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The aim of this research was to study the processing effects (roasting and boiling) on primary and sec-
ondary metabolite composition of fruits from the following chestnut (Castanea sativa Mill.) cultivars
(cvs.) of three Protected Designation of Origin (PDO) areas in the Trás-os-Montes e Alto Douro region
(Portugal): PDO Terra Fria (cvs. Aveleira, Boaventura, Côta, Lamela and Trigueira), PDO Padrela (cvs. Judia,
Lada, Longal and Negra) and PDO Soutos da Lapa (cvs. Longal and Martaínha). The cooking processes sig-
nificantly (p < 0.0001) affected primary and secondary metabolite composition of the chestnuts. Roasted
chestnuts had higher protein contents, insoluble and total dietary fibre and lower fat contents whilst
boiled chestnuts had lower protein, but higher fat contents. Cooking increased citric acid contents, espe-
cially in roasted chestnuts. On the other hand, raw chestnuts had higher malic acid contents than cooked
chestnuts. Moreover, roasted chestnuts had significantly higher gallic acid and total phenolics contents,
and boiled chestnuts had higher gallic and ellagic acids contents, when compared to raw chestnuts. The
present data confirms that cooked chestnuts are a good source of organic acids and phenolics and have
low fat contents, properties that are associated with positive health benefits.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Chestnuts have become increasingly important in human nutri-
tion because of their nutrient composition and potential beneficial
health effects, for example, as part of a gluten-free diet in cases of
celiac disease (Pazianas et al., 2005) and in reducing coronary heart
disease and cancer rates (Sabaté, Radak, & Brown, 2000). Chestnuts
have a very low fat content, predominated by unsaturated fatty
acids, and in combination with their high fibre content it makes
them a health-beneficial food and a good source of energy. Chest-
nuts are also cholesterol-free and contain a high amount of vitamin
C (Gold, Cernusca, & Godsey, 2005). Several Portuguese chestnut
cultivars were characterised by high moisture content, high levels
of starch, low fat content, and significant amounts of fibre (Borges,
Gonçalves, Soeiro, Correia, & Silva, 2008; De Vasconcelos, Bennett,
Rosa, & Cardoso, 2007). The fruits also have a significant content of
polyphenols, with gallic acid and ellagic acid predominant among
ll rights reserved.

: +351 259 350266.
hydrolyzable and condensed tannins (De Vasconcelos et al.,
2007). Moreover, Ribeiro et al. (2007) had characterised Portu-
guese cvs. Judia and Longal and identified seven organic acids: oxa-
lic, cis-aconitic, citric, ascorbic, malic, quinic and fumaric acids.
According to Silva et al. (2004), organic acids may have a protective
effect against multiple diseases due to their antioxidant activity.
Additionally, they influence the organoleptic characteristics of fruit
and vegetables, namely their flavour (Vaughan & Geissler, 1997).

Castanea trees are spread all over the world and are used to pro-
duce wood and tanning agents, and the chestnut fruits have a con-
siderable economic value. In Portugal the main production area is
located in the Trás-os-Montes region, with an important role in the
economy and landscape patrimony, contributing 84% of the total
Portuguese production (Borges et al., 2008). Chestnuts are mainly
consumed roasted, boiled and fried, either fresh from the seasonal
harvest or from frozen chestnuts which are an increasingly com-
mon out-of-season form of the fruit. However, previous studies
have mainly focused on the composition of raw fruits and the
information about the possible changes in primary and secondary
metabolite composition after using the different cooking proce-

http://dx.doi.org/10.1016/j.foodchem.2010.02.032
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dures is relatively limited. According to Shin, Oh, and Kim (1981),
roasting led to a decrease in water content and a slight decrease in
protein content. On the other hand, Künsch et al. (1999) referred
that cooking had no significant influence on the contents of pro-
tein. In addition the crude fat content did not vary, whereas reduc-
ing sugars increased (Shin et al., 1981). Ribeiro et al. (2007)
concluded that roasting, boiling and frying lead to significant
reductions of total organic acids contents. In contrast, a previous
study by Künsch et al. (2001) concluded that roasting caused little
change in composition. All of this information is relevant to predict
the quality of this product and the potential beneficial human
health effects. Therefore, the aims of this study were to (i) deter-
mine any variations in basic proximate compositions and (ii) deter-
mine any variations in organic acids and phenolic compounds,
from ten Portuguese chestnut cultivars (raw, boiled and roasted),
with high quality, grown in three Protected Designations of Origin
(PDO) areas (Borges et al., 2008): Terra Fria, Padrela and Soutos da
Lapa. This work will contribute to increasing the knowledge on the
chemical composition of differently processed chestnuts from sev-
eral cultivars, to highlight the potential beneficial health effects, to
help food processing industries select specific cultivars for the
market, and to increase their consumption, with the associated
economic benefits to producers.
2. Materials and methods

2.1. Samples

The selection of the most important Portuguese cultivars was
made within the three Protected Designation of Origin (PDO) areas
for chestnut tree production in the Trás-os-Montes e Alto Douro re-
gion: PDO Terra Fria (cvs. Aveleira, Boaventura, Côta, Lamela and
Trigueira); PDO Padrela (cvs. Judia, Lada, Longal and Negra) and
PDO Soutos da Lapa (cvs. Longal and Martaínha). In 2006, three
representative trees from each cultivar were selected and three
replications of mature chestnuts (1 kg of fruits per sample) of each
selected tree were randomly collected and kept at 2 �C until anal-
ysis for a maximum of 3 days.

