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A B S T R A C T   

This work aimed to study the composition differences of roasted beans between 12 coffee cultivars (Catimor 
7963, HIBRIDO DE TIMOR, Ruiru 11, Castillo, DTARI 296, DTARI 366, DTARI 392, DTARI 585, SL28, SL34, 
Catuai-Amarelo and Catuai-Vermelho) from Bourbon-Typica group and Introgressed group under subtropical 
humid monsoon climate. The water-soluble compounds of roasted coffee beans were characterized by proton 
nuclear magnetic resonance spectroscopy (1H NMR), and the aroma components were analyzed by static 
headspace gas chromatography mass spectrometry (SHS-GC/MS). In total, 20 water soluble compounds and 43 
volatile compounds were identified. Both water-soluble and volatile compounds are rich in acidic substances, 
and the content varied depending on the cultivars. Furthermore, principal component analysis (PCA) clustered 
12 coffee cultivars into four groups. The four different chemically defined clusters of Arabica cultivars produced 
by chemical differences cannot reflect the traditional grouping based on introgressed, and it is one-sided to judge 
coffee quality based on lineage. These results give further insight into the quality characteristics of different 
coffee cultivars, which is of great significance for guiding the adjustment of cultivars’ structure and the breeding 
of new cultivars.   

1. Introduction 

Coffee is one of the most popular beverages in the world, usually, 
commercially cultivated species are mainly Arabica coffee (Coffea 
arabica L.) and Robusta coffee (Coffea canephora L.) (Defernez et al., 
2017; Dong et al., 2019). However, Arabica coffee accounts for 60% of 
the world’s total output, and is more popular for consumers due to its 
unique taste and pleasant aroma (Gamonal, Vallejos-Torres, & Lopez, 
2017). At present, there are more than 50 cultivars of Arabica coffee 
grown commercially, and their genetic descriptions can be divided into 
four main types: Ethiopian Landrace, Bourbon-Typica group, Intro-
gressed and F1 Hybrid (https://worldcoffeeresearch.org). They are 
belong to the same species, but they have different traits. Among them, 
Bourbon-Typica group and Introgressed are the main cultivation types. 
The cultivars belonging to the Bourbon-Typica group are more suscep-
tible to diseases and insect pests. In contrast, the cultivars belonging to 

Introgressed have enhanced resistance to diseases and insect pests 
because they carry the resistance gene of Robusta (Kitzberger, Scholz, & 
Benassi, 2014). However, introgression can carry Robusta undesirable 
genes that reduce coffee brew quality, making the quality of introgres-
sion cultivars questionable (Bertrand et al., 2006; Bertrand et al., 2008; 
Kitzberger et al., 2014). 

Coffee is a long-term cash crop with a long growth cycle (20–30 
years), to ensure good quality, the choice of cultivars is very important 
for producers (Bunn, Läderach, Ovalle Rivera, & Kirschke, 2015; 
Verhage, Anten, & Sentelhas, 2017). In addition, coffee producers 
choose good planting decisions and a suitable growing environment will 
make the risk of coffee disease and insect pests much lower (van der 
Vossen, Bertrand, & Charrier, 2015). Therefore, in-depth study of the 
coffee bean’s composition from different varieties in a particular region 
can provide a basis for the choice of cultivars. However, there is a lack of 
relevant research. 
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Yunnan province of China is located at the northern limits of the 
“coffee belt”, producing Arabica coffee (Anderson & Smith, 2002; Gir-
audo et al., 2019). In 2018, green coffee production in China reached 
100,332 t, ranking 14th among coffee growers, and more than 99% of 
which were Arabica coffee produced in Yunnan Province (FAO, 2020). 
At present, “Catimor 7963′′ is the main cultivar of Arabica coffee in 
Yunnan, the planting area is more than 95% (Zhang et al., 2014). 
However, single and little cultivars are hard to meet consumer demand 
for high-quality coffee as a specialty product (Samoggia & Riedel, 2018; 
Sittipod, Schwartz, Paravisini, & Peterson, 2019). Thus, it is essential to 
seek and study new coffee cultivars. Nowadays, Dehong Tropical Agri-
culture Research Institute of Yunnan (DTARI) has collected and bred a 
series of germplasm of Arabica coffee, and a small area trial was carried 
out in Dehong, but the quality information of these coffee varieties 
under the ecological conditions of the area is still unknown. 

Therefore, this study aims to uncover the differences in chemical 
compositions of roasted beans of 12 cultivars of Arabica coffee 
(belonging to the Bourbon-Typica group and the Introgression group) in 
the same germplasm garden. Proton nuclear magnetic resonance spec-
troscopy (1H NMR) and static headspace gas chromatography mass 
spectrometry (SHS-GC/MS) were performed to investigate the water- 
soluble compounds and aroma compositions, respectively. The 
research is of great significance for understanding the characteristics of 
selected coffee cultivars and provides useful data for further breeding 
researches. 

2. Materials and methods 

2.1. Plant materials 

The study was carried out during the harvest season 2019/2020 in 
DTARI Germplasm Garden (China; 97◦86′10′′E, 24◦02′57′′N, elevation 
796.4 m.a.s.l.), where different coffee cultivars were planting to field in 
2016. The area shows a subtropical humid monsoon climate, with an 
average annual temperature of 21 ℃ and annual precipitation of 1394.8 
mm. The soil of the test site is granite parent material, brick red soil, 
with a pH of 4.9. In this study, 12 Arabica coffee cultivars were used 
(Table 1, Fig. 1), and each cultivar included 15 trees (three replicates, 

each replicate containing 5 plants). The trees were planted with spaced 
2.5 m × 2 m apart (2000 trees/ha), and all agronomic management 
practices were the same in the test plots. Picked in batches according to 
maturity. The coffee cherries were prepared by the wet processing 
method and dried to a moisture content of approximately 11% (G600 
Moisture Tester, GEHAKA, Brazil) according to standard agronomic 
practices. Removed the coffee shells to obtain the green coffee beans 
needed for the experiment. 

