruit fermentation

ing plot shows the majority of metabolites correlated with dry pro-
cessed coffee beans compared to honey and washed processed coffee
beans. ¢ The relative intensity of correlated metabolites with sample
clustering; different letters indicate significant differences according
to Tukey’s post hoc multiple comparisons test with p values <0.01
and the error bars indicate standard deviation

during the dry process method (De Bruyn et al., 2017). In
addition to previous studies, this study found that glyceric
acid and glycolic acid accumulation in green coffee beans
were produced by the dry process method, assuming that
glyceric acid and glycolic acids may also be derived from
carbohydrates such as pentose and hexose sugars contained
in coffee fruit during the dry processing method (Davidek
et al., 2006). The accumulation of organic acids, including
glyceric acid and glycolic acid, in green coffee beans pro-
duced by the dry process method might increase the total
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titratable acidity (TTA) and might influence the final cup of
coffee (Barbosa, 2019). The findings of more organic acid
class compounds in green coffee beans such as glyceric acid,
glycolic acid, lactic acid glucuronic acid, succinic acid, and
the known coffee-related organic acids such as citric acid,
malic acid, chlorogenic acid, and quinic acid might be use-
ful for future investigation of flavor development in roasting
process models.

Since the green coffee bean samples were clustered based
on postharvest process, further analysis was conducted using
samples obtained from various altitudes and origins, pro-
cessed using the same postharvest process method (Table 1
sample set 1) to eliminate the effect of postharvest process
on the sample. However, when using the same metabolome
set as the explanatory variable, the samples were not clus-
tered based on altitude in the PCA results (Fig. S2). There
might be other factors correlated with the coffee metabolite
profile aside from altitude, such as geographical origin. Putri
et al. (2019) describe the specialty coffee bean metabolome
profile clustering based on geographical origin within Indo-
nesia. Therefore, using the metabolome profile obtained in
this study, samples from the same origin and postharvest
process were used to eliminate the influence of the latter two
in order to observe the correlation between altitude and the
coffee metabolome profile. Since this study found a metabo-
lome profile that consists of non-volatile, polar hydrophilic
compounds, there is also the possibility that increasing the
metabolite coverage, such as including volatile compounds
or lipid fractions, might vary the clustering in coffee beans
in a future study.

3.2 Correlation between altitude and the coffee
metabolome profile obtained from same
postharvest process and same geographical
origin with various altitudes

Green coffee bean samples obtained from four different alti-
tudes with the same origin and postharvest process method
(Table 1 sample set III) were used for further analysis to
observe the correlation between altitude and the coffee
metabolome profile. The correlation between altitude and the
coffee metabolome profile was observed in the PCA analysis
(Fig. 2) and showed that the samples were separated based
on altitude based on the first principal component (34.4%)
(Fig. 2a). Samples were separated from 1000 m above sea
level in the right quadrant to 1600 m above sea level on the
left quadrant of the PCA. The PCA loading plot (Fig. 2b)
showed that metabolites were correlated with sample sepa-
ration based on altitude. Several sugar compounds, succinic
acid, and glycine were correlated with the sample obtained
from 1000 m above sea level, while inositol and unknown
number 24 were correlated with samples obtained above
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1000 m in altitude (Table S2). Sugar compounds such as
fructose, sorbose, glucose, galactose + glucose, along with
succinic acid and glycine content were decreased as alti-
tude increased (Fig. 2¢). In contrast, inositol and unknown
number 24 content increased as altitude increased (Fig. 2c).

