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A B S T R A C T

Paullinia cupana, commonly known as guarana, is an Amazonian fruit whose seeds are used to produce the
powdered guarana, which is rich in caffeine and consumed for its stimulating activity. The metabolic profile of
guarana from the two largest producing regions was investigated using UPLC-MS combined with multivariate
statistical analysis. The principal component analysis (PCA) showed significant differences between samples
produced in the states of Bahia and Amazonas. The metabolites responsible for the differentiation were identified
by orthogonal partial least squares discriminant analysis (OPLS-DA). Fourteen phenolic compounds were
characterized in guarana powder samples, and catechin, epicatechin, B-type procyanidin dimer, A-type pro-
cyanidin trimer and A-type procyanidin dimer were the main compounds responsible for the geographical
variation of the samples.

1. Introduction

Guarana (Paullinia cupana, Sapindaceae), a natural product from the
Amazon, is revered for its stimulant and gastronomic qualities
(Schimpl, Da Silva, Gonçalves, &Mazzafera, 2013). The interest in
guarana is mainly due to the pharmacological action of caffeine, which
is associated with increased alertness and improved cognitive and
physical abilities. Guarana seeds are rich in caffeine (containing up to
6% dry weight), theophylline and theobromine, terpenes, flavonoids,
and starch (Pagliarussi, Freitas, & Bastos, 2002). The caffeine content in
guarana seeds is 4–6 times greater than that found in coffee beans, tea
leaves, and cola nuts (Claudio, Ferreira, Freire, & Coutinho, 2013;
Edwards et al., 2005).

Guarana is marketed in four different forms: raw guarana (roasted
grain), guarana stick (raw guarana crushed and pounded, shaped into
rod-shaped, dried and smoked), guarana powder (roasted and
grounded), and syrups (Brasil, 2003). The majority (70%) of guarana
production is directed to the soft drink industry in the form of syrup,
and the remainder is consumed in powder or bar form.

Most of the guarana produced on a commercial scale is Brazilian in
origin, corresponding to 3554 tons in 2014. The states of Bahia and
Amazonas accounted for over 95% of the planted guarana area in

Brazil, with the production of 2691 and 624 tons, respectively (IBGE,
2016). In southern Bahia, soil and climatic conditions similar to the
Amazon are found that favor development. Both regions have Tropical
Rainforest vegetation. The south of Bahia has an eastern Northeast
Tropical climate (super humid, no drought) with an average annual
rainfall of 1946 mm and mean temperature of 24.5 °C. The state of
Amazonas has an equatorial (super humid, no drought) climate with an
average annual precipitation and temperature of 2145 mm and 27.4 °C,
respectively. The phenolic composition of guarana grown in these two
areas has not been comparatively studied.

Chemical fingerprinting is an analytical approach for sample clas-
sification based on metabolic profiles, which can change in response to
plant exposure to different types of stimuli such as pathogens, eda-
phoclimatic factors, and genetic disorders (Dettmer,
Aronov, & Hammock, 2007). Chemical fingerprinting techniques enable
the verification of possible adulteration in food and reveal the geo-
graphical indications of the samples. In this context, fingerprinting has
been developed for geographical indication of food products using
chromatographic and spectrometric techniques (Gonzalvez, Llorens,
Cervera, Armenta, & De La Guardia, 2009; Costas-Rodríguez,
Lavilla, & Bendicho, 2010; Furia, Naccarato, Sindona,
Stabile, & Tagarelli, 2011; Cheajesadagul, Arnaudguilhem, Shiowatana,
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Siripinyanond, & Szpunar, 2013).
Ultra-performance liquid chromatography (UPLC) coupled with

modern mass analyzers such as quadrupole and time-of-flight (Q-ToF) is
one of the most commonly used techniques for chemical fingerprinting
of plant metabolites, biological samples, and food products. This tech-
nique uses chromatographic columns with small particles (< 2.0 μm)
to improve resolution and peak reproducibility, increase sensitivity,
and reduce analysis time (Liu, Zhang, Gao, Jiang, & Chen, 2015; Wan
et al., 2013). UPLC-Q-ToF combines the chromatographic separation
efficiency with the structural information provided by mass spectro-
metry (molecular weight and fragmentation pattern) (Nguyen,
Guillarme, Rudeaz, & Veuthey, 2006). Mass spectrometry (MS) detec-
tion is significantly enhanced by UPLC because increased peak con-
centrations with reduced chromatographic dispersion at lower flow
rates (no flow splitting) promote increased source ionization efficiency
(Swartz, 2005). However, as UPLC-MS metabolic profiling generates a
large amount of data, chemometric tools have become indispensable for
interpretation. Principal component analysis (PCA) and the Orthogonal
Projections to Latent Structures Discriminant Analysis (OPLS-DA) have
been successfully used for food analysis.