Raw chestnuts (500 g) from each cultivar, previously cross-cut
on the top, were boiled with 2 l of water and 5 g of salt for
20 min. Also, 500 g of raw nuts from each cultivar, slit with a knife
and spread with 7 g of salt, were roasted in a preheated electric
oven with air circulation (Nabertherm Mod. – L9R; Nabetherm
GmbH, Lilienthal, Germany), at 200 �C for 40 min. These conditions
were selected after previous tests. After processing, the samples
were peeled and the nuts rapidly cut into small pieces and milled
in a Model SK 100 Cross Beater (Retsch GmbH, Haan, Germany) to a
uniformly fine powder. Samples were stored in a freezer at �80 �C
until analyses were performed. Both boiling and roasting processes
were done in triplicate.

2.2. Analytical procedures

2.2.1. Chemicals
All chemicals and reagents were of analytical grade and were

obtained from various commercial sources (Sigma/Aldrich, Merck,
and Pronalab). All solvents were of high-performance liquid chro-
matography (HPLC) grade, and all water was ultra-pure. All pheno-
lic and organic acid standards were obtained from Sigma–Aldrich.
For all standards, HPLC calibration curves were constructed by
injection of 20 ll of different stock concentrations of the standards.

2.2.2. Dry matter and ash contents
Moisture content was determined by gravimetric method, using

a dry air oven from Heraeus Instruments (Hanau, Germany) at
101 �C ± 2 �C for 2 h, until constant weight (AOAC 952.08, 1961).
Total ash analysis was carried out in a muffle furnace M110
(Heraeus Instruments) at 525 �C ± 25 �C for 20 h, using 5 g of chest-
nuts, until constant weight, according to AOAC 923.03 (2000).

2.2.3. Extraction and quantification of crude fat
Total fat determination was performed with an acid hydrolysis

method followed by extraction using a Soxhlet apparatus for 16 h
with petroleum ether, as the extraction solvent. The residue ob-
tained was dried for 1 h 30 min at 101 �C ± 2 �C, until constant
weight, according to the acid hydrolysis method (AOAC 948.15,
2000).

2.2.4. Extraction and quantification of total protein
Each sample was analysed in triplicate for total nitrogen by the

Kjeldahl method in combination with a copper catalyst using a
block digestion system Foss Tecator 2006 Digestor (Höganäs, Swe-
den) and a Foss 2200 Kjeltec AutoDistillation unit (Foss Tecator)
(AOAC 991.20, 2000). The crude protein content was calculated
by using 6.25 as the conversion factor, according to FAO/OMS
(1973).

2.2.5. Extraction and quantification of fibre
The content of total dietary fibre (TDF) was determined by the

enzymatic–gravimetric method (AOAC 985.29, 2000), and insolu-
ble (IDF) and soluble dietary fibre (SDF) were determined by enzy-
matic–gravimetric method, MES–TRIS buffer (AOAC 991.43, 2000).

2.2.6. Extraction and quantification of organic acids
For the enzymatic determination of organic acids (L-citric and

malic acids) test kits (Boehringer Mannheim/R-Biopharm) were
used and the NADH absorptions were measured at 340 nm with
a UV–Vis spectrophotometer (Hitachi U-2000 spectrophotometer
(Hitachi, Tokyo, Japan). Citric acid was determined by the citrate
lyase method and malic acid by the L-malate dehydrogenase meth-
od (Boehringer Mannheim GmbH, Mannheim, Germany).

2.2.7. Extraction and quantification of total phenolics
For phenolic analyses, chestnuts were frozen with liquid nitro-

gen, powdered, and freeze-dried in a Dura Dry lP from F.T.S. Sys-
tems (Stone Ridge, NY) for 48 h. Freeze-dried subsamples of the
raw, boiled and roasted kernels (3 � 40 mg) were extracted with
1 ml of 70% methanol at 70 �C for 30 min in 2-ml screw-top micro-
tubes, using a vortex mixer every 5 min to optimise extraction,
according to De Vasconcelos et al. (2007). The samples were centri-
fuged (17,000g, 4 �C, 20 min), and subsamples of the supernatant
(3 � 100 ll) were used for determining total phenolics contents,
following the Folin–Ciocalteau spectrophotometer method. Gallic
acid was used to produce the calibration curve, using a previously
described method, with a minor modification, in that sample ex-
tracts and the gallic acid standard volumes used in the assay were
100 ll instead of 50 ll (De Vasconcelos et al., 2007; Javanmardi,
Stushnoff, Locke, & Vivanco, 2003).

2.2.8. Extraction and HPLC analysis and quantification of free gallic
and ellagic acids

Subsamples of the freeze-dried chestnut kernel samples
(3 � 40 mg) were extracted, using 950 ll of 70% methanol with
50 ll of 1 mg/ml naringin (in 100% methanol) as the extraction
standard, at 70 �C for 30 min in 2-ml screw-top microtubes. The
tubes were vortex-mixed every 5 min to optimise extraction. The
samples were centrifuged (17,000g, 4 �C, 20 min) and filtered
(0.2-lm general purpose filter), and HPLC analyses were per-
formed using the previously reported multi-purpose reverse-phase
method (Bennett, Rosa, Mellon, & Kroon, 2006; De Vasconcelos
et al., 2007). A Phenomenex Luna C18 (2) (250 mm � 4.6 mm,
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5 lm) main column, with a Security guard pre-column (Phenome-
nex, Torrance, CA) and a C18 cartridge, was used in combination
with a Thermo-Finnigan Surveyor HPLC system (solvent de-gasser,
quaternary pump, thermostatically controlled autosampler set at
10 �C, thermostatically controlled column oven set at 25 �C, a
photo-diode array detector set to collect overall data from 200 to
600 nm, and selected wavelengths of 227, 270, 370 and 520 nm).
A linear gradient using A (0.1% v/v trifluoroacetic acid in ultra-pure
water) and B (0.1% v/v trifluoroacetic acid in HPLC grade acetoni-
trile) with a flow rate of 1 ml/min was used as previously described
(De Vasconcelos et al., 2007). Peak identifications of ellagic acid
and gallic acid were confirmed from retention times, UV spectro-
Table 1
Primary and secondary metabolite composition of raw, boiled and roasted chestnuts.
Means (n = 33) ± standard deviations followed by the same letter within a line are not
significantly different at p < 0.05, according to the Duncan multiple range test.

