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Abstract The alkaloid compositions of 99 green coffee
(Coffea arabica L.) bean samples comprising eight varieties
(Harar, Jimma, Kaffa, Wollega, Sidama, Yirgachefe,
Benishangul and Finoteselam) from the major production re-
gions of Ethiopia were investigated. High performance liquid
chromatography was applied for the simultaneous determina-
tion of four coffee alkaloids in the aqueous extracts of the
beans. The limits of detection for the method were established
as 13 mg kg−1 for trigonelline, 7 mg kg−1 for theobromine,
8.5 mg kg−1 for caffeine and 4 mg kg−1 for theophylline in the
dry coffee beans. Theophylline was not detected in any of the
samples. The determined concentrations (% w/w dry coffee
beans) ranged from 0.98 to 1.32 % for trigonelline, 0.0048
to 0.0094 % for theobromine and 0.87 to 1.38 % for caffeine.
The concentrations of the alkaloids varied significantly, de-
pending on the geographical origin of the beans.
Theobromine was not detected in coffee beans from the East
(Harar coffees), and its absence in samples can be used to
ascertain whether the coffee originates from this region.
Coffee beans from the Northwest were characterized by

higher concentrations of caffeine. Application of linear dis-
criminant analysis provided 75 % correct classification of
samples into the respective production regions, with a 74 %
prediction success rate. The moderate classification efficiency
obtained when using alkaloid data demonstrates the potential
of using this class of compounds in discriminant models for
determination of the geographical origin of green coffee beans
from Ethiopia.
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Introduction

The methylxanthine class and trigonelline comprise the main
alkaloids in coffee. Methylxanthines are purine alkaloids,
which are plant secondary metabolites derived from purine
nucleotides (Crozier et al. 2006). Caffeine (1,3,7-
trimethylxanthine), theobromine (3,7-dimethylxanthine) and
theophylline (1,3-dimethylxanthine) occur mainly in coffee,
tea, cacao, cola and mate (Crozier et al. 2006; Ashihara et al.
2008; Alonso-Salces et al. 2009). Among these, caffeine is the
most abundant alkaloid in coffee (Farah et al. 2006b). The
second most abundant alkaloid in coffee is trigonelline (N-
methylpyridinium-3-carboxylate), a secondary metabolite of
the coffee plant derived from pyridine (Rodrigues and
Bragagnolo 2013). Although barley, corn, onion, pea, soybean
and tomato (Gichimu et al. 2014) contain trigonelline, coffee
is one of the most important sources of trigonelline among
plant-derived foods and beverages for human consumption
(Duarte et al. 2010).

The methylxanthine and trigonelline contents of green cof-
fee beans are affected by several factors including variety,
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genetic properties of the cultivar, maturity of the beans at
harvest, harvesting method and postharvest processing condi-
tions (fermentation, washing, drying, storage), agricultural
practices (shade, pruning, fertilization), environmental factors
(soil, altitude, sun exposure) and climatic parameters (rainfall,
temperature) (Casal et al. 2000; Alonso-Salces et al. 2009).
The caffeine content of green coffee beans depends mainly on
the coffee variety and location of origin (Casal et al. 2000;
Alonso-Salces et al. 2009). Concentrations of caffeine in
Arabica coffee were reported to range from 0.8 to 1.4 % (w/
w), but were found to be substantially higher in Robusta cof-
fee, ranging from 1.7 to 4.0 % (Cruz et al. 2012).
Concentrations of trigonelline in the range 0.74–1.54 % (w/
w) were reported in green beans of Arabica coffee (Duarte
et al. 2010; Gichimu et al. 2014). Farah (2012) indicated that
the amount of trigonelline in Robusta coffee is about two-
thirds of that present in Arabica coffee.

According to studies, the caffeine content of coffee is un-
affected by the roasting process (Cruz et al. 2012). However,
trigonelline undergoes thermal degradation during roasting
and, on average, 50–80 % of the compound is converted to
other products (Farah et al. 2006b; Kalaska et al. 2014).
Nicotinic acid (niacin), a water-soluble vitamin B, forms
through demethylation, while decarboxylation of trigonelline
results in the formation of methyl pyridine (Perrone et al.
2008; Rodrigues and Bragagnolo 2013).

