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a  b  s  t  r  a  c  t

The  bioactivity  of  different  organs  and  tissues  of  Quercus  spp. (Fagaceae),  an  important  group  of evergreen
or deciduous  trees  from  temperate  and  tropical  climatic  areas,  represents  a good  starting  point  for  possible
industrial  applications.  Nevertheless,  Quercus  fruits,  generally  known  as acorns,  are  currently  underval-
ued  and  underexploited.  Accordingly,  the  proximate  composition,  fatty  acids  and  tocopherols  profiles,
chlorophyll,  lycopene  and  �-carotene  contents,  as well  as the  antioxidant  activity,  were  studied  in  differ-
ent  Quercus  species  to boost  new  applications  in  food,  cosmetic  and  pharmaceutical  industries.  In general,
significant  differences  were found  among  the  nutritional  parameters,  fatty  acids  and  tocopherols  contents
corn tissues
utritional parameters
hytochemicals
ntioxidant activity

ndustrial applications

and  bioactivity  indicators,  either  considering  phenotypic  (studied  species)  or  botanical  (acorn  tissues)
factors.  The  acorn  tissues  and  the  Quercus  species  that  optimize  the  production  of  each  nutrient  and
bioactive  compound,  as well  as that allowing  the  highest  antioxidant  activity  were  thoroughly  identified.
The  obtained  information  provides  an  increased  knowledge  to  define  potential  industrial  applications
for  acorn  tissues,  potentially  offering  economic  advantages  to this  underutilized  natural  resource.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The consumption of natural resources has increased substan-
ially, mainly due to the recent consumers’ trends. This current
oncept is mentioned in recent studies, which report several bioac-
ivities on different fruit tissues (Barreira et al., 2008; Vázquez et al.,
008; Baiano, 2014; Costa et al., 2014; Brizi et al., 2016). Further-
ore, most natural products have low toxicity and comply with

ustainability principles (Islam et al., 2013).
Currently, the potential as a food resource of Quercus spp. is

eing underestimated, comparatively to other plants, e.g., chest-
ut (Castanea sativa Mill.) (Barreira et al., 2009a; Vasconcelos et al.,
010; Barreira et al., 2012), walnut (Juglans regia L.) (Amaral et al.,
005; Liao et al., 2016) and hazelnut (Corylus avellana L.) (Amaral

t al., 2006; Li and Parry, 2011). Acorns are abundant in the Por-
uguese territory, occupying 1 107 600 ha, an area much higher than
hat dedicated to chestnut (∼41 100 ha) and almond (∼36 530 ha).

∗ Corresponding author at: REQUIMTE/LAQV, Department of Chemical Sciences,
aculty of Pharmacy, University of Porto, Rua Jorge Viterbo Ferreira, no. 228, 4050-
13 Porto, Portugal.

E-mail address: jbarreira@ipb.pt (J.C.M. Barreira).

ttp://dx.doi.org/10.1016/j.indcrop.2016.08.027
926-6690/© 2016 Elsevier B.V. All rights reserved.
Even so, the inclusion of acorns in human nutrition is still scarce
(Cantos et al., 2003; Tejerina et al., 2011; INE, 2014).

Acorns were previously reported as having high contents in
starch (48–50%) and low levels of proteins and fat content (circa 2%
in both cases) (Deforce et al., 2009). Despite not being as nutrition-
ally rich as other common nuts, acorns represent good alternatives
to other high-starch content products, such as chestnuts or pota-
toes. Furthermore, acorn oil also presents relevant features to be
considered for industrial purposes, containing mainly oleic and
linoleic acids with an average value of 53–65% and 24–50%, respec-
tively (Özcan, 2007), which, together with the oxidative stability,
represent similar characteristics to those presented by olive oil.
Actually, tocopherols and phenolic compounds, such as phenolic
acids, flavonoids and tannins (which have been reported as strong
natural antioxidants), are considered as being the primary bioactive
compounds in acorn fruits (Cantos et al., 2003; Lopes and Bernardo-
Gil, 2005; Rakić et al., 2006, 2007; Tejerina et al., 2011). These
components have been associated with biological functions, such
as anti-tumoral, anti-allergic, anti-platelet, anti-ischemic and anti-

inflammatory activities (Ostertag et al., 2011; Heleno et al., 2015),
inclusively when evaluated under epidemiologic studies (Pandey
and Rizvi, 2009).

dx.doi.org/10.1016/j.indcrop.2016.08.027
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
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Some studies reporting the chemical characterization of nut
hells have already been published, such as those presented by
hahidi et al. (2007) and Contini et al. (2008), who  investigated
he bioactive compounds in European hazelnuts and found that
xtracts of hazelnut shells exhibited higher antioxidant activity
han its kernel. Different extracts of chestnut shells were also eval-
ated regarding the antioxidant activity, which was  shown to be
orrelated with the high tannin contents (Barreira et al., 2008;
ázquez et al., 2008). Nevertheless, and as far as it could be con-
luded, there are no studies conducted on acorn pericarps alone.