PCA is a powerful method for differentiating species, while OPLS-
DA may be useful in identifying components (chemical markers) re-
sponsible for this difference. OPLS-DA is a PCA-based method of mul-
tivariate calibration that uses PCA to reduce the dimensionality of the
data set to obtain a correlation. Chromatogram or spectrum (matrix X)
regions with the properties of interest (matrix Y) can be analyzed by a
multivariate model (Bylesjö et al., 2007; Trygg, Holmes, & Lundstedt,
2007; Westerhuis, Van Velzen, Hoefsloot, & Smilde, 2010; Wiklund
et al., 2008).

OPLS-DA and PCA have been combined with LC-MS/MS to de-
termine fruit constituents (Lin, Yang, & Kuo, 2012) for fruit juice au-
thentication (Jandrić et al., 2014), metabolomic analysis and geo-
graphic origin of oranges (Díaz, Pozo, Sancho, & Hernández, 2014), and
the detection of plant contaminants (Cho et al., 2012; Macherius et al.,
2014).

We compared the phenolic profile of guarana seeds (P. cupana)
originating from two Brazilian producing regions (Bahia and
Amazonas) using UPLC-MS and chemometric tools to identify possible
chemical markers. We previously used nuclear magnetic resonance to
determine the composition of sugars, amino acids, lipids, phenolic
compounds, and caffeine content of guarana seeds from these same
regions (Silva et al., 2016).

2. Material and methods

2.1. Materials

Ultrapure water was obtained from Milli-Q water purification
system (Millipore, Bedford, MA, USA). Formic acid, acetonitrile, and
methanol solvents were LC-MS grade (Merck, Darmstadt, Germany).
(+)-Catechin was purchased from Sigma-Aldrich (St. Louis, USA),
while (−)-epicatechin, procyanidin A2 [epicatechin-(2β → 7; 4β → 8)-
epicatechin], and procyanidin B2 [epicatechin-(4β → 8)-epicatechin]
were supplied by Extrasynthese (Lyon, France). PTFE syringe filters
(0.22 μm) were purchased from Millipore. Thirty-five guarana samples
were analyzed, and fourteen samples were commercial. Nine samples
were purchased in the state of Amazonas (Maués County-AM) and five
in the state of Bahia (Ilhéus County-BA). Among the twenty-one sam-
ples obtained from farmers, fifteen were harvested in the Low South
Bahia region (Valença, Taperoá, and Ituberá Counties), while six sam-
ples were harvested in Una County, South Bahia as shown in
Supplementary Table 1. The samples were stored at 2 °C until the time
of analysis.

2.2. Extract preparation

First, 20 mg of ground guarana was suspended in 2.0 mL of 70%
methanol. The mixture was sonicated in an ultrasound bath for 2 min,
centrifuged for 2 min at 600 rpm, and the supernatant was collected for
analysis.

2.3. Chromatographic analysis by UPLC-QTOF-MSE

The analyses were accomplished on an Acquity UPLC (Waters, USA)
coupled to a Xevo Quadrupole and Time-of-Flight mass spectrometer
(Q-TOF, Waters). The chromatographic runs were performed on a
Waters Acquity BEH UPLC column (150 mm× 2.1 mm I.D., 1.7 μm) at
40 °C. The mobile phase consisted of water with 0.1% formic acid (A)
and acetonitrile with 0.1% of formic acid (B), elution at 2–95% B
(0–15 min), 100% B (15.1–17 min), and equilibration with 2% B
(17.1–19.1 min) at a flow rate of 0.4 mL min−1 and an injection vo-
lume of 5.0 μL. Ionization was performed with an electrospray ioniza-
tion source (negative mode ESI), acquired in the range of 110–1180 Da
with a source temperature of 120 °C, desolvation temperature of 350 °C,
desolvation gas flow rate of 500 L h−1, extraction cone of 0.5 V, and a
capillary voltage of 2.6 kV. In the low scan, the cone voltage was 35 V
with collision energy of 5 eV (trap). In the high scan, the cone voltage
was 35 V, and the collision energy ramp was 20–40 eV (trap). Leucine
enkephalin was used as the lock mass. The mode of acquisition was
MSE. The instrument was controlled by MassLynx 4.1 software (Waters
Corporation). Three biological replicates were injected in triplicate.

2.4. Quantification of catechin and epicatechin

The compounds were quantified using external standard calibration
curves of catechin and epicatechin. Stock solutions were prepared with
5 mg of each compound dissolved in 1:1 acetonitrile/water and were
transferred to 5 mL volumetric flasks. The preparation of the calibration
curves followed dilutions of the stock solution ranging from 2 to
200 μg L−1 (n = 7). The precursor ion at m/z 289.07 was used as a
parameter to determine the areas of the standard solutions and samples.