Determination of the concentrations of themethylxanthines
and trigonelline in green beans is important for the coffee
industry as these compounds determine the flavour and ulti-
mately, the quality of the final coffee beverage. Firstly, the
methylxanthines and trigonelline are associated with the bit-
terness of the coffee (Farah et al. 2006b). Trigonelline also
contributes to the flavour of the beverage by acting as the
precursor for different classes of aroma compounds, including
the furans, pyrazines, pyrroles and pyridines, formed during
coffee roasting (Ky et al. 2001; del Campo et al. 2010;
Rodrigues and Bragagnolo 2013; Kalaska et al. 2014). The
trigonelline content has been highly correlated with good cup
quality of coffee (Farah et al. 2006b). Secondly, the consump-
tion of coffee and the constituent methylxanthines and
trigonelline have been associated with several physiological
effects. Stimulation of the central nervous system (CNS),
acute elevation of blood pressure, gastrointestinal noncompli-
ance and diuresis have been ascribed to the consumption of
caffeine (Alpdogan et al. 2002; Farah et al. 2006a; Al-Othman
et al. 2012). Some studies have also indicated a significant
correlation between high caffeine intake from coffee and the
risk of spontaneous abortion (Paradkar and Irudayaraj 2002).
Caffeine has been reported to have some health benefits, such
as the prevention of type 2 diabetes mellitus by impairing
glucose tolerance, decreasing insulin sensitivity and increas-
ing energy expenditure and weight loss (Petrie et al. 2004;
Higdon and Frei 2006). Some studies have also associated

caffeine intake with the prevention of Parkinson’s disease
(Ascherio et al. 2004). Theobromine and theophylline, al-
though to a lesser degree than caffeine, have stimulatory ef-
fects on the CNS and cause diuresis, peripheral vasoconstric-
tion, smooth muscle relaxation and myocardial stimulation
(Srdjenovic et al. 2008; Rodrigues and Bragagnolo 2013).
Trigonelline in consumed coffee has been associated with
several health benefits. Primarily, it serves as a source of vita-
min B, i.e. nicotinic acid, but the compound has also been
indicated to inhibit the invasive activity of cancer cells
(Hirakawa et al. 2005) and to regenerate dendrites and axons
to improve memory (Tohda et al. 2005).

Several methods have been reported for the determination
of methylxanthines in coffee and include separation tech-
niques such as high performance liquid chromatography
(HPLC) with ultraviolet (UV) detection (Srdjenovic et al.
2008; Al-Othman et al. 2012), electrochemical methods such
as voltammetry (Svorc et al. 2012), and spectroscopic tech-
niques including nuclear magnetic resonance spectroscopy
(del Campo et al. 2010), near infrared (Huck et al. 2005) and
UV-visible spectroscopy (Alpdogan et al. 2002; Lopez-
Martinez et al. 2003; Belay et al. 2008). However, the chro-
matographic methods provide accurate results and can be used
to determine individual methylxanthines in complex mixtures
(Huck et al. 2005; Srdjenovic et al. 2008).

Ethiopia is widely regarded as the birth place of coffee
(Kebede and Bellachew 2008; Amamo 2014). The province
of Kaffa in the western part of the country is considered as the
origin of Arabica coffee (Murthy and Naidu 2012). This vari-
ety represents Ethiopia’s original bean and is still the only one
grown in the country (Tessema et al. 2011; Amamo 2014).
Currently, Ethiopia is recognized as the largest producer and
exporter of Arabica coffee in Africa and among the leading
ones in the world (Kufa et al. 2011). In addition, a number of
Arabica coffee varieties with distinct flavour profiles are pro-
duced in different regions of the country. Factors including
genetic properties, climate, altitude and soil type contribute
to the unique characteristic taste of each region’s coffee
(Amamo 2014). Owing to this, the production region of the
coffee beans plays an important role in determining the price
of Ethiopian coffees in the market.

Of the coffee alkaloids, only caffeine has been investigated
in Ethiopian green coffee beans (Belay et al. 2008; Alonso-
salces et al. 2009). However, these studies included only lim-
ited samples, with regard to both total number and sample
type, and hence, no assumptions could be made regarding
the variation of caffeine among coffee beans cultivated in
the different regions of the country. Hence, the aim of this
study was to evaluate the diversity of methylxanthines and
trigonelline in green coffee beans produced in different parts
of Ethiopia and evaluate the feasibility of using the determined
alkaloid concentrations as chemical descriptors of the geo-
graphical origin of the coffee beans. As to our knowledge, this
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is the first report of the simultaneous determination of all four
alkaloids in coffee using HPLC.

Materials and Methods

Coffee Samples

Although coffee is cultivated throughout Ethiopia, the major
coffee production areas tend to be concentrated within four
regions (East, Northwest, South and West) of the country
(Fig. 1). Within each of these regions, representative samples
were selected, and the number was based on the commercial
importance of the region, in terms of both value and volume of
production. Accordingly, a total of 99 samples, 26 from East,
6 from Northwest, 49 from South and 18 from West, were
collected (Table 1). At least three 250 g samples of green
coffee beans were collected from each of the selected areas,
either directly from farms or from the Ethiopia Commodity
Exchange (ECX), the country’s only governmental organiza-
tion through which Ethiopia trades its coffees. Samples from
Northwest included Benishangul and Finoteselam coffees.
These coffees are commercially less important and are exclu-
sively produced for consumption by local communities. A
number of coffee varieties are produced in each of the other
coffee production regions. The western region produces three
commercially important varieties, Jimma, Kaffa and Wollega

coffees, the southern region two varieties, Sidama and
Yirgachefe coffees, while the eastern region produces a single
variety, Harar coffee. All of the green bean samples were
obtained from ripe coffee cherries treated either by washing
or sun drying, depending on the practice in the areas where
samples were collected. All samples were from the same har-
vest season and were collected throughout January and
February 2014. Samples were stored in plastic bags under
airtight conditions and transported to the laboratory for chem-
ical analysis. For each sample, 50 g of the green beans were
fine powdered, sieved and stored at room temperature.

