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Abstract

The present work aimed to evaluate three varieties of peanut (Arachis hypogaea L.) regarding the content of anthocyanins
and total phenolics, antioxidant activity, phenolic profile and the alkaloids trigonelline and theobromine. The total phenolic
content was analyzed by the Fast-Blue and Folin—Ciocalteau methods, while the antioxidant activity was analyzed by the
B-carotene/linoleic acid, ABTS* and FRAP methods. The phenolic profile and alkaloids were determined using high perfor-
mance liquid chromatography (HPLC-DAD-UV-Vis). Peanuts with beige shells stood out with higher antioxidant activity
and total phenolic content, while peanuts with purple shells stood out with higher anthocyanin content. Eight phenolic com-
pounds and the alkaloids trigonelline and theobromine have been identified in peanut varieties. However, only four phenolics
(gallic, syringic, ferulic and transcinnamic acids), in addition to the two alkaloids, were identified simultaneously in the
three varieties studied. Chlorogenic acid was absent in red and purple-seeded varieties, catechin and resveratrol in varieties
with red and beige coats, and p-coumaric acid in those with beige coats. For the first time, trigonelline and theobromine
were identified in peanuts. Therefore, the bioactive composition and antioxidant activity of peanuts depend on its genotype.
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Introduction

Arachis Hypogaea L. is a herbaceous plant belonging to the
Fabaceae family, commonly known as Leguminoseae. Its
fruits develop, atypically, underground, and have a leath-
ery coat that protects the seeds, called peanuts. Its origin
is believed to date back to Central America, from where it
spread to other parts of the world [1], being cultivated and
consumed in the tropics and subtropics, in more than 100
countries [2]. China is the largest producer of peanuts with
an estimated production of 18.3 million tons in 2021, fol-
lowed by India which produced just over 10 million tons,
also in 2021 [3]. The peanut is the second most important
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legume cultivated globally, and contributes greatly to the
diet of many people [4]

In Brazil, according to the National Supply Company
(Conab), peanut production in 2023 was approximately 893
thousand tons, having great importance from an economic
point of view for the country. The production of legumes is
largely intended for export of the grain in natura or manu-
factured mainly as oil, which has contributed to the develop-
ment of agriculture and Brazilian agroindustry [5].

Peanuts are an important vehicle for oils, proteins, vita-
mins B (thiamine, riboflavin, niacin, folate, and vitamin B6),
vitamin E, and fiber [6]. In addition to its nutritional value,
it is considered an excellent source of functional compounds
[7], with emphasis on phytosterols, phenolic compounds,
stilbenes, lignans, and isoflavonoids. It presents high anti-
oxidant activity, which is related to the combat of various
diseases [8]. Its intake is related to improving memory func-
tion and the response to stress in young people [6], in addi-
tion to reducing the risk of diabetes, cardiovascular diseases,
cancer, Alzheimer's, and gallstones [9].

Raw peanut kernel contains polyphenols, p-hydroxyben-
zoic acid, chlorogenic acid, p-coumaric acid, ferulic acid,
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catechin, epicatechin, resveratrol, quercertin, kaempferol,
and procyanidins [6, 10—13]. The composition and amount
of bioactive compounds are different in each of the parts of
the peanut [6]. The tegument, a thin layer that superficially
covers the grain, is the fraction of the grain that most con-
centrates bioactive compounds. It can have different colors,
such as reddish pink, black, white, and even multicolored,
depending on the variety [14]. Therefore, the seed coat influ-
ences the content of phenolic compounds and the antioxi-
dant activity of peanuts [15]. In addition to the seed coat,
other factors can influence the composition of phenolic com-
pounds in peanuts, such as genotype, growing conditions,
disease resistance, post-harvest storage, and heat treatment
[12, 16].

After an extensive review of the literature, no reports
were found on the presence of theobromine and trigonelline
in peanuts. The beneficial health effects of these alkaloids
have been reported in recent years [17-21]. Furthermore,
there was a lack of studies on the phenolic profile and anti-
oxidant capacity of fresh peanuts, and no studies were found
that investigated the correlation between the color of the
seed coat and the presence of bioactive compounds. There-
fore, the objective of the present work was to evaluate the
content of bioactive compounds and the antioxidant activity
of three peanut varieties, seeking to correlate these variables
with each other and with the color of the seed coat.

Material and methods
Experimental design

The experiment was conducted in a simple completely ran-
domized design (DIC) consisting of 3 varieties of peanuts
(Arachis hypogaea L.), easily distinguishable by the color of
the seed coat, namely: “Virginia” (beige), “Valéncia” (red),
and “ Roxo creole” (purple), in 6 replicas.