2.5. Statistical analysis

2.5.1. Chemometric analysis
The UPLC-MS data analyzed by chemometrics were processed

through MassLynx software (version 4.1, Waters Corporation) under
the following conditions: retention time 2.50–6.00 min, mass range
120–1180 Da, and noise elimination level 5. A list of the identities of
peaks was created using the retention time (tr) and mass/charge ratio
(m/z). The intensity of each peak was normalized to the intensities of
the peaks in the sample. The alignment method used to generate the
PCA was centered on the average. The results of the tr-m/z pairs (2389
pairs), sample name, and ion intensity were analyzed by PCA and OPLS-
DA.

3. Results and discussion

3.1. Chemical characterization of guarana samples by UPLC-QTOF-MSE

UPLC-QTOF-MSE analysis of the guarana seed extracts identified 14
compounds, as shown in Fig. 1I–II and Table 1, as catechin, epicatechin,
and procyanidin oligomers (Fig. 2). Although the presence of proan-
thocyanidin multicharged ions have been reported in LC-MS analysis,
this type was not observed in our MS spectra. Ions with m/z 575, 863,
and 1151 exhibited a mass difference of 288 Da and were assigned to A-
type procyanidin consisting of dimers, trimers, and tetramers, respec-
tively. B-type procyanidins presented ions at m/z 577, 865, and 1153
and were differentiated from the A-type by two mass units (Gu et al.,
2003; Li et al., 2012; Qiang et al., 2015; Tala et al., 2013; Zhang & Zhu,
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2015). Procyanidins were detected in guarana extracts with a degree of
polymerization ranging from 2 to 4 units of condensed (epi)catechin. In
litchi (Litchi chinensis Sapindaceae), the proanthocyanidins were A-type
procyanidins, and the degree of polymerization varied according to the
fruit part. Lv et al. (2015) used UPLC-QTOF-MS to characterize the

proanthocyanidins existing in 32 cultivar pulps and found procyanidins
with up to 6 units of (epi)catechin. The proanthocyanidins from peri-
carp and seeds may contain up to 20 units (Zhou et al., 2011). For
guarana, the low degree of polymerization of proanthocyanidins could
result from decomposition caused by seed fermentation, which is a

Fig. 1. Chromatogram of guarana seed samples (Paullinia cupana) AM (commercial samples from Amazonas State), BA (commercial samples from Bahia State), BS (samples from Low
South Bahia State), U (samples from Una County Bahia State) I. Compounds identified in negative mode of the commercial sample from Bahia State (BA) II.
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process commonly used for aril removal. This phenomenon was also
observed in cacao beans (D'Souza et al., 2017).

Procyanidins are a class of condensed tannins (proanthocyanidins)
in the flavan-3-ol class that have been reported as components in foods
and beverages such as grapes, wine, green tea, and guarana.
Procyanidins can have a type A or B linkage between the flavonoid
units. The B-type is characterized by individually connected flavonoid
units between carbon C-4 and C-6 from the chain-extending unit or C-4
and C-8 from the chain termination unit. A-Type procyanidins differ
from B-type by having one additional ether bond at C-2 (Ferreira,
Marais, Coleman, & Slade, 2010). Guarana proanthocyanidin char-
acterization was enabled by fragmentation mechanisms (Supplemen-
tary Figs. 1–3). The most commonly found mechanisms were the fission
of heterocyclic ring B with a loss of 126 Da (heterocyclic ring forming
fission, HRF), retro Diels-Alder with loss of 152 Da, water elimination,
benzofuran formation (benzofuran-forming fission, BFF), and quinone

methide fission (QM).
Compounds 2 and 6 gave a precursor ion at m/z 577. A fragmen-

tation proposal is shown in Supplementary Fig. S1 for MS/MS frag-
ments at m/z 451 [M-H-126], derived from the HRF and exit of 1,3,5-
trihydroxybenzene (phloroglucinol). The ions at m/z 425 [M-H-152]−

and 407 [M-H-152-18]− corresponded to retro Diels-Alder of one upper
(epi)catechin moiety which resulted in the loss of a galloyl unit and
subsequent elimination of water (likely at the C-ring 3-OH position).
The precursor ion underwent QM fission with loss of the (epi)catechin
unit to yield an ion at m/z 289 [M-H-288]−. The structures of 2 and 6
were consistent with B-type procyanidin dimers (Qiang et al., 2015;
Zhang & Zhu, 2015). Unfortunately, HR-MS data was not sufficient to
determine whether procyanidins were formed by catechin or epica-
techin units, arranged via (4 → 6) or (4 → 8)-type linkages, or the ab-
solute configuration at C-4. However, the UPLC-MS data recorded for
compound 6 matched the analytical standard of procyanidin B2 and

Table 1
Constituents identified or tentatively identified in guarana seeds (Paullinia cupana).