Taking into account the potential of bioactive compounds in
corn components, this study aimed to quantify and compare
ifferent chemical parameters and bioactivity indicators in four
uercus species: Q. faginea (Portuguese oak), Q. ilex (evergreen oak),
. nigra (red oak) and Q. suber (cork oak), evaluating whole fruits,
ernels and pericarps (byproducts of industrial processing). Besides
corns per se,  the byproducts potentially generated might repre-
ent sources of specific bioactive phytochemicals with different
ndustrial applications.

. Materials and methods

.1. Standards and reagents

For the macronutrient analysis all analytical grade reagents
ere purchased from Panreac (Barcelona, Spain) and Merck (Darm-

tadt, Germany). Tocopherols (�, �, � and �) and tocotrienols (�,
, � and �) were purchased from Calbiochem (La Jolla, California,
SA) and tocol (2-methyl-2-(4,8,12-trimethyl-tridecyl)chroman-
-ol) was obtained from Matreya Inc. (Pennsylvania, USA). The
ixture of methyl esters of fatty acids (FAME) standards Supelco37
ere obtained from Supelco (Bellefonte, PA, USA). 1,1-diphenyl-

-picrylhydrazyl (DPPH•) free radical, Folin-Ciocalteu’s reagent,
allic acid, glycerol, TPTZ (2,4,6-tripyridyl-s-triazine) solution,
etroleum ether, potassium hydroxide, anhydrous sodium sulfate,
errous sulfate heptahydrate were purchased from Sigma-Aldrich
Steinheim, Germany). Ethanol reagent grade, sodium acetate,
odium carbonate decahydrate, sodium nitrite, aluminum chloride,
cetone, n-hexane, methanol and sodium hydroxide were pur-
hased from Merck (Darmstadt, Germany). HPLC-grade n-hexane
nd 1,4-dioxane were from Fluka (Madrid, Spain). HPLC grade n-
exane was from Merck (Darmstad, Germany). Purified water was
btained from a Milli-Q water purification system (Millipore, Bed-
ord, MA,  USA).

.2. Samples and samples preparation

For the present work, four different acorn species (Q. suber,
. faginea, Q. nigra and Q. ilex) were selected due to the ele-
ated representativeness among Mediterranean forest. Samples
ere collected in Trás-os-Montes region (Latitude: 41.538◦, Lon-

itude: −6.911◦). Whole fruits were haphazardly collected from
en trees per species in September, 2014. Freshly collected fruits
approximately 5 kg for each species) were cleaned and used to
repare three distinct sample groups for each component: whole
ruits, kernels and pericarps (manually peeled off). All samples were
rozen, lyophilized (48 h, −78 ◦C, 0.015 mbar) (Telstar Cryodos-80,
errassa, Barcelona), reduced to powder in a mill (Grindomix GM
00, Retsch, Haan, Germany), homogenized and stored in plastic
ubes at 4 ◦C until further analysis.

.3. Proximate analysis
Macronutrients (moisture, ash, fat, protein and carbohydrates)
ere analyzed following the Association of Official Analytical
hemists methods (AOAC, 2012).
 Products 94 (2016) 143–151

The moisture content was instrumentally determined using an
infrared moisture analyzer (SMO 01, Scaltec Instruments, Heiligen-
stadt, Germany). The ash content was determined by incineration
at 550 ± 15 ◦C approximately during 5 h, until the sample was  con-
verted in a whitish ash. The crude fat was  determined by extracting
a known weight of powdered sample with petroleum ether, using
a Soxhlet apparatus. The protein content (N × 6.25) was deter-
mined using the Kjeldahl procedure. Total carbohydrates were
calculated as the difference between 100 g and the sum of the con-
tents obtained for ash, crude fat and protein. Energy value was
calculated according to the general Atwater factors (Atwater and
Benedict, 1902): Energy (kcal) = 4 × (g protein) + 3.75 × (g carbohy-
drate) + 9 × (g fat). The results are expressed as g per 100 g of dried
mass.

2.4. Fatty acids composition

Fatty acids methyl esters (FAME) were prepared, in triplicate,
according to ISO (129662:2011).

The analysis was  carried out with a Shimadzu GC-2010 Plus gas
chromatograph equipped with a split-splitless Shimadzu AOC-20i
injector and a FID detector (Shimadzu, Tokyo, Japan). A CP-Sil 88
silica capillary column for FAME (50 m × 0.25 mm i.d, 0.20 �m film
thickness; Varian, Middelburg, Netherlands) was used. Helium was
used as gas carrier (40 mL/min) and separation was achieved with
the following temperature program: 5 min  at 120 ◦C, increase of
3 ◦C/min from 120 ◦C to 220 ◦C, maintaining 220 ◦C for 10 min. The
temperature of the injector and detector was 250 ◦C and 270 ◦C,
respectively; a split ratio of 1:25 was used and the injection volume
was 1 �L. FAME were identified by comparing the relative reten-
tion times with a standard mixture (FAME 37, Supelco, Bellefonte,
PA, USA) and analyzed using the Shimadzu software GC Solution
(v. 2.30, Shimadzu GC Solution, Shimadzu, Tokyo, Japan) based on
the relative peak areas. The results were expressed in relative per-
centage of each fatty acid.