Previous reports focusing on altitude correlations with
the coffee metabolome profile are limited to caffeine, chlo-
rogenic acids, and sugar compounds (Joét et al., 2010;
Tolessa et al., 2017; Worku et al., 2018). Hence, studies
mentioning glycine and inositol correlating with altitude
were scarce. The accumulation of amino acids (includ-
ing glycine) during seed filling at high temperatures was
observed in rice grain and soybean (Carrera et al., 2011;
Yamakawa & Hakata, 2010). Low altitude coffee farms
have higher temperatures than coffee farms found at higher
altitudes (Joét et al., 2010) and might cause the accumula-
tion of glycine in coffee beans in a similar manner to other
seeds. The accumulation of glycine in green coffee beans
obtained from lower altitude might be reported for the first
time through this study. Sugar compound is one of coffee
flavor precursor and the accumulation of sugar compounds
in coffee beans are different between low altitude and high
altitude. Fructose, sorbose, glucose, and galactose + glu-
cose were accumulated in low altitude coffee beans while
inositol accumulated in high altitude. The differences of
sugar accumulation might lead into different taste charac-
teristics between coffee beans obtained from low altitude
and high altitude. Fructose and glucose were degraded
during roasting process and could produce aliphatic acids
(Ginz et al., 2000). Inositol relatively thermostable and
has sweet taste properties (Wei et al., 2012a, 2012b).
Therefore, the content of fructose, glucose and inositol
in green coffee beans may influences coffee quality of
coffee beans based on altitude. Moreover, inositol and its
derivatives might have probiotic properties and are benefi-
cial for human health (Caputo et al., 2020). Succinic acid
commonly found in green coffee beans along with other
organic acid such as citric acid, malic acid, quinic acid,
and lactic acid (Evangelista, 2014; Wang et al., 2018).
Succinic acid content usually decreased during postharvest
processing of coffee, resulting low concentration in final
green coffee beans (Cardoso et al., 2021). However, there
was little to no discussion about succinic acid in relation
with altitude. To our knowledge, this is the first report on
the correlation of succinic acid with coffee beans obtained
from low altitude. Succinic acid might be contributed to
the quality of coffee beans obtained from lower altitude
as it might be correlated with the acidity profile of coffee
after roasting (Cardoso et al., 2021). Unknown 24 also
correlated with high altitude. This compound had lower
than 80% of the total similarity score with the library.
Hence, further comparison of unknown compounds with
the metabolites listed in the library was conducted to gain
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Fig.2 Principal component analysis (PCA) results of sample clus-
tering based on altitude. Extract of coffee bean samples (n=5) were
obtained from four altitudes, 1000, 1200, 1400, and 1600 m above
sea level, and processed using the washed processing method. a PCA
score plot separates samples from 1000-1600 m above sea level
(right to left quadrant) in the first principal component. b PCA load-

more information. Unknown 24 was similar to p-coumaric
acid and chlorogenic acid, with total similarity scores of
23% and 25.8%, respectively. p-coumaric acid belong to
the hydroxycinnamic acid and hydroxycinnamate family
compounds that are commonly found in coffee (Matei
et al., 2019). Hydroxycinnamic acid and hydroxycinna-
mates are conjugate compounds in chlorogenic acids, the
most abundant metabolites in coffee (Matei et al., 2019).
Further study is needed to investigate unknown 24 since

ing plot shows the metabolites correlating with sample separation. ¢
The relative intensity of correlated metabolites with sample separa-
tion; the different letters indicate significant differences according to
Tukey’s post hoc multiple comparisons test with p values <0.05 and
the error bars indicate standard deviation

there is a possibility it may be related to hydroxycinnamic
acid and hydroxycinnamate family compound groups and/
or chlorogenic acid in general.

3.3 OPLS regression model for coffee obtained
from different altitudes

The OPLS results using sample set II (Table 1) are shown
in Fig. 3. The OPLS model of the metabolome profile
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Fig.3 Orthogonal partial least squares (OPLS) regression model
construction based on altitude. a The OPLS training set was con-
structed using extract of six coffee bean samples (n=5) obtained
from 400-1600 m above sea level with an R>=0.96 and Q*=0.95.
b The prediction set was added to the OPLS model with good fit and
predictive ability (R?=0.73, Q*=0.96, root mean squared error of

correlated with altitude (Fig. 3a, b) has an R2=0.96 and a
Q2=0.95, suggesting that the model has a good correlation
between variables (Alexander et al., 2015; Varmuza & Filz-
moser, 2009; Worley & Powers, 2013). Moreover, the model
has a low root mean squared error of estimation (RMSEE)
and root mean square error of prediction (RMSEP) values,
which indicate model accuracy and robustness (Putri &
Fukusaki, 2015). The metabolites correlated with altitude
were sorted by their variable importance in the projection
(VIP) scores (Table S3). Metabolites with a VIP score of
more than 1 are considered important (Ikram et al., 2020).
This study found 31 metabolites with VIP scores of more
than 1, including two metabolites with VIP scores of more
than two: inositol and serotonin. These two metabolites had
the highest VIP scores among all metabolites (Table S3).
Inositol had a positive correlation with altitude, while sero-
tonin had a negative correlation with altitude.

The relative abundance of inositol and serotonin in coffee
samples is shown in Fig. 3c. The relative abundance of ino-
sitol increased as altitude increased. There was a significant
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estimation (RMSEE)=53.03, and root mean square error of predic-
tion (RMSEP)=309.614). ¢ The relative intensity of metabolites with
the highest variable influence on projection (VIP) score; the different
letters indicate significant differences according to Tukey’s post hoc
multiple comparisons test with p values <0.05 and the error bars indi-
cate standard deviation

increase in inositol content in green beans of the sample
obtained from 400 m compared to the sample obtained from
800 m above sea level. The increased inositol content con-
tinued from the sample obtained from 1000 m to 1600 m
above sea level, although not in a linear manner, since there
was a variety of inositol content in samples obtained from
1000 m and 1200 m above sea level. The relative abundance
of serotonin has a decreasing trend as the altitude increase.
The serotonin content was gradually decreasing, and inter-
estingly, after 1000 m above sea level, the difference of sero-
tonin content is no longer significant.