Chemicals

A standard of caffeine purchased from Merck (Darmstadt,
Germany); standards of theobromine and trigonelline hydro-
chloride obtained from Fluka (St. Gallen, Switzerland); a ref-
erence standard of theophylline, HPLC grade acetonitrile and
formic acid supplied by Sigma-Aldrich (Johannesburg, South
Africa); and lead acetate purchased from PAL (Manchester,
UK) were used as received.

Extraction of Alkaloids

Alkaloids were extracted from the green coffee powders by
using the procedure described by Srdjenovic et al. (2008).
However, the method was modified by extracting twice by

Fig. 1 Map of Ethiopia depicting
the coffee sample collection
regions
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shaking for 30 min, rather than once for 5 min by stirring.
Briefly, a 0.200-g portion of each coffee powder, weighed
directly into a nylon centrifuge tube, was extracted with
5.00 mL of boiling distilled water by shaking for 30 min on
a platform shaker at 200 rpm. The mixture was centrifuged for
5 min at 3600 rpm (Dongwang, TD4K-Z, China), where after
the supernatant was decanted carefully into a second centri-
fuge tube. The residue was returned to the tube and extracted a
second time with 5.00 mL of boiling water. After combination
of the supernatants, the volume was adjusted to 10.0 mL. A
1.50-mL portion of the extract was treated with 30 μL of 20%
aqueous lead acetate solution to precipitate out polysaccha-
rides, proteins and other colloidal material from the extract
solution (Perrone et al. 2008). After centrifuging the mixture
for 5 min at 12,000 rpm (Hermle Labortechnik GmbH, Z216
MK, Germany), the supernatant was filtered directly into a
chromatographic vial through a 0.22-μm syringe filter
(Acrodisc; Sigma-Aldrich, Johannesburg, South Africa) for
chromatographic analysis.

Determination of Alkaloids

An Agilent Model 1260 Infinity (Germany) HPLC system,
coupled to a diode array detector (DAD), was used to deter-
mine the alkaloids in the green coffee extracts. After introduc-
tion of the sample (5 μL), separation was achieved on a re-
versed phase C8 column (Supelco, 15 cm×4.6 mm, 5 μm,
USA) maintained at 25 °C in a column thermostat. The anal-
ysis was carried out under isocratic conditions using 90 %
deionized water (acidified as 0.1 % aqueous formic acid)
and 10 % acetonitrile at a flow rate of 0.3 mL min−1. The
mobile phase was allowed to flow for 2 min between each
ana lys i s to wash and recond i t i on the co lumn .
Chromatographic data for caffeine, theobromine and theoph-
ylline were collected at 272 nm, whereas for trigonelline, it
was collected at 264 nm. In addition, the DAD was set to
collect UV-vis spectral data in the wavelength range 200–
400 nm. Peak identification was performed by comparing

the retention times and the UV-vis spectral profiles of analytes
to those of pure standards. Moreover, the identities were con-
firmed by spiking some of the coffee extracts with standard
solutions of the alkaloids. For this, a 1.00-mL aliquot
(20 mg mL−1) of the extract was spiked with 12 μL
(0.1 mgmL−1) of theobromine, and 20 μL (10 mgmL−1) each
of trigonelline and caffeine and was subsequently analysed by
HPLC. An increase in peak area for each alkaloid after stan-
dard addition supported the identification of the compounds.
Quantitative determination of caffeine, theobromine, theoph-
ylline and trigonelline was done after constructing calibration
curves from the chromatographic peak areas obtained after
analysis of standard solutions of the respective alkaloids. All
samples were analysed in triplicate from three separate ex-
tracts, and each of the triplicate samples was also analysed
twice by HPLC.