2.5. Vitamin E

For identification and quantification of individual compounds
standard solutions of �-, �-, �- and �-tocopherol and �-, �-, �- and
�-tocotrienol were prepared in n-hexane (25, 18.75, 12.5, 6.25, 2.5
and 1.25 mg/mL). Each of these solutions contained 20 �L of tocol
(internal standard, 1 mg/mL).

The lipid fraction for tocopherols quantification was  obtained by
Soxhlet extraction with petroleum ether (2.5 h). Analysis was car-
ried out in an HPLC integrated system equipped with an AS-2057
automated injector, a PU-2089 pump, a MD-2018 multiwavelength
diode array detector (DAD) and a FP-2020 fluorescence detector
(Jasco, MD,  USA), programmed for excitation at 290 and emission
at 330 nm (Rodrigues et al., 2015). The chromatographic separa-
tion was achieved on a normal phase SupelcosilTM LC-SI (3 �m;
75 mm × 3.0 mm;  Supelco, Bellefonte, PA, USA). Chromatographic
data were analyzed using JASCO-Chrom NAV Chromatography Soft-
ware (Jasco, Japan). The compounds were identified based on the
UV/vis spectra and respective retention time patterns. Quantifi-
cation was  based on the fluorescence signal, using the internal
standard method. Final results were expressed in mg/100 g of fat.

2.6. Chlorophylls and carotenoids quantification

The chlorophylls (a and b), �-carotene and lycopene were
determined according to the methodology proposed by Nagata

and Yamashita (1992), slightly modified by Vinha et al. (2014).
Briefly, ∼0.5 g acorn samples were extracted with 10 mL  of ace-
tone/hexane (4:6, v/v) and centrifuged at 5000 rpm, during 30 min.
Then, the absorbance of the supernatants was measured at 453,
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05, 645, and 663 nm (BioTek Synergy HT microplate reader,
EN5, Winooski, Vermont, USA). The contents in chlorophylls
nd carotenoids were calculated according to the following
quations: Chlorophyll a (mg/100 mL)  = 0.999A663 − 0.0989A645;
hlorophyll b (mg/100 mL)  = −0.328A663 + 1.77A645; �-carotene
mg/100 mL)  = 0.216A663 − 1.22A645 − 0.304A505 + 0.452A453;
ycopene (mg/100 mL)  = −0.0458A663 + 0.204A645 + 0.372A505 −
.0806A453, and further expressed in mg/100 g of dried ample.

.7. Antioxidant activity

.7.1. Preparation of hydro-alcoholic extracts
The hydro-alcoholic extracts were obtained using 0.5 g of each

owdered sample with 100 mL  of ethanol:water (1:1, v/v) at 40 ◦C
or 60 min  (Mirac, Thermolyne, USA), according to Costa et al.
2014). Afterwards, extracts were filtered through Whatman no.

 filter paper, and kept at −25 ◦C until being used for quantification
f total phenolics and antioxidant activity assays.

.7.2. Total phenolics quantification
The amount of total phenolics was determined according

o Alves et al. (2010). Briefly, 500 �L of each hydro-alcoholic
iluted (1:10 v/v) extract were mixed with 2.5 mL  of the Folin-
iocalteau reagent (1:10) and 2.5 mL  of a sodium carbonate solution
7.5% m/v). The mixture was first incubated at 45 ◦C, during 15 min,
ollowed by 30 min  incubation at room temperature (∼25 ◦C).
bsorbance readings were performed at 765 nm using a microplate
eading Synergy HT (Bio Tek Instruments, Synergy HT GENS5, EUA).
otal phenolic contents were calculated from a calibration curve
repared with gallic acid (0–150 mg/L; r = 0.9986) and results were
xpressed as mg  of gallic acid equivalents (GAE)/g of dried mass.

.7.3. DPPH radical-scavenging activity
The anti-radical ability of the extracts was evaluated according

o Brand-Williams et al. (1995) with minor modifications. The reac-
ion mixture was prepared directly on a 96 well plate, consisting of a
olution of different sample concentrations (20 �L) and an ethano-
ic solution (180 �L) containing DPPH radicals (6 × 10−5 mol/L) in
ach well. The reduction of the DPPH radical was determined by
easuring the absorption at 525 nm,  during 40 min  until stabi-

ization of the reaction. The radical scavenging activity (RSA) was
alculated as a percentage of DPPH inhibition using the equation: %
SA = [(ADPPH − AS)/ADPPH] × 100, where AS is the absorbance of the
olution when the sample extract has been added at a particular
evel, and ADPPH is the absorbance of the DPPH solution at initial
ime.