Plant material

Peanuts (Arachis hypogaea L.) of three varieties, classified
according to the color of the seed coat as beige, red, and
purple, of the varieties “Virginia”, “Valéncia”, and “Roxo
creole”, respectively (Fig. 1), were harvested in the city
of Santana do Garambéu in Campos das Vertentes, Minas
Gerais, Brazil (Latitude: 21° 34’ 30" South, Longitude: 44°
4" 49" West, 1044.52 m altitude). The region’s climate is
classified According to Koppen's [22], as type Cwb, mild
temperate (mesothermal) or high-altitude tropical, with dry
winters and rainy summers. The average annual precipitation
is 1.387 mm and the average annual temperature is 18.4 °C
[23]. Most of the soil in the region is described as dystrophic
Tb haplic cambisols (66%), followed by red-yellow latosols

@ Springer

(A) (B) ©

Fig. 1 Peanuts with beige A, red B and purple C coats

(9.4%), red latosols (7%), litholic neosols (5.95%), humic
cambisols (4.77%), fluvic neosols (2.51%), and hydromor-
phic soils (1.09%) [24].

The peanuts were harvested at the ideal point of matura-
tion, which the ideal harvest point being considered when
70-80% of the pods had a dark internal color, and when
the grains were filled according to the characteristic color
of each variety. Approximately 3 kg of peanuts from each
variety were separated and packaged in six low-density poly-
ethylene packages, each containing about 500 g of peanuts,
considered replicates.

The peanuts were transferred to the Fruit and Vegeta-
ble Post-harvest Laboratory at the Federal University of
Lavras, where they were prepared and analyzed, discard-
ing those with the presence or signs of pathogens, pests,
and defects. Immediately after peeling, the grains with the
seed coat intact were analyzed for color, texture, size, and
mass and then homogenized in an industrial blender, sprayed
with liquid nitrogen, and stored in an ultrafreezer (Coldlab-
CL374-86 V) at —80 °C, until the moment of carrying out
the other analyses.

Analysis
Anthocyanins

The total anthocyanin content was estimated spectrophoto-
metrically [25]. The anthocyanic compounds were extracted
by exposing 1 g of sample to 25 mL of ethanol acidified with
hydrochloric acid, until pH=1), for 1 h, at room tempera-
ture. The extract was filtered through filter paper (qualitative
filter paper, 15 cm in diameter, Unifil®), completing the vol-
ume to 50 mL with acidified ethanol. After this procedure,
a spectrophotometer was read at a wavelength of 535 nm,
considering the acidified ethanol as white. The results were
expressed in milligrams of cyanidin-3-glycoside per 100 g
of sample, according to the following formula.

Total anthocyanins (mg
100 g‘l) = (A*MM*FD/€*1)*100, where: A =sam-
ple absorbance; MM =molecular mass of cyanidin
3-glucoside =449.2; FD =dilution factor; € =molar
absorptivity =26,900.
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Total phenolics and antioxidant activity

The extracts for determining total phenolics and antioxi-
dant activity were obtained as described by Whaterhouse
[26], with some adaptations. 2.5 g of sample were placed
in a centrifuge tube together with 20 mL of 50% methanol
and homogenized on a shaking table for 30 min, protected
from light. They were centrifuged at 5,300 g for 5 min at 4
°C, with the supernatant transferred to a 50 mL volumet-
ric flask and reserved. 20 mL of acetone were added to the
residue from the first extraction and the extract was taken
to an ultrasound bath for 30 min, and filtered through filter
paper (qualitative filter paper, 15 cm in diameter, Unifil®).
The filtrate was transferred to a flask to which was added
50 mL of distilled water. The extracts were used for spec-
trophotometric determination of total phenolics, using the
Folin—Ciocalteau [27] and Fast Blue [28] methods, and anti-
oxidant activity, using the p-Carotene/linoleic acid methods
[29], ABTS* [30], and FRAP [31]. All measurements were
performed in triplicate using a 96-well microplate reader
(Biochrom, EZ Read 2000). 30 pL of the extract was mixed
with 150 pL of 10% (v/v) Folin—Ciocalteau reagent. After
four minutes, another 120 pL of a 4% (w/v) sodium car-
bonate solution was added. This reaction mixture was incu-
bated for 2 h, away from light, and the total phenolic content
was determined at 720 nm. Two hundred microliters of the
extract were mixed with 20 uL of Fast Blue reagent (0.1%,
v/v) and 20 pL of sodium hydroxide (5%, w/v), and the
absorbance measured at 420 nm, after 1.5 h of incubation in
the dark. Total phenolic results were reported as gallic acid
equivalents in milligrams per 100 g of sample fresh weight
(mg GAE 100 g~! FM).