2.2. Roasted coffee 

After picking out defective beans in each sample, 75 g of green coffee 
beans retained in sieve 16 and above were roasted at 210 ℃ in a spouted 
bed roaster (Hearthware i-roast) for 2.5 min using an automatic control 
program cooled 4 min resulting in a medium degree of roast (judgment 
according to SCAA standard color card). During the roasting process, the 
beans were stirred by the relatively high flow of hot air at the bottom of 
the machine to make the roasting consistency of different samples. The 
beans were transferred to a one-way air valve bag after complete cool-
ing. After 7 days, the roasted samples were ground by an HGone Grinder 
(Brand hero, China). The sample passed 40 mesh sieve, and the failed 
part was repeatedly ground to ensure that the final particle size was 
within 0.420 mm. 

2.3. 1H NMR-based water-soluble chemical characterization 

2.3.1. Sample preparation 
Deuterated water (D2O) was chosen as the extraction solvent, a 

detailed description of screening procedures was provided in Hu et al. 
(2020). 40 mg of roasted bean powder was weighed into a 1.5 mL 
Eppendorf tube and 800 μL containing internal standard D2O was added 
(TMSP-D4 concentration: 0.03%). The extract was performed by ultra-
sonic at 80 ℃ for 1 h and then centrifuged at 4000 rpm for 15 min. 
Finally, 450 μL supernatant was transferred to 5 mm NMR tube for 1H 
NMR analysis. 

2.3.2. NMR spectral analysis 
1H NMR experiments were performed on Bruker DRX-600 in-

struments (Bruker Biospin, Rheinstetten, Germany) equipped with 
transcranial magnetic stimulation (TMS) at a temperature of 25 ℃. All 
samples were tested on the same instrument on the same day, and pre-
saturation method was used to suppress the water peak in the test. The 
acquisition parameters were set as follows: sampling data point =
65536, peak width = 12,019 HZ; acquisition time = 2.73 s; relaxation 
time = 10 s; scans = 128 times. 

2.3.3. NMR date processing 
1H NMR spectra were displayed in MestReNova software (version 

6.1.0–224; MestReC, Santiago de Compostela, Spain). First, each spec-
trum was calibrated to the TMSP-d4 signal at 0.0 ppm. Secondly, the 
unwanted spectra were cut by manual, including water peak (4.9–4.5 
ppm). And then, the remaining 1H NMR spectra were automatically 
phased and baseline correction. After the above operation was 
completed, the main chemical ingredients were identified according to 
literature (Table S1) (Wei, Furihata, Miyakawa, & Tanokura, 2014; dos 
Santos, Alvarenga, & Boffo, 2020; Hu et al., 2020). 

For each spectrum, integrated the internal standard and normalized 
it to 1.000, and then integrated the identified compounds and acquired a 
list of their relative peak area (Table S2). 

2.4. Volatile compounds analysis 

2.4.1. Static headspace extraction of volatile compounds 
Before formal GC/MS analysis, the extraction temperature (70 ℃, 80 

℃ and 90 ℃) was first screened. One coffee ground sample was 
randomly chosen for optimization experiments. Peak area of the 

Table 1 
C. arabica cultivars investigated.  

Order Cultivars Genetic description Origin 
(country) 

Breeder 

1 Catimor 7963 Introgressed 
(Catimor) 

Portugal CIFC 

2 HDT Introgressed Timor-Leste CIFC 
3 Ruiru11 Introgressed Kenyan KALRO 
4 Castillo Introgressed 

(Catimor) 
Colombia CENICAFE 

5 DTARI 296 Introgressed 
(Catimor) 

Portugal DTARI 

6 DTARI 366 Introgressed 
(Sarchimor) 

Portugal CIFC 

7 DTARI 392 Introgressed 
(Sarchimor) 

Portugal CIFC 

8 DTARI 585 Introgressed 
(Catimor) 

Kenyan KALROI 

9 SL28 Bourbon-Typica 
Group 

Kenyan SL 

10 SL34 Bourbon-Typica 
Group 

Kenyan SL 

11 Catuai- 
Amarelo 

Bourbon-Typica 
Group 

Brazil IAC 

12 Catuai- 
Vermelho 

Bourbon-Typica 
Group 

Brazil IAC 

Note: HDT, HIBRIDO DE TIMOR; CIFC, Coffee Rusts Research Center, Portugal; 
KALRO, Kenya Agricultural and Livestock Research Organization; CENICAFE, 
Centro Nacional de Investigaciones de Café, Colombia; SL, Scott Agricultural 
Laboratories, Kenyan; IAC, Instituto Agronômico, Brazil. 
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maximum chromatographic peak and peak numbers were registered as 
the response to the extraction temperature (Table S3). 

Upon extraction temperature screened, all sample analyses were 
carried out according to the optimal condition. 0.5 g samples were 
weighed into 22 mL headspace vials, and 100 μL 0.01% 3-heptanone 
methanol solution was added to seal. The headspace vial was balanced 
in 90 ℃ water bath for 15 min. After balance, 0.1 mL headspace sample 
was injected into the gas chromatography mass spectrometer for 
analysis. 

2.4.2. GC–MS analysis 
Chromatographic analysis was performed on GC 7890A (Agilent 

Technologies Inc.) join together 5975C mass spectrometer (Agilent 
Technologies Inc.). Compounds were isolated using a DB-WAX chro-
matographic column (30.0 m × 250 μm × 0.25 μm, Agilent Technologies 
Inc.) with a polyethylene glycol stationary phase. The GC parameters 
were set as follows: injector temperature, 230 ℃, carrier gas, helium; 
flow rate, 1.0 mL/min; split flow rate, 10 mL/min; oven temperature, 40 
℃ for 6 min and programmed to 190 ℃ at 3 ℃/min. The mass spec-
trometer operated conditions: electron ionisation mode, 70 eV; ion 
source temperature, 200 ℃; acquisition mode, full-scan; scan range: m/z 
45–250 amu. 

2.4.3. Qualitative and quantitative analysis 
Compounds were identified based on their retention indices (RI) and 

mass spectra. RI of each compound was calculated by injecting n-alkanes 
mixtures (C8-C40) under the same conditions, which were compared 
with data from the literature. The mass spectra were compared with 
those from NIST datebase. The quantification of compounds was ach-
ieved by integrating its peak area and calculating with the internal 
standard, and expressed as µg/g. 