The identity of theobromine was confirmed by mass spec-
tra obtained from the analyses of the pure standard and select-
ed coffee samples using an ultra performance liquid chromato-
graph (UPLC) coupled to a photo diode array (PDA) detector
and a quadrupole time of flight mass spectrometer (Waters,
Acquity UPLC-qTOF-MS, USA). A sample injection volume
of 2 μL was used throughout. Separation was performed on a
bridged ethylene hybrid C18 column (Waters, Acquity UPLC
BEH C18, 1.7 μm, USA) held at 40 °C. A binary solvent
system consisting of 0.1 % aqueous formic acid (solvent A)
and acetonitrile (solvent B) was used in the gradient mode at a
0.3-mL min−1 mobile phase flow rate. The initial concentra-
tion of the mobile phase (5%B) was increased to 10%B over
2 min, and then to 25 % B over 6 min and finally to 50 % B
over 8 min, before returning to 5 % B over 9 min. Mass
spectral data were collected in the positive mode after
electrospray ionization using a source temperature of
100 °C, desolvation temperature of 400 °C and capillary volt-
age of 3.5 kV. Argon was used as the collision gas at a colli-
sion energy of 6 eV and nitrogen as desolvation gas at
600 L h−1. Theobromine was identified by comparing its re-
tention time, UV-vis spectral profile and mass spectral char-
acteristics to that of the pure standard.

Method Validation

The validity of the method for determining each of the alka-
loids was assessed in terms of linearity, limit of detection, limit
of quantitation, precision and accuracy. Stock solutions
(5000 mg L−1 each) of caffeine, theophylline and trigonelline
were prepared by dissolving 50 mg of the pure standards in
10 mL of distilled water. A stock solution (300 mg L−1) of
theobromine was prepared by dissolving 30 mg of the stan-
dard in 100 mL of distilled water. By diluting the stock solu-
tions, 10 standards were prepared with concentrations in the
range of 0.25–500 mg L−1 for caffeine, theophylline and
trigonelline and in the range of 0.25–300 mg L−1 for

Table 1 Geographical regions of origin, varieties and numbers of the
studied green coffee bean samples

Region Variety Number of samples

East Harar 26

Northwest Benishangul 3

Finoteselam 3

West Jimma 6

Kaffa 10

Wollega 2

South Sidama 39

Yirgachefe 10
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theobromine. Calibration curves were constructed from the
chromatographic peak areas obtained after analysis of the
standard solutions of the respective alkaloids. The linearity
of the calibration curves was evaluated based on the magni-
tude of the coefficient of determination (R2). The limit of
detection (LOD) and limit of quantitation (LOQ) of the meth-
od for each alkaloid were calculated as three times and ten
times, respectively, the standard deviation of the background
signal from nine measurements divided by the slope of the
calibration equation. The precision of the method was evalu-
ated by analysing samples in triplicates from three separate
extracts, each of the extracts were also analysed twice by
HPLC, and calculating the relative standard deviation (RSD)
for each sample. The accuracy of the analytical procedure was
evaluated by recovery studies. For this, 0.200 g of a powdered
green coffee sample was spiked with 80, 100 or 120 μL of
0.1 mg mL−1 theobromine and 135, 165 or 200 μL each of
10 mg mL−1 trigonelline and caffeine and submitted to the
extraction and clean-up procedures used for sample prepara-
tion. The spiked amounts represent about 65, 85 and 100 % of
the concentration of the alkaloids found in the coffee sample.
Subsequently, the spiked samples were analysed by HPLC
under identical conditions to that of the samples. All of the
spiking experiments were performed in triplicates, and the
overall average percent recovery values were calculated.

Water Content Determination

In order to express the results on a dry weight basis, the water
content of the samples was determined after drying 0.200-g
aliquots of powdered green beans in an oven at 105 °C for
12 h (Bertrand et al. 2008).

Chemometric Data Analysis

Data were analysed using one-way analysis of variance
(ANOVA) to test for significant differences between the
mean concentrations of alkaloids among the regional green
coffee beans. Differences were considered significant when
α<0.05. Multivariate chemometric analysis was performed
using the statistical software package SPSS 20 (IBM Corp,
USA). Principal component analysis (PCA) and linear dis-
criminant analysis (LDA) models were constructed after
arranging the dataset in the form of a matrix, of which
the rows represented the green coffee bean samples and
the columns the concentrations of the alkaloids. Before
analysis, the data was standardized to a mean of zero
and variance of one, by subtracting from each alkaloid
the mean concentration of the alkaloid in the data set
and dividing by the corresponding standard deviation.
Unsupervised PCA models were obtained to visualize
sample trends and evaluate the discriminatory characteris-
tics of the determined alkaloids. In contrast, the supervised

LDA models were constructed to study the classification
of samples according to geographical origins. The validity
of the LDA model was assessed by means of the leave-
one-out cross-validation method. In this method, each
sample was classified by the discriminant functions com-
puted from the rest of samples in the data set, i.e. each
sample is treated as unknown and its class is determined
based on the discriminant functions computed from the
remainder of the samples. The percentage of cross-
validated samples that were correctly classified provided
an indication of the number of new samples, belonging
to the groups of samples studied, which can be correctly
classified by the LDA model. In addition, the reliability of
the LDA model was tested in terms of recognition and
prediction abilities. For this, the entire sample set was
divided as training and validation sets. The validation set
consisted of 24 randomly selected samples, while the re-
maining 75 samples were used as a training set to con-
struct the LDA model. From the average of five iterations,
the recognition ability of the model was evaluated from
the percentage of the samples in the training set that were
correctly classified in to their respective groups by the
LDA model constructed based on the samples in the train-
ing set. Samples of the validation set were considered
completely unknown and were used to evaluate the pre-
diction ability of the LDA model constructed from sam-
ples of the training set. The prediction ability of the LDA
model was evaluated in terms of the percentage of the
samples in the validation set that were correctly classified
by using the LDA model constructed in the training step.