.7.4. Ferric reducing antioxidant power (FRAP) assay
The FRAP assay was carried out according to Benzie and Strain

1999) with minor modifications. This method is based on the
eduction of a ferric 2,4,6-tripyridyl-s-triazine complex (Fe3+-TPTZ)
o its ferrous form (Fe2+-TPTZ). An aliquot (90 �L) of each extract
with appropriate dilution, if necessary) was added to 270 �L of
istilled water and 2.7 mL  of the FRAP reagent (10 parts of 300 mM
odium acetate buffer at pH 3.6, 1 part of 10 mM TPTZ solution and

 part of 20 mM  FeCl3·6H2O solution). The reaction mixture was
hen incubated at 37 ◦C. The increase in the absorbance at 595 nm
as measured after 30 min. Solutions of known Fe(II) concentra-
ions (FeSO4·7H2O) were used for calibration. A calibration curve
as prepared with ferrous sulfate (linearity range: 0–840 mg/  L,

 = 0.9976), and the results were expressed as ferrous sulfate equiv-
lents/g of dried plant material.
 Products 94 (2016) 143–151 145

2.8. Statistical analysis

All statistical tests were performed at a 5% significance level
using IBM SPSS Statistics for Windows, version 22.0. (IBM Corp.,
Armonk, NY, USA).

Data were expressed as mean ± standard deviation, maintaining
the significant numbers allowed by the magnitude of the stan-
dard deviation. An analysis of variance (ANOVA) with type III sums
of squares was  performed using the general linear model (GLM)
procedure. The dependent variables were analyzed using 2-way
ANOVA with the factors “acorn tissues” (AT) and “Quercus species”
(QS). When a statistically significant interaction among factors was
detected, these were evaluated simultaneously by the estimated
marginal means plots for all levels of each factor. On the other hand,
if no statistical significant interaction was found, the means were
compared using Tukey’s multiple comparison test, after a previous
assessment of the equality of variances through the Levene’s test.

Principal components analysis (PCA) was applied as a pattern
recognition unsupervised classification method. The number of
dimensions to keep for data analysis was assessed by the respective
eigenvalues (which should be greater than one), by the Cronbach’s
alpha parameter (that must be positive) and also by the total per-
centage of variance (that should be as high as possible) explained
by the number of components selected. The number of plotted
dimensions was  chosen to allow meaningful interpretations.

3. Results and discussion

In view of the potential use of acorns in industrial applications,
it should be borne in mind that it is often difficult to ensure that
the raw materials are obtained from the same Quercus species.
Accordingly, it is mandatory to evaluate each considered acorn tis-
sue independently of its phylogenetic origin, i.e.,  understand its
potential regardless of the species in analysis. Likewise, it might
also be useful to find which Quercus species has the highest suit-
ability for a determined purpose, independently of the acorn part to
be used. Accordingly, the average values presented for each species
were calculated considering all the acorn parts; similarly, the aver-
age values for each acorn tissue comprise the results obtained for
all species. Hence, the standard deviations result from samples
prepared from different fruit parts or species and should not be
regarded as a measure of accuracy of the applied methodologies.
The interaction among factors (AT × QS) was  also evaluated. As indi-
cated in the Materials and methods section, when a significant
interaction was found (p < 0.050), the results obtained from the
multiple comparisons could be indicated. Therefore, the influence
of each factor was  assessed by interpreting the estimated marginal
means (EMM)  plots, since the interaction among factors was always
significant.

3.1. Macronutrients analysis

In fresh mass (fm) basis (Table 1), the acorn kernel presented
higher water content (46 ± 9 g/100 g fm)  than the whole fruit
(40 ± 6 g/100 g fm)  and the pericarp (27 ± 5 g/100 g fm), indepen-
dently of the species. Likewise, the acorn parts from Q. suber had
the highest water contents (46 ± 8 g/100 g fm), whilst those from
Q. ilex showed the lowest contents (30 ± 3 g/100 g fm). Consider-
ing the composition in dried mass (dm) basis, carbohydrates were
the major component, reaching maximum values in the pericarps
(92 ± 3 g/100 g dm)  and indistinguishable values in the kernels

and whole fruits (87 ± 3 g/100 g dm). Nevertheless, it should be
reminded that pericarps are expected to have high percentages
of lignin; thereby, the carbohydrates percentage might have been
overestimated. In terms of species comparison, all the species pre-



146 A.F. Vinha et al. / Industrial Crops and Products 94 (2016) 143–151

Table 1
Macronutrients profile and energy value of Quercus spp. components. Results are presented as mean ± standard deviation.

Water (g/100 g fm)  Fat (g/100 g dm)  Protein (g/100 g dm) Ash (g/100 g dm)  Carbohydrates (g/100 g dm) Energy (kcal/100 g dm)

AT Kernel 46 ± 9 6 ± 3 6 ± 2 1.7 ± 0.5 87 ± 3 399 ± 21
Whole fruit 40 ± 6 5 ± 3 7 ± 2 1.9 ± 0.5 87 ± 3 393 ± 18
Pericarp 27 ± 5 0.8 ± 0.2 5 ± 2 1.5 ± 0.5 92 ± 3 375 ± 2
p-value1 (n = 36) <0.001 <0.001 0.010 0.003 <0.001 <0.001