Peak no. Tr min [M-H]− calculated [M-H]− found Product ions (EM/EM) Elemental composition Error ppm Tentatively identified

1 0.89 341.1080 341.1084 179.0548 C12H21O11 1.2 Sucrose
2 2.78 577.1353 577.1346 451.1090; 425.0877; 407.0781; 289.0736 C30H25O12 1.2 B-type procyanidin dimer
3 2.92 1153.2610 1153.2614 865.2078; 577.1353; 425.0789; 407.0789;

289.0721
C60H49O24 0.8 B-type procyanidin tetramer

4 3.10 289.0713 289.0712 245.0658; 205.0489 C15H13O6 0.3 Catechina

5 3.22 865.1963 865.1980 739.1872; 577.1364; 425.0864; 407.0787;
289.0709

C45H37O18 0.3 B-type procyanidin trimer

6 3.28 577.1347 577.1346 451.1115; 425.0893; 407.0794; 289.0710 C30H25O12 0.2 Procyanidin B2a

7 3.45 863.1849 863.1823 711.1403; 573.1063; 451.1047; 411.0740;
289.0702

C45H35O18 3.0 A-type procyanidin trimer

8 3.55 289.0707 289.0712 245.0778; 205.0495 C15H13O6 1.7 Epicatechina

9 3.59 863.1790 863.1823 711.1334; 573.1038; 451.0998; 411.0697.
289.0720

C45H35O18 3.8 A-type procyanidin trimer

10 3.95 1151.2499 1151.2457 863.1879; 575.1196; 407.0688; 289.0729 C60H47O24 3.6 A-type procyanidin tetramer
11 4.03 1151.2496 1151.2457 863.1858; 575.1148; 407.0743; 289.0789 C60H47O24 3.4 A-type procyanidin tetramer
12 4.42 575.1178 575.1190 449.0874; 423.0763; 407.0761; 289.0748 C30H23O12 2.7 A-type procyanidin dimer
13 4.90 575.1201 575.1190 449.1015; 423.0775; 407.0698; 289.0671 C30H23O12 1.9 Procyanidin A2a

14 5.41 861.1700 861.1667 575.1207; 449.1167; 423.0686; 289.0751 C45H33O18 3.8 A-type procyanidin trimer

a Analytical standards analyzed under the same conditions of the samples.

Fig. 2. Structures of the class substances identified in the guarana extract (Paullinia cupana). 1 (+)-catechin, 2 (−)-epicatechin, 3 (epi)catechin A-type dimer, 4 (epi)catechin B-type
dimer, 5 (epi)catechin A-type trimer, 6 (epi)catechin B-type trimer, 7 (epi)catechin A-type tetramer, and 8 (epi)catechin B-type tetramer.
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was identified as a dimer of epicatechin-(4β → 8)-epicatechin.
Compound 3 showed a precursor ion at m/z 1153.2614 and was

characterized as a B-type procyanidin tetramer. The MS/MS fragments
at m/z 865 and 577 [M-H-288; M-H-576]− were attributed to the QM
loss of one and two units (epi)catechin, respectively. The m/z 425 [M-H-
576-152]− fragment was attributed to inter-flavan bond breaking fol-
lowed by a retro Diels-Alder rearrangement. The fragment at m/z 289
[M-H-864]− was typical of (epi)catechin (Qiang et al., 2015;
Zhang & Zhu, 2015).

Compounds 4 and 8 were identified as catechin and epicatechin,
respectively, using the precursor ion at m/z 289 and the retention time
was similar to authentic standards.

Compound 5 exhibited a precursor ion at m/z 865.1980 with frag-
ments at m/z 739 [M-H-126] generated by HRF of the C-ring at the
upper (epi)catechin monomer, leading to an A ring output as phlor-
oglucinol. The ion at m/z 577 [M-H-288]− was formed from the loss of
one upper (epi)catechin unit by a QM mechanism. The formation of
ions with m/z 425 [M-H-289-152]−, 407 [M-H-289-152-18]−, and 289
[M-H-577]− were explained by the mechanisms described above.
Compound 5 was characterized by these data as a B-type procyanidin
trimer (Qiang et al., 2015; Tala et al., 2013).