The determination of antioxidant activity through the
[-carotene/linoleic acid method was based on the oxidation
of B-carotene (discoloration) induced by the oxidative degra-
dation products of linoleic acid. Solutions were prepared by
mixing 270 pL of B—carotene/linoleic acid system solution
and 20 pL of extract. The mixture was kept in a water bath
at 40 °C for two hours, and its absorbance was determined at
470 nm. The results were expressed as percentage of oxida-
tion inhibition.

The determination of antioxidant activity by the ABTS*
method was based on the capture of the ABTS* radical
by an antioxidant. Briefly, the ABTS" solution was pre-
pared by reacting the diammonium salt 2,2'-azi-nobis
(3-ethylbenzothiazoline-6-sulfonic acid) at a concentration
of 7 mmol L~! with 2.45 mmol L~! potassium persulfate
at room temperature for 16 h. The obtained solution was
then diluted with ethanol to an absorbance of 0.70+0.05 at
734 nm. Aliquots of 3 pL of sample extracts were pipetted
together with 297 pL of ABTS" solution. After 6 min of
reaction, protected from light, the absorbance was measured
at 734 nm. Antioxidant activity results were expressed as

1Mol equivalents of 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (TROLOX) per gram of fresh sample,
based on a calibration curve with known concentrations of
TROLOX [30].

Antioxidant activity was also measured based on iron
reducing power (FRAP) in the presence of antioxidants.
FRAP reagent was prepared by mixing 40 mM TPTZ
(diluted in 40 mM HCI), 300 mM acetate buffer (pH 3.6),
and 20 mM FeCl; in a ratio of 10:1:1 (v/v/v). A 9 uL aliquot
of the extract was mixed with 269 pL of the FRAP reagent
and 27 pL of distilled water, incubated at 37 °C for 30 min,
and the absorbance was read at 595 nm. For calibration, a
five-point standard curve (02000 uM) was prepared using
ferrous sulfate (FeSO, e 7H,0) as reference, and the results
were reported as uM ferrous sulfate per gram of fresh mass
(uM FeSO, g~! FM).

Profile of phenolics, trigonelline and theobromine

Phenolic compounds and alkaloids were extracted from
2.5 g of sample, homogenized in 20 mL of 70% (v/v) HPLC
grade methanol, and kept in an ultrasonic bath, at room
temperature, for 1 h. The extract obtained was centrifuged
at 8,832 g for 15 min at 4 °C, and was subsequently fil-
tered through quantitative filter paper with 25 um poros-
ity. Before injection, the extracts were filtered again using a
membrane filter with a diameter of 13 mm and a pore size of
0.22 pm. The determination and quantification of phenolics
were carried out at the Chemical Analysis and Prospecting
Center of the Federal University of Lavras, using a high-
efficiency liquid chromatograph (HPLC-DAD-UV-Vis),
model Shimadzu, consisting of a quaternary pump LC-
20AT, degasser DGU-20AS5 (serial no.: L20244808404),
injector SIL-20A (serial no.: L20164503197), control-
ler CBM-20A (serial no.: L.20234505269), oven CTO-
20AC (serial no.: L.20214503287), detector SPDM-20A
(serial no.: L20154503047), RID-10A detector (series no.:
C20934806770), and FRC-10A fraction collector (serial no.:
C20374504580). The analysis followed the following param-
eters: oven temperature 35 °C; Shim-pack VP-ODS column
250 mm x 4.6 mm X 5 pm; and pre-column Shim-pack GVP-
ODS 10 mm X 4.6 mm X5 pum. The mobile phase consisted
of 2% (v/v) glacial acetic acid in water type 1.5.10.2 (mobile
phase A) and 70:28:2% (v/v/v) methanol/water/acetic acid
(mobile phase B), at a flow rate of 1.0 mL min~! with a
gradient elution program running for 65 min. The injection
volume was 20 pL and phenolic compounds were detected
at 280 nm. Standard solutions were prepared by diluting
trigonelline, theobromine, catechin, vanillin, resveratrol, gal-
lic, chlorogenic, caffeic, syringic, p-, o- and m-coumaric,
ferulic, rosmarinic, and trans-cinnamic acids in methanol.
Discovery curves were found from injections of ten differ-
ent concentrations of each standard, in duplicate. Phenolic
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compounds and alkaloids were identified by comparing the
retention times of sample peaks with the times of available
standards. The results were expressed in mg 100 g~! of the
fresh sample.