2.5. Statistical analysis 

Multivariate statistical analysis was performed using SIMCA 14.1 
software (Umetrics, Sweden). Integrate data sets (n = 12 × 3) of water- 
soluble compounds and aroma compounds, UV scaling was used to 
normalize the data sets and principal component analysis (PCA) per-
formed. Then single-linka calculation was used to perform Hierarchical 
Cluster Analysis (HCA) to show the relationship between the cultivars. 

3. Result and discussion 

3.1. 1H NMR detection of water soluble components in roasted coffee 
beans 

3.1.1. Identification of chemical constituents in roasted coffee extracts 
NMR spectroscopy can be thought of as a “magnetic tongue” that 

characterizes and predicts food taste in a non-destructive and non- 
targeted manner. Previous studies have applied it extensively to coffee 
research, such as roasting process (Ripper, Kaiser, & Perrone, 2020; Wei 
et al., 2012), discriminate quality and authenticity (Consonni, Polla, & 
Cagliani, 2018; dos Santos et al., 2020; Okaru et al., 2020; Ribeiroa, 
Boraile, Pezza, Pezza, & Toci, 2017), species identification (Defernez 
et al., 2017; Monakhova et al., 2015), establish geographical origin 
(Arana et al., 2015; Toci et al., 2018; Consonni, Cagliani, & Cogliati, 
2012). 

Fig. 2 shows the 1H NMR spectra and details of the constituents in 
roasted coffee D2O extracts. A total of 20 compounds were identified, 
including nine organic acids (formic acid, fumaric acid, tartaric acid, 
quinic acid, glycolic acid, 2-oxobutyric acid, succinic acid, acetic acid, 
propionic acid), two phenols (caffeic acid, chlorogenic acids (CGAs)), 
one sugar (sucrose), two alkaloids (trigonelline, caffeine), one vitamin 
(choline), two alcohols (myo-inositol, 2-furylmethanol), and three other 
components (N-methylpyridinium, γ-butyrolactone, lipids). 

3.1.2. Relative abundance of major constituents among cultivars 
All test samples contained the identified compounds. Boxplot 

method was used to analyze the data of 20 compounds, as shown in 
Fig. 3, nine compounds (trigonelline, N-methylpyridinium, caffeine, 2- 
furylmethanol, caffeic acid, fumaric acid, myo-inositol, choline) con-
tained outliers. These outliers were found in four cultivars, DTARI 296, 
DTARI 585, DTARI 366, and Catuai-Vermelho. 

Organic acids are the key factor affecting the sensory properties of 
coffee, which are the most abundant group of compounds observed in 
roasted coffee (Ribeiro et al., 2018). The presence and abundance of this 
group contribute to the acidity of coffee, especially in light and mod-
erate roasted beans (Ribeiro et al., 2018). Organic acids also contribute 
to the characteristic fruity flavor in brewed coffee, and the differences in 
content and proportion contribute to the uniqueness of different coffees 
(Ribeiro et al., 2018). Based on the relative peak area of the 1H NMR 

Fig. 1. Coffee cherry at maturity of 12 cultivars used in this study.  
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spectrum showed in Fig. 3, quinic acid, glycolic acid, 2-oxobutyric acid, 
and acetic acid were the main acidic substances of coffee. The levels of 
fumaric acid were particularly high in Catuai-Vermelho, might be 
considered as putative biomarkers of this cultivar. 

CGAs contain a series of isomers and belong to phenolic acids, which 
are common in green Arabica coffee beans and accounts for 4.0%-8.4% 
(Badmos, Lee, & Kuhnert, 2019; Farah & Donangelo, 2006). It has been 
confirmed in previous studies, plants under stress may increase the de-
mand for CGAs (Badmos et al., 2019). Higher levels of CGAs observed in 
the Introgressed group are consistent with the previous studies (Ber-
trand, Guyot, Anthony, & Lashermes, 2003; Kitzberger et al., 2014), 
which may explain their outstanding performance to cope with low 
management and adverse environmental conditions (Fig. S1). CGAs are 
important sources of acidity and bitterness in coffee (Upadhyay & 
Mohan Rao, 2013). As the roasting temperature increases, most CGAs 
are degraded into quinic acid and caffeic acid, which can improve the 
bitterness and astringency of coffee. (Cheng, Furtado, Smyth, & Henry, 
2016; Upadhyay & Mohan Rao, 2013). The level of caffeic acid is 
particularly high in DTARI 296, which suggests that its astringency may 
be more pronounced, but its results have to be clarified by sensory 
analysis. 

Sucrose is the main small molecular carbohydrate in green coffee 
beans, which is degraded by Maillard reaction or caramelization during 
roasting (Hu et al., 2020). In this study, the reaction was not thorough 
and sucrose was still detectable in all cultivars. Among them, the sucrose 
content in DTARI 366 and DTARI 296 was significantly higher than that 
of other cultivars, indicating that their flavor characteristics were not 
fully presented, and further deep roasting might be more suitable for 
these two cultivars. 

Trigonelline and caffeine are the two most abundant alkaloids in 
green coffee beans, they provide some of the bitter taste of coffee 
(Oestreich-Janzen, 2010). According to our previous study, there was no 
significant change between the two under light and medium rosating 

conditions (Hu et al., 2020). Both trigonelline and caffeine had the 
highest abundance in DTARI 296, can be considered biomarkers. 
Caffeine levels would be strongly dependent on coffee cultivars, and 
caffeine can enhance the resistance of coffee cultivars to pests (Hol-
lingsworth, Armstrong, & Campbell, 2002; Kwon et al., 2015; Hol-
lingsworth, Armstrong, & Campbell, 2003). The high caffeine levels of 
DRARI 296 illustrate its high ability against deterrence, and conse-
quently, decrease pest pressure on the plants. 

