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ABSTRACT: Along with dehydration, the development of insects and microorganisms is the major drawback in chestnut
conservation. Irradiation has been regaining interest as an alternative technology to increase food product shelf life. In the present
work, the effects of low dose gamma irradiation on the sugar, fatty acid, and tocopherol composition of chestnuts stored at 4 �C for
different storage periods (0, 30, and 60 days) was evaluated. The irradiations were performed in a 60Co experimental equipment, for
1 h (0.27( 0.04 kGy) and 2 h (0.54( 0.04 kGy). Changes in sugars and tocopherols were determined by high performance liquid
chromatography coupled to refraction index and fluorescence detections, respectively, while changes in fatty acids were analyzed by
gas-chromatography coupled to flame ionization detection. Regarding sugar composition, storage time proved to have a higher effect
than irradiation treatment. Fructose and glucose increased after storage, with the corresponding decrease of sucrose. Otherwise, the
tocopherol content was lower in nonirradiated samples, without a significant influence of storage. Saturated, monounsaturated, and
polyunsaturated fatty acids levels were not affected, either by storage or irradiation. Nevertheless, some individual fatty acid
concentrations were influenced by one of two factors, such as the increase of palmitic acid in irradiated samples or the decrease of
oleic acid after 60 days of storage. Overall, the assayed irradiation doses seem to be a promising alternative treatment to increase
chestnut shelf life, without affecting the profile and composition in important nutrients.
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’ INTRODUCTION


According to the FAO, worldwide chestnut production is
estimated to be 1.1 million tons spread along 340 000 hectares.
China is the major producer, with 800 000 tons per year. Europe
is responsible for about 12% of worldwide production, with
relevance for Italy and Portugal, corresponding to 4% and 3%,
respectively. The Tr�as-os-Montes region represents 85% of the
Portuguese chestnut crops and 82% of the chestnut orchard
area (25 603 ha).1 Seasonal product chestnuts have to be treated
postharvest to increase their shelf life. The main storage pro-
blems with chestnuts are the presence of insect worms (Cydia
splendana Hb, Cydia fagliglandana Zel., and Curculio elephas
Gyll), and fungi development, mainly Cyboria, which blackens
the flesh, but also Rhizopus, Fusarium, Collectotrichum, and
Phomopsis, causing considerable product loss during the post-
harvest period.2 The most common preservation method for
chestnuts is the use of chemical fumigation with methyl bromide,
a toxic agent that is used under strict control according to the
Montreal Protocol due to its adverse effects on human health
and the environment.3 Food irradiation is a possible alternative
to substitute the traditional quarantine chemical fumigation
treatment.4�6


Carbohydrates are relevant components in chestnuts, espe-
cially starch, which is followed by sucrose. This disaccharide is


one of the most important parameters in the assessment of fruit
quality, once sugar content and composition is lowered or
modified by conditions like storage temperature, relative humid-
ity, harvest time, oxygen levels, or packaging.7,8


The fatty acid composition of tree nuts is important from
several perspectives, including (1) nutritional quality [the MU-
FAs and PUFAs (notably the n-3 and n-6 fatty acids) being
considered more desirable than the saturated fatty acids]; (2)
possible health benefits offered by MUFAs and PUFAs, espe-
cially in relation to blood serum lipid profile (notably the
decrease in undesirable low-density cholesterols VLDLs and
LDLs); (3) desirable flavors often attributed to several fatty
acids in the nut seeds; (4) contribution to texture; and (5)
importance in keeping quality (shelf life), especially the propen-
sity for generating off-flavors upon oxidation of MUFAs and
PUFAs.9 Chestnuts are sources of essential fatty acids, mainly
linoleic acid, which play an important role in preventing cardi-
ovascular diseases in adults and promoting the development of
the brain and retina of infants.10
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Tocopherols are important lipophilic antioxidants with essen-
tial effects in living systems against aging,11 strengthening the
immune system, and reducing the risk of chronic diseases such as
cancer and cardiovascular diseases.12 Furthermore, the oxidation
of lipids in food is responsible for the formation of off-flavors and
undesirable chemical compounds that may be detrimental to
health, and tocopherols, as antioxidants, can stabilize fatty acids
and thus prevent food rancidity during storage.13 Vitamin E
could also work as a reliable authenticity indicator, allowing the
identification of chestnut varieties according to their tocopherol
and tocotrienol profile.14


Some studies on chestnut irradiation were done on Asian 15


and Italian 16 varieties, but on Portuguese varieties nothing has
been reported. The determination of the effective dose is an
essential factor to achieve the necessary quality and safety
conditions of the product. Doses too low could be insufficient
to eliminate the microbiological risks, whereas doses too high
might lead to undesirable physicochemical changes in the
product. Those changes could affect compounds such as sugars,
fatty acids, and tocopherols.7,10,14


Herein, the influence of the irradiation process (at two
different doses) in sugars, fatty acids, and tocopherols profiles
and quantities present in chestnuts stored at 4 �C for 2 months,
was evaluated for the first time in nonirradiated and irradiated
samples.


’MATERIALS AND METHODS


Standards and Reagents. Ferrous ammonium sulfate (II)
hexahydrate (0.001 M), sodium chloride, and sulphuric acid
(0.8 N) were purchased from Panreac S.A. (Barcelona, Spain)
with purity pa (pro-analysis), in air-saturated water (Milli-Q
Millipore, model A10, USA). Acetonitrile 99.9%, n-hexane 95%
and ethyl acetate 99.8% were of HPLC grade from Lab-Scan
(Lisbon, Portugal). The fatty acids methyl ester (FAME) refer-
ence standard mixture 37 (standard 47885-U) was purchased
from Sigma (St. Louis, MO, USA), as also other individual fatty
acid isomers, tocopherols (α-, β-, γ-, and δ-isoforms) and sugars
(D(�)-fructose, D(+)-glucose anhydrous, D(+)-raffinose pen-
tahydrate, D(+)-sucrose, D(+)-trehalose) standards. Racemic
tocol, 50 mg/mL, was purchased from Matreya (PA, USA). All
other chemicals and solvents were of analytical grade and
purchased from common sources. Water was treated in a Milli-
Q water purification system (TGI Pure Water Systems, USA).
Samples and Samples Irradiation. Chestnut samples were


obtained in an industrial unit (Agroaguiar Lda.) of Tr�as-
os-Montes, Northeast of Portugal. They were divided in
three groups: control (without irradiation); sample 1 (0.27 (
0.04 kGy) and sample 2 (0.54 ( 0.04 kGy) with fifteen units
per group.
The absorbed dose was confirmed with Fricke dosimeter, a


reference standard dosimeter within the range 40 to 400 Gy, that
provides a reliable means of absorbed doses measurement in
water, based on an oxidation process of ferrous ions to ferric ions
in acidic aqueous solution by ionizing radiation. The acid
aqueous Fricke dosimeter solution was prepared following the
standard procedure.17


Five dosimeters of Pyrex glass tubes were filled with 15 mL of
Fricke solution, according to the thickness of chestnuts. Irradia-
tions were performed on the fourth level of the Cobalt-60
Gammacell (Precisa 22, Graviner Manufacturing Company
Ltd.). The 60Co irradiation facility consists of a rectangular cavity


with 65� 50� 20 cm (h� d� w) and surrounded with a lead
protection barrier. Four 60Co sources, with a total activity of 305
TBq (8.233 kCi) in November 2009, were positioned in stain-
less-steel tubes located in the lateral walls of the chamber, in
positions directly facing each other, about 30 cm above the
chamber floor. The movement of the sources in the 50 cm long
tubes was controlled by an automatic mechanism.
Fricke dosimeters were placed at the corners and center of a


rectangle in an area approximately equal to the sample bag. After
irradiation, the absorbance (Ai) of the irradiated solution was
determined (Shimadzu mini UV 1240 spectrophotometer) set at
305 nm. The equation used to estimate the absorbed dose,D, was
as follows:17,18