Parameters Raw Boiled Roasted

Dry mass (g/100 g edible) 46.8 ± 2.88 b 42.1 ± 2.60 a 54.2 ± 3.46 c
Ash (g/100 g DW) 2.06 ± 0.29 b 1.75 ± 0.23 a 2.11 ± 0.29 c
Protein (g/100 g DW) 6.51 ± 1.38 b 6.28 ± 1.12 a 6.72 ± 1.21 c
Fat (g/100 g DW) 3.20 ± 0.75 b 3.33 ± 1.07 c 3.08 ± 0.56 a
Insoluble fibre (g/100 g DW) 13.9 ± 2.41 a 14.1 ± 2.16 a 20.0 ± 3.21 b
Soluble fibre (g/100 g DW) 1.06 ± 0.36 a 1.66 ± 0.63 b 1.65 ± 0.72 b
Total fibre (g/100 g DW) 13.7 ± 2.21 a 15.4 ± 1.70 b 20.1 ± 2.99 c
Citric acid (mg/100 g DW) 396 ± 259 a 592 ± 292 b 634 ± 175 c
Malic acid (mg/100 g DW) 322 ± 101 c 123 ± 137 a 253 ± 152 b
Gallic acid (mg/kg DW) 10.9 ± 5.81 a 13.6 ± 3.02 b 13.7 ± 6.23 b
Ellagic acid (mg/kg DW) 6.32 ± 7.06 a 12.2 ± 5.61 c 8.62 ± 4.97 b
Total phenolics (mg/g DW) 16.2 ± 2.10 a 16.5 ± 2.77 a 19.3 ± 2.57 b

Table 2
Dry mass, ash, protein and fat in kernels of raw, boiled and roasted chestnuts from ten Po

Cultivar (C) and PDO Treatment (T) Dry mass (g/100 g edible)

Aveleira Raw 48.4 ± 0.05
PDO Terra Fria Boiled 42.7 ± 0.01

Roasted 58.7 ± 0.04
Boaventura Raw 49.4 ± 0.03
PDO Terra Fria Boiled 44.4 ± 0.06

Roasted 53.8 ± 0.04
Côta Raw 49.3 ± 0.07
PDO Terra Fria Boiled 44.8 ± 0.01

Roasted 55.9 ± 0.10
Judia Raw 45.8 ± 0.01
PDO Padrela Boiled 39.7 ± 0.07

Roasted 52.5 ± 0.01
Lada Raw 40.0 ± 0.07
PDO Padrela Boiled 38.0 ± 0.04

Roasted 49.0 ± 0.06
Lamela Raw 46.0 ± 0.10
PDO Terra Fria Boiled 42.8 ± 0.01

Roasted 54.9 ± 0.10
Longal P Raw 44.0 ± 0.07
PDO Padrela Boiled 40.5 ± 0.02

Roasted 55.7 ± 0.00
Longal SL Raw 48.8 ± 0.01
PDO Soutos da Lapa Boiled 39.3 ± 0.09

Roasted 55.8 ± 0.01
Martaínha Raw 50.0 ± 0.21
PDO Soutos da Lapa Boiled 46.8 ± 0.04

Roasted 56.7 ± 0.05
Negra Raw 45.7 ± 0.12
PDO Padrela Boiled 41.2 ± 0.06

Roasted 48.3 ± 7.05
Trigueira Raw 47.5 ± 0.13
PDO Terra Fria Boiled 43.4 ± 0.04

Roasted 55.1 ± 0.13

P (C) 0.0001
p (T) 0.0001
p (C � T) 0.0001
scopic data, and direct comparison to pure standards. Provisional
identification of tannins (ellagitannins and proanthocyanidins)
were done using spectroscopic data and direct comparison to pure
standards.

2.3. Statistical analysis

Data were tested using a two-way ANOVA test to determine the
main effects of cooking processing and cultivar, followed by Dun-
can’s new multiple range test with a 0.05 significance level. Addi-
tionally, a Fisher correlation analysis including several of the
studied parameters was also performed using the StatView 4.0
package.

3. Results and discussion

3.1. Proximate analysis

The cooking processes significantly (p < 0.0001) affected the
primary and secondary metabolite composition of the chestnuts
(Table 1). Raw chestnuts had very high mean moisture content,
over 53%, which is essential for storage supply to the fresh market.
All fifteen cultivars of chestnuts from Galicia (Spain region)
showed a moisture content greater than 50% (Montaña Míguelez,
Míguez Bernárdez, & García Queijeiro, 2004) and the average mois-
ture content of chestnuts in Spain was 54% (Pereira-Lorenzo,
Ramos-Cabrer, Díaz-Hernández, Ciordia-Ara, & Ríos-Mesa, 2006),
similar to the values for European chestnuts (Breisch, 1995;
McCarthy & Meredith, 1988), and lower values were found for
American and Chinese cultivars (McCarthy & Meredith, 1988).
rtuguese cultivars. Means (n = 3) ± standard deviations (SD).