Procyanidin trimers with only one A-type connection were evident
by fragments at m/z 573 and 289 generated from QM cleavage between
the middle and the terminal units of (epi)catechin, or at m/z 575 and
289 between the upper and the middle units (Galaverna, Sampaio,
Barata, Eberlin, & Fidelis, 2015). Compounds 7 and 9 showed a pre-
cursor ion at m/z 863 and fragments at m/z 711, 573, and 289. The
fragment at m/z 711 was formed by retro Diels Alder rearrangement
from the (epi)catechin unit with loss of 152 Da. Peaks 7 and 9 were
identified as an A-type procyanidin trimer with (2 → 7; 4→ 8) or (2 →
7; 4 → 6) linkages between the middle and terminal units of (epi)ca-
techin.

Compounds 10 and 11 showed a precursor ion at m/z 1151 with
MS/MS fragments at m/z 863 [M-H-288]−, 575 [M-H-576]−, and m/z
289 [M-H-862] that were attributed to successive QM cleavages with
loss of (epi)catechin units. The ion fragment at m/z 407.0688 [M-H-
575-150-18]− was formed by RDA followed by a loss of water.
Compounds 10 and 11 were characterized as A-type procyanidin tet-
ramers (Qiang et al., 2015; Zhang & Zhu, 2015).

Compounds 12 and 13 exhibited a precursor ion at m/z 575. The
fragmentation proposal for this ion is shown in Supplementary Fig. S3
with MS/MS fragments at m/z 449 [M-H-126]− after HRF, m/z 423 [M-
H-152]− from retro Diels-Alder of one (epi)catechin unit, and m/z 289
[M-H-288]− from QM cleavage of one (epi)catechin unit. Both com-
pounds were compatible A-type procyanidin dimers (C30H23O12)
(Qiang et al., 2015). Compound 13 was identified as epicatechin-(2β→
7; 4β→8)-epicatechin after comparison with UPLC-MS data of the
analytical standard of procyanidin A2.

Finally, compound 14 showed a precursor ion at m/z 861.1667
consistent with a procyanidin trimeric bound through two A-type lin-
kages (Zhang & Zhu, 2015). Table 1 summarizes the compounds iden-
tified in guarana seeds.

3.2. Principal component analysis of guarana samples from different
producing regions

PCA (Fig. 3.I) was performed to discriminate guarana seed samples
from different producing regions according to their metabolic profiles
as represented by retention time and the mass-to-charge ratio (tr-m/z)
from the UPLC-QTOF-MSE analysis. PCA showed 79% of the total cu-
mulative variance in diaxial axes PC1 and PC2. A tendency to form two
major groups distributed in the first principal component (PC1) was
identified. A group of commercial samples from Bahia State (BA) was
located to the left of PC1 (negative scores), while the majority of
samples from Low South Bahia State (BS) were on the right side of PC1
(positive scores). Samples from Una County BA (U) and Amazonas (AM)

did not show any clustering tendency due to samples from these groups
that were close to BA and BS samples, while others presented a ran-
domized distribution.

Fig. 3.II represents weighted (loadings) plots with the tr and m/z of
guarana samples. The analysis of these graphs revealed which pairs of
tr-mz were responsible for the distribution and grouping of the samples
in the score plot. The Low South (BS) samples were differentiated by
catechin (1) and epicatechin (8) with positive scores values at PC1 and
PC2, along with the procyanidin B2 (6), A-type procyanidin trimer (9),
A-type procyanidin dimer (12), and procyanidin A2 (13) with negative
scores values at PC1 and PC2. Procyanidin A2 (13), A-type procyanidin
dimer (12) and B-type procyanidin trimer (9) with negative values at
PC1 and positive at PC2 were responsible for the separation observed in
Bahia (BA) commercial samples. In Fig. 3.III, the Hotelling's T2 plots
showed that the metabolic composition of samples was similar. The
AM8 sample exhibited outliers in the 95% confidence interval that were
considered a result of average variability among replicates in the
model.

In a previous study using PCA with 1H NMR data, we reported that
guarana seeds from the Bahia States contained higher contents of caf-
feine and phenolic compounds than samples from the Amazonas States.
In contrast, these latter ones were richer in fatty acids (Silva et al.,
2016).

3.3. OPLS-DA analysis and origin discrimination

OPLS-DA chemometric analysis was applied to the data UPLC-
QTOF-MSE to compare the samples according to the origin. OPLS-DA is
a supervised analysis method to study ions that contribute to the ex-
perimental sample classification (Liu, Peng, Jia, Cai, et al., 2014). In the
OPLS-DA model, the classification between two groups can be visua-
lized in the form of scores chart and scatter plot (S-plot). The scores
graph (Fig. 4.I) summarizes observations regarding trends and patterns
in the data set and separates the noise. The S-plot used the tr-m/z to
improve visualization of the classification variables by combining the
covariance profiles and correlation of weights (loading) from the pre-
diction model component of OPLS-DA. The correlation for the class or
group was calculated with a maximum of 1. Ions with a high correlation
value and covariance were distant from the origin and contributed to
the separation of classes (Liu, Peng, Jia, Zhang, et al., 2014).