Statistical analysis

The results obtained were subjected to analysis of variance
and the Tukey test, at 5% significance, using the SISVAR
program [32]. The results of the analyzes were autoscaled
and then analyzed through principal component analysis
(PCA) and hierarchical cluster analysis (HCA), using the
Chemoface software (version 1.61, Brazil) [33]. The figures
were processed using the Inkscape software (version 0.92.4,
USA). Pearson correlations (P <0.05) between parameters
were estimated using Jamovi software (version 2.3.17).

Results and discussion

The total phenolic content and antioxidant activity of the
analyzed peanuts are presented in Table 1.

The anthocyanin content differed statistically depending
on the peanut varieties (p <0.05) (Table 1). The purple-
coated variety (Fig. 1C) stood out with the highest concen-
tration of anthocyanins, four times higher than that found
in beige-coated peanuts (Fig. 1A) and twice as high as that
found in red-coated peanuts (Fig. 1B). Thus, the color of
the peanut coat can be associated with the anthocyanins
present in it. In fact, anthocyanins are pigments that give
red, bluish, purple, blackish colors to different vegetables.
The beige color is more associated with anthoxanthins than
anthocyanins, although both groups of pigments fall into
the phenolic class of flavonoids. This fact may explain the
lower concentration of anthocyanins found in beige peanuts,
compared to the red and purple ones. Positive correlation

Table 1 Bioactive compounds and antioxidant activity of peanuts
with different integument color

Determinations Integument color
Beige Red Purple
Anthocyanins (mg 100 g71) 0.83 ¢ 1.69 b 3.67 a
Folin—Ciocalteau (mg GAE 42337a 32587b 21443c¢
100 g™
Fast-blue (mg GAE 100 g™} 1805.10a 1121.67c¢ 1439.37b
f-carotene/linoleic acid (% protec- 54.48a  52.04b  51.09c¢
tion)
ABTS (uM of TROLOX g™!) 60.74a 51.04b 50.77b
FRAP (uM ferrous sulfate g—") 242.03a 16335b 165250

Means followed by the same letter in the row do not differ by Tukey's
test at 5% probability
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between seed coat color and anthocyanin content present in
peanuts has been reported [34, 35].

The total phenolic contents, determined by the Folin—Cio-
calteau and Fast-Blue methods, are presented in Table 1.
Peanuts with beige coats have a higher content of total phe-
nolic compounds, differing statistically (p <0.05) from the
others, in every determination method (Table 1). However,
the lowest total phenolic content was observed in peanuts
with purple skins when the Folin—Ciocalteau method was
adopted, and in peanuts with red skins when the Fast blue
method was adopted (p <0.05; Table 1). According to
Attree et al. [34], the peanut seed coat contributes most of
the phenolic compounds present in the raw grain. The aver-
age total phenolics found in beige and red varieties, using
the Folin—Ciocalteau method, were higher than the range
of 185.4 to 300.9 mg GAE 100 g™, reported by Yang et al.
[36], when analyzing several peanut cultivars using the same
method. On the other hand, the average content of total phe-
nolics found in purple peanuts fits the range reported by
Yang et al. [36]. Differences in total phenolic concentra-
tions, using the same determination method, can be justi-
fied by cultivation conditions, genotypes, and post-harvest
treatments.

Although the Folin—Ciocalteau method is traditional and
the most used in determining total phenolics, its results are
usually underestimated due to its low specificity. The Fast
Blue method is based on the coupling of phenolic com-
pounds with diazonium salt, which results in the formation
of azo compounds [28]. Fast Blue BB salt contains a diazo-
nium group (N =N) that reacts with the OH group of phe-
nolic compounds. Therefore, the Fast Blue method is much
more specific than the Folin—Ciocalteau, generating results
that are closer to reality, and is currently the most recom-
mended. The greater specificity of the Fast Blue method
justifies the higher levels of total phenolics observed, when
compared to the Folin—Ciocalteau.

As observed for total phenolics, peanuts with beige coats
presented the highest antioxidant activities measured by
the B-Carotene/linoleic acid, ABTS*, and FRAP methods
(» <0.05; Table 1). On the other hand, red-coated peanuts
did not differ from purple-coated peanuts in terms of anti-
oxidant activity measured by the ABTS™ and FRAP methods
(p <0.05; Table 1). However, greater antioxidant activity
was observed in red peanuts, compared to the purple ones,
when using the B-Carotene/linoleic acid method (p <0.05;
Table 1).