QS Q.  faginea 35 ± 10 2 ± 1 6 ± 1 2.0 ± 0.2 89 ± 1 381 ± 7
Q.  ilex 30 ± 3 8 ± 4 4 ± 1 1.2 ± 0.2 87 ± 6 412 ± 26
Q.  nigra 39 ± 12 2 ± 1 5 ± 1 1.2 ± 0.3 92 ± 2 381 ± 3
Q.  suber 46 ± 8 3 ± 1 9 ± 1 2.5 ± 0.4 86 ± 2 382 ± 6
p-value2 (n = 27) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

AT  × QS p-value3 (n = 108) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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m:  fresh mass; dm:  dry mass; AT: acorn tissues; QS: Quercus species. 1p < 0.05 ind
rom  the remaining. 2p < 0.05 indicates that the mean value of the evaluated parame
nteraction among factors is significant (in this case, the multiple comparison tests 

ented similar values (86–89 g/100 g dm), except for Q. nigra, which
ad the highest carbohydrates contents (92 ± 2 g/100 g dm). Pro-
ein was the second component in all cases except Q. ilex, in which
he second most abundant component was fat (8 ± 4 g/100 g dm).
n the other hand, proteins reached maximal contents in Q. suber

9 ± 1 g/100 g dm), while the acorn parts had lower differences
5–7 g/100 g dm)  among each other. In general, the obtained val-
es were higher than the reported in acorns obtained from Q.
obur (pedunculate oak) and Q. petraea (Irish oak) (Deforce et al.,
009) and similar to the ones reported in Spanish acorns pro-
uced by Q. rotundifolia (holm oak) (4.8 g/100 g dm)  and Q. suber
6.3 g/100 g dm)  (Aguilera et al., 2002). Besides the fat content
ighlighted for Q. ilex, the remaining species had similar values
2–3 g/100 g dm), while the pericarps showed minimal contents
concerning the comparison among acorn tissues). In contrast, the
ernels, whole fruits and pericarps presented similar values in min-
ralized material (1.5–1.9 g/100 g dm), which, in turn, presented
ignificant differences among Quercus species (1.2 ± 0.2 g/100 g dm
n Q. ilex and 1.2 ± 0.3 in Q. nigra, 2.0 ± 0.2 g/100 g dm in Q.
aginea and 2.5 ± 0.4 g/100 g dm in Q. suber). Finally, the ker-
els had the highest energetic value (399 ± 21 kcal/100 g dm),

ollowed by the whole fruits (393 ± 18 kcal/100 g dm)  and the
ericarps (375 ± 2 kcal/100 g dm). Q. ilex, perhaps in result of

ts higher fat content, presented the highest energy value
412 ± 26 kcal/100 g dm), while the remaining species presented
early the same value (381–382 kcal/100 g dm).

.2. Fatty acids (FA)

The most representative FA are presented in Table 2. In addi-
ion to the tabled molecules, C4:0, C8:0, C10:0, C12:0, C14:0, C15:0,
17:0, C20:1, C21:0 and C22:2 were also detected, but in percent-
ges below 0.5%. Oleic acid (C18:1n9c) was the main fatty acid in
ll cases, varying from 49 ± 9% in the pericarps to 58 ± 7% in the
hole fruits, and from 48 ± 2% in Q. nigra to 64 ± 7% in Q. ilex.

inoleic acid (C18:2n6c) was also present in relevant percentages,
howing some statistically significant differences among species (Q.
aginea: 20 ± 2%, Q. ilex: 14 ± 2%; Q. nigra: 26 ± 6%; Q. suber: 21 ± 3%)
nd acorn parts (kernels: 22 ± 7%, whole fruits 21 ± 5%, pericarps:
8 ± 2%). Oleic and linoleic acids were previously reported as the
redominant fatty acids in Quercus species (Cantos et al., 2003;
etrović et al., 2004; Gea-Izquierdo et al., 2006; Tejerina et al.,
011), emphasizing the interest of these natural matrices (espe-
ially in the case of Q. ilex,  considering its fat content), considering
he health-promoting effects attributed to unsaturated fatty acids

Lands, 2014). Among the saturated fatty acids (SFA), palmitic acid
C16:0) was quantified in the highest percentages, once again with
ignificant differences among species (Q. faginea: 18 ± 4%, Q. ilex:
4 ± 1%; Q. nigra: 17 ± 1%; Q. suber: 14 ± 1%) and acorn tissues
 that the mean value of the evaluated parameter of at least one acorn part differs
 at least one Quercus species differs from the remaining. 3p < 0.05 indicates that the

 not be performed).

(kernels: 15 ± 2%, whole fruits 14 ± 1%, pericarps: 17%). In general,
acorns FA profiles were similar to those typically detected in mas-
tic, sunflower, peanut, cotton, olive and avocado oils (Charef et al.,
2008).