DFricke = (278 ΔA)/([1 + 0.007(T � 25)][1 + 0.0015(T0 �
25)]), where ΔA is the difference in absorbance at 305 nm,
between irradiated and nonirradiated solution; T is the solution
temperature (�C) during the spectrophotometric measurements,
and T0 is the irradiation temperature (�C).
After irradiation geometry dose rate estimation, groups 2 and 3


were placed into polyethylene plastic bags and irradiated for 1 h
(0.27( 0.04 kGy) and 2 h (0.54( 0.04 kGy), respectively. From
each group, three subgroups with three chestnuts were randomly
selected. Subgroup 1 was promptly analyzed, subgroup 2 was
stored for 30 days and subgroup 3 was stored for 60 days. Prior to
analysis, all of the samples were lyophilized (Ly-8-FM-ULE) and
powdered.
Analysis of Free Sugars.Free sugars were determined by high


performance liquid chromatography coupled to a refraction
index detector (HPLC-RI) as described by Barreira et al.7 The
lyophilized powder sample (1.0 g) was spiked with the melezi-
tose as internal standard (IS, 5 mg/mL), and was extracted with
40mL of 80% aqueous ethanol at 80 �C for 30min. The resulting
suspension was centrifuged (Centorion K24OR refrigerated
centrifuge) at 15 000 �g for 10 min. The supernatant was
concentrated at 60 �C (rotary evaporator B€uchi R-210) under
reduced pressure and defatted three times with 10 mL of ethyl
ether, successively. After concentration at 40 �C, the solid
residues were dissolved in water to a final volume of 5 mL, and
filtered through 0.2 μm nylon filters from Whatman for HPLC
analysis. The equipment consisted of an integrated system with a
pump (Knauer, Smartline system 1000), degasser system
(Smartline manager 5000), autosampler (AS-2057 Jasco), and
an RI detector (Knauer Smartline 2300). Data were analyzed
using Clarity 2.4 Software (DataApex). The chromatographic
separation was achieved with a Eurospher 100�5 NH2 column
(4.6 � 250 mm, 5 mm, Knauer) operating at 30 �C (7971 R
Grace oven). The mobile phase was acetonitrile/deionized
water, 7:3 (v/v) at a flow rate of 1 mL/min. The compounds
were identified by chromatographic comparisons with authentic
standards. Quantification was based on the internal standard
method. Sugars contents in the samples are expressed in g per
100 g of dry weight (dw).
Analysis of Fatty Acids. Fatty acids were determined by


gas�liquid chromatography with flame ionization detection
(GC-FID)/capillary column as described previously by the
authors.19 Fatty acids (obtained after Soxhlet extraction) were
methylated with 5 mL of methanol:sulphuric acid:toluene 2:1:1
(v:v:v), during at least 12 h in a bath at 50 �C and 160 rpm; then
3 mL of deionized water were added, to obtain phase separation;
the FAME were recovered with 3 mL of diethyl ether by shaking
in vortex, and the upper phase was passed through a micro-
column of sodium sulfate anhydrous, in order to eliminate the
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water; the sample was recovered in a vial with Teflon, and before
injection the sample was filtered with 0.2 μm nylon filter from
Whatman. A DANI model GC 1000 instrument equipped with a
split/splitless injector was used, a flame ionization detector
(FID) and a Macherey-Nagel (50% cyanopropyl-methyl �50%
phenylmethylpolysiloxane) column (30m� 0.32 mm ID� 0.25
μm df). The oven temperature program was as follows: the initial
temperature of the column was 50 �C, held for 2 min, then a
30 �C/min ramp to 125 �C, 5 �C/min ramp to 160 �C, 20 �C/
min ramp to 180 �C, 3 �C/min ramp to 200 �C, 20 �C/min ramp
to 220 �C and held for 15 min. The carrier gas (hydrogen) flow-
rate was 4.0 mL/min (0.61 bar), measured at 50 �C. Split
injection (1:40) was carried out at 250 �C. For each analysis, 1
μL of the sample was injected in GC. Fatty acid identification was
done by comparing the relative retention times of FAME peaks
from samples with standards. The results were recorded and
processed using CSW1.7 software (DataApex 1.7) and expressed
in relative percentage of each fatty acid.
Analysis of Tocopherols. Tocopherols content was deter-


mined following a procedure previously described by the
authors.19 BHT solution in n-hexane (10 mg/mL; 100 μL)
and tocol solution in n-hexane (internal standard- IS; 50 μg/
mL; 400 μL) were added to the lyophilized powder sample prior
to the extraction procedure. The samples (∼500 mg) were
homogenized with methanol (4 mL) by vortex mixing (1 min).
Subsequently, n-hexane (4 mL) was added and again vortex
mixed for 1 min. After that, saturated NaCl aqueous solution
(2 mL) was added, the mixture was homogenized (1 min),
centrifuged (5min, 4000g) and the clear upper layer was carefully
transferred to a vial. The sample was re-extracted twice with n-
hexane. The combined extracts were taken to dryness under a
nitrogen stream, redissolved in 2 mL of n-hexane, dehydrated
with anhydrous sodium sulfate, filtered through 0.2 μm nylon
filters from Whatman, transferred into a dark injection vial and
analyzed by the HPLC system described above, connected to a
fluorescence detector (FP-2020; Jasco) programmed for excita-
tion at 290 nm and emission at 330 nm. The chromatographic
separation was achieved with a Polyamide II (250 � 4.6 mm)
normal-phase column fromYMCWaters operating at 30 �C. The
mobile phase used was a mixture of n-hexane and ethyl acetate
(70:30, v/v) at a flow rate of 1 mL/min, and the injection volume
was 20 μL. The compounds were identified by chromatographic
comparisons with authentic standards. Quantification was based
on the fluorescence signal response, using the internal standard
method. Tocopherol contents in the samples are expressed in mg
per 100 g of dry weight (dw).


Statistical Analysis. An analysis of variance (ANOVA) with
Type III sums of squares was performed using the GLM (General
Linear Model) procedure of the SPSS software, version 18.0
(SPSS, Inc.). The dependent variables were analyzed using 2-way
ANOVA, with the main factors “irradiation dose” (ID) and
“storage time” (ST). When a (ID � ST) was detected, the two
factors were evaluated simultaneously by the estimated marginal
means plots for all levels of each single factor. Alternatively, if no
statistical significant interaction was verified, means were com-
pared using Tukey’s honestly significant difference (HSD)
multiple comparison test. All of the assays were carried out in
triplicate.


’RESULTS AND DISCUSSION


Table 1 shows the composition in free sugars reported asmean
values of each irradiation dose (ID) over three different storage
times (ST) and mean values of all ID within each ST. The
obtained profiles are similar to previous studies on Portuguese
cultivars,10 with sucrose as the main sugar, and low quantities of
glucose and fructose. The oligosaccharides trehalose and raffi-
nose were also detected (Figure 1).


The results show that ST � ID interaction was a significant
(P < 0.001) source of variation for all the quantified sugars, with
the exception of trehalose (P = 0.085), which proved to be
present in higher values after 60 days of storage and when
irradiated with 0.27 kGy. Likewise, both main factors (ST and
ID) show a significant effect (P < 0.001), except irradiation of
raffinose (P = 0.246). Nevertheless, from the analysis of the plots
of the estimatedmargins means, some general conclusions can be
drawn. For instance, glucose and fructose were present in higher


Table 1. Composition in Free Sugars (g/100 g dw) According with Irradiation Dose (ID) and Storage Time (ST) (mean( SD)a


fructose glucose sucrose trehalose raffinose total


ST 0 days 0.27 ( 0.05 0.31 ( 0.07 20.06 ( 0.82 0.19 ( 0.04 ab 0.35 ( 0.08 21.18 ( 0.88


30 days 0.63 ( 0.26 0.95 ( 0.12 18.19 ( 1.20 0.17 ( 0.04 b 0.32 ( 0.05 20.26 ( 1.35


60 days 0.74 ( 0.19 0.76 ( 0.28 16.77 ( 0.89 0.22 ( 0.06 a 0.44 ( 0.11 18.94 ( 1.00


P-value (n = 27) <0.001 <0.001 <0.001 0.015 <0.001 <0.001


ID 0 kGy 0.39 ( 0.18 0.63 ( 0.33 17.94 ( 1.15 0.17 ( 0.03 b 0.37 ( 0.05 19.50 ( 0.81


0.27 kGy 0.75 ( 0.34 0.85 ( 0.37 18.64 ( 1.80 0.23 ( 0.06 a 0.40 ( 0.13 20.86 ( 1.10


0.54 kGy 0.50 ( 0.14 0.54 ( 0.21 18.44 ( 2.04 0.18 ( 0.03 b 0.36 ( 0.09 20.02 ( 1.88


P-value (n = 27) <0.001 <0.001 0.018 0.002 0.246 <0.001


ST � ID P-value <0.001 <0.001 <0.001 0.085 <0.001 <0.001
a In each column, different letters mean significant differences.