The highest antioxidant activity, observed in light-seeded
peanuts, may be associated with their higher concentration
of total phenolics (Table 1), since phenolics generally have a
high antioxidant capacity. However, the antioxidant action of
other compounds cannot be ruled out. Vitamin E, for exam-
ple, is effective in inhibiting lipid peroxidation. In fact, vita-
min E is present in appreciable quantities in peanuts [6].
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Attree et al. [34] report that the seed coat contributes to
88.2-95.8% of the total antioxidant activity of peanuts. The
antioxidant activity determined by the ABTS* method in
purple and red peanuts, from 50.77 to 51.04 uM of TROLOX
g~ ! (Table 1), respectively, is similar to that described by de
Camargo et al. [37] when analyzing whole peanut flour, with
an average of 49.38 uM TROLOX g~'. The FRAP values
found for peanuts were higher than those reported by [36],
from 8.8 to 13.61 uM of ferrous sulfate g~

Eight phenolic compounds and the alkaloids trigonelline
and theobromine were identified and quantified in the pea-
nut varieties studied (Table 2). The following compounds
were identified, concomitantly, in the three peanut varie-
ties, in decreasing order of concentration: trans-cinnamic
acid > trigonelline > ferulic acid > syringic acid > theobro-
mine > gallic acid. However, chlorogenic acid was found
only in peanuts with beige skins, catechin and resveratrol
were only found in peanuts with purple skins, and p-cou-
maric acid only in peanuts with red and purple skins.

Phenolic compounds are secondary bioactive metabolites
that have in common an aromatic ring linked to a hydroxyl.
Found in high amounts in plants, they are synthesized
through the phenylpropanoid route, which begins with the
condensation of phosphoenolpyruvate with erythrose 3
phosphate, originating from the glycolytic and alternative
pentose pathways, respectively, giving rise to dehydroquinic
acid and, subsequently, dehydroshikimic acid and shikimic
acid. The phenylpropanoid route, also known as the shikimic
acid route, is so called because the basic structure of its com-
pounds is phenyl propane (C6—C3). However, some impor-
tant phenolics are synthesized even before the formation of
shikimic acid, such as quinic acid, which has dehydroquinic

Table2 Profile of bioactive compounds of peanuts with different
integument color

Phenolics and alka-
loids (mg 100 g™}

Integument color

Beige Red Purple
Gallic acid 0.56+0.097a 0.57+0.045a 0.52+0.045a
Chlorogenic acid 38.03+4.50 ND ND
Syringic acid 724+031a 6.78+0.53ab 630+0.8b
Ferulic acid 524+0.093¢c 17.76+129a 9.22+0.78b

Trans-cinnamic acid 56.93+0.54c 102.53+0.91a 65.50+2.48b

Catechin ND ND 1.33+0.3
p-coumaric acid ND 250+03a 1.49+0.13 b
Resveratrol ND ND 5.38+0.83
Trigoneline 13.10+£0.90c 20.79+0.89b 23.63+131a
Theobromine 1.67+0.35ab 1.98+028a  1.33+0.23b

ND not detected
Values presented as mean + standard deviation

Means followed by the same letter in the row do not differ by Tukey's
test at 5% probability

acid as its immediate precursor, and gallic acid, which can
be formed from quinic acid or dehydroquinic acid. Phenyla-
lanine ammonia lyase is a key enzyme in the phenylpropa-
noid pathway, which catalyzes the transformation of pheny-
lalanine into cinnamic acid. As derivatives of cinnamic acid,
there are, in sequence, coumaric, caffeic, ferulic, sinapic,
and syringic acids. Chlorogenic acid is a product of the con-
densation of caffeic acid with quinic acid. Coumaric acid can
form coumaroyl CoA, which, when linked to three malonyl
CoA molecules, can give rise to resveratrol and catechins.

Gallic acid was the phenolic compound found in the
lowest concentration in peanuts, not differing (p <0.05)
between the peanut varieties analyzed (0.52-0.57 mg
100 g~!) (Table 2). Despite being the phenolic found
in lower concentration in peanuts, the levels found are
higher than those reported for the peanut varieties Silihong
(4.58+0.38 ug g1, Silihei (5.47+1.60 pg g~'), and Xia-
obaisha (0.66 +0.08 ug g~!) [38]. Gallic acid or 3,4,5-tri-
hydroxybenzoic acid, found in abundance in the plant
kingdom, is a colorless or slightly yellowish crystalline com-
pound, having a range of applications in the pharmaceutical
and food industries [39]. There are many beneficial effects
of gallic acid on health, such as antimicrobial and anticancer
activity, and protection against gastrointestinal, cardiovas-
cular, metabolic, and neuropsychological diseases. These
effects are attributed to the antioxidant and anti-inflamma-
tory potential of this compound [40].