3.3. Vitamin E composition

Five different isoforms of vitamin E were detected, with �-
tocopherol and �-tocopherol as the predominant compounds
(Table 3). The vitamin E profiles varied greatly among Quercus
species and different botanical parts, as indicated by the high
standard deviation presented below. Among the identified vita-
mers, �-tocopherol was  the only one lacking statistically significant
differences (p = 0.094), despite the tendency to higher contents
shown by Q. nigra (8 ± 6 mg/100 g oil). Q. faginea, on the other
hand, showed the maximum average contents in �-tocopherol
(7 ± 7 mg/100 g oil). �-Tocopherol (6 ± 6 mg/100 g oil) was  max-
imized in whole fruits, while �-tocopherol (11 ± 4 mg/100 g oil)
reached the highest levels in the kernels of all species. �-tocopherol,
�-tocopherol and �-tocotrienol were also quantified, but in minor
levels (≤0.3 mg/100 g oil). Regarding total vitamin E, the results
herein indicate lower quantities than those reported previously
in related Quercus species (Gea-Izquierdo et al., 2006; Tejerina
et al., 2011), where a different extraction technique was followed.
Considering that tocopherols are strong lipophilic antioxidants
(Barreira et al., 2009b) the low detected quantities might be inter-
preted as a reliable indicator of the oxidative stability of the lipid
fraction of acorns.

3.4. Carotenoids, chlorophylls and antioxidant activity

As a preliminary indicator of the potential bioactivity of the
studied acorns, the antioxidant activity was evaluated by measur-
ing the scavenging activity against DPPH radicals and the ferric
reducing power (Table 4).

Interestingly, the kernels tended to have the highest activity in
both assays, which is a surprising result as the corresponding parts
of similar fruits present less activity than the pericarps (Barreira
et al., 2008). When comparing the Quercus species (using extracts at
1 mg/mL), the results were similar for all cases (presenting approx-
imately 70% of inhibition), except for Q. ilex,  which tended to show
lower scavenging activity (42 ± 6% of inhibition). Concerning the
ferric reducing power, Q. faginea stood out as the species with
the highest power (827 ± 302 �mol FSE/g of dm), whilst Q. ilex
showed the least strong activity in this assay (638 ± 297 �mol  FSE/g

of dm). In either case, the measured activities are slightly higher
than those described in acorns (Custódio et al., 2015). Besides
the antioxidant assays, the contents in chlorophyll a, chlorophyll
b, lycopene, �-carotene and phenolics were also evaluated. As
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Table 2
Fatty acids profiles of Quercus spp. components. Results are presented as mean ± standard deviation.

C16:0 (%) C16:1 (%) C18:0 (%) C18:1n9c (%) C18:2n6c (%) C20:0 (%) C18:3n3 (%) C22:1n9 (%) C24:0 (%) SFA (%) MUFA (%) PUFA (%)

AT Kernel 15 ± 2 0.3 ± 0.2 1.2 ± 0.5 57 ± 8 22 ± 7 0.4 ± 0.1 2 ± 1 0.2 ± 0.1 0.1 ± 0.1 16 ± 2 61 ± 8 23 ± 7
Whole  fruit 14 ± 1 0.8 ± 0.8 1.2 ± 0.5 58 ± 7 21 ± 5 0.4 ± 0.1 3 ± 2 0.2 ± 0.1 0.1 ± 0.1 16 ± 2 62 ± 7 22 ± 5
Pericarp  17 ± 4 0.4 ± 0.3 3.5 ± 0.3 49 ± 9 18 ± 2 0.4 ± 0.2 7 ± 4 0.7 ± 0.4 2 ± 2 25 ± 3 57 ± 4 19 ± 2
p-value1 (n = 36) <0.001 <0.001 <0.001 <0.001 0.001 0.132 <0.001 <0.001 <0.001 <0.001 0.001 0.003

QS Q.  faginea 18 ± 4 0.3 ± 0.1 2 ± 1 51 ± 12 20 ± 2 0.5 ± 0.1 5 ± 5 0.6 ± 0.5 0.4 ± 0.4 22 ± 6 57 ± 5 21 ± 2
Q.  ilex 14 ± 1 0.3 ± 0.2 1 ± 1 64 ± 7 14 ± 2 0.4 ± 0.1 2 ± 1 0.3 ± 0.2 0.3 ± 0.3 16 ± 4 69 ± 6 15 ± 2
Q.  nigra 17 ± 1 0.5 ± 0.2 2 ± 1 48 ± 2 26 ± 6 0.5 ± 0.1 4 ± 2 0.5 ± 0.3 0.1 ± 0.1 20 ± 3 53 ± 3 27 ± 6
Q.  suber 14 ± 1 1.0 ± 1.0 2 ± 1 55 ± 2 21 ± 3 0.1 ± 0.1 4 ± 1 0.1 ± 0.1 2 ± 2 18 ± 3 60 ± 2 21 ± 3
p-value2 (n = 27) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001

AT  × QS p-value3 (n = 108) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

AT: acorn tissues; QS: Quercus species; nd: non detected. 1p < 0.05 indicates that the mean value of the evaluated parameter of at least one acorn part differs from the remaining. 2p < 0.05 indicates that the mean value of the
evaluated parameter of at least one Quercus species differs from the remaining. 3p < 0.05 indicates that the interaction among factors is significant (in this case, the multiple comparison tests could not be performed). SFA: saturated
fatty  acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids.

Table 3
Vitamin E composition of Quercus spp. components. Results are presented as mean ± standard deviation.