Ash (g/100 g DW) Protein (g/100 g DW) Fat (g/100 g DW)

2.56 ± 0.03 6.62 ± 0.21 4.71 ± 0.17
2.16 ± 0.04 7.60 ± 0.58 5.96 ± 0.31
2.33 ± 0.01 7.01 ± 0.01 3.49 ± 0.41
1.97 ± 0.01 6.83 ± 0.10 3.49 ± 0.04
1.61 ± 0.01 6.88 ± 0.30 3.52 ± 0.06
1.98 ± 0.01 7.38 ± 0.06 2.71 ± 0.06
1.92 ± 0.01 6.37 ± 0.03 3.41 ± 0.03
2.02 ± 0.04 5.29 ± 0.01 2.95 ± 0.26
2.69 ± 0.02 6.85 ± 0.13 3.73 ± 0.09
1.98 ± 0.08 7.29 ± 0.03 2.74 ± 0.04
1.73 ± 0.05 5.93 ± 0.20 3.04 ± 0.05
2.06 ± 0.00 7.84 ± 0.15 2.98 ± 0.01
2.13 ± 0.04 9.88 ± 0.07 1.88 ± 0.11
1.76 ± 0.00 8.22 ± 0.24 1.61 ± 0.04
2.14 ± 0.06 9.25 ± 0.38 1.84 ± 0.03
2.41 ± 0.00 5.67 ± 0.29 2.89 ± 0.06
1.79 ± 0.01 6.44 ± 0.05 3.52 ± 0.25
1.81 ± 0.01 6.42 ± 0.14 3.03 ± 0.02
2.08 ± 0.01 5.92 ± 0.04 3.24 ± 0.01
1.69 ± 0.04 7.01 ± 0.32 2.91 ± 0.01
2.22 ± 0.01 5.67 ± 0.04 2.82 ± 0.20
1.69 ± 0.01 5.72 ± 0.09 3.06 ± 0.07
1.34 ± 0.01 5.28 ± 0.01 3.30 ± 0.12
1.90 ± 0.03 6.25 ± 0.29 3.47 ± 0.06
1.76 ± 0.06 4.51 ± 0.04 3.80 ± 0.26
1.58 ± 0.03 4.53 ± 0.13 4.12 ± 0.05
1.87 ± 0.07 4.65 ± 0.06 3.76 ± 0.05
1.72 ± 0.01 7.41 ± 0.21 2.31 ± 0.08
1.55 ± 0.00 6.65 ± 0.21 2.44 ± 0.01
1.76 ± 0.00 6.96 ± 0.13 2.74 ± 0.00
2.39 ± 0.07 5.39 ± 0.09 3.65 ± 0.09
2.02 ± 0.05 5.26 ± 0.04 3.27 ± 0.20
2.47 ± 0.10 5.61 ± 0.13 3.36 ± 0.05

0.0001 0.0001 0.0001
0.0001 0.0001 0.0001
0.0001 0.0001 0.0001
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Mean values for dry mass and ash contents ranged between 42 and
54 g/100 g edible portion and 1.75 and 2.11 g/100 g dry weight
(DW) for boiled and roasted chestnuts, respectively (Table 1).
These values were close to the amounts found by Koyuncu,
Çetinbas�, and Yildirim (2008) for some genotypes of Turkish chest-
nuts, and by Yang, Guoxiang, Caiqin, and Yang (2010) for Castanea
mollissima Bl. chestnuts. As expected, roasted chestnuts possessed
29% more of dry mass and 21% more of ash content than the boiled
ones, with intermediate values in raw material.

According to Table 2, dry mass and ash varied significantly
(p < 0.0001) with a cultivar � treatment interaction. Dry mass ran-
ged from 38 to 59 g/100 g edible portion in boiled cv. Lada chest-
nuts and roasted cv. Aveleira, respectively. Ash content was low
and changed between 1.34 and 2.69 g/100 g DW in boiled cv. Lon-
gal SL chestnuts and roasted cv. Côta, respectively.

Roasted chestnuts had higher protein content, insoluble and to-
tal dietary fibre and lower fat contents whilst boiled chestnuts had
lower protein, but higher fat contents (Table 1). Total protein var-
ied between 6.28 to 6.72 g/100 g DW; insoluble fibre and total die-
tary fibre contents ranged from 14 to 20 g/100 g DW, and fat
content was low, with values between 3.08 and 3.33 g/100 g DW.
It is generally accepted that the lipid content of chestnuts is low
(Montaña Míguelez et al., 2004). In raw chestnuts the mean lipid
content was 3.2%, similar to the values obtained by the Spanish
researchers Montaña Míguelez et al. (2004), and lower than the
values previously reported in French (Desmaison & Adrian, 1986)
and Italian (Bassi & Marangoni, 1984) chestnut fruits, with values
around 5%.