3.2. Analysis of fragrance compounds by SHS-GC/MS 

3.2.1. Extraction condition optimization 
SHS-GC/MS is widely used in coffee volatility studies because its 

prepared samples are close to the realistic representation of the coffee 
aroma perceived by consumers (Mondello et al., 2004; Bröhan, Huy-
brighs, Wouters, & Van der Bruggen, 2009; Thammarat, Kulsing, Won-
gravee, Leepipatpiboon, & Nhujak, 2018). Extraction temperature and 
equilibrium time are the main parameters that determine static head-
space extraction performance, for which we perform the optimization 
test using the total peak area of volatile compounds as the response 
value (Fig. S1). High temperature extraction can shorten the equilibrium 
time, improve the concentration and quantity of detected compounds, 
and improve the overall performance of SHS. Finally, the extraction 
temperature of 90 ℃ and the equilibrium time of 15 min were taken as 
the following test. 

3.2.2. Volatile compound identification 
A total of 43 volatile compounds were detected in the roasted sam-

ples, including three alcohols, 12 ketones, one sulfur compound, six 
aldehydes, two pyrroles, one pyridines, ten pyrazines, two furans, five 
acids, one esters (Table 2). Ten chemical families were present in all 
cultivars (Table 2). Castillo and SL34 contained all identification volatile 
compounds, while the lowest value was 36 in DTARI 392 (Table S3). 

Fig. 2. Characteristic 1H NMR spectrum obtained at 600 MHz from D2O extracts of coffee roasted beans. Signal assignments were based on the literature. (1) 
trigonelline, (2) n-methylpyridinium, (3) formic acid, (4) caffeine, (5) caffeic acid, (6) 2-furylmethanol, (7) fumaric acid, (8) chlorogenic acids (CGAs), (9) tartaric 
acid, (10) quinic acid, (11) glycolic acid, (12) myo-inositol, (13) choline, (14) 2-oxobutyric acid, (15) sucrose, (16) succinic acid, (17) γ-butyrolactone, (18) acetic 
acid, (19) propionic acid, (20) lipids. 
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Therefore, there are some differences in volatiles among cultivars. 

3.2.3. Total volatiles contents 
Consistent moderate roasting was used in this study, described by 

Schenker et al. (2002) as being suitable for the development of coffee 
aromatic compounds with the highest content. HIBRIDO DE TIMOR 
(HDT) had the highest volatile content (417.19 µg/g); by contrast, 
DTARI 392 had the lowest volatile content (318.94 µg/g) (Table S3). 
HDT is a spontaneous hybrid of Arabica and Robusta, which is widely 
use as a gene source in different breeding projects with the purpose of 
breeding in a higher resistance towards leaf rust and other diseases 
(Silva et al., 2018). The pyrazine content in HDT is much higher than 
other cultivars (Table 2), which has the properties of Robusta coffee 
(Caporaso, Whitworth, Cui, & Fisk, 2018; Silwar & Lullmann, 1993). 
According to previous field trials, DTARI392 has outstanding drought 
tolerance, high yield and cold tolerance, but its quality potential and 
rust resistance are average. The quality improvement of DTARI 392 is 
limited by the low total contents of volatiles, but DTARI 392 is suitable 
to be used as gene source for breeding cultivars with strong environ-
mental adaptability. 

3.2.4. Volatile compositions 
Among the 12 cultivars studied, acids content was the highest, fol-

lowed by alcohols, pyrazine, aldehydes and ketones, which accounted 
for more than 90% of the total volatile compound content (Table 2). 

Volatile acid compounds in coffee are produced during the thermal 
degradation of sugars (Shibamoto, 2015). Five acid compounds were 

identified, which accounted for 35.02–44.43% of the total volatiles 
content, the average value was 41.08% (Tables 2 and S4). The highest 
acid content existed in SL28 (176.31 µg/g), whereas the lowest value 
existed in HDT (146.09 µg/g). Acetic acid (C1) is the most abundant 
volatile compound in medium roasting coffee (Yeretzian, Jordan, 
Badoud, & Lindinger, 2002), with consistency in cultivars in this study. 

In this study, three alcohol compounds were identified, which 
accounted for 12.88–16.80% of the total volatiles content, the average 
value was 15.23% (Tables 2 and S4). The highest alcohol content existed 
in HDT (70.10 µg/g), whereas the lowest value existed in DTARI 296 
(112.88 µg/g). 2-Methyl-3-pentanol (A2) has a high content in all cul-
tivars, ranking second in the volatile component. 2-furanmethanol (A3) 
was existed in all cultivars and has a bready odor (www. the-
goodscentscompany. com), indicating that they are important volatiles 
that make up the coffee fragrance. 

Pyrazine (generally having nutty, earthy, roasted, and green aromas) 
and pyridine (fishy note) are mainly produced by Maillard reaction of 
amino acids and sugars, direct pyrolysis of amino acids and degradation 
of trigonelline (Bressanello et al., 2017). Ten pyrazine compounds were 
identified, the highest concentration in HDT (71.90 µg/g, 17.23% total 
volatiles), whereas the lowest value existed in DTARI 585 (44.21 µg/g, 
10.72% total volatiles). Pyridine (D1) was the only pyridine compound 
detected which resulted in the highest concentration in HDT (26.33 µg/ 
g) and the lowest concentration in DTARI 392 (2.69 µg/g) (Tables 2 and 
S4). The higher concentration of amino acids in Robusta green beans 
makes it produce higher concentrations of pyrazine and pyridine com-
pounds after roasting (Caporaso et al., 2018). The content of these two 
types of compounds shows that HDT has the characteristics of Robusta 
coffee, and the content of these two types of compounds can be reduced 
through breed selection. 

Volatile aldehyde compounds play a very important role in coffee 
aroma (Gonzalez-Rios et al., 2007). Six aldehyde compounds were 
identified, which accounted for 10.42–13.11% of the total volatiles 
content, the average value was 12.27% (Tables 2 and S4). The highest 
aldehyde content existed in DTARI 585 (53.99 µg/g), whereas the lowest 
value existed in DTARI 392 (41.17 µg/g). Among the six identified al-
dehydes, Furfural (L2, bitter), Benzaldehyde (L3, bitter) and 5-Methyl 
furfural (L4, caramel) are the main ones, which mix pleasant and un-
pleasant odors (Gonzalez-Rios et al., 2007). 