�-Tocopherol (mg/100 g oil) �-Tocopherol (mg/100 g oil) �-Tocopherol (mg/100 g oil) �-Tocopherol (mg/100 g oil) �-Tocotrienol (mg/100 g oil) Vitamin E (mg/100 g oil)

AT Kernel 2 ± 1 0.05 ± 0.02 11 ± 4 0.3 ± 0.1 0.03 ± 0.01 13 ± 5
Whole  fruit 6 ± 6 0.3 ± 0.3 4 ± 2 0.3 ± 0.2 0.05 ± 0.04 11 ± 8
Pericarp  2 ± 1 0.07 ± 0.06 2 ± 1 0.1 ± 0.1 0.02 ± 0.01 4 ± 2
p-value1 (n = 36) <0.001 <0.001 0.010 0.003 <0.001 <0.001

QS Q.  faginea 7 ± 7 0.3 ± 0.3 5 ± 1 0.3 ± 0.2 0.06 ± 0.04 13 ± 9
Q.  ilex 0.7 ± 0.1 0.026 ± 0.004 5 ± 3 0.2 ± 0.1 0.03 ± 0.01 6 ± 3
Q.  nigra 2 ± 1 0.12 ± 0.05 8 ± 6 0.2 ± 0.1 0.01 ± 0.01 10 ± 6
Q.  suber 2 ± 1 0.07 ± 0.03 5 ± 5 0.2 ± 0.1 0.03 ± 0.01 7 ± 4
p-value2 (n = 27) <0.001 <0.001 0.094 0.027 <0.001 0.001

AT  × QS p-value3 (n = 108) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

AT: acorn tissues; QS: Quercus species; 1p < 0.05 indicates that the mean value of the evaluated parameter of at least one acorn part differs from the remaining. 2p < 0.05 indicates that the mean value of the evaluated parameter
of  at least one Quercus species differs from the remaining. 3p < 0.05 indicates that the interaction among factors is significant (in this case, the multiple comparison tests could not be performed).
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it would be expectable, the pericarps showed the highest con-
tent in chlorophylls, which did not vary significantly among the
Quercus species. On the other hand, the lycopene content showed
significant changes among species, with Q. suber giving the least
quantity (79 ± 103 �g/g dm), in contrast with Q. faginea,  which
gave the top quantity (183 ± 141 �g/g dm) in this carotenoid.
Among the acorn tissues, the whole fruits (193 ± 92 �g/g dm)
showed the highest contents in lycopene. The results were differ-
ent for �-carotene, which was present in the pericarps in contents
nearly fivefold higher than in the remaining acorn parts. Among
Quercus species, Q. ilex presented the lowest �-carotene contents
(473 ± 497 �g/g dm), whilst the remaining species presented sim-
ilar values (1301–1421 �g/g dm). Finally, the acorn tissues did not
show statistically significant differences (p = 0.478) for the pheno-
lic compounds, while Q. ilex gave lower contents (18 ± 3 mg  GAE/g
dm)  than the remaining species (28–32 mg  GAE/g dm). Considering
previous findings (Cantos et al., 2003; Rakić et al., 2006; Tejerina
et al., 2011), these phenolic compounds should include phenolic
acids (gallic acid and its derivatives and ellagic acid), flavonoids
and tannins. The high antioxidant activity of these compounds is a
reasonable explanation for the highest correlations (evaluated by
the Spearman rho), which were verified in this work among DPPH
radicals scavenging inhibition (0.653) and among FRAP (0.596) and
phenolic compounds contents.

3.5. Principal components analysis (PCA)

In the former sections, the differences among the acorn tissues
and the Quercus species were compared analyzing each parameter
individually. In most cases, the detected differences were statisti-
cally significant, but the parameters with the highest differences
for each acorn part or Quercus are yet to be identified. Accord-
ingly, the results were evaluated considering data for all parameters
(nutritional, chemical and antioxidant activity) simultaneously, by
applying principal components analysis (PCA).

The correlations among the first three PC and each of the
41 included parameters are indicated in Table 5, showing which
parameters contributed mostly to define the obtained PCs. The
parameters more highly correlated with PC1 were carbohydrates,
C12:0, C14:0, C15:0, C17:0, C18:0, C20:1, C18:3n3, C22:1n9, SFA,
chlorophyll a, chlorophyll b and �-carotene. Analyzing the 3D plot
(Fig. 1A), it is obvious that markers corresponding to the peri-
carps were the only ones scoring positively in PC1, indicating that
these components present particularly high levels of all parameters
(except C20:1) with the highest correlation with PC1. The higher
levels of chlorophyll a, chlorophyll b and �-carotene could have
been anticipated, considering the color of the pericarps (brownish-
green) and the kernels (white). Likewise, the higher abundance
of SFA is probably related with the fact that pericarps are more
exposed to environmental stressors, thereby presenting fatty acids
less prone to oxidation. Concerning the distribution of markers
according to PC2 and PC3 it was not possible to obtain a clear sepa-
ration among kernels and whole fruits, thereby indicating that the
parameters more highly correlated with PC2 (moisture, fat, energy,
C18:1n9c, C18:2n6c, MUFA, PUFA, phenolics and DPPH scavenging
activity) and PC3 (protein and ash) scored similarly for those acorn
parts.