Regarding the cultivar � treatment interaction (Table 2), the pro-
tein content ranged between 4.51 and 9.88 g/100 g DW in raw cv.
Martaínha chestnuts and in raw cv. Lada, respectively; and fat con-
Table 3
Insoluble, soluble and total fibre of raw, boiled and roasted chestnuts from ten Portugues

Cultivar (C) and PDO Treatment (T) Insoluble fibre (g/100 g D

Aveleira Raw 15.5 ± 0.06
PDO Terra Fria Boiled 17.1 ± 0.08

Roasted 18.9 ± 1.25
Boaventura Raw 12.1 ± 0.22
PDO Terra Fria Boiled 15.2 ± 1.51

Roasted 18.9 ± 0.54
Côta Raw 12.1 ± 0.00
PDO Terra Fria Boiled 11.2 ± 0.85

Roasted 18.8 ± 1.17
Judia Raw 18.0 ± 0.42
PDO Padrela Boiled 12.6 ± 0.42

Roasted 21.9 ± 0.92
Lada Raw 11.3 ± 0.30
PDO Padrela Boiled 13.0 ± 0.82

Roasted 17.9 ± 0.45
Lamela Raw 11.6 ± 0.00
PDO Terra Fria Boiled 13.6 ± 0.66

Roasted 17.2 ± 1.47
Longal P Raw 13.7 ± 0.48
PDO Padrela Boiled 13.2 ± 0.39

Roasted 17.5 ± 0.40
Longal SL Raw 15.2 ± 0.13
PDO Soutos da Lapa Boiled 15.9 ± 0.81

Roasted 24.8 ± 1.08
Martaínha Raw 18.2 ± 0.20
PDO Soutos da Lapa Boiled 17.2 ± 0.17

Roasted 22.6 ± 0.41
Negra Raw 12.7 ± 0.28
PDO Padrela Boiled 15.4 ± 0.69

Roasted 25.7 ± 1.67
Trigueira Raw 12.9 ± 0.09
PDO Terra Fria Boiled 11.2 ± 0.21

Roasted 16.2 ± 0.57

p (C) 0.0001
p (T) 0.0001
p (C � T) 0.0001
tent varied from 1.61 to 5.96 g/100 g DW in boiled cv. Lada chestnuts
and boiled cv. Aveleira, respectively. In addition, insoluble fibre ran-
ged from 11 to 26 g/100 g DW in boiled cv. Trigueira chestnuts and
roasted cv. Negra, respectively; soluble fibre varied between 0.56
and 2.93 g/100 g DW in raw cv. Judia chestnuts and roasted cv. Lada,
respectively; and total dietary fibre changed between 11 and 24 g/
100 g DW in raw cv. Lamela chestnuts and roasted cv. Longal
SL, respectively (Table 3). Dietary fibre has been accepted in the
prevention and management of diseases of the Western society.
Dietary fibre exerts its direct physiological effect throughout the
gastrointestinal tract in addition to affecting metabolic activities.
Numerous mechanisms of action have been identified which are re-
lated to its physicochemical properties and its fermentation pattern
in the large intestine and the associated production of health-bene-
ficial short-chain fatty acids (Guillon & Champ, 2000).

Pereira-Lorenzo et al. (2006) have found that the crude protein
content of chestnut kernels was between 4.5 and 9.6% of dry mat-
ter, using 5.3 as a nitrogen-to-protein conversion factor. The values
for crude fat content previously reported by the same authors ran-
ged between 1.7 and 4.0% of dry matter. Borges, Carvalho, Correia,
and Silva (2007) showed values for crude fat from 1.67 to 3.50% of
dry matter, lowest in cv. Lada (PDO Padrela) and highest in cv.
Aveleira (PDO Terra Fria).

3.2. Organic acids

Ribeiro et al. (2007) had characterised cvs. Judia and Longal and
identified seven organic acids: oxalic, cis-aconitic, citric, ascorbic,
malic, quinic and fumaric acids. In the present study, cooking pro-
cedures had significantly (p < 0.0001) increased citric acid content,
especially in roasted chestnuts (Table 1). On the other hand, raw
e cultivars. Means (n = 3) ± standard deviations (SD).

W) Soluble fibre (g/100 g DW) Total fibre (g/100 g DW)

1.27 ± 0.10 14.5 ± 1.36
1.57 ± 0.20 15.7 ± 1.89
1.25 ± 0.02 18.2 ± 0.34
1.74 ± 0.03 11.9 ± 0.13
0.76 ± 0.16 14.3 ± 0.04
2.50 ± 0.01 21.3 ± 0.13
0.72 ± 0.13 12.1 ± 0.11
2.53 ± 0.03 14.4 ± 0.30
0.80 ± 0.18 16.4 ± 0.81
0.56 ± 0.04 16.2 ± 0.13
1.25 ± 0.02 16.2 ± 0.68
2.42 ± 0.27 23.0 ± 2.29
0.88 ± 0.25 11.7 ± 1.29
1.57 ± 0.25 14.5 ± 0.01
2.93 ± 0.21 19.1 ± 0.57
1.06 ± 0.32 10.6 ± 0.01
2.27 ± 0.66 17.6 ± 1.02
1.05 ± 0.27 18.6 ± 0.58
1.34 ± 0.13 14.2 ± 0.43
1.42 ± 0.16 13.1 ± 0.30
1.85 ± 0.00 16.6 ± 0.34
0.73 ± 0.10 14.8 ± 0.70
1.43 ± 0.25 13.5 ± 0.68
1.31 ± 0.51 24.1 ± 0.11
1.18 ± 0.31 17.3 ± 0.14
1.16 ± 0.15 18.4 ± 0.91
0.73 ± 0.09 22.9 ± 2.56
1.25 ± 0.00 12.9 ± 0.21
1.54 ± 0.30 15.5 ± 0.34
1.59 ± 0.00 23.4 ± 0.19
0.97 ± 0.15 16.5 ± 0.49
2.81 ± 0.20 15.9 ± 0.20
1.76 ± 0.06 17.8 ± 0.31

0.0001 0.0001
0.0001 0.0001
0.0001 0.0001
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chestnuts had significantly (p < 0.0001) higher malic acid concen-
tration than cooked chestnuts. Citric acid content varied between
146 and 1216 g/100 g DW in raw cv. Judia chestnuts and boiled
cv. Aveleira, respectively (Table 4). Additionally, malic acid content
ranged from 9 to 535 g/100 g DW in boiled cv. Martaínha chestnuts
and raw cv. Lamela, respectively. Nevertheless, Ribeiro et al. (2007)
concluded that roasting, boiling and frying procedures lead to sig-
nificant reduction of total organic acids contents. In contrast, the
organic acid concentration showed a dramatic increase during
grape must cooking (Piva et al., 2008).