Coffee quality in relation to the altitude coffee is grown at
has been widely discussed (Joét et al., 2010; Tolessa et al.,
2017; and Worku et al., 2018). Altitude positively correlates
with coffee sensory quality (Avelino et al., 2007; Tolessa et al.,
2017). However, the compound(s) that describes the correla-
tion between coffee and altitude remains unknown due to lim-
ited compound coverage (Joét et al., 2010). In this study, GC/
MS-based metabolite profiling and OPLS multivariate analysis
methods were employed to investigate the relationship between
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altitude and the coffee metabolome profile and identified two
metabolites with VIP scores of more than 2. Inositol is posi-
tively correlated with increasing altitude, which is consistent
with the PCA analysis results (Fig. 2) and may influence cof-
fee quality due to its sweet taste properties (Wei et al., 2012a,
2012b). Historically, the correlation between inositol and alti-
tude was reported to be insignificant by univariate analysis
(Joét et al., 2010). However, the multivariate statistical analysis
in the current study could conclusively find an underlying cor-
relation between inositol and altitude. In contrast, serotonin
was negatively correlated with increasing altitude. Serotonin
or 5-hydroxytryptamine, an amine derived from tryptophan or
5-hydroxytryptophan, is predominantly present in most plants,
including coffee (Cirilo et al., 2003; Martins & Gloria, 2010;
Vasconcelos et al., 2007). In these reports, the role of sero-
tonin in coffee was not mentioned clearly. However, in gen-
eral, biogenic amines have been reported as food quality and
safety markers and have been found in low-quality defective
fermented beans with undesirable flavors (Buffo, 2018; Farah,
2012; Oliveira et al., 2005; Ruiz-Capillas & Herrero, 2019).
Since the serotonin is a biogenic amine, it was assumed that
serotonin might have an undesirable effect on quality in coffee
beans obtained from lower altitudes (under 1000 m above sea
level). Since the difference in abundance of serotonin was no
longer significant at 1000 m above sea level, 1000 m above
sea level might be the cut-off level for coffee quality in terms
of altitude. This result is in line with previous altitude studies,
where the common altitude for the growth of Arabica coffee
trees was 1000—1200 m above sea level and coffee fruit and
bean harvested from the preferred altitude would have superior
quality characteristics (Borém et al., 2019; Davis et al., 2012;
Schroth et al., 2015; Tolessa et al., 2017; Worku et al., 2018).

The simultaneous analysis of coffee beans obtained from
various geographical origin, altitude and postharvest pro-
cesses conducted in this study demonstrated that the post-
harvest process gave the greatest effect in coffee metabolites
followed by geographical origin and altitude. The metab-
olites that showed correlation with each factor described
in this study might potentially serve as new coffee quality
markers. It is worth noting that our present study focused
only on low molecular hydrophilic compounds but there are
other compounds such as non-polar compounds, volatiles,
or other coffee-related compounds such as trigonelline and
phenolic compounds that might be important to explain cof-
fee quality correlated with the factors described in this study.
As have been reported previously, ethanal was correlated
with fruity taste and was found in high altitude coffee while
major fatty acids such as palmitic, stearic, linoleic, and oleic
acid and volatile compounds were positively correlated with
coffees from high altitude and coffee quality (Betrand et al.,
2012; Tsegay et al., 2020). Studies targeting on volatiles
were also conducted to describe differences in geographical
origins and postharvest process as well as the modifications

within the postharvest process (de Melo Pereira et al., 2019;
Marek et al., 2020). Future studies employing multiple ana-
lytical instruments and approaches covering a wider range
of metabolite may give a more comprehensive outlook on
the importance of multiple factors related to coffee origins,
processes as well as environmental conditions.

4 Conclusion

A chemical composition study of coffee beans obtained from
different altitudes, postharvest processing, and origin using
GC/MS-based metabolite profiling focusing on low molecu-
lar hydrophilic metabolites was conducted. In this study, we
found that the postharvest process had the greatest effect
on the coffee metabolome profile, followed by geographical
origin and altitude. The influence of altitude on green cof-
fee beans could be found in coffee obtained from the same
origin. Furthermore, inositol and serotonin were found to
be correlated with altitude based on the OPLS model with
good robustness. The current study might increase the valid-
ity of the positive correlation between inositol and altitude.
Serotonin was reported for the first time as a negatively
correlated metabolite with altitude. This information might
be beneficial for potential quality profiling of coffee beans
obtained from trees grown at low altitudes. Since the sero-
tonin content was lower and no significant difference was
observed after an altitude of 1000 m above sea level, this
could be used as an altitude cut-off level for Arabica coffee
tree plantations. The findings of this study might be useful
for further studies related to coffee quality in the future.
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