Figure 1. Sugars profile of nonirradiated samples after 0 days (_____)
and after 60 days (- - -) of storage at 4 �C. 1- Fructose; 2-glucose;
3-sucrose; 4- trehalose; 5-melezitose (IS); and 6-raffinose.
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quantities in the samples that were stored for one or two months,
whereas sucrose showed an opposite behavior (Figure 1). It can
be assumed that this disaccharide was enzymatically hydrolyzed,
releasing the corresponding monosaccharides. The irradiation
treatment did not produce any particular effect in sugars com-
position. This is an important result, since sugar composition is
often considered as the best storage quality indicator.20 A similar
result was previously reported in unrelated food matrixes, like
juices 21 and tropical fruits 22 after exposure to irradiation doses
until 5 kGy.


Table 2 shows the composition of tocopherols reported as
mean values of each ID over three different ST and mean values
of all ID within each ST. γ-Tocopherol is evidently the most
abundant isoform, remotely followed by δ-tocopherol and
α-tocopherol, revealing a profile in isoforms without insatura-
tions in the isoprenic side chain very similar to previously studied
samples.14 The results show that ST � ID interaction was a
significant (P < 0.05) source of variation for all the isoforms.
Similarly, both main factors (ST and ID) show a significant effect
(P < 0.001), except ST for γ-tocopherol (P = 0.208) and total
tocopherols (P = 0.788). However, from the analysis of the plots
of the estimatedmarginsmeans, some general conclusions can be
pointed out. For example, γ-tocopherol, δ-tocopherol, and total
tocopherols were higher in samples subjected to irradiation
(Figure 2), highlighting a degradation/oxidation of these mol-
ecules on control (nonirradiated) samples.


Other studies are available in literature reporting the effects
of irradiation on vitamin E content of animal 23 and vegetable 24


food products, but only in the form of α-tocopherol. Never-
theless, these reports mentioned different effects: significant


decrease until 9.5 kGy and no effects at 1 kGy, respectively.
The higher levels observed in the present work for the irradiated
samples in relation to control, could be related to the transforma-
tion of molecular oxygen present on the sample bag atmosphere
into atomic oxygen, decreasing the oxidation of tocopherol
molecules.


Table 3 shows the composition in fatty acids reported as mean
value of each ID over three different ST and mean value of all ID
within each ST. SFA presented amounts closely related to those
found in a previous study,10 whereas lower quantities of MUFA
and higher contents of PUFA have been revealed in the present
work. The obtained profiles are mainly related with linoleic, oleic,
and palmitic acids. Besides the 17 presented fatty acids, five
(C6:0, C8:0, C10:0, C20:5n3 and C22:1n9) more were quanti-
fied in trace (<0.10%) quantities. The results show that ST� ID
interaction was a significant (P < 0.005) source of variation for all
the quantified fatty acids. Likewise, both main factors (ST and
ID) show a significant effect (P < 0.005). Nevertheless, from the
analysis of the plots of the estimated margins means, some
general conclusions can be noticed. For example, C14:0, C16:0,
C16:1, C18:0, C23:0 were higher in irradiated samples; C18:0,
C20:0, C20:1, and C23:0 were favored by storage, in particular
for a 60 days period, while C16:1, C18:1, and C24:0 were
lowered after chestnuts storage. Despite the mentioned particu-
lar effects of ID in some individual fatty acids, no linear effects
were generally observed for SFA, MUFA, and PUFA contents
with the increase of ID. This is an interesting finding, since it
reveals irradiation effects in food matrixes with a lipid profile
different from that reported in former studies.25


Food irradiation is a versatile process that can be applied to
pasteurize, sterilize, replace chemical fumigation, inhibit sprout-
ing, enhance quality, or eliminate parasitic hazards. Regarding the
applied dose, irradiation can be divided into three major groups:
(1) low dose (up to 1 kGy): already applied to potatoes, onions,
garlic, ginger root, chestnut, cereals and legumes, fresh and dried
fruits, dried fish and meat, fresh pork, freshwater fish, and so
forth. It is used for sprouting inhibition, insect and parasite
disinfestations, and ripening delay; (2) medium dose (1 to
10 kGy): already applied to raw and frozen fish and seafood,
fruits and vegetables, meat and poultry, spices and dried vege-
table seasonings, and so forth in order to extend the shelf life,
inactivate the spoilage and pathogenic bacteria, and improve the
technical properties of foods; (3) high dose (above 10 kGy):
already applied to meat, poultry, seafood, sausages, prepared
meals, hospital diets, spices, enzyme preparations, natural gum,
gel, and so forth with the objectives of industrial sterilization


Table 2. Composition in Tocopherols (μg/100 g dw) According to Irradiation Dose (ID) and Storage Time (ST) (mean( SD)


α-tocopherol γ-tocopherol δ-tocopherol total tocopherols


ST 0 days 5.70 ( 0.61 1078.70 ( 79.45 38.19 ( 5.72 1122.60 ( 81.61


30 days 7.64 ( 2.17 1074.73 ( 105.25 42.22 ( 14.58 1124.59 ( 116.49


60 days 9.31 ( 0.22 1043.12 ( 178.61 57.21 ( 15.98 1109.64 ( 186.48


P-value (n = 27) <0.001 0.208 <0.001 0.788


ID 0 kGy 6.79 ( 0.93 915.48 ( 88.21 38.51 ( 14.37 960.77 ( 82.35


0.27 kGy 9.20 ( 2.96 1134.34 ( 41.96 57.99 ( 15.52 1201.53 ( 56.92


0.54 kGy 6.67 ( 1.77 1146.73 ( 50.31 41.12 ( 5.09 1194.52 ( 53.73


P-value (n = 27) <0.001 <0.001 <0.001 <0.001


ST � ID P-value 0.024 0.002 0.031 0.003


Figure 2. Tocopherols profile of nonirradiated sample (_____) and a
sample irradiated with 0.54 kGy (- - -) after 60 days of storage. 1-α-
Tocopherol; 2-γ- tocopherol; 3- δ-tocopherol; and 4-tocol (IS).
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(in combination with mild heat) and decontamination of certain
food additives and ingredients.26


Overall, the applied irradiation doses did not significantly
affect sugars or fatty acids composition. The main effect was
observed on tocopherol levels, which were lower on nonirra-
diated samples, probably due to some degradation of this vitamin
caused by higher amounts of molecular oxygen present in control
sample bags. The assayed irradiation doses seem to be a promis-
ing alternative treatment to increase chestnut shelf life, without
affecting the profile and composition in important nutrients.
Further work is necessary to evaluate the effects of higher doses
on food safety parameters.
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a b s t r a c t


Chestnut (Castanea sativa Miller) is an important food resource all over the world. In the present study, it
is intended to evaluate if the application of gamma irradiation doses 63 kGy maintain chestnuts chemical
and nutritional profiles unaffected. Furthermore, possible interactions among irradiation dose and stor-
age time were accessed using linear discriminate analysis (LDA). The nutritional composition was eval-
uated through determination of proteins, fat, ash, carbohydrates and energetic value. The chemical
composition was focused in the main nutrients found in chestnuts: sugars – sucrose, fatty acids – pal-
mitic, oleic, linoleic and linolenic acids, tocopherols – c-tocopherol. The obtained results seem to indicate
that the irradiation treatment did not affect the nutritional and chemical quality of chestnut fruits. Other-
wise, storage time exerted more evident influence in those parameters. The application of gamma irradi-
ation emerges as a promising technology for chestnuts chemical quality, but food safety issues have to be
evaluated in order to recommend its application as a useful conservation alternative.


� 2011 Elsevier Ltd. All rights reserved.


1. Introduction


Chestnut (Castanea sativa Miller) is an important food resource
in several countries. In Europe, chestnut is regaining interest, with
an increase in production area from 81,511 (2005) to 87,521 ha
(2008). Portugal is among the major producers, with annual values
of over 20,000 t (FAOSTAT, 2010). The Trás-os-Montes region con-
centrates over 75% of all Portuguese production, being chestnut
one of the most important economic resources (Portuguese
Agricultural Statistics, 2009).