The observed increases in organic acids could be explained by
Lewis, Esselen, and Fellers (1949) as heat-induced reactions be-
tween nitrogen-free carboxylic acids and sugars. Also, malic acid
and citric acid were detected as the main organic acids in several
fruits, for example in pomegranate (Melgarejo, Salazar, & Artes,
2000) and in black elderberry (Veberic, Jakopic, Stampar, & Schm-
itzer, 2008).

Regarding the influence of PDO on organic acid concentrations,
it was observed that raw chestnuts from cvs. Aveleira and Lamela
from PDO Terra Fria (altitude: 650–900 m; dystric cambisols from
schists), possessed higher citric and malic acid contents (Table 4)
than cultivars from PDO Soutos da Lapa (700–800 m; dystric
cambisols from granites) and PDO Padrela (800–900 m, humic
umbrisols from granites) (Borges et al., 2007). However, Pereira-
Lorenzo et al. (2006) found that high variation in chemical compo-
sition of 47 chestnut cultivars and 7 regions corresponded to high
genetic variability between cultivars, and so correlations with
environmental factors were low.
Table 4
Organic acids and phenolic compounds of raw, boiled and roasted chestnuts from ten Por

Cultivar (C) and
PDO

Treatment
(T)

Citric acid (mg/100 g
DW)

Malic acid (mg/100
DW)

Aveleira Raw 879 ± 15.5 219 ± 4.82
PDO Terra Fria Boiled 1216 ± 6.29 63.1 ± 0.83

Roasted 926 ± 5.66 430 ± 4.82
Boaventura Raw 505 ± 20.0 275 ± 1.29
PDO Terra Fria Boiled 769 ± 3.82 422 ± 9.08

Roasted 487 ± 23.1 95.3 ± 13.3
Côta Raw 428 ± 5.88 299 ± 5.59
PDO Terra Fria Boiled 647 ± 11.6 88.1 ± 1.58

Roasted 543 ± 2.28 336 ± 17.5
Judia Raw 146 ± 11.1 384 ± 4.02
PDO Padrela Boiled 281 ± 5.16 31.1 ± 0.18

Roasted 545 ± 0.81 22.9 ± 7.01
Lada Raw 310 ± 4.77 374 ± 19.8
PDO Padrela Boiled 447 ± 2.23 66.1 ± 1.12

Roasted 579 ± 13.7 49.5 ± 0.14
Lamela Raw 470 ± 23.1 535 ± 87.2
PDO Terra Fria Boiled 616 ± 47.9 36.1 ± 0.50

Roasted 858 ± 31.8 125 ± 3.73
Longal P Raw 190 ± 3.54 345 ± 1.93
PDO Padrela Boiled 494 ± 7.87 367 ± 1.05

Roasted 604 ± 6.73 480 ± 9.77
Longal SL Raw 250 ± 12.9 349 ± 8.26
PDO Soutos da

Lapa
Boiled 262 ± 15.5 26.5 ± 4.32
Roasted 472 ± 3.17 291 ± 10.0

Martaínha Raw 148 ± 7.78 260 ± 14.7
PDO Soutos da

Lapa
Boiled 530 ± 5.28 8.76 ± 1.81
Roasted 618 ± 24.9 314 ± 2.62

Negra Raw 178 ± 13.6 351 ± 4.80
PDO Padrela Boiled 288 ± 3.95 99.0 ± 6.87

Roasted 434 ± 3.45 345 ± 16.2
Trigueira Raw 855 ± 26.2 147 ± 15.6
PDO Terra Fria Boiled 962 ± 1.46 141 ± 0.49

Roasted 912 ± 0.38 295 ± 4.75

p (C) 0.0001 0.0001
p (T) 0.0001 0.0001
p (C � T) 0.0001 0.0001

nd – not detected.
3.3. Phenolics

The beneficial effects of phenolic compounds in preventing car-
diovascular diseases and the general favourable impacts of these
substances on human health have been studied by several authors
(Del Caro & Piga, 2008). As gallic acid has been found to be a strong
antioxidant, antimutagenic and anticarcinogenic agent (Gunckel
et al., 1998), a high content in chestnut fruit is especially important.
In fact, roasted chestnuts possessed significantly (p < 0.0001) higher
gallic acid and total phenolics, and boiled chestnuts had higher gallic
and ellagic acids, when compared to raw chestnuts (Table 1). Gallic
acid varied between 4 and 24 mg/kg DW in raw cv. Lada chestnuts
and roasted cv. Aveleira, respectively (Table 4); ellagic acid changed
from 2 to 25 mg/kg DW in raw cv. Côta chestnuts and raw cv.
Aveleira, respectively; and total phenolics ranged from 13 to
23 mg/g DW in boiled cv. Judia chestnuts and roasted cv. Lada,
respectively. According to De Vasconcelos et al. (2007), free gallic
acid and ellagic acid were also identified and quantified in three
Portuguese chestnut cultivars. Polyphenols were also found by
Barreira, Ferreira, Oliveira, and Pereira (2008) in all the chestnut
samples and in the following order: outer skins > inner skins >
flowers > leaves >>> fruit. The observed increases in ellagic acid
may be due to hydrolysis of endogenous ellagitannins in the fruits,
which release HHDP (3,4,5,30,40,50-hexahydroxydiphenic acid),
which then spontaneously rearranges to form the di-lactone ellagic
acid (Gross, 2008). Increases in gallic acid may also be associated
with tannin decomposition during boiling or roasting from as yet
unidentified galloylesters.
tuguese cultivars. Means (n = 3) ± standard deviations (SD).