Chlorogenic acid was identified only in peanuts
with beige skins (38.03 +£4.50 mg 100 g~') (Table 2),
at a concentration higher than those reported by Zhou
et al. [38] when analyzing the peanut varieties Silihong
(19.46 +1.69 ug g7'), Silihei (10.52+1.89 pg g™'), and
Xiaobaisha (19.63 +4.97 ug g~!). Chlorogenic acid is a
phenolic compound that is poorly soluble in nonpolar sol-
vents and soluble in polar solvents [41]. The functions of
this compound in the body include antioxidant activity, liver
and kidney protection, antibacterial, antitumor, sugar regula-
tion, lipid metabolism, and anti-inflammatory and nervous
system protection [41].

As for syringic acid, the highest concentration was
observed in peanuts with beige skins (7.24 +0.31 mg
100 g‘l), which was statistically different (p <0.05, Table 2)
from peanuts with purple skins. The observed means are
higher than those reported by Zhou et al. [38], when analyz-
ing the peanut varieties Silihong (5.87 +0.01 pg g™, Silihei
(2.26+0.45 ug g1, and Xiaobaisha (5.31 +0.87 pg g7").
Syringic acid has a series of therapeutic applications, such
as antioxidant, anti-inflammatory, anticancer, antidiabetic,
antiendotoxic, neuroprotective, cardioprotective, and hepato-
protective effects [42].

The highest concentration of ferulic acid was found
in red-seeded peanuts (17.76 + 1.29 mg 100 g~'), which
differed statistically from the others (p <0.05, Table 2).
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However, the average levels observed in the peanut varieties
studied are higher than those reported for the peanut varieties
Silihong (1.36 +0.21 ug g~"), Silihei (1.67+0.18 ug g1,
and Xiaobaisha (1.16 +0.17 pg g~') [38]. Ferulic acid is
a phenolic with antioxidant properties, often found cross-
linked with lignin and polysaccharides to form part of the
cell wall of plants [43]. Among the proven pharmacologi-
cal properties of ferulic acid are: broad action on oxidative
stress, inflammation, vascular endothelial injury, fibrosis,
apoptosis, platelet aggregation, and cancer, in addition to
neuroprotective and antibacterial effects [43].

Trans-cinnamic acid, an isomer of cinnamic acid, was the
phenolic compound found in the highest concentration in
peanuts, with the red seed coat standing out with the highest
average (102.53+0.91 mg 100 g_l) (»<0.05, Table 2). The
cinnamic acid content found in the present study is higher
than that reported by Zhang et al. [44], 90.26 +5.57 ug g™,
in peanut sprouts. Its implementation in the diet can help
preventing obesity [45], diabetes [46], and aging [47].

Catechin was identified only in peanuts with purple coats
(1.33+0.3 mg 100 g~") (Table 2), its content being higher
than those reported by Putra et al. [48], when analyzing pea-
nut skin, and by Zhang et al. [44], when analyzing peanut
sprouts, (188.66 ug g=! and 70.97 +2.60 ug g '), respec-
tively. There are several beneficial effects from ingesting
foods rich in catechin, such as: neuroprotective, cardiopro-
tective, antiatherosclerotic, antitumor, anti-aging, and anti-
inflammatory [49].

P-coumaric acid was identified only in peanuts with red
(2.5+0.3 mg 100 g~!) and purple (1.49+0.13 mg 100 g~1)
coats, with a significant difference between both (p <0.05,
Table 2). These values are higher than those observed
by Phan-Thien et al. [50], when analyzing five peanut
genotypes, with averages ranging from 53.7+5.5 ug g~
to 169+9.9 ug g~!, and by Zhang et al. [44], when ana-
lyzing peanut sprouts, which presented an average of
144.90 +8.33 ug g~!. Among the beneficial properties of
p-coumaric acid are hepatoprotective [51], antioxidant [52],
anti-inflammatory, and antiapoptotic activities [53].

Resveratrol was identified only in purple-seeded peanuts
(5.38+0.83 mg 100 g'l) (Table 2), in a concentration higher
than those reported by Rudolf and Resurreccion [54], in the
order of 0.48 +0.08 ug g~!, when studying peanuts not sub-
jected to abiotic stresses, Phan-Thien et al. [50], when eval-
uating five peanut genotypes, with averages ranging from
2.75+0.2ug g7 t05.59+0.31 ug g7', and Zhang et al. [44],
when analyzing peanut sprouts, which presented an average
of 25.83+1.89 ug g~!. Resveratrol acts in plant defensive
responses, having a signaling function [55], with fungal
invasion and mechanical damage being stimuli for its accu-
mulation [56]. Among the biological functions of resveratrol
in the body are: anti-obesity, anti-diabetic, neuroprotective,
cardioprotective, and chemo-protective [12]. Variations in
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the concentrations of phenolic compounds, when comparing
data from the present work with those from other authors,
can be justified by the effect of genotype, soil, and climate
factors and post-harvest treatments.