Results and Discussion

Characterization of Alkaloids

The extracts of the green coffee samples were analysed to
determine the concentrations of caffeine, theobromine, the-
ophylline and trigonelline (Fig. 2). Analysis of a standard
mixture (10.0 mg L−1 each) of the four alkaloids by HPLC
provided well separated peaks within 7 min (Fig. 3).
Srdjenovic et al. (2008) reported a HPLC method for the sep-
aration of caffeine, theobromine and theophylline within
8 min. In this study, excellent separation was achieved within
a shorter time, even after including trigonelline in the mixture.

Theophylline was not detected in any of the green coffee
samples. Alonso-Salces et al. (2009) reported that theophyl-
line was not present in green Arabica coffee beans from
Africa, Asia and America. Clifford and Kazi (1987) reported
that the alkaloid was present only in Robusta beans. However,
trigonelline, theobromine and caffeine were detected in the
coffee samples (Fig. 4), with the exception of theobromine
in Harar coffees. Theobromine was not detected, within the
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detection limit of the method, in any of the 26 samples of
Harar coffees (Fig. 5). This finding implies that the absence
or presence of theobromine can be used as a chemical marker
for ascertaining whether the coffee originates from Harar or
not.

The identities of the eluting compounds were determined
by comparing the retention times and UV-vis spectra with
those of pure standards. Moreover, the identities were con-
firmed by spiking some of the coffee extracts with standard
solutions of the alkaloids. An increase in peak area for each
alkaloid after standard addition supported the identification of
the compounds (Fig. 6). The identity of theobromine was
verified by UPLC-MS since the mass spectra obtained for
the samples provided an accuratemolecular mass, correspond-
ing to the molecular ion at m/z 181.0724106658, and other

features that exactly matched that of the pure theobromine
standard.

Validation of the Method

The method was validated with respect to each of the alka-
loids. Calibration curves were found to be linear over the
range 0.25–400 mg L−1 for theophylline, 0.5–400 mg L−1

for caffeine, 0.5–300 mg L−1 for theobromine and 1–
400 mg L−1 for trigonelline. Regression coefficients (R2) ob-
tained for the calibration curves were better than 0.999, indi-
cating good linearity within the concentration ranges studied.
The LODs of the method were 0.26, 0.14, 0.17 and
0.08 mg L−1 for trigonelline, theobromine, caffeine and the-
ophylline, respectively. This is equivalent to 13 mg kg−1 for
trigonelline, 7 mg kg−1 for theobromine, 8.5 mg kg−1 for caf-
feine and 4 mg kg−1 for theophylline with respect to the dry
weight of green coffee beans. These values were lower for
theobromine and theophylline and higher for caffeine than
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those obtained by Srdjenovic et al. (2008) after the analysis of
coffee beans using HPLC with UV detection. They reported
LODs of 0.2 mg L−1 for theobromine, 0.1 mg L−1 for theoph-
ylline and 0.07 mg L−1 for caffeine.

The precision of the method expressed in terms of relative
standard deviation varied in the range 1.1–5.0 % for
trigonelline, 2.8–9.1 % for theobromine and 0.20–6.2 % for
caffeine. Relatively higher measurement uncertainties were
associated with theobromine, probably due to the low concen-
trations in the samples. The levels of theobromine present in
the coffee beans were, however, well above the LOQ of the
method. The LOQ of the method, calculated as ten times the
standard deviation of the background signal from nine mea-
surements divided by the slope of the calibration equation,
when expressed as % w/w of dry green coffee beans is
0.0026 %. On the other hand, the amounts of theobromine
found in the coffee samples (0.0048–0.0094 %) were well
above the LOQ of the method, except in Harar coffees where
the concentrations of theobromine were below the LOD. The
accuracy of the analytical procedure was evaluated by recov-
ery studies performed in triplicates. The average percent re-
covery values were 98.6(±4.7)% for trigonelline, 99.4(±2.8)%
for caffeine and 103.2(±6.3)% for theobromine. The varia-
tions of the percent recovery values from 100 % are all within
one standard deviation values, indicated in parenthesis, assur-
ing the accuracy of the method for determining each of the
alkaloids (Muniz-Valencia et al. 2014).