Ketones are important components of coffee volatiles and were 
identified in the largest number in this study. 12 ketone compounds 
including 7 acyclic ketones (K1, K3, K4, K6, K7, K9, K10) and 5 cyclic 
ketones (K2, K5, K8, K11, K12) were identified, which accounted for 
10.09–11.00% of the total volatiles content, the average value was 
10.48% (Tables 2 and S4). 1-Hydroxy-2-propanone (K4) is the main 
ketone, which belongs to acyclic ketones. Many cyclic ketones are 
related to food flavor (Jeleń, Majcher, & Dziadas, 2012), and the content 
of 2-Methyltetrahydrofuran-3-one (K2, bready) in cyclic ketones is the 
highest (www. thegoodscentscompany. com). 

3.3. Multivariate analysis on datasets combined 

Principal component analysis (PCA) was used to extract important 
information from 20 1H NMR-based compounds and 43 volatiles of 12 
coffee cultivars, to explain the correlations among cultivars and to 
identify group patterns. PCA score plot was constructed by the first two 
principal components, and explained 59.5% of the overall variance 
(PC1 = 37.7%, PC2 = 21.8%, Fig. 4A). Hierarchical cluster analysis 
(HCA, Fig. 4C) using single linkage calculation to show the relationship 
between coffee cultivars and identify four groups (Fig. 4C): (A) DTARI 
296 was divided into a single group, location in the first quadrant and 
had high caffeic acid, 2-furylmethanol, caffeine, trigonlline and 1-Hy-
droxy-2-propanone (K4), (B) seven cultivars (Ruiru 11, Castillo, 
DTARI 366, DTARI 585, SL34, SL28, and Catuai-Vermelho) were rich in 
acids, (C) HDT was also divided into a single group, the outliers are 
caused by high pyrazines, (D) the other three cultivars (Catimor 7963, 

Fig. 3. Relative quantification of NMR chemical characterization in cultivars.  
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Table 2 
Identification, average contents (equivalent of 3-heptanone) and distribution ranges (in parenthesis) in roasted beans of 12 coffee cultivars.  

Code* Compounds CAS No R.T. LRI IM Content (ug/g) 

Alcohols       
A1 2-Methyl-3-buten-2-ol 115–18-4 6.95 1045 ab 0.23 (0–0.76) 
A2 2-Methyl-3-pentanol 627–02-1 20.01 1351 ab 1.02 (0.08–1.15) 
A3 2-Furanmethanol# 98–00-0 33.55 1669 ab 56.39 (44.59–68.98)  

Subtotal     57.65 (46.30–70.10)  
Subtotal (%)     15.23 (12.88–16.80) 

Ketones       
K1 3-Hexanone 589–38-8 7.48 1057 ab 4.68 (3.97–5.72) 
K2 2-Methyltetrahydrofuran-3-one 3188–00-9 16.48 1268 ab 4.95 (3.40–6.05) 
K3 3-Hydroxy-2-butanone 513–86-0 17.42 1290 ab 4.80 (3.71–5.70) 
K4 1-Hydroxy-2-propanone 116–09-6 18.08 1306 a 11.51 (10.66–12.47) 
K5 2-Methyl-2-cyclopenten-1-one 1120–73-6 20.81 1370 a 1.03 (0.82–1.19) 
K6 1-Hydroxy-2-butanone 5077–67-8 21.44 1385 a 3.97 (3.16–4.54) 
K7 1-(acetyloxy)-2-Propanone 592–20-1 25.68 1484 b 3.56 (2.32–4.68) 
K8 3,4,4-Trimethyl-2-cyclopenten-1-one 30434–65-2 26.95 1514 a 2.26 (1.66–3.03) 
K9 1-Acetoxy-2-butanone 1575–57-1 28.47 1550 ab 1.00 (0.71–1.27) 
K10 1-(pyridin-1(4H)-yl)ethanone 67402–83-9 35.37 1712 b 0.59 (0–0.88) 
K11 2(5H)-Furanone 497–23-4 36.40 1736 ab 0.77 (0.55–087) 
K12 3-Methyl-1,2-cyclopentanedione 765–70-8 39.38 1806 b 0.49 (0–1.09)  

Subtotal     39.62 (33.11–44.49)  
Subtotal (%)     10.48 (10.09–11.00) 

Sulfur compounds       
S1 Dimethyl disulfide 624–92-0 7.74 1063 ab 1.18 (0.92–1.58)  

Subtotal     1.18 (0.92–1.58)  
Subtotal (%)     0.31 (0.25–0.38) 

Aldehydes       
L1 Hexanal 66–25-1 7.95 1068 a 0.84 (0.63–1.16) 
L2 Furfural 98–01-1 25.37 1477 ab 26.38 (22.36–31.62) 
L3 Benzaldehyde 100–52-7 27.36 1524 a 6.14 (5.15–7.67) 
L4 5-Methyl furfural 620–02-0 29.77 1580 ab 11.56 (8.92–14.10) 
L5 N-Methylpyrrole-2-carboxaldehyde 1192–58-1 31.52 1621 b 0.66 (0–1.00) 
L6 1H-Pyrrole-2-carboxaldehyde 1003–29-8 45.86 1958 ab 0.72 (0–0.97)  

Subtotal     46.29 (41.17–53.99)  
Subtotal (%)     12.27 (10.42–13.11) 

Pyrrole       
R1 1-Methyl-1H-Pyrrole 96–54-8 10.65 1132 ab 1.68 (1.03–3.14) 
R2 2-Acetyl pyrrole 1072–83-9 44.20 1919 ab 0.32 (0–0.85)  

Subtotal     2.01 (1.03–3.99)  
Subtotal (%)     0.52 (0.32–0.96) 

Pyridine       
D1 Pyridine 110–86-1 12.76 1181 ab 15.75 (8.52–26.33)  

Subtotal     15.75 (8.52–26.33)  
Subtotal (%)     4.09 (2.67–6.31) 