Thousands of alkaloids with extremely divergent struc-
tures have already been identified in vegetables, although
they normally have a nitrogenous heterocyclic structure in
common. Trigonelline (1-Methylpyridinium-3-carboxylate
or simply N-methyl nicotinic acid) and theobromine (3,7
dehydro-3,7 dimethyl-1H-purine-2,6-dione, or simply
3,7-dimethylxanthine) are among the most studied alka-
loids, found, for example, in coffee (in concentrations ran-
gig from 0.2-6.3 g 100 g~!) and cocoa (ranging between
5.73-7.606 g 100 g~") for the compounds respectively [57,
58]. However, reports on the presence of these two alka-
loids in peanuts were not found in the literature, and this is
the first work to identify them in varieties of this legume.
The trigonelline content found in peanuts was 7, 8, 10.5,
and 17.8 times higher than that of theobromine, in peanuts
with beige, red, and purple skins, respectively. Furthermore,
when compared to phenolics, trigonelline was the third most
abundant compound in the peanuts under study, behind only
trans-cinnamic and chlorogenic acid. The concentration of
trigonelline differed statistically among peanuts with dif-
ferent coat colors (p <0.05, Table 2), with the purple coat
having the highest concentration of the alkaloid, with an
average of 23.63+1.31 mg 100 g~!. As for theobromine,
the purple-coated variety had the lowest content of this
compound (1.33+0.23 mg 100 g~}), statistically differ-
ent (p <0.05, Table 2) from the red-coated peanut. Studies
have suggested several beneficial effects of these alkaloids
on human health, such as reducing allergic symptoms and
preventing kidney and cardiovascular diseases, promoted by
trigonelline [11, 17, 20] and prevention of colon cancer and
therapeutic potential to prevent obesity and its associated
diseases, promoted by theobromine [18, 19, 21].

Principal component analysis (PCA) and cluster
grouping analysis (HCA)

The concentrations of total and individual phenolics, as well
as the alkaloids identified in each type of peanut, alongside
their respective antioxidant activities, were subjected to mul-
tivariate analysis. Using PCA, it was found that PC1 and
PC2 cumulatively explained 100% of the total variation in
the data, 63.77% and 36.22%, respectively (Fig. 2a). Con-
sidering a loading of 0.68 (Table 3), the variables responsi-
ble for the separation in PC1 (Fig. 2a) were total phenolics,
chlorogenic acid, syringic acid, and antioxidant activity,
which correlated positively with each other and negatively
with trigonelline and catechin, which makes it possible to
distinguish peanuts with beige coats from others. In fact,
from the visual analysis in Fig. 2a, the antioxidant activity,
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Fig. 2 Principal component analysis a and b hierarchical cluster analysis based on antioxidant capacity, total phenolics and phenolic profile of
the three peanut varieties under study

Table 3 Loading matrix analysis of main components

p-coumaric, and theobromine, correlations associated with

Loading factor

PC1 (63.77%)

purple and red peanuts.

B-Carotene/linoleic acid
ABTS*

FRAP
Folin—Ciocalteau
Fast-blue
Trigonelline

Gallic acid
Theobromine
Chlorogenic acid
Syringic acid
Ferrulic acid

Trans cinnamic acid
Catechin
p-coumaric acid
Resveratrol

Anthocyanins

1.000
0.952
0.938
0.896
0.681
-0.999
0.625
0.367
0.945
0.983
—-0.480
-0.354
-0.762
—-0.729
-0.762
-0.874

PC2 (36.23%)

HCA corroborates the results extracted from PCA. In the
-0.072 dendrogram presented in Fig. 2b, the greater the Euclid-
-0.334 ean distance, the lower the similarity between the samples.
-0.378 Therefore, peanuts with red and purple coats form a group,
0.430 according to their similarities, which is distinguished from
—0.784 peanuts with beige coats.
0.082
0.835 Pearson correlation
0.994
-0.357 The Pearson correlation matrix (Table 4) confirms the
0.208 results and interpretations extracted from the PCA. Positive
0.938 and negative correlations between the studied variables were
1.000 observed, with correlation coefficients as low and negligi-
-0.694 ble as —0.012, between anthocyanins and ferulic acid, and
0.733 as high and significant as -1.0 between beta-carotene and
—0.694 trigonelline and 1.0 between chlorogenic acid and ABTS™*
—0.523

and chlorogenic acid and FRAP (Table 4).