On the other hand, the markers corresponding to each Quer-
cus species were not clustered individually by PC1 (Fig. 1B), which
indicates the similarity among species for all the parameters more
highly correlated with PC1. According to PC2, Q. ilex was  signifi-
cantly different from the remaining species, mostly due to its higher

levels in fat, energy, C18:1n9c and MUFA, and the lower (negative
correlations) levels in all the remaining parameters highlighted as
having the highest correlations with PC2. Q. faginea and Q. suber
scored positively on PC3, in opposition to Q. ilex and Q. nigra, prob-
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(A)

(B)

Fig. 1. Tridimensional plots (defined by the firs three defined principal components) of object scores highlighting differences among Quercus species (A) and acorn tissues
(B).  The percentage of variance explained by each principal component is indicated in each axis. Spikes were represented in the vertical axis to allow a better visualization
of  the tridimensional projection of objects.
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Table 5
Correlations among variables (assayed parameters) and the first three defined principal components (PC). The percentage of variance included in each PC is given in the
bottom  line of the table. Numbers highlighted in bold represent the highest absolute correlations among variables and principal components.

Variable PC1 PC2 PC3 Variable (cont.) PC1 PC2 PC3

Moisture −0.646 −0.602 0.235 C22:2 −0.670 −0.542 −0.100
Fat  −0.671 0.631 −0.225 C24:0 0.525 0.292 0.576
Protein −0.281 -0.293 0.712 SFA 0.950 −0.191 0.067
Ash  −0.319 −0.226 0.677 MUFA −0.538 0.768 0.049
Carbohydrates 0.731 −0.306 −0.279 PUFA −0.189 −0.865 −0.130
Energy −0.645 0.630 −0.291 �-tocopherol −0.206 −0.474 0.461
C8:0  −0.308 −0.519 −0.267 �-tocotrienol −0.602 0.028 0.471
C10:0  0.220 -0.489 −0.387 �-tocopherol −0.129 −0.439 0.318
C12:0  0.819 −0.068 −0.171 �-tocopherol −0.540 −0.354 −0.348
C14:0  0.834 0.157 0.351 �-tocopherol −0.543 −0.349 0.042
C15:0  0.840 0.207 0.358 Tocopherols −0.611 −0.542 0.115
C16:0  0.693 −0.392 −0.313 Chlorophyll a 0.919 0.127 0.109
C16:1  0.059 −0.202 −0.097 Chlorophyll b 0.921 0.161 −0.073
C17:0  0.774 -0.037 −0.314 Lycopene −0.022 0.179 −0.235
C18:0  0.910 −0.158 0.184 �-carotene 0.843 0.035 0.330
C18:1n9c −0.648 0.607 0.152 Phenolics 0.058 −0.611 0.211
C18:2n6c −0.187 −0.862 −0.127 DPPH −0.243 −0.850 -0.025
C20:0  0.425 −0.226 −0.605 FRAP −0.459 −0.223 0.171
C18:3n3 0.757 −0.283 0.034 Eigenvalue 15.350 7.967 4.728
C20:1  −0.700 −0.086 −0.577 Proportion of total variance (%) 36.546 18.970 11.258
C21:0  −0.597 −0.116 −0.478
C22:1n9 0.799 −0.062 −0.398
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PPH: 1,1-diphenyl-2-picrylhydrazyl; FRAP: ferric reducing antioxidant power.

bly due to higher contents of protein and ash (the parameters more
orrelated with PC3) in Q. faginea and Q. suber.

. Conclusions

Overall, the Quercus species gave significantly different results
n the analyzed parameters (except for the �-tocopherol). Likewise,
he difference among the studied acorn tissues were also signif-
cant in most cases, except for C20:0 and phenolics content. The
ernels emerged as the main source of oil, energy, C18:2n6c, �-
ocopherol and total tocopherols, while the whole fruits presented
he highest levels of protein, �-tocopherol and lycopene. These two
omponents showed also similar values in C18:1n9c, MUFA and
UFA; the pericarps, on the other hand stood out for the high car-
ohydrates and �-carotene contents. From the comparison among
pecies, Q. faginea gave the highest �-tocopherol, total tocopherols
nd lycopene contents; Q. ilex emerged as a particularly interest-
ng source of oil, energy, C18:1n9c and MUFA; the components
rom Q. nigra stood out for the contents in carbohydrates, C18:2n6,

UFA and �-carotene; finally, Q. suber showed the highest pro-
ein levels. The best antioxidant effectiveness was obtained in the
ernels extracts and in the components of Q. nigra (for DPPH scav-
nging activity) and Q. faginea (for FRAP assay). From the industrial
pplication standpoint, these results might be useful for designing
ovel food and pharmaceutical products. Considering sustainabil-

ty principles, the results could be useful in providing added-value
o byproducts from industrial processing of acorns or the generated
gricultural wastes.
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