Pyrazine       
Z1 Pyrazine 290–37-9 14.07 1212 ab 6.81 (5.23–9.28) 
Z2 2-Methylpyrazine 109–08-0 16.58 1271 ab 24.9 (20.41–34.18) 
Z3 2,5-Dimethyl-pyrazine 123–32-0 19.19 1332 ab 5.52 (4.30–6.89) 
Z4 2,6-Dimethyl-pyrazine 108–50-9 19.49 1339 ab 4.72 (3.87–6.49) 
Z5 2-Ethyl-pyrazine 13925–00-3 19.72 1344 ab 3.78 (3.11–5.26) 
Z6 2,3-Dimethyl-pyrazine 5910–89-4 20.25 1357 ab 1.11 (0.87–1.55) 
Z7 2-Ethyl-6-methyl-pyrazine 13925–03-6 22.06 1399 ab 2.02 (1.50–3.02) 
Z8 2-Ethyl-5-methyl-pyrazine 13360–64-0 22.306 1405 ab 1.42 (1.08–1.85) 
Z9 2,3,5-Trimethyl-pyrazine 14667–55-1 22.888 1419 ab 1.61 (1.21–2.28) 
Z10 3-Ethyl-2,5-dimethyl-pyrazine 13360–65-1 24.706 1461 ab 0.62 (0–1.10)  

Subtotal     52.51 (43.34–71.90)  
Subtotal (%)     13.89 (10.72–17.23) 

Furans       
F1 2-(methoxymethyl)-Furan 13679–46-4 15.47 1245 ab 0.22 (0–0.66) 
F2 2-Acetylfuran 1192–62-7 27.04 1516 ab 3.47 (2.63–4.23)  

Subtotal     3.68 (2.63–4.65)  
Subtotal (%)     0.97 (0.82–1.13) 

Acids       
C1 Acetic acid# 64–19-7 24.93 1467 ab 141.96 (123.64–158.89) 
C2 Propionic acid 79–09-4 28.70 1555 ab 6.46 (4.66–8.09) 
C3 4-Hydroxybutanoic acid 591–81-1 31.62 1624 b 1.45 (0.99–2.07) 
C4 3-Methylbutanoic acid 503–74-2 33.86 1676 b 4.81 (3.42–6.90) 
C5 2-Butenoic acid, 3-methyl- 541–47-9 38.39 1783 b 0.44 (0–1.07)  

Subtotal     155.13 (133.55–176.31)  
Subtotal (%)     41.08 (35.02–44.43) 

Esters       
E1 Furfuryl acetate 623–17-6 28.60 1553 ab 4.44 (2.69–6.04)  

Subtotal     4.44 (2.69–6.04)  
Subtotal (%)     1.16 (0.81–1.45) 

*Code, compound codes; R.T. , retention time (min); LRI, linear retention index; IM, identification method; a, literature LRI values (Thammarat et al., 2018); b, NIST 
14.0 database; #, common compounds detected in both methods. 
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DTARI 392 and Catuai-Amarelo). Categorize cultivars according to the 
HCA and additional information is provided about each lineage and 
agronomic information (Table 3). It is noteworthy that the cultivars in 
certain group are not always belonging to the same genetic description, 
for example, in group D, Catimor 7963 and DTARI 392 belong to the 
Introgressed group, Catuai-Amarelo belongs to the Bourbon-typica 
group, meaning the complex relationship between composition and 
cultivars (Table 3, Fig. 4C). 

Coffee leaf rust caused by Hemileia vastatrix is the most serious 
destructive disease of Arabica coffee in middle and low altitude areas, 
which can reduce the yield by up to 50% (Zambolim, 2016; Belan et al., 
2020), breeding resistant cultivars is the most economical and effective 
way to solve the disease (Avelino et al., 2015; McCook & Vandermeer, 

2015). Robusta coffee has many desirable agronomic qualities and is 
outstanding in rust resistance, but it’s stronger and bitter than Arabica, 
and has genetic barriers with Arabica coffee (McCook & Vandermeer, 
2015; Lemos et al., 2020). HDT has the same self-fertile tetraploid as 
Arabica coffee, which can break genetic barriers and provide rust 
resistance genes (McCook & Vandermeer, 2015). HDT had little com-
mercial value of its own, but it serves as gene source to transfer Ro-
busta’s resistance genes into Arabica coffee (McCook & Vandermeer, 
2015). HDT has the highest total content of volatiles, especially pyr-
azines, suggesting that volatile composition is closer to that of Robusta 
(Caporaso et al., 2018). 

In addition to HDT, seven introgressed cultivars (Catimor 7963, 
Castillo, Ruiru 11, DRARI 296, DTARI 366, DTARI 392, DTARI 585) 

Fig. 4. (A) PCA score plot (36 samples; 12 × 3). (B) PCA loading plot. C) HCA for cultivars by PCA.  
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were studied, but there were significant differences between cultivars 
and were classified into three groups (Fig. 4B, Fig. 4C). Caffeine in-
creases the resistance of coffee to insects, and DTARI 296 contains the 
highest caffeine, indicating excellent insect resistance (Table S3, 
Fig. 4B). It has been confirmed that the purple leaves in tea are 
conducive to the formation of some special aroma components (Guo 
et al., 2019). The content of 3-methyl-2-butenoic acid (C5), 1-hydroxy- 
2-propanone (K4) and benzaldehyde (L3) in DTARI 296 is higher 
(Fig. 4B), but its sensory quality needs further evaluation. As the main 
cultivar in Yunnan, Catimor 7963 is characterized by low to medium 
quality beans, but very popular for its high yield (Rigal, Xu, Hu, Qiu, & 
Vaast, 2020). Surprisingly, the other four introgressed cultivars (DTARI 
366, DTARI 585, Ruiru11 and Castillo) were grouped into the opposite 
group of Catimor 7963 and DTARI 392, abundant in organic acids and 
CGAs (Fig. 4C). 