Due to the high value of chestnuts, it is important to develop
conservation methodologies that allow the complete maintenance
of their properties. The previously applied methods include
fumigation (carbon disulfide, phosphine, methyl bromide), low-
temperature and controlled atmosphere storage, irradiation and
submerging in icy water. Methyl bromide was the most widely
used fumigant for chestnuts post-harvest disinfestation (UNEP,
2006), but induces the depletion of the ozone layer and has delete-
rious effects on health, so it was banned after the Montreal Proto-
col (Roy et al., 2008). In the European Union its use is forbidden
since March 2010 (Official Journal of the EU, 2008). Temperature
related methods may be time consuming and present low


efficiency (UNEP, 2006). The immersion in cold or hot water affects
the chestnut chemical composition and may induce the develop-
ment of moulds (Jermini et al., 2006; UNEP, 2006).


The application of gamma irradiation seems to be a promising
technology since it may achieve various effects (depending on
the absorbed radiation dose) like reduced storage losses, extended
shelf life and/or improved microbiological and parasitological
safety of foods. This technology had already been applied to the
main commodities such as tuber and bulb crops, stored grains,
dried ingredients, meats, poultry and fish, or fruits (Farkas, 2006),
having the additional advantage of being harmless to the environ-
ment. However, irradiation efficacy varies significantly within dif-
ferent fruit species, demanding continuous exposure time (doses)
and geometry (dose uniformity) studies (Belchior et al., 2007;
Kim et al., 2007). In a previous study (Fernandes et al., in press),
low doses (0.27 and 0.54 kGy) of gamma irradiation were applied
to chestnuts and it was found that this methodology did not affect
the profile and composition in important nutrients (sugars, fatty
acids and tocopherols). Furthermore, application of the same doses
also seemed to be advantageous for chestnuts antioxidant poten-
tial (Antonio et al., 2011). In the present study, it is intended to
evaluate if the application of higher irradiation doses (63 kGy) still
maintain chestnuts chemical and nutritional profiles unaffected.
Since these profiles are widely characterized (Barreira et al.,
2009a,b; Borges et al., 2007; Borges et al., 2008; Vasconcelos
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et al., 2007, 2010), the analyses were focused in the main compo-
nents of each nutritional group: sugars – sucrose, fatty acids – pal-
mitic, oleic, linoleic and linolenic acids, tocopherols – c-tocopherol.
Furthermore, the effects of gamma irradiation on energetic contri-
bution and proximate analysis of chestnuts stored at 4 �C for differ-
ent periods were evaluated, in order to understand the possible
interactions among these two main factors (irradiation and storage
time).


2. Materials and methods


2.1. Standards and reagents


Ferrous ammonium sulfate (II) hexahydrate (0.001 M), sodium chloride and sul-
furic acid (0.8 N) were purchased from Panreac S.A. (Barcelona, Spain) with purity
pa (pro-analysis). Acetonitrile 99.9%, n-hexane 95% and ethyl acetate 99.8% were
of HPLC grade from Lab-Scan (Lisbon, Portugal). The fatty acids methyl ester (FAME)
reference standard mixture 37 (standard 47885-U) was purchased from Sigma (St.
Louis, MO, USA), as also c-tocopherol and D(+)-sucrose standards. Racemic tocol,
50 mg/ml, was purchased from Matreya (PA, USA). All other chemicals and solvents
were of analytical grade and purchased from common sources. Water was treated
in a Milli-Q water purification system (TGI Pure Water Systems, USA).


2.2. Samples and samples irradiation


Chestnuts samples were obtained in an industrial unit (Agroaguiar Lda.) of Trás-
os-Montes, Northeast of Portugal. They were divided in five groups to be exposed to
different radiation doses (0, 0.25, 0.50, 1.00 and 3.00 kGy) with 15 units per group.


To estimate the dose rate it was used a chemical solution sensitive to ionizing
radiation, Fricke dosimeter, using the procedure described in a previous study
(Antonio et al., 2011).


After irradiation geometry dose rate estimation, the groups 2–5 were placed
into polyethylene plastic bags and irradiated with 0.25 ± 0.05, 0.50 ± 0.10,
1.00 ± 0.20 and 3.00 ± 0.30 kGy, respectively. Group 1 was not irradiated, being
the control sample. Prior to analysis, all the samples were lyophilized (Ly-8-FM-
ULE, Snijders, Holland).


2.3. Energetic value


The samples were analyzed for proximate composition (dry matter, proteins,
fat, carbohydrates and ash) using the AOAC procedures (AOAC, 1995). The crude
protein content of the samples was estimated by the macro-Kjeldahl method; the
crude fat was determined by extracting a known weight of powdered sample with
petroleum ether, using a Soxhlet apparatus; the ash content was determined by
incineration at 600 ± 15 �C. Total carbohydrates were calculated by difference. Total
energy was calculated according to the following equations:


Energy ðkcalÞ ¼ 4� ðg proteinsþ g carbohydratesÞ þ 9� ðg fatÞ


2.4. Major individual nutrients


2.4.1. Analysis of sucrose
Free sugars were determined by high performance liquid chromatography cou-


pled to a refraction index detector (HPLC-RI) as described by (Barreira et al., 2010).
The equipment consisted of an integrated system with a pump (Knauer, Smartline
system 1000), degasser system (Smartline manager 5000), auto-sampler (AS-2057
Jasco) and a RI detector (Knauer Smartline 2300). Data were analyzed using Clarity
2.4 Software (DataApex). The chromatographic separation was achieved with a
Eurospher 100-5 NH2 column (4.6 � 250 mm, 5 mm, Knauer) operating at 30 �C
(7971 R Grace oven). The mobile phase was acetonitrile/deionized water, 7:3 (v/
v) at a flow rate of 1 ml/min. Sugar identification was made by comparing the rel-
ative retention times of sample peaks with standards. Quantification was made by
the internal standard method and the results are expressed in g per 100 g of dry
weight (dw).


2.4.2. Analysis of palmitic, oleic, linoleic and linolenic acids
Fatty acids were determined by gas-liquid chromatography with flame ioniza-


tion detection (GC-FID)/capillary column as described previously by the authors
(Fernandes et al., in press). The equipment was a GC 1000 (DANI) with a split/split-
less injector, a FID and a Macherey-Nagel column (30 m � 0.32 mm ID � 0.25 lm
df). The oven temperature program was as follows: the initial temperature of the
column was 50 �C, held for 2 min, then a 30 �C/min ramp to 125 �C, 5 �C/min ramp
to 160 �C, 20 �C/min ramp to 180 �C, 3 �C/min ramp to 200 �C, 20 �C/min ramp to
220 �C and held for 15 min. The carrier gas (hydrogen) flow-rate was 4.0 ml/min
(0.61 bar), measured at 50 �C. Split injection (1:40) was carried out at 250 �C. Fatty
acid identification was made by comparing the relative retention times of FAME


peaks from samples with standards. The results were recorded and processed using
CSW 1.7 software (DataApex 1.7) and expressed in relative percentage of each fatty
acid.


2.4.3. Analysis of c-tocopherol
Tocopherols content was determined following a procedure previously de-


scribed by the authors (Fernandes et al., in press). The HPLC system described above
was connected to a fluorescence detector (FP-2020; Jasco) programmed for excita-
tion at 290 nm and emission at 330 nm. The chromatographic separation was
achieved with a Polyamide II (250 � 4.6 mm) normal-phase column from YMC
Waters operating at 30 �C. The mobile phase used was a mixture of n-hexane and
ethyl acetate (70:30, v/v) at a flow rate of 1 ml/min. The compounds were identified
by chromatographic comparisons with authentic standards. Quantification was
based on the fluorescence signal response, using the internal standard method.
Tocopherol contents in the samples are expressed in mg per 100 g of dry weight
(dw).