Variations of Alkaloids in the Coffee Beans

The determined concentrations (% w/w dry coffee) varied in
the range of 0.98–1.32 % for trigonelline, below LOD to

0.0094 % for theobromine and 0.87–1.38 % for caffeine
across the entire sample set (Table 2). The concentrations of
the alkaloids determined in the coffee samples are within the
range of values previously reported for green beans of the
Arabica variety (Belay et al. 2008; Perrone et al. 2008;
Alonso-Salces et al. 2009; de Santos et al. 2012).

Statistical analysis with one-way ANOVA (α=0.05) re-
vealed the presence of significant differences between the
mean concentrations of the alkaloids found in samples from
the four regions studied (Table 2). The mean concentrations of
trigonelline in Northwest and East green coffee samples were
significantly higher than that found in West and South sam-
ples. Coffee samples from Northwest contained significantly
more theobromine than West coffees. On the other hand, as
stated earlier, theobromine was not found in East (Harar) cof-
fees. Regarding caffeine, samples from Northwest contained
significantly higher amounts than samples from the other re-
gions. Northwest coffees tend to be distinguished by their
higher contents of caffeine as compared to those from the
other regions. The distribution of the caffeine among samples
within each region is displayed using box and whiskers plots
(Fig. 7). The plots indicate a summary of the median, the first
and third quartiles and the minimum and maximum observed
values that are not statistical outliers.

The methylxanthine and trigonelline composition of green
beans depends mainly on genetic properties, agricultural prac-
tices, harvesting and postharvest processing methods and en-
vironmental growing conditions (Casal et al. 2000; Alonso-

Table 2 The mean concentration (% w/w dry weight) of alkaloids
determined in green coffee beans from the four regions studied

Region Trigonelline Theobromine Caffeine

East (n=26) Mean 1.19 <LODa 1.05

SD 0.08 – 0.08

Min 1.06 – 0.87

Max 1.32 – 1.31

Northwest (n=6) Mean 1.22 0.0075 1.25

SD 0.06 0.0007 0.10

Min 1.15 0.0066 1.12

Max 1.29 0.0084 1.38

South (n=49) Mean 1.15 0.0067 1.09

SD 0.06 0.0009 0.06

Min 1.01 0.0054 0.95

Max 1.31 0.0094 1.20

West (n=18) Mean 1.10 0.0062 1.11

SD 0.06 0.0011 0.06

Min 0.98 0.0048 0.98

Max 1.20 0.0088 1.24

The minimum (min), maximum (max) and standard deviation (SD)
values are also indicated
a <LOD is below limit of detection
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Salces et al. 2009). Ethiopian coffee is predominantly pro-
duced by small-scale farmers using traditional farming prac-
tices, which are normally considered to be organic (Kufa et al.
2011). Furthermore, coffee harvesting in Ethiopia is typically
performed by hand picking of ripe coffee cherries. Therefore,
differences arising from agricultural processes and harvesting
methods probably do not attribute to the observed differences
in the methylxanthine and trigonelline contents of the studied
coffee samples. Regarding postharvest processing methods,
the samples used in the study were of both wet processed
(26 samples) and dry processed (73 samples) coffee beans.
The samples were collected in accordance with the proportion
of commercial coffees produced by the country. Joet et al.
(2010) found that wet processing did not affect the caffeine
concentration of green Arabica coffee beans from Reunion
Island. A study by Duarte et al. (2010) also indicated that
caffeine levels are not affected by the processingmethod used.
However, in contrast to this, Duarte et al. (2010) did find that
the postharvest processing method had a significant influence
on the concentration of trigonelline in green Arabica beans
from Brazil. Wet processed beans were found to contain
higher amounts of trigonelline than semi-dry processed coffee
beans. Rather than the method having a direct effect on
trigonelline, the authors ascribed the observed variation in
the wet method to the loss of other water-soluble components,
resulting in higher concentrations of trigonelline. In relation to
geographical origin, Gichimu et al. (2014) indicated the pres-
ence of significant variation in the caffeine and trigonelline
contents of green Arabica beans cultivated in different parts of
Kenya. Alonso-Salces et al. (2009) also reported considerable
variation in the concentration of caffeine present in green
Arabica coffee beans from different countries and continents.
Several investigators have also pointed out the significant in-
fluence of genetic traits on the caffeine and trigonelline com-
position of green coffee beans (Casal et al. 2000; Alonso-

Salces et al. 2009). Concerning Ethiopian coffees, investiga-
tors have indicated the existence of high genetic variation
between coffees grown in different regions of the country
(Kebede and Bellachew 2008). Therefore, the observed vari-
ation in the methylxanthine and trigonelline contents of the
studied samples can be ascribed mainly to differences in the
genetic properties and environmental growing conditions of
the coffee plants. The postharvest processing method used
may also have contributed to the observed variation of the
trigonelline concentrations.