the content of total phenolics and chlorogenic and syrin-
gic acids are close in the PC1 space, next to the beige pea-
nut, in a position diametrically opposite to trigonelline and
catechin. On the other hand, it appears from PC2 (Fig. 2a,
Table 3), that the lower the total phenolic content determined
by the Fast Blue method, catechin and resveratrol, the higher
the concentrations of gallic, ferulic, trans-cinnamic acids,

A high positive correlation was noted between the anti-
oxidant activity measured by the p-carotene/linoleic acid,
ABTS*, and FRAP methods in peanuts. These results are
similar to those obtained by Wootton-Beard et al. [59] and
Rumpf et al. [60], who found a strong positive correlation
between FRAP and ABTS™ in vegetables. It is noteworthy
that the extraction solvent of plant materials significantly
influences their antioxidant activity [61], as well as the ori-
gin and structure of the sample [60].
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The antioxidant activity of peanuts was positively cor-
related to the total phenolic content in all the methods used
(Table 4). The results obtained by the p-carotene/linoleic
acid method had a higher correlation with those obtained by
the Follin Ciocalteau method, while those obtained by the
FRAP method showed a higher correlation with Fast Blue.
In fact, phenolic compounds, due to the hydroxyls present
in their structure, play an important antioxidant role, act-
ing to scavenge free radicals from cells, which justifies the
results found.

In general, antioxidant activity and total phenolic content
showed a positive correlation with the phenolic compounds,
gallic, chlorogenic, and syringic acids and with the theo-
bromine alkaloid, and a negative correlation with the other
identified phenolics and with the trigonelline alkaloid. Also,
in general, the identified phenolic acids (gallic, chlorogenic,
syringic, ferulic, trans-cinnamic, and p-coumaric) and the
theobromine were positively correlated to each other but
negatively to catechin, resveratrol, anthocyanins, and trigo-
nelline. Exceptions to these correlations were noted, but with
low and negligible correlation coefficients.

It is worth highlighting the strong positive correlation
(R*=1.00) between chlorogenic acid and antioxidant activ-
ity measured by the ABTS' and FRAP methods and between
resveratrol and catechin. According to Marinova et al. [62],
the presence of chlorogenic acid in food is an important
determinant of its antioxidant activity. The higher its con-
centration, the greater the antioxidant activity. In fact, chlo-
rogenic acid has four hydroxyls, the structure of phenolic
compounds responsible for their antioxidant properties. It is
noteworthy, however, that chlorogenic acid was found only
in peanuts with beige coats (Table 2). On the other hand,
catechin and resveratrol, which showed a strong positive
correlation, were identified only in purple-coated peanuts
(Table 2). The strong correlation found between catechin
and resveratrol can be justified by the common precursors of
both compounds. They are synthesized from the condensa-
tion of a Cumaroyl-CoA molecule with three malonyl CoA
molecules, with stilbene synthase responsible for the syn-
thesis of resveratrol and chalcone synthase for the synthesis
of catechin.

Catechins are predominantly found in mesophyll cells
in close proximity to epidermal cells [63], coexisting with
protoanthocyanidins [64], which are considered a form of
defense against biotic and abiotic stresses [65]. Protoantho-
cyanidins come from catechins and epicatechins [66], which
may justify the positive correlation between resveratrol and
catechins, which share the same substrate, and anthocyanins,
derived from catechins, as well as the higher anthocyanin
content found in purple-coated peanuts.

To date, no researcher has associated the color of the pea-
nut seed coat with its chemical composition. However, in
wines the amount of resveratrol can significantly influence

pigmentation reactions and color intensity [67]. Since chlo-
rogenic acid was found only in peanuts with beige coats, and
catechins and resveratrol in peanuts with purple coats, it is sug-
gested that the color of the coat is an indicator of specific phe-
nolic compounds in peanuts, consequently, of their antioxidant
activity. It should be noted that chlorogenic acid was found
only in peanuts with beige coats, which presented the highest
antioxidant activity among the peanuts evaluated (Table 1) and
that there was a strong positive correlation between both vari-
ables, which further reinforces the association between color
of the tegument and the concentration of phenolics and their
antioxidant activity, as already demonstrated in PCA HCA.

Conclusions

The bioactive composition and antioxidative activity of pea-
nuts depend on its genotype. For the first time trigonelline
and theobromine were identified in peanuts. An unprecedented
correlation has been demonstrated between the color of the
peanut seed coat and its bioactive composition and antioxidant
activity.
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