In OPLS-DA data, besides the visual separation of sample profiles
through the scatter plots, we should observe other parameters such as
the adjustment of the generated model. There is risk related to the
adjustment of data when using this type of supervised analysis.
Validation of the accuracy and reliability of the model was performed
with the parameters of R2Y and Q2. Q2 was used to check the predictive
ability of the model, determine the fraction of Y variation that could be
predicted, and evaluate the statistical quality of the model (Wu, Li,
Wang, Li, & Feng, 2015). Statistical quality was expressed as a result of
the cross validation to provide a qualitative measure of consistency
between the predicted and actual data (Worley & Powers, 2013). R2Y
was used to check the degree of model adjustment from the Y variance
explained by the model. When R2Y and Q2 values approach 1, the
model should have a better forecast. However, when the R2Y and Q2

are> 0.5, the model has a good prediction (Qi et al., 2014; Shang et al.,
2014).

All OPLS-DA models showed clearly separated samples as shown in
Fig. 2, and high predictive values as indicated by the corresponding R2Y
(97% in BA vs AM, 97% in BA vs. U, 98% in BA vs. BS, 89% in BS vs. U)
and Q2 (81% in BA vs. AM, 85% in BA vs. U, 97% in BA vs. BS, 68% in
BS vs U). The values of R2Y and Q2 suggested that the models were well
established and had good predictive ability.

3.3.1. Commercial samples from Bahia State (BA) × Amazonas State
(AM)

Although both groups of samples were from commercial origin, a
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larger intraclass variation occurred in the Amazonas group compared to
Bahia commercial samples. This intraclass variation may be related to
sampling since the cultivation, origin, and processing for commercial
samples may vary.

Fig. 5.I depicts the S-plot with ions responsible for the BA classifi-
cation found at the bottom of the plot, whereas ions responsible for AM
samples were located at the top. Ions that contributed to the separation
observed in the score plot were highlighted in red on the S-plot graph as
potential chemical markers with each point represented by a tr-m/z
pair. Six chemical markers were identified.

A-type procyanidin dimers (12 and 13), the B-type procyanidin
dimer (2), and the A-type procyanidin trimer (9) were the most dis-
tinctive compounds of the Amazonian samples. Epicatechin (8) and
catechin (4) were the primary chemical markers of Bahia commercial
samples.

3.3.2. Commercial samples from Bahia State (BA) × Una County (U)
On the scatter plot (OPLS-DA) the variance was projected against

the correlation variables and the metabolites, which was essential in the
model (Fig. 5.II). From the S-plot graph, six ions were highlighted as
possible markers and were responsible for classification and separation
of BA and Una samples.

Among six major ions, only three have been identified. The com-
pounds procyanidin A2 (13) and A-type procyanidin trimer (9) were
responsible for the differentiation of Una samples, while B-type pro-
cyanidin dimer (2) was responsible for differentiating the Bahia

commercial samples.

3.3.3. Commercial samples from Bahia State (BA) × Low South Bahia
State (BS)

From the S-plot (Fig. 5.III), ten potential pairs of tr-m/z were se-
lected to delineate the classes studied (BA × BS), but only three com-
pounds were identified. A-type procyanidin dimer (12), procyanidin A2
(13) and A-type procyanidin trimer (9) contributed to the classification
of samples from Low South Bahia. Bahia commercial samples exhibited
other discriminating ions that could not be identified.

3.3.4. Samples from Low South Bahia (BS) × Una County (U)
In Fig. 5.IV, the S-plot shows the ions (tR-m/z) responsible for the

classification and separation of BS and U samples. However, only three
compounds were identified: epicatechin (8), catechin (4), and B-type
procyanidin dimer (2).

The South Bahia region is divided into “sub-regions” known as Low
South, South, and Far South. Una County is located in South. Despite
the chemical similarity between samples due to the geographical
proximity, epicatechin and catechin showed much higher relative in-
tensities from Low South samples than in Una samples. Una samples
showed a greater contribution of B-type procyanidin dimer in their
compositions.