Four cultivars (SL28, SL34, Catuai-Amarelo, and Catuai-Vermelho) 
include in Bourbon-Typica group were studied and they were assigned 
by PCA to opposite groups (Fig. 4A). SL28 and SL34 were selected by 
Scott Agricultural Laboratories (now the National Agricultural Labora-
tories, NARL) based in Kenya under a contract between 1934 and 1963 
and studied for yield, quality, and drought and disease resistance. SL28 
and SL34 are exceptional quality potential at high altitudes, that they 
are the ones that are most relevant for specialty coffee. SL28 and SL34 
are assigned to group B (Fig. 4A). The results of this study support actual 
production and also show that group B has the material basis for pro-
ducing high-quality coffee. Catuai has yellow-fruited (Catuai-Amarelo) 
and red-fruited (Catuai-Vermelho) types, and it is a high yielding, 
vigorous plant. It is a common opinion that there is no difference in taste 
of the seeds from yellow and red berries, but the experimental results 
show that the two cultivars are quite different (Fig. 4A). On the one 
hand, maturity has a greater impact on the quality of coffee, and it is 
more difficult to determine the yellow fruit maturity; ripe Carduai- 
Amarelo cherries, on the other hand, are more susceptible to rain 
damage. 

Coffee merchants generally have a consensus that introgressed 
Robusta cultivars are often considered to have lower coffee quality, and 
purebred Arabica coffee is more popular (Van der Vossen, 2009; Herrera 
& Lambot, 2017; Nunez, Martinez, Saurina, & Nunez, 2021). In this 
study, all samples were from the same plantation, and only the cultivars 
were different. Two genotypes coexist in both groups B and D. The 
chemical composition of the introgressed cultivars after variety selection 
is closer to that of Arabica coffee, and the pyrazine compounds that 
adversely affect the taste and flavor have been reduced. Therefore, it is 
one-sided to determine coffee quality only by genetic introgressed. Ac-
cording to chemical composition, we preliminarily speculate that the 
samples of group B may have higher cupping scores, but this needs to be 
further studied through cupping by “Coffee Cupping Protocol of Specialty 
Coffee Association of America” (http://www.scaa.org/PDF/resources/cu 
pping-protocols.pdf). 

4. Conclusion 

The current research is one of the most effective methods to evaluate 
the difference in chemical compositions and qualities among different 
cultivars when they are planted in a particular region. It provides 
important insights for understanding the flavor characteristics of coffee. 
Water Soluble compound characterization and fragrance characteristics 
are crucial to establish the differences in the composition of different 

Table 3 
Classify coffee cultivars by PCA-defined chemical grouping.  

PCA 
group 

Order Cultivars Genetic 
Description 

Lineage Agronomic 
information 

A 2 DRARI 
296 

Introgressed 
(Catimor) 

Natural 
mutation of 
Catimor 7963. 

high disease 
resistance, 
leaf top 
maroon and 
old leaf 
purple 

B 4 DTARI 
585 

Introgressed Composite 
variety 
containing 
parentage 
from: SL28, 
SL34, Rume 
Sudan, N39, 
K7, SL4 and the 
Timor Hybrid. 

disease 
resistance 
and 
resillience 

B 5 Ruiru11 Introgressed Composite 
variety made of 
many varieties. 
Catimor 
(female 
parent) ×
multicross 
selection 
involving K7, 
SL28, N39, 
Rume Sudan, 
among others 
(male parent). 

resistance to 
coffee berry 
disease and 
coffee leaf 
rust 

B 6 Castillo Introgressed 
(Catimor) 

Hybridization 
of Caturra with 
the Timor 
Hybrid, 
developed over 
five 
generations. 

higher yield, 
resistance to 
leaf rust and 
other 
diseases 

B 7 DTARI 
366 

Introgressed 
(Sarchimor) 

Villa Sarchi ×
HDT 832/2. 

resistant to 
coffee leaf 
rust and 
berry or stem 
borer 

B 9 SL28 Bourbon- 
Typica 
Group 

Selection of 
“Tanganika 
Drought 
Resistant.” 
Bourbon-like 
genetic 
background. 

drought 
tolerant 

B 10 SL34 Bourbon- 
Typica 
Group 

Typica-like 
genetic 
background. 

adapted to 
high altitude 
areas with 
good rainfall 

B 12 Catuai- 
Vermelho 

Bourbon- 
Typica 
Group 

Mundo Novo ×
Caturra. 

high 
yielding, 
vigorous 
plant,red 
berries 

C 3 HDT Introgressed A nature cross 
between 
Arabica and 
Robusta. 

resistance to 
coffee berry 
disease and 
coffee leaf 
rust 

D 1 Catimor 
7963 

Introgressed 
(Catimor) 

Caturra 19/1 
× HDT 832/1, 
developed over 
six generations. 

high yields, 
high disease 
resistance 
and small 
plant size 

D 8 DTARI 
392 

Introgressed 
(Sarchimor) 

A hybrid of the 
Costa Rican 
Villa Sarchi and 
Timor Hybrid. 

drought and 
cold tolerant, 
no resistance 
to coffee leaf 
rust 

D 11 Catuai- 
Amarelo 

Mundo Novo ×
Caturra. 

high 
yielding,  

Table 3 (continued ) 

PCA 
group 

Order Cultivars Genetic 
Description 

Lineage Agronomic 
information 

Bourbon- 
Typica 
Group 

vigorous 
plant, yellow 
berries  
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cultivars of compounds. There are big differences between HDT and 
other introgressed Robusta cultivars in water-soluble components and 
aroma components, indicating that further hybridization can reduce the 
impact of Robusta undesirable genes. Comprehensive multivariate data 
analysis showed that the 12 coffee cultivars can be clustered into four 
groups: (A) DRARI 296 has high caffeic acid, 2-furylmethanol, caffeine, 
trigonlline and 1-Hydroxy-2-propanone, (B) DTARI 585, DTARI 366, 
SL34, SL28, Ruiru 11, Castillo and Catuai-Vermelho were rich in acids, 
(C) HDT had high pyrazines, (D) the other 3 cultivars (Catimor 7963, 
Catuai-Amarelo and DTARI 392). All the coffee cultivars studied are 
grown in the same germplasm garden, have the same climatic conditions 
and consistent agronomic measures. Therefore, the difference in chem-
ical composition content may be mainly due to its genetic characteris-
tics. Group B coffee cultivars may have high quality coffee material 
basis. Through this research, we can better understand the quality 
characteristics of different coffee cultivars, which is of great significance 
for guiding the adjustment of cultivars’ structure and the breeding of 
new cultivars. 
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Jeleń, H. H., Majcher, M., & Dziadas, M. (2012). Microextraction techniques in the 
analysis of food flavor compounds: A review. Analytica Chimica Acta, 738, 13–26. 