2.4.4. Statistical analysis
An analysis of variance (ANOVA) with Type III sums of squares was performed


using the GLM (General Linear Model) procedure of the SPSS software, version 18.0
(SPSS, Inc.). The dependent variables were analyzed using two-way ANOVA, with
the main factors ‘‘irradiation dose’’ (ID) and ‘‘storage time’’ (ST). When a (ID � ST)
was detected, the two factors were evaluated simultaneously by the estimated mar-
ginal means plots for all levels of each single factor. Alternatively, if no statistical
significant interaction was verified, means were compared using Tukey’s honestly
significant difference (HSD) multiple comparison test.


In addition, a linear discriminant analysis (LDA) was used to assess the influ-
ence of either different storage times or irradiation doses on proximate composition
profiles as well as in major individual nutrients (sucrose, palmitic, oleic, linoleic and
linolenic acids and c-tocopherol). A stepwise technique, using the Wilks’ k method
with the usual probabilities of F (3.84 to enter and 2.71 to remove), was applied for
variable selection. This procedure uses a combination of forward selection and
backward elimination procedures, where before selecting a new variable to be in-
cluded, it is verified whether all variables previously selected remain significant
(Maroco, 2003; López et al., 2008). With this approach, it is possible to identify
the significant variables obtained for each sample. To verify which canonical dis-
criminant functions were significant, the Wilks’ k test was applied. A leaving-one-
out cross-validation procedure was carried out to assess the model performance.


All statistical tests were performed at a 5% significance level. All the assays were
carried out in triplicate. The results are expressed as mean values with standard
deviation (SD).


3. Results and discussion


Table 1 shows the proximate composition and energetic value
data reported as mean value of each irradiation dose over three dif-
ferent storage times, as well as mean value of five irradiation doses
within each storage time. Apart from carbohydrates, storage time
(ST) � irradiation dose (ID) interaction was a significant (P < 0.05)
source of variation for all the performed analytical assays. Hence,
despite the least squares means are presented for the main effects,
no multiple comparisons could be performed.


Likewise, storage time (P < 0.001) and irradiation dose
(P < 0.025, except for protein content) show a significant effect.
However, from the analysis of the plots of the estimated margins
means some general conclusions can be drawn. For instance, dry
matter, protein and ash contents were higher for 30 days of ST,
while carbohydrates, fat and energy contents were superior in
samples no submitted to storage. The different ID did not induce
any particular tendency in the proximate composition profiles.


Portuguese chestnuts chemical composition has been studied
by our group (Barreira et al., 2009a,b) and by other research groups
(Borges et al., 2007; Borges et al., 2008; Vasconcelos et al., 2007,
2010). Sucrose emerges as the main sugar (97% to 100%), palmitic
(14% to 20%), oleic (23% to 31%), linoleic (42% to 52%) and linolenic
(5% to 9%) acids were the most abundant fatty acids, while
c-tocopherol (88% to 100%) was the main tocopherols isoform.
Therefore, to evaluate the effects of irradiation dose and storage
time we focused in these major molecules.


Table 2 shows chestnuts major individual nutrients. The non
stored samples revealed higher palmitic acid levels and lower
linoleic acid, linolenic acid and sucrose values. In other way, the
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samples stored for a 30 days period gave lower c-tocopherol val-
ues. Furthermore, samples irradiated with 3.00 kGy demonstrated
the highest linoleic acid contents. Generally, the acquired results
showed that the gamma radiation dose used (0.25 ± 0.05,
0.50 ± 0.10, 1.00 ± 0.20 and 3.00 ± 0.30 kGy) did not produce an
obvious effect in the assayed parameters, while storage time ex-
erted more evident influence in these values.


To verify this conclusion, the results were evaluated through a
linear discriminant analysis (LDA). All independent variables se-
lected by the stepwise procedure of the discriminant analysis were
statistically significant according to the Wilks’ k test (P < 0.05).


The LDA was performed considering different sets of the as-
sayed parameters (proximate composition, individual compounds
or both components simultaneously), in order to find which one
permitted the best classification performance. For simplicity mat-
ters, only the results obtained when all parameters were consid-
ered together are presented.


Regarding storage time, the stepwise LDA resulted in a discrim-
inant model with two significant (P < 0.001 for the Wilks’ k test)
discriminant functions. These two functions explained 100.0% of
the variance of the experimental data (the first explained 82.5%
and the second 17.5%) (Fig. 1).


The first function separates primarily 0 days and 30 days
(means of the canonical variance (MCV): 0 days = �3.290,
15 days = 0.016 and 30 days = 3.274), and was more powerfully
correlated with ash, protein, carbohydrates and dry matter. The
second function supported the separation of 15 days from the
other storage times (MCV: 0 days = �0.867, 15 days = 1.746 and
30 days = �0.879) and showed to be more correlated with fat, c-
tocopherol and linoleic acid. The model showed a very satisfactory
classification performance allowing to correctly classifying 97.0%


of the samples for the original groups and 96.3% for the cross-val-
idation procedure.


Regarding irradiation dose, the stepwise LDA resulted in a dis-
criminant model with three significant (P < 0.005 for the Wilks’ k
test) discriminant functions. These three functions explained


Table 1
Chestnuts energetic value according with irradiation dose (ID) and storage time (ST). In the column of carbohydrates, different letters mean significant differences.


Dry matter
(g/100 g fw)


Fat
(g/100 g dw)


Protein
(g/100 g dw)


Ash
(g/100 g dw)


Carbohydrates
(g/100 g dw)


Energetic value
(kcal/100 g dw)


ST 0 days 51 ± 3 2.0 ± 0.5 4 ± 1 2.0 ± 0.2 92 ± 1 a 402 ± 3
15 days 52 ± 2 1.1 ± 0.2 6 ± 1 2.3 ± 0.2 91 ± 1 b 396 ± 2
30 days 58 ± 4 1.1 ± 0.4 7 ± 1 2.7 ± 0.1 90 ± 1 c 394 ± 2
P-value (n = 45) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001


ID 0.00 kGy 55 ± 3 1.4 ± 0.5 6 ± 1 2.4 ± 0.4 90 ± 1 ab 398 ± 5
0.25 kGy 52 ± 2 1.6 ± 0.4 6 ± 2 2.4 ± 0.4 90 ± 2 b 398 ± 4
0.50 kGy 56 ± 6 1.3 ± 0.4 6 ± 2 2.3 ± 0.3 90 ± 2 ab 397 ± 4
1.00 kGy 53 ± 5 1.3 ± 0.4 6 ± 2 2.4 ± 0.3 91 ± 1 ab 397 ± 4
3.00 kGy 53 ± 4 1.4 ± 0.4 6 ± 2 2.3 ± 0.3 91 ± 2 a 398 ± 2
P-value (n = 27) <0.001 0.001 0.227 0.003 0.022 0.002


ST � ID P-value <0.001 <0.001 0.044 <0.001 0.113 <0.001


Table 2
Chestnuts major individual nutrients according with irradiation dose (ID) and storage time (ST).


Sucrose
(g/100 g dw)


C16:0
(g/100 g dw)


C18:1
(g/100 g dw)


C18:2
(g/100 g dw)


C18:3
(g/100 g dw)


c-Tocopherol
(mg/100 g dw)


ST 0 days 21 ± 3 18 ± 3 28 ± 3 44 ± 4 7 ± 1 0.9 ± 0.2
15 days 30 ± 8 16 ± 1 25 ± 2 48 ± 2 8 ± 1 1.0 ± 0.1
30 days 32 ± 5 15 ± 1 25 ± 3 49 ± 2 8 ± 1 0.8 ± 0.1
P-value (n = 45) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001


ID 0.00 kGy 23 ± 3 17 ± 2 27 ± 3 46 ± 3 7 ± 1 0.8 ± 0.1
0.25 kGy 29 ± 7 17 ± 3 26 ± 3 46 ± 5 7 ± 1 1.0 ± 0.2
0.50 kGy 35 ± 11 17 ± 3 26 ± 2 46 ± 4 7 ± 1 0.9 ± 0.2
1.00 kGy 26 ± 5 16 ± 2 26 ± 2 47 ± 3 8 ± 1 0.9 ± 0.1
3.00 kGy 27 ± 6 15 ± 2 25 ± 3 49 ± 3 8 ± 1 0.8 ± 0.1
P-value (n = 27) <0.001 <0.001 0.002 <0.001 0.002 <0.001


ST � ID P-value <0.001 0.035 <0.001 <0.001 <0.001 <0.001


Fig. 1. Discriminant scores scatter plot for the two defined canonical functions.
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98.6% of the variance of the experimental data (the first explained
60.9%, the second 21.4% and the third 16.1%) (Fig. 2).