g Gallic acid (mg/kg
DW)

Ellagic acid (mg/kg
DW)

Total phenolics (mg/g
DW)

19.1 ± 3.83 24.9 ± 3.52 16.4 ± 0.58
13.3 ± 1.30 22.1 ± 3.30 17.1 ± 0.70
23.8 ± 1.67 9.35 ± 1.11 18.5 ± 2.42
10.2 ± 1.34 13.4 ± 1.41 18.6 ± 1.40
8.91 ± 1.57 7.22 ± 2.62 18.0 ± 0.07
5.76 ± 0.59 6.26 ± 0.98 18.5 ± 2.27
5.45 ± 0.95 1.61 ± 0.10 15.5 ± 1.39
13.5 ± 0.93 9.79 ± 0.88 18.2 ± 0.58
14.2 ± 2.76 6.94 ± 1.68 19.9 ± 0.47
12.8 ± 1.25 3.05 ± 0.41 13.6 ± 0.40
12.8 ± 0.60 12.7 ± 2.10 13.5 ± 0.67
11.7 ± 1.17 7.60 ± 2.58 16.6 ± 2.04
3.76 ± 0.30 nd 18.2 ± 1.78
14.9 ± 1.88 13.4 ± 2.23 17.9 ± 0.38
13.1 ± 0.78 6.88 ± 0.58 23.1 ± 4.53
12.6 ± 2.05 6.40 ± 2.05 17.5 ± 1.21
12.1 ± 2.69 9.93 ± 1.79 15.7 ± 1.03
8.39 ± 2.01 5.14 ± 1.5 16.9 ± 1.73
5.00 ± 1.28 2.77 ± 0.08 18.8 ± 1.41
15.5 ± 2.38 4.30 ± 0.27 18.8 ± 0.98
9.75 ± 1.29 4.31 ± 0.05 18.5 ± 1.54
12.7 ± 0.73 2.70 ± 0.39 14.8 ± 0.16
12.4 ± 0.68 11.1 ± 0.26 13.6 ± 4.39
22.5 ± 1.60 21.1 ± 2.69 21.3 ± 0.72
13.5 ± 3.25 8.26 ± 0.34 16.3 ± 0.59
11.0 ± 0.35 22.0 ± 3.28 15.0 ± 0.95
14.7 ± 0.98 13.5 ± 3.85 18.7 ± 2.22
20.4 ± 2.18 3.55 ± 0.37 15.0 ± 2.72
19.8 ± 1.20 12.2 ± 2.45 17.0 ± 4.87
20.6 ± 2.55 4.67 ± 0.59 21.1 ± 0.96
4.37 ± 0.72 2.86 ± 0.45 15.2 ± 0.60
15.5 ± 1.29 9.27 ± 1.89 16.8 ± 0.05
6.17 ± 0.38 9.12 ± 0.98 17.4 ± 0.96

0.0001 0.0001 0.0001
0.0001 0.0001 0.0001
0.0001 0.0001 0.1093
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With respect to PDO effect on phenolic composition, raw chest-
nuts from cv. Negra PDO Padrela had higher ellagic acid concentra-
tion and cv. Aveleira PDO Terra Fria had higher gallic and ellagic
acid concentrations, when compared to the other cultivars (Table 4).

3.4. Correlations between primary and secondary metabolites

The correlation matrix shows some significantly relationships
between the chemical components analysed in raw (Table 5), boiled
(Table 6) and roasted (Table 7) chestnuts, respectively. It is interest-
ing to observe that fat was negatively correlated with protein
content in raw (r2 = �0.610, p < 0.01) and in boiled chestnuts
(r2 = �0.656, p < 0.001), but not in roasted ones. Moreover, fat
Table 5
Correlation matrix of primary and secondary metabolite composition of raw chestnuts.

Total phenolics Dry mass Ash Protein Fat Cit

Dry mass �0.170
Ash 0.209 0.056
Protein 0.020 �0.693*** 0.037
Fat 0.037 0.645*** 0.335 �0.610**

Citric acid 0.032 0.390 0.764*** �0.092 0.548**

Malic acid 0.059 �0.399 0.002 0.168 �0.617** �0
Insoluble fibre �0.341 0.068 �0.302 �0.232 0.131 �0
Soluble fibre 0.324 0.259 0.200 �0.159 0.280 0.3
Total fibre �0.319 0.148 �0.229 �0.291 0.182 0.0
Gallic acid �0.309 �0.005 �0.235 0.045 0.196 �0
Ellagic acid �0.151 0.426 �0.379 �0.364 0.236 �0

* Significant at p < 0.05.
** Significant at p < 0.01.

*** Significant at p < 0.001.

Table 6
Correlation matrix of primary and secondary metabolite composition of boiled chestnuts.

Total phenolics Dry mass Ash Protein Fat Ci

Dry mass 0.194
Ash 0.338 0.400
Protein 0.052 �0.235 0.153
Fat �0.069 0.598** 0.289 �0.656***

Citric acid �0.089 0.243 0.264 �0.231 0.266
Malic acid 0.410 0.612** 0.397 �0.539** 0.539**

Insoluble fibre �0.057 0.490* �0.181 0.013 0.301 �
Soluble fibre �0.007 �0.585** �0.111 0.592** �0.774*** �
Total fibre �0.247 0.264 �0.424* 0.070 0.098 �
Gallic acid 0.027 �0.566** �0.175 0.014 �0.303 �
Ellagic acid �0.423* 0.091 �0.087 0.005 0.261

* Significant at p < 0.05.
** Significant at p < 0.01.