Relative standard deviation values were used to evaluate
the extent of variability of the alkaloids among coffee samples

Table 3 The mean concentrations (% w/w dry weight) of alkaloids
determined in green coffee beans of the eight major varieties studied

Variety Trigonelline Theobromine Caffeine

Benishangul (n=3) Mean 1.20 0.0081 1.16

SD 0.06 0.0003 0.04

Min 1.15 0.0079 1.12

Max 1.26 0.0084 1.19

Finoteselam (n=3) Mean 1.25 0.0070 1.34

SD 0.07 0.0004 0.03

Min 1.17 0.0066 1.32

Max 1.29 0.0074 1.38

Harar (n=26) Mean 1.19 <LODa 1.04

SD 0.08 – 0.08

Min 1.06 – 0.87

Max 1.32 – 1.31

Jimma (n=6) Mean 1.15 0.0064 1.15

SD 0.04 0.0012 0.07

Min 1.10 0.0048 1.06

Max 1.20 0.0084 1.24

Kaffa (n=10) Mean 1.06 0.0057 1.09

SD 0.04 0.0005 0.06

Min 0.98 0.0049 0.98

Max 1.13 0.0063 1.16

Sidama (n=39) Mean 1.14 0.0066 1.09

SD 0.06 0.0009 0.06

Min 1.01 0.0054 1.00

Max 1.26 0.0094 1.20

Wolega (n=2) Mean 1.13 0.0081 1.14

SD 0.04 0.0011 0.01

Min 1.10 0.0073 1.13

Max 1.16 0.0088 1.15

Yirgachefe (n=10) Mean 1.16 0.0070 1.07

SD 0.08 0.0009 0.05

Min 1.04 0.0055 0.95

Max 1.31 0.0087 1.13

The minimum (min), maximum (max) and standard deviation (SD)
values are also indicated
a <LOD is below limit of detection

Fig. 7 Box plot showing the distribution of caffeine determined in green
coffee beans from the four regions studied
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produced within a given region. Trigonelline displayed the
highest variability within East samples. Theobromine was
highly variable within West, while caffeine was highly vari-
able within the East and Northwest samples. The observed
variation is due to the fact that a number of distinct coffee
varieties are producedwithin each region. Furthermore, within
an area that produces a given variety of coffee, the presence of
several coffee landraces that can be distinguished by their
distinct agromorphological and organoleptic characteristics
has been indicated (Kebede and Bellachew 2008; Tessema
et al. 2011). These unique organoleptic properties are indica-
tive of the presence of genetic variability.

The eight major coffee varieties, i.e. Harar, Jimma, Kaffa,
Wollega, Sidama, Yirgachefe, Benishangul and Finoteselam,
were also tested for the presence of significant differences in
their alkaloid contents. Accordingly, Kaffa coffee was found
to have a significantly lower content of trigonelline than the
other coffee varieties, with the exception of Jimma and
Wellega coffees (Table 3). Furthermore, the Kaffa variety con-
tains smaller amounts of theobromine; however, the difference
was significant only compared to Benishangul, Wollega and
Yirgachefe coffees. Caffeine was found in significantly higher
concentrations in Finoteselam than in the other coffee varie-
ties. Harar was found to contain lower levels of caffeine; how-
ever, the difference is significant only compared to
Finoteselam, Benishagul, Jimma and Wollega varieties.

The average concentrations of the alkaloids determined in
the coffee bean samples from the four regions studied are,
generally, comparable with values reported for green
Arabica beans from different countries and continents
(Table 4). The determined concentrations of caffeine (0.87–
1.36 %) are comparable to those (0.95–1.23 %) reported for
Kenyan coffees by Gichimu et al. (2014). However, the caf-
feine contents are considerably lower than those (1.43–
1.69 %) reported for Asian coffees by Alonso-Salces et al.
(2009). Quantitative data, in the literature, regarding the con-
centration of theobromine in green coffee beans is scarce.

Some studies have detected, but not quantified, theobromine
in green coffee beans (Alonso-Salces et al. 2009). On the other
hand, several investigators have reported quantitative data for
theobromine in roasted coffee beans (Lopez-Martinez et al.
2003; Santos and Rangel 2012) and brews prepared from
roasted ground coffee (Rodrigues and Bragagnolo 2013).
Previous studies have indicated that the caffeine content of
coffee is unaffected by the roasting process (Cruz et al.
2012). From its structural similarity with caffeine, theobro-
mine may also be stable during coffee roasting. Hence, the
amounts (0.0048–0.0094%) determined in green beans in this
study can be compared with values (0.0024–0.011 %) report-
ed for commercial roasted coffees (Lopez-Martinez et al.
2003; Santos and Rangel 2012). The concentrations of
trigonelline measured in this study (0.98–1.32 %) agree well

Table 4 The concentrations (% dry weight) of caffeine (CAF), theobromine (TBR) and trigonelline (TRG) determined in this study compared with
values reported for green coffee beans of the Arabica variety

Sample origin CAF TBR TRG Method Ref.