The first function was only able to poorly separate 0.50 kGy
from the remaining doses (MCV: 0 kGy = �0.811, 0.25 kGy =
0.426; 0.50 kGy = 1.421; 1.00 kGy = �0.400; 3.00 kGy = �0.635),
being more strongly correlated with sucrose. The second and third
functions demonstrated very weak discriminant power, reflected
in the classification performance of the model which allowed only
to correctly classifying 59.3% of the samples for the original groups
and 52.6% for the cross-validation procedure.


The obtained results seem to indicate that the irradiation
treatment did not affect the nutritional and chemical quality of
chestnut fruits. In order to attend food safety issues it is now
necessary to assess the efficacy of this methodology in order to
recommend its application as a useful alternative.
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a b s t r a c t


Chestnut (Castanea sativa Miller) is a valuable natural resource, with high exportation levels. Due to


their water content, chestnuts are susceptible to storage problems like dehydration or development of


insects and microorganisms. Irradiation has been revealing interesting features to be considered as an


alternative conservation technology, increasing food products shelf-life. Any conservation methodology


should have a wide application range. Hence, and after evaluating Portuguese cultivars, the assessment


of irradiation effects in foreign cultivars might act as an important indicator of the versatility of this


technology. In this work, the effects of gamma irradiation (0.0, 0.5 and 3.0 kGy) on proximate


composition, sugars, fatty acids (FA) and tocopherols composition of Turkish chestnuts stored at 4 1C


for different periods (0, 15 and 30 days) were evaluated. Regarding proximate composition, the storage


time (ST) had higher influence than the irradiation dose (ID), especially on fat, ash, carbohydrates and


energetic value. Sucrose exhibited similar behavior in response to the assayed ST and ID. The


prevalence of ST influence was also verified for FA, tocopherols and sucrose. Lauric, palmitoleic and


linolenic acids were the only FA that underwent some differences with ID. Saturated, monounsaturated


and polyunsaturated fatty acids levels were not affected either by storage or irradiation. a-Tocopherol


was the only vitamer with significant differences among the assayed ST and ID. Overall, Turkish


cultivars showed a compositional profile closely related with Portuguese cultivars, and seemed to


confirm that gamma irradiation in the applied doses did not change chestnut chemical and nutritional


composition.


& 2012 Elsevier Ltd. All rights reserved.

1. Introduction


Chestnuts are an important food crop in southern Europe,
southwestern and eastern Asia.


China is by far the largest producer country, followed by Korea,
Italy, Turkey, Bolivia, Portugal and Japan (Peña-Méndez et al.,
2008). Chestnuts have to be treated postharvest to increase
their shelf-life due to the susceptibility to insects and worms
(Cydia splendana Hb, Cydia fagliglandana Zel. and Curculio elephas


Gyll), and fungi development, mainly Cyboria, which blackens the
flesh, and also Rhizopus, Fusarium, Collectotrichum and Phomopsis,


causing high product losses during post-harvest period (Botondi
et al., 2009). Different methods are being used to control insect
invasion, such as fumigation (CS2, phosphine and methyl bro-
mide), low-temperature and controlled atmosphere storage,

All rights reserved.


x: þ351 273 325405.

irradiation and submerging in icy water (Kwon et al., 2004).
Fumigation with methyl bromide is still the most common
preservation method for chestnuts, but this toxic agent is used
under strict control (Montreal Protocol) due to its adverse effects
on human health and environment (UNEP, 1995; MBTOC, 1998).
Food irradiation is a possible alternative to substitute the tradi-
tional quarantine chemical fumigation treatment (Kume et al.,
2009; Legislation, 1994, 1995, 1999, 2003). Among the European
major chestnut producers, Turkish chestnut cultivars are the ones
with the scarcest characterization. In this work, Turkish chestnuts
were evaluated for their proximate composition, FA, tocopherols
and sugars profiles.


In addition to the well known health effects, FA also plays an
important role in chestnut conservation quality, since they con-
tribute to develop desirable flavors and texture, besides defining
the tendency for generating off-flavors upon oxidation of mono-
unsaturated fatty acids (MUFAs) and polyunsaturated fatty
acids (PUFAs). Tocopherols, which are powerful antioxidants,
can stabilize FA and thus prevent the food rancidity or avoid the
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formation of undesirable chemical compounds that may be
detrimental to health (Li et al., 2007). Among sugars, sucrose is
also important, being known as a reliable parameter in the
assessment of fruit quality, the sugar composition can be lowered
or modified by storage temperature, relative humidity, harvest
time, oxygen level or packaging (Kazantzis et al., 2003; Barreira
et al., 2010). These compounds might be affected by the applied
irradiation dose; otherwise, the dose must be sufficiently high to
assure the elimination of the biological risks, so it is primarily
essential to define the threshold values that prevent the devel-
opment of undesirable physico-chemical changes.


Herein, the influence of gamma irradiation dose (0.50 and
3.00 kGy) and storage time (15 and 30 days) over the composi-
tional features of Turkish chestnuts was evaluated, comparing
with the non-irradiated and the non-stored control samples. This
study comprises a new step in chestnuts global characterization, a
research field with high interest for our investigation group
(Barreira et al., 2008, 2009a, 2009b, 2010; Antonio et al., 2011;
Fernandes et al., 2011).

2. Experimental procedure


2.1. Standards and reagents


Acetonitrile 99.9%, n-hexane 95% and ethyl acetate 99.8% were
of HPLC grade from Lab-Scan (Lisbon, Portugal). The fatty acids
methyl ester (FAME) reference standard mixture 37 (standard
47885-U) was purchased from Sigma (St. Louis, MO, USA), as also
other individual fatty acid isomers, tocopherols and sugars’ stan-
dards. Racemic tocol, 50 mg/ml, was purchased from Matreya (PA,
USA). All other chemicals and solvents were of analytical grade
and purchased from common sources. Water was treated in a
Milli-Q water purification system (TGI Pure Water Systems, USA).


2.2. Samples and samples irradiation


Turkish chestnuts samples were obtained in the local market
and irradiated in an industrial unit (Gamma-Pak Sterilizasyon).
They were divided into three groups, with 15 units per group, to
be exposed to different radiation doses (0, 0.570.1 and
3.070.2 kGy) using the dose rate 1.13 kGy/h.


2.3. Proximate composition


The samples were analyzed for proximate composition (dry
matter, proteins, fat, carbohydrates and ash) using the AOAC
procedures (AOAC, 1995). The crude protein content of the
samples was estimated by the macro-Kjeldahl method; the crude
fat was determined by extracting a known weight of the pow-
dered sample with petroleum ether, using a Soxhlet apparatus;
the ash content was determined by incineration at 600715 1C.
Total carbohydrates were calculated by the difference. Total
energy was calculated according to the following equations:
energy (kcal)¼4� (g proteinsþg carbohydrates)þ9� (g fat).


2.4. Analysis of fatty acids


FAs were determined by gas–liquid chromatography with
flame ionization detection (GC–FID)/capillary column as
described previously by the authors (Fernandes et al., 2011) after
a trans-esterification. The FA profile was analyzed with a DANI
model GC 1000 instrument equipped with a split/splitless injec-
tor, a flame ionization detector (FID) and a Macherey–Nagel
column (30 m�0.32 mm ID�0.25 mm df). The oven temperature
program was as follows: the initial temperature of the column

was 50 1C, held for 2 min, then a 30 1C/min ramp to 125 1C, 5 1C/
min ramp to 160 1C, 20 1C/min ramp to 180 1C, 3 1C/min ramp to
200 1C, 20 1C/min ramp to 220 1C and held for 15 min. The carrier
gas (hydrogen) flow-rate was 4.0 ml/min (0.61 bar), measured at
50 1C. Split injection (1:40) was carried out at 250 1C. For each
analysis 1 ml of the sample was injected in GC. FA identification
was done by comparing the relative retention times of FAME
peaks from samples with standards. The results were recorded
and processed using CSW 1.7 software (DataApex 1.7) and
expressed in relative percentage of each FA.