Fig. 3. Data analyzed by PCA score center scaled, negative mode, from guarana seeds (Paullinia cupana). In the PCA model, two PCs were used. PC1 and PC2 contributed to 56% and 23%
of the total explained variance, respectively (I). Loading graph PC1 × PC2 of guarana samples by retention time (tR) and mass-to-charge ratio (m/z) (II). Hotelling's T2 graphic showing
95% confidence area (III).
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3.4. Quantification of catechin and epicatechin

Due to the differences in catechin and epicatechin levels between
guarana samples from the three producing regions observed by che-
mometric analyses, quantitative determinations of these compounds
were performed by UPLC-Q-ToF-MSE. The analytical curves were linear
in the concentration ranges used (Table 2). The R2 values were above
0.99 for all calibration curves. We used an average of seven con-
centration levels for each buffer solution for these analyses. The var-
iation coefficient was< 15.0% (ICH, 1995). The results presented were
sufficient for the main analytical validation guides cited by ICH, as well
as the concentrations of catechin and epicatechin found.

Catechin belongs to a flavonoid group known as flavan-3-ol and has
been reported beneficial to human health with chemoprotective activity
(Boyer & Liu, 2004; Yang, Wang, Lu, & Picinich, 2009), antioxidant ac-
tivity (Majhenič, Škerget, & Knez, 2007, Jadhav & Singhal, 2014;
Rashidinejad, Birch, & Everett, 2016), anti-inflammatory vascular ac-
tion (Boyer & Liu, 2004; Velayutham, Babu, & Liu, 2008), and preven-
tion of osteoporosis and neurodegenerative disease (Scalbert, Manach,
Morand, Rémésy, & Jiménez, 2005).

Fig. 6 exhibits the variation of catechin and epicatechin in guarana
samples. For catechin, the samples from the Low South Bahia had the
highest content (11.6 ± 1.3 mg g−1 DW) followed by samples from
Una (7.2 ± 1.0 mg g−1 DW), Bahia commercial samples
(7.1 ± 1.0 mg g−1 DW) and Amazonas (5.2 ± 0.6 mg g−1 DW).
Likewise, samples from Low South Bahia had the greatest content of
epicatechin (9.2 ± 0.8 mg g−1 DW), followed by samples from Una
(4.9 ± 1.0 mg g−1 DW), Amazonas (4.0 ± 1.0 mg g−1 DW), and
Bahia commercial samples (3.7 ± 0.3 mg g−1 DW). In Brazilian
commercial samples, Machado et al. (2018) found contents of nearly
5.0 mg g−1 for catechin (~0.46%) and epicatechin (~0.55%) using an
HPLC-UV method. These results were compatible with the amounts

determined for samples from Amazonas State. Procyanidins A2 and B2
were quantified at levels of approximately 0.06% and 0.10%, respec-
tively.

There are other sources of catechin and epicatechin such as cocoa,
whose contents can vary respectively from 0.14 to 0.63 mg g−1 and
from 0.59 to 5.77 mg g−1 (Natsume et al., 2000), as well as grapes
containing from 0.04 to 0.61 mg g−1 (Abe, Mota, Lajolo, & Genovese,
2007). A low concentration (0.1 mg g−1) of epicatechin was found in
litchi pulp. The major source of these compounds is green tea (Camellia
sinensis) at levels from 1.2 to 9.9 mg g−1 catechin and from 6.4 to
21.8 mg g−1 epicatechin (Sabhapondit, Karak, Bhuyan,
Goswami, & Hazarika, 2012).

Proanthocyanidins are susceptible to environmental stimuli (e.g.,
sunlight, temperature, rainfall, climate, and soil) that may influence the
activity of enzymes involved in the polyphenol biosynthesis (Makris,
Kallithraka, &Mamalos, 2006). Due to these variations, proanthocya-
nidins are employed as chemical markers to determine origin, varieties,
and harvest season of food, beverages, and medicinal plants, and are
useful for quality control, geographic indication, and authentication of
products as well as chemotaxonomy (D'Souza et al., 2017; Luengas-
Caicedo, Braga, Brandão, & Oliveira, 2007; Makris et al., 2006; Naldi
et al., 2014; Sivakumaran et al., 2006). For instance, procyanidins B1
and B2 were responsible for the cultivar and origin-based discrimina-
tion of young red wine from many Greek viticulture areas (Makris et al.,
2006). Phenolic compounds, including proanthocyanidins, were con-
sidered chemical markers of origin for Brazilian grape juices (Margraf,
Santos, Andrade, van Ruth, & Granato, 2016). Incidentally, it was pre-
viously demonstrated that Brazilian grape juices contained higher
proanthocyanidin and anthocyanin levels than those produced in
Europe (Granato, Koot, Schnitzler, & van Ruth, 2015). This chemical
difference may have been due to geography or the type of grape variety.