Africa 1.22–1.68 – – HPLC-UV Alonso-Salces et al. (2009)
Central America 1.09–1.74 – –

South America 1.05–1.72 – –

Asia 1.43–1.69 – –

Brazil 0.92 – 1.03 LC-MS Perrone et al. (2008)

Commercial roasted 1.39–2.21 0.0024–0.011 – HPLC-UV Santos and Rangel (2012);
Lopez-Martinez et al. (2003)

Brazil 1.05–1.54 – 0.74–0.92 HPLC-UV Duarte et al. (2010)

Kenya 0.95–1.23 – 1.01–1.54 HPLC-UV Gichimu et al. (2014)

Ethiopia 0.87–1.38 0.0048–0.0094 0.98–1.32 HPLC-UV This study

Fig. 8 Scores plot of the constructed the principal component analysis
model constructed from the alkaloid concentrations determined in green
coffee beans from Ethiopia
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with those (1.01–1.54%) determined by Gichimu et al. (2014)
in Kenyan green beans.

Principal component analysis (PCA) was used to vi-
sualize sample trends and evaluate the discriminatory
characteristics of the determined alkaloids. Two princi-
pal components (PCs), with Eigen values >1, were
computed. PC1 and PC2 explained 48 and 35 %, re-
spectively, of the overall variance in the dataset. The
first component, PC1, was highly influenced to the pos-
itive side by both caffeine and theobromine, whereas
PC2 was highly influenced to the positive side by
trigonelline. Caffeine also contributed to the positive
side of PC2. The distribution of samples on the scores
of the two PCs is illustrated by Fig. 8. East (Harar)
coffees are clearly separated to the negative side of
PC1, mainly due to the absence of theobromine in these
coffees. This can be a useful analytical tool to authen-
ticate Harar coffees since these coffees can be charac-
terized by the absence of theobromine. Northwest cof-
fees tend to separate far to the positive side of both
PC1 and PC2. This is mainly due to the higher content
of caffeine in Northwest varieties, which is also clearly
seen in the box plots (Fig. 7). On the other hand, South
and West coffees tend to exhibit a similar alkaloid com-
position that is evident from the overlap of samples
from these regions (Fig. 8).

Linear discriminant analysis (LDA) was applied to
assess the usefulness of the alkaloids as indicators for
the geographical of origin of the coffee beans. For this,
the alkaloid contents of the coffee beans from the four
regions, i.e. East, Northwest, South and West, were
used. From the three discriminant functions computed,
the first two discriminant functions together accounted
for 99 % of the variation in the data set. Theobromine
contributed highly to the first function, while caffeine
contributed more to the second function. The overall
proportion of the sample set correctly classified into
the respective regions was 75 %. With respect to each
region, 67 % of the South samples were correctly clas-
sified, while 100, 67 and 61 % of the samples from the
East, Northwest and West samples were correctly clas-
sified, respectively.

The LDA model was tested with leave-one-out cross-vali-
dation, in which each sample was classified by the discrimi-
nant functions computed from the remainder of the samples in
the dataset. Accordingly, 74 % of cross-validated samples
were correctly classified into their respective regions. The
reliability of the LDA model was assessed in terms of its
recognition and prediction abilities. The recognition ability
of the model was 75 %, whereas its prediction ability was
74 %. This shows that the LDA model has only moderate
efficiency. Hence, alkaloids alone are not sufficient to build
accurate predictive models for the origin of coffee beans.

However, the results obtained in this study demonstrates the
potential of using alkaloids, in conjunction with other chemi-
cal constituents such as phenolic compounds, for the construc-
tion of classification models and generation of databases use-
ful for the geographical origin discrimination of Ethiopian
green coffee beans.

Conclusion

HPLC was successfully applied for the simultaneous
determination of coffee alkaloids (caffeine, theobromine,
theophylline and trigonelline) in the aqueous extracts of
green coffee beans from various regions of Ethiopia.
Theophylline was not detected in any of the coffee sam-
ples. On the other hand, significant variations in the
concentration of the other alkaloids were observed de-
pending on the geographical origin of the coffee beans.
Theobromine was not found in coffee beans from the
East (Harar coffees), while coffee beans from the
Northwest were characterized by higher concentrations
of caffeine. Therefore, the absence or presence of theo-
bromine can be used as a chemical marker to ascertain
whether beans are of the Harar variety or not.
Application of linear discriminant analysis using the al-
kaloid contents of the beans provided 75 % correct
classification of samples into their respective production
regions with a 74 % prediction success rate. The mod-
erate classification efficiency obtained with alkaloids
demonstrates the potential of using this class of com-
pounds in discriminant models useful for tracing the
geographical origin of green coffee beans from Ethiopia.
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