Kitzberger, C. S. G., Scholz, M. B. D., & Benassi, M. D. (2014). Bioactive compounds 
content in roasted coffee from traditional and modern Coffea arabica cultivars grown 
under the same edapho-climatic conditions. Food Research International, 61, 61–66. 

Kwon, D.-J., Jeong, H.-J., Moon, H., Kim, H.-N., Cho, J.-H., Lee, J.-E., … Hong, Y.-S. 
(2015). Assessment of green coffee bean metabolites dependent on coffee quality 
using a 1H NMR-based metabolomics approach. Food Research International, 67, 
175–182. 

Y. Wang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.foodres.2021.110544
https://doi.org/10.1016/j.foodres.2021.110544
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0005
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0005
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0005
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0010
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0010
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0010
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0015
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0015
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0015
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0015
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0020
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0020
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0020
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0025
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0025
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0025
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0030
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0030
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0030
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0035
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0035
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0035
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0035
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0040
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0040
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0040
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0040
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0045
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0045
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0045
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0045
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0050
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0050
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0050
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0055
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0055
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0055
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0060
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0060
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0060
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0065
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0065
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0070
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0070
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0075
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0075
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0080
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0080
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0080
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0085
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0085
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0085
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0090
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0090
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0090
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0090
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0095
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0095
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0095
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0105
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0105
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0110
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0110
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0110
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0115
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0115
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0115
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0120
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0120
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0120
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0120
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0125
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0125
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0125
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0125
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0125
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0130
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0130
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0135
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0135
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0140
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0140
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0145
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0145
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0145
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0150
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0150
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0155
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0155
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0155
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0160
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0160
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0160
http://refhub.elsevier.com/S0963-9969(21)00443-9/h0160


Food Research International 147 (2021) 110544

10

Lemos, M. F., Perez, C., da Cunha, P. H. P., Filgueiras, P. R., Pereira, L. L., da 
Fonseca, A. F. A., … Scherer, R. (2020). Chemical and sensory profile of new 
genotypes of Brazilian Coffea canephora. Food Chemistry, 310, 8. 

McCook, S., & Vandermeer, J. (2015). The big rust and the red queen: Long-term 
perspectives on coffee rust research. Phytopathology, 105(9), 1164–1173. 

Monakhova, Y. B., Ruge, W., Kuballa, T., Ilse, M., Winkelmann, O., Diehl, B., … 
Lachenmeier, D. W. (2015). Rapid approach to identify the presence of Arabica and 
Robusta species in coffee using H-1 NMR spectroscopy. Food Chemistry, 182, 
178–184. 

Mondello, L., Casilli, A., Tranchida, P. Q., Dugo, P., Costa, R., Festa, S., & Dugo, G. 
(2004). Comprehensive multidimensional GC for the characterization of roasted 
coffee beans. Journal of Separation Science, 27(5–6), 442–450. 

Nunez, N., Martinez, C., Saurina, J., & Nunez, O. (2021). High-performanceliquid 
chromatography with fluorescence detection fingerprints as chemical descriptors to 
authenticate the origin, variety and roasting degree of coffee by multivariate 
chemometric methods. Journal Of The Science Of Food And Agriculture, 101(1), 
65–73. 

Oestreich-Janzen, S. (2010). 3.25 - Chemistry of Coffee. In H.-. W. Liu, & L. Mander 
(Eds.), Comprehensive Natural Products II (pp. 1085–1117). Oxford: Elsevier.  

Okaru, A. O., Scharinger, A., de Rezende, T. R., Teipel, J., Kuballa, T., Walch, S. G., & 
Lachenmeier, D. W. (2020). Validation of a quantitative proton nuclear magnetic 
resonance spectroscopic screening method for coffee quality and authenticity (NMR 
coffee screener). Foods, 9(1). 

Ribeiro, D. E., Borem, F. M., Nunes, C. A., Alves, A. P., Santos, C. M., Taveira, J. H., & 
Dias, L. L. (2018). Profile of organic acids and bioactive compounds in the sensory 
quality discrimination of arabica coffee. Coffee Science, 13(2), 187–197. 

Rigal, C., Xu, J., Hu, G., Qiu, M., & Vaast, P. (2020). Coffee production during the 
transition period from monoculture to agroforestry systems in near optimal growing 
conditions, in Yunnan Province. Agricultural Systems, 177, Article 102696. 

Ripper, B., Kaiser, C. R., & Perrone, D. (2020). Use of NMR techniques to investigate the 
changes on the chemical composition of coffee melanoidins. Journal of Food 
Composition and Analysis, 87. 

Samoggia, A., & Riedel, B. (2018). Coffee consumption and purchasing behavior review: 
Insights for further research. Appetite, 129, 70–81. 

Schenker, S., Heinemann, C., Huber, M., Pompizzi, R., Perren, R., & Escher, R. (2002). 
Impact of roasting conditions on the formation of aroma compounds in coffee beans. 
Journal of Food Science, 67(1), 60–66. 

Shibamoto, T. (2015). Chapter 14 - Volatile Chemicals from Thermal Degradation of Less 
Volatile Coffee Components. In V. R. Preedy (Ed.), Coffee in Health and Disease 
Prevention (pp. 129–135). San Diego: Academic Press.  

Silva, R. A., Zambolim, L., Castro, I. S. L., Rodrigues, H. S., Cruz, C. D., & Caixeta, E. T. 
(2018). The Hibrido de Timor germplasm: Identification of molecular diversity and 
resistance sources to coffee berry disease and leaf rust. Euphytica, 214(9). 

Silwar, R., & Lüllmann, C. (1993). Investigation of aroma formation in robusta coffee 
during roasting. Café Cacao Thé, 37(2), 145–152. 
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