Proanthocyanidins were the main discriminatory compounds for

Fig. 4. Score chart in models of two classes according to OPLS-DA: (I) commercial samples of the state of Amazonas (AM) x commercial samples of the state of Bahia (BA); (II) commercial
samples of Bahia (BA) × samples of the municipality of Una-BA (U); (III) commercial samples of Bahia (BA) × samples of the Low South Bahia region (BS); (IV) samples of the Low South
Bahia region (BS) × samples of the municipality of Una-BA (U).
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cocoa grown in six different countries (D'Souza et al., 2017). In the
medicinal plant Cecropia glaziovii, proanthocyanidin contents were
higher in the dry season rather than in the rainy period (Luengas-
Caicedo et al., 2007). Lotus species were distinguished from each other
according to type, the degree of polymerization, and content of
proanthocyanidins (Sivakumaran et al., 2006). Meanwhile, Suvanto
et al. (2017) have studied Rosaceae and Ericaceae plants to understand
why the species from the former predominantly biosynthesize hydro-
lyzable tannins, whereas the latter ones produce condensed tannins.

The influence of the weather and latitude on the composition of
proanthocyanidin from sea buckthorn berries (Hippophaë rhamnoides L.)
was investigated by Yang, Laaksonen, Kallio, and Yang (2017). These
authors found no difference between wild and cultivated berries, even

though berries grown in northern Finland had greater levels of proan-
thocyanidins than those from southern Finland, where the temperature
and solar radiation were higher. Kaundun et al. (1998) found no geo-
graphical variability of proanthocyanidin composition (prodelphinidins
and procyanidins) among Pinus halepensis Millwild populations grown
in six countries. However, there was a significant difference between
cultivated and native pines. According to these authors, cultivated trees
produce more proanthocyanidins in response to a stress condition. Wild
trees grow under lower environmental pressure and accumulate fewer
secondary metabolites.

The major factors responsible for the variation in the proantho-
cyanidin profile between guarana seeds from the two largest Brazilian
producing regions were difficult to identify, as the samples analyzed did

Fig. 5. OPLS-DA/S of products derived from Amazonas commercial (AM), Bahia commercial (BA), Bahia Low South (BS), municipally of Una-Ba (U). 1 (tr 4.42 min, m/z 575.1178), 2 (tr
4.90 min, m/z 575.1201), 3 (tr 3.59 min, m/z 863.1790), 4 (tr 3.10 min, m/z 289.0713), 5 (tr 3.55 min, m/z 289.0707), 6 (tr 2.78 min, m/z 577.1353), 7 (tr 4.42 min, m/z 575.1178), 8 (tr
4.90 min, m/z 575.1201), 9 (tr 3.59 min, m/z 863.1790), 10 (tr 3.55 min, m/z 289.0707), 11 (tr 3.10 min, m/z 289.0713), 12 (tr 4.42 min, m/z 575.1178), 13 (tr 4.90 min, m/z 575.1201),
14 (tr 3.59 min, m/z 863.1790).

Table 2
Parameters evaluated in the method validation.

Compound RT (min) Linearity (μg mL−1) R2 CV % (n = 3) (μg mL−1)

2.0 10.0 LOD (μg mL−1) LOQ (μg mL−1)

C 3.10 0.5–200 0.9931 5.50 1.62 0.25 0.5
EC 3.55 2.0–200 0.9959 3.18 5.72 0.25 2.0

RT: retention time. R2: coefficient of determination. CV %: coefficient of variation. LOD: limit of detection. LOQ: quantification limit.
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not come from experimental fields. Our guarana samples were not
produced under controlled conditions, not even those provided by
farmers. Although Bahia and Amazonas states are located in different
latitudes, their climates (temperature, rainfall, vegetation, and sun-
light) are considered similar as was described earlier. The higher con-
tents of proanthocyanidins found in samples from Bahia appear to be
related to the guarana production system. In Bahia, guarana is culti-
vated in farms, while it is produced in Amazonas by extractivism from
wild populations. Accordingly, the chemical variability observed be-
tween guarana seeds from these two geographic origins could be at
least partially explained by the same hypothesis proposed for pines.

4. Conclusion

LC-MS analyses of the guarana samples identified fourteen com-
pounds characterized as catechin and epicatechin in addition to flavo-
noid oligomer derivatives known as procyanidins.

PCA applied to the chromatographic and spectroscopic data con-
firmed the hypothesis of a correlation between the chemical data and
the geographical origin of guarana samples. Catechin, epicatechin, A-
type procyanidin dimer, B-Type procyanidin dimer, and A-type pro-
cyanidin trimer were responsible for the differentiation of samples from
Low South Bahia. A-type procyanidin dimer, B-type procyanidin dimer,
and B-type procyanidin trimer were the differential compounds from
Bahia commercial samples. Additionally, the OPLS-DA-based models
showed great potential to predict the origin of guarana samples.

Our study indicated the close relationship of phenolic content to the
geographical origin, which may assist in the botanical authentication of
these materials and claim geographical indication in the future.
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