2.5. Analysis of tocopherols


Tocopherols content was determined following a procedure
previously described by the authors (Fernandes et al., 2011). The
high-performance liquid chromatography (HPLC) equipment con-
sisted of an integrated system with a pump (Knauer, Smartline
system 1000), degasser system (Smartline manager 5000), an
auto-sampler (AS-2057 Jasco) coupled to a fluorescence detector
(FP-2020; Jasco) programmed for excitation at 290 nm and emis-
sion at 330 nm. The chromatographic separation was achieved
with a Polyamide II (250�4.6 mm2) normal-phase column from
YMC Waters operating at 30 1C. The mobile phase used was a
mixture of n-hexane and ethyl acetate (70:30, v/v) at a flow rate
of 1 ml/min, and the injection volume was 20 ml. The compounds
were identified by chromatographic comparisons with authentic
standards. Quantification was based on the fluorescence signal
response, using the internal standard method. Tocopherol con-
tents in the samples are expressed in mg per 100 g of dry
weight (dw).


2.6. Analysis of free sugars


Free sugars were determined by HPLC described above
coupled to a refraction index (Knauer Smartline 2300) detector
as described by the authors (Barreira et al., 2010). Data were
analyzed using Clarity 2.4 Software (DataApex). The chromato-
graphic separation was achieved with a Eurospher 100-5 NH2


column (4.6�250 mm2, 5 mm, Knauer) operating at 30 1C (7971
R Grace oven). The mobile phase was acetonitrile/deionized
water, 7:3 (v/v) at a flow rate of 1 ml/min. Sugar identification
was made by comparing the relative retention times of sample
peaks with standards. Quantification was made by internal
normalization of the chromatographic peak area and the results
are expressed in g per 100 g of dry weight (dw).


2.7. Statistical analysis


An analysis of variance (ANOVA) with Type III sums of squares
was performed using the GLM (General Linear Model) procedure
of the SPSS software, version 18.0 (SPSS, Inc.). The dependent
variables were analyzed using the 2-way ANOVA, with the main
factors ‘‘irradiation dose’’ (ID) and ‘‘storage time’’ (ST). When
(ID� ST) was detected, the two factors were evaluated simulta-
neously by the estimated marginal mean plots for all levels of
each single factor. Alternatively, if no statistical significant inter-
action was verified, means were compared using Tukey’s honestly
significant difference (HSD) multiple comparison test.


In addition, a linear discriminant analysis (LDA) was used to
verify if the differences induced by storage time or gamma
irradiation in sugars, FA and tocopherols’ composition were
strong enough to have discriminant power. A stepwise technique,
using Wilks’ l method with the usual probabilities of F (3.84 to
enter and 2.71 to remove) was applied for variable selection. This
procedure uses a combination of forward selection and backward
elimination procedures, where before selecting a new variable to







J.C.M. Barreira et al. / Radiation Physics and Chemistry 81 (2012) 1520–15241522

be included, it is verified whether all variables previously selected
remain significant (Maroco, 2003; López et al., 2008). With this
approach, it is possible to identify the significant variables
obtained for each sample. To verify which canonical discriminant
functions were significant, Wilks’ l test was applied. A leaving-
one-out cross-validation procedure was carried out to assess the
model performance.


All the assays were carried out in triplicate.

3. Results and discussion


Table 1 shows the proximate and sucrose compositions and
energetic value data reported as mean value of each irradiation
dose (ID) over storage time (ST), as well as mean value of ID
within each ST. Since sucrose was the only quantifiable sugar in
the samples, it has been included in Table 1. ST� ID interaction
was a significant source of variation only for dry matter. Overall,
the ST exerted a higher influence, since irradiation dose was never
significant (p40.05). Further than the tabled homogeneous sub-
groups (Tukey’s test), the comparison based on the analysis of the
plots of the estimated margin means indicated that dry matter
was higher for 30 days. No additional trends could be found for
the remaining parameters. The tabled data seem to indicate that
irradiation (until the tested doses) did not affect Turkish chestnut
proximate composition. This conclusion was confirmed in the

Table 1
Proximate and sucrose composition of Turkish chestnuts according to the irradiation d


Dry matter


(g/100 g fw)


Fat


(g/100 g dw)


Protein


(g/100 g dw)


Ash


(g/1


ST


0 days 4972 2.370.3 a 571 2.3


15 days 5172 2.170.5 ab 571 2.6


30 days 5472 1.970.4 b 571 2.3


p-Value


(n¼54)


o0.001 0.012 0.110 0.00


ID


0.00 kGy 5272 2.270.4 571 2.4


0.50 kGy 5274 2.070.4 571 2.5


3.00 kGy 5172 2.070.4 571 2.4


p-Value


(n¼54)


0.054 0.257 0.744 0.5


ST� ID


p-Value


o0.001 0.587 0.129 0.2


Table 2
Composition in fatty acids (percentage) of Turkish chestnuts according to the irradiati


ST


Compound 0 days 15 days 30 days p-Value (n¼54)


C14:0 0.1470.02 0.1470.02 0.1370.02 0.267


C16:0 1471 1471 13.570.5 0.470


C16:1 0.3770.04 a 0.3670.04 a 0.3270.05 b 0.004


C17:0 0.1170.02 0.1270.01 0.1370.01 o0.001


C18:0 0.8270.05 b 0.8970.05 a 0.8370.05 b 0.001


C18:1n9 3273 3074 3472 0.003


C18:2n6 4572 4773 4472 0.003


C18:3n3 671 a 671 a 571 b 0.002


C20:0 0.3670.02 0.3770.03 0.3670.03 0.230


C20:1 0.6570.05 0.6570.05 0.6970.05 0.018


C22:0 0.2670.02 0.3170.04 0.2770.03 o0.001


C24:0 0.1470.02 0.1870.03 0.1570.03 o0.001


SFA 15.670.5 16.070.5 15.570.5 0.100


MUFA 3373 3174 3572 0.003


PUFA 5172 5374 5072 0.006

performed LDA, particularly in the leaving-one-out cross-valida-
tion procedure, in which only 44.4% of original grouped cases as
well as of cross-validates grouped cases were correctly classified,
considering the applied ID. In other way, when the samples were
compared based on the ST, 83.3% of the original grouped cases
and 81.5% of the cross-validates grouped cases were properly
classified.


Table 2 shows the FA profiles’ data reported as a mean value of
each ID over ST as well as mean value of all ID within each ST. The
results show that ID� ST was a significant (pr0.027) source of
variation for all the FAs except C16:1 (p¼0.556), C18:0 (p¼0.862)
and C18:3n3 (p¼0.359). The main factor ID had no significant
influence on C16:0 (p¼0.089), C16:1 (p¼0.084), C17:0
(p¼0.068), C18:2n6 (p¼0.076), C20:0 (p¼0.213) and C22:0
(p¼0.458), while ST showed a higher influence, exerting a
significant effect for all FAs except C14:0 (p¼0.267), C16:0
(p¼0.470), C20:0 (p¼0.230) and SFA (p¼0.100), indicating again
that ST induces more compositional changes than ID. In fact, the
performed multiple comparisons pointed out some differences
among ST, but high similarity among ID, except in the case of
C18:3n3. Even after the analysis of the plots of the estimated
margin means for each proximate variable, it was only possible to
find the differences in C12:0 and C16:1 that were higher for 3 kGy
irradiated samples, in C20:1, which was lower for 3 kGy, and in
C22:0 that presented higher values after 15 days of storage. These
particular differences were reflected in the LDA, where the

ose (ID) and storage time (ST).


00 g dw)


Carbohydrates


(g/100 g dw)


Sucrose


(g/100 g dw)


Energetic value


(kcal/100 g dw)


70.1 b 9271 b 3874 a 41072 a


70.4 a 9371 ab 3575 b 41072 ab


70.2 b 9371 a 3874 a 40872 b


4 0.004 0.004 0.015


70.2 9271 3574 b 41072


70.5 9271 3973 a 40972


70.2 9271 3775 ab 40972


22 0.527 o0.001 0.252


34 0.399 0.077 0.547


on dose (ID) and storage time (ST) (mean7SD).