*** Significant at p < 0.001.

Table 7
Correlation matrix of primary and secondary metabolite composition of roasted chestnuts

Total phenolics Dry mass Ash Protein Fat Cit

Dry mass �0.127
Ash 0.007 0.380
Protein 0.221 �0.461* 0.111
Fat �0.321 0.390 0.342 �0.134
Citric acid �0.094 0.385 0.703*** 0.139 0.727***

Malic acid �0.018 0.172 �0.055 0.344 �0.165 0.0
Insoluble fibre 0.019 0.110 �0.313 �0.021 0.616** 0.2
Soluble fibre �0.075 �0.008 0.356 �0.163 �0.046 0.2
Total fibre �0.276 0.376 0.181 �0.387 0.358 0.2
Gallic acid �0.119 0.271 0.211 �0.030 0.608** 0.2
Ellagic acid �0.155 0.263 0.312 0.264 0.886*** 0.7

* Significant at p < 0.05.
** Significant at p < 0.01.

*** Significant at p < 0.001.
content was positively correlated with dry mass in raw (r2 = 0.645,
p < 0.001) and in boiled chestnuts (r2 = 0.598, p < 0.01). In these nuts,
we also identified a positive correlation between dry mass and malic
acid (r2 = 0.612, p < 0.01), but negative correlations were found be-
tween dry mass and soluble fibre (r2 = �0.585, p < 0.01) and gallic
acid (r2 = �0.566, p < 0.01). In addition, protein was positively corre-
lated with soluble fibre (r2 = 0.592, p < 0.01), but negatively with
malic acid (r2 = �0.539, p < 0.01).

In raw chestnuts it was observed that fat correlated positively
with citric acid (r2 = 0.548, p < 0.01) but negatively with malic acid
(r2 = �0.617, p < 0.01). Also, fat correlated positively with citric acid
in roasted (r2 = 0.727, p < 0.001) and positively with malic acid in
boiled chestnuts (r2 = 0.539, p < 0.01). Fat content from roasted
ric acid Malic acid Insoluble fibre Soluble fibre Total fibre Gallic acid

.413

.121 �0.157
52 �0.250 0.130
22 �0.364 0.919*** 0.135
.054 �0.164 0.281 �0.254 0.154
.133 �0.236 0.195 �0.247 0.213 0.441*

tric acid Malic acid Insoluble fibre Soluble fibre Total fibre Gallic acid

0.192
0.474* 0.154
0.135 �0.585** �0.323
0.363 �0.198 0.835*** �0.018
0.093 0.044 �0.247 0.119 �0.372
0.233 0.021 0.219 �0.240 0.198 �0.068

.

ric acid Malic acid Insoluble fibre Soluble fibre Total fibre Gallic acid

59
15 �0.155
32 �0.337 �0.479*

21 �0.546** 0.231 0.070
23 �0.235 0.516* �0.352 0.273
51*** 0.031 0.643*** �0.209 0.224 0.554**
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chestnuts was positively correlated with insoluble fibre (r2 = 0.616,
p < 0.01), gallic (r2 = 0.608, p < 0.01) and ellagic acids (r2 = 0.886,
p < 0.001). Moreover, citric and ellagic acids were positively corre-
lated (r2 = 0.751, p < 0.001); malic acid and total fibre correlated neg-
atively (r2 = �0.546, p < 0.01), and insoluble fibre and ellagic acid
correlated positively (r2 = 0.643, p < 0.001) in roasted nuts. Regard-
ing the correlations between the phenolic compounds, gallic acid
was positively correlated with ellagic acid in raw (r2 = 0.441,
p < 0.05) and in roasted chestnuts (r2 = 0.554, p < 0.01).

In summary, roasted chestnuts possessed higher protein, fibre,
citric acid, gallic acid and total phenolic contents, whilst boiled
chestnuts had higher fat, soluble fibre, gallic and ellagic acids
and total phenolic contents, when compared to raw chestnuts.
However, these chestnuts had significantly higher malic acid con-
centration than cooked nuts.

As we all know, chestnut is predominately consumed after
cooking (boiling or roasting) and the work herein indicates that
cooking processes affected the chemical composition of chestnut,
which may be important when nutritional and health aspects are
considered.

As a cooking process boiling is known to have negative effects
on the composition of some low molecular weight compounds,
due to decomposition (hydrolytic reactions) and leaching (the
loss/dissolution of these compounds into the boiling water). In
addition, roasting leads to Maillard reactions (chemical reactions
between reducing sugars and amino acids) with the associated for-
mation of acrylamide (when foods are cooked at high tempera-
tures), so considerable amounts of acrylamide can be expected,
especially in roasted chestnut products (Karasek, Wenzl, & Anklam,
2009). Acrylamide (2-propenamide) has been classified as a prob-
able human carcinogen by the International Agency for Research
on Cancer (IARC, 1994) and can cause nerve damage in humans
(WHO (World Health Organisation), 2002). Even if acrylamide con-
tents in roasted kernels could be quite high, it is unlikely that this
kind of food has significant impact on the total acrylamide intake
of humans via food (Karasek et al., 2009). Nevertheless, in general,
the cooking process has a positive effect in terms of the digestibil-
ity of macromolecules such as proteins and polysaccharides (fibre),
in terms of denaturation and increasing bioavailability. Based on
the present data, cooked chestnuts are a good source of phenolic
compounds and organic acids and low in fat, properties that are
associated with positive health benefits.
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