ID ST� ID


0 kGy 0.50 kGy 3.00 kGy p-Value (n¼54) p-Value


0.1370.02 0.1370.02 0.1570.02 0.005 0.023


1371 13.670.5 1471 0.089 0.002


0.3570.04 0.3470.04 0.3770.05 0.084 0.556


0.1270.01 0.1270.01 0.1170.02 0.068 0.027


0.8270.04 a 0.8670.05 a 0.8770.05 a 0.042 0.862


3274 3373 3173 0.045 0.007


4573 4472 4672 0.076 0.002


671 ab 5.570.5 b 671 a 0.018 0.359


0.3570.02 0.3770.04 0.3670.02 0.213 0.005


0.6770.05 0.7070.05 0.6170.05 o0.001 0.001


0.2770.03 0.2870.05 0.2970.03 0.458 0.020


0.1570.03 0.1770.03 0.1570.03 0.017 0.017


15.570.5 15.770.4 16.070.5 0.048 0.004


3374 3473 3273 0.038 0.006


5274 5073 5273 0.042 0.018







Table 3
Composition in tocopherols (mg/100 g dw) of Turkish chestnuts according to the


irradiation dose (ID) and storage time (ST) (mean7SD).


a-Tocopherol g-Tocopherol d-Tocopherol


ST


0 days 0.001970.005 b 1.070.2 0.0770.02


15 days 0.002770.005 a 1.070.1 0.0770.02


30 days 0.002270.004 b 1.070.1 0.0670.01


p-Value (n¼54) 0.004 0.136 0.017


ID


0.00 kGy 0.002670.005 a 1.070.2 0.0770.02


0.5 kGy 0.002170.004 b 1.070.2 0.0770.02


3.00 kGy 0.002170.005 ab 1.070.1 0.0670.011


p-Value (n¼54) 0.028 0.209 0.087


ST� ID


p-Value


0.970 0.027 0.002


Fig. 1. Canonical analysis of (A) storage times based on fatty acids’ profile and


(B) irradiation doses’ influence based on all the parameters of Turkish chestnuts.
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leaving-one-out cross-validation procedure classified correctly
51.9% of the original grouped cases as well as of cross-validates
grouped ones, considering the applied ID; the values obtained for
storage time also confirmed the found differences, since the
leaving-one-out cross-validation procedure classified properly
87.0% of the original grouped cases and 75.9% of cross-validates
grouped ones. Furthermore, these results highlighted that Turkish
chestnut contains mainly three FAs: linoleic, C18:2, (4472 to
4773), oleic, C:18:1, (3074 to 3472) and palmitic, C:16:0,
(1371 to 1471) acids, accounting for more than 90% of the total
FA content, a value similar to Portuguese cultivars (Borges at al.,
2007; Barreira et al., 2009a, 2009b). Beyond the tabled FA, 5 more
were quantified: C8:0, C12:0, C15:0, C20:2 and C20:3n3, but only
in trace (o0.1%) amounts.


Table 3 shows the tocopherols’ profile data reported as mean
value of each ID over ST as well as mean value of all ID within each
ST. The results show that ID� ST acts as a significant source of
variation for g-tocopherol and d-tocopherol, but not for a-toco-
pherol (p¼0.970), while ID was only significant for a-tocopherol
and ST influenced significantly a-tocopherol and d-tocopherol. No
particular tendency could be observed for g-tocopherol and d-
tocopherol, even after the analysis of the plots of the estimated
margin means. However the qualitative and quantitative profiles are
very similar to those obtained for Portuguese cultivars (g-tocopherol
b d-tocopherol4 a-tocopherol) (Kazantzis et al., 2003).


In order to obtain a better understanding of the changes caused
either by ST or ID, several combinations of parameters (proximate
composition, FA or tocopherols) were tested through LDA. Besides
the already presented results, the best outcome was obtained
when all the parameters were assayed together to check the
influence of ST (Fig. 1A). In this case, the leaving-one-out cross-
validation procedure classified properly 96.3% of the original
grouped cases and 90.7% of the cross-validates, proving the
discriminant ability of the changes induced by ST, as also the
importance of FA, since 6 of the 8 variables selected in the analysis
were FA. However, the separation was less effective regarding ID,
since only 66.7% of the original grouped cases and 63.0% of the
cross-validates cases were correctly classified (Fig. 1B).

4. Conclusions


The storage time (ST) had higher influence than irradiation
dose (ID), especially on fat, ash, carbohydrates and energetic
value. The prevalence of ST influence was also verified for FA,
tocopherols and sucrose. Lauric, palmitoleic and linolenic acids
were the only FAs that undergwent some differences with ID.
Saturated, monounsaturated and polyunsaturated FA levels were

not affected either by storage or irradiation. a-Tocopherol was the
only vitamer with significant differences among the assayed ST
and ID. Overall, Turkish cultivars presented a typical chemical and
nutritional profile, with slight differences when compared to
Portuguese (Borges et al., 2007; Barreira et al., 2009a, 2009b,
2010) or Spanish (Mı́guelez et al., 2004; Pereira-Lorenzo et al.,
(2005)) cultivars. Furthermore, this report confirms our previous
results in Portuguese samples (Fernandes et al., 2011) as Turkish
chestnuts proved to be hardly susceptible to gamma irradiation
and more dependent on the storage time, highlighting the
potential use of gamma irradiation without affecting chestnuts
chemical and nutritional composition.
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a b s t r a c t


Chestnuts (Castanea sativa Mill.) are widely consumed all over the world, and have been recently studied
for their antioxidant potential. The present study reports the effect of e-beam and gamma radiation
(doses of 0, 0.5, 1 and 3 kGy) on the antioxidant potential of Portuguese chestnuts. Irradiation might
be an alternative preservation method, since Methyl Bromide, a widely used fumigant, was banished
by the European Union in 2010 due to its toxicity. The antioxidant activity was evaluated through 2,2-
diphenyl-1-pycrylhydrazyl (DPPH) free radical scavenging activity assay, reducing power by the Ferricy-
anide/Prussian blue assay, and lipid peroxidation inhibition by b-carotene/linoleate and thiobarbituric
acid reactive substances (TBARS) assays. The analysis of total phenolics and flavonoids was performed
by spectrophotometric assays. Irradiated samples preserved total phenolics content (but not flavonoids)
and revealed higher antioxidant activity (lower EC50 values) than the control samples. The most indicated
doses to maintain antioxidants content, and to increase antioxidant activity were 1 and 3 kGy for electron
beam and gamma radiation, respectively.


� 2012 Elsevier Ltd. All rights reserved.


1. Introduction


Worldwide chestnut production is estimated to be around
1.1 million tons per year, being China the biggest producer. Europe
represents 12% of the world’s production, being Italy and Portugal
responsible for 4% and 3%, respectively. Regarding Portugal, the
Trás-os-Montes region is responsible for 82% of the entire chestnut
production (Fernandes et al., 2011; Ministério da Agricultura do
Desenvolvimento Rural e das Pescas, 2004). The nutritional value
of chestnuts produced in the Iberian Peninsula has been exten-
sively studied by various research groups (Barreira et al., 2009;
Borges et al., 2008; Pereira-Lorenzo et al., 2006). The antioxidant
potential of these nuts has also been reported by Barreira et al.
(2008).


Chestnut preservation is extremely important to extend the
shelf life and guarantee a pest free fruit. These concerns are even
greater when the main objective is exportation. The most common
preservation method was fumigation with Methyl Bromide, but
since 2010, the European Union banned this chemical, under the
Montreal Protocol measures (UNEP, 2006). Since then, many other


preservation methods have been tried, such as heat treatment and
immersion in water, but they present some disadvantages, like low
efficiency, development of molds and alteration of the chemical
composition (Fernandes et al., 2011; Jeremini et al., 2006; UNEP,
2006).


Recently, irradiation has been introduced as an alternative, seen
as though it does not have any negative effect on the environment,
it reduces the amount of weight loss during post-harvest, does not
leave any residues on the fruits (Jeremini et al., 2006) and there are
no significant changes in the composition of irradiated chestnuts
(Antonio et al., 2011; Fernandes et al., 2011). Irradiation in the
EU is only allowed with gamma rays, X-rays and electron beam.
The maximum limits are 10 kGy for gamma rays, 5 MeV machines
for X-rays and 10 MeV for electron beam. Only dried aromatic
herbs, spices and vegetable seasonings are allowed to be irradiated
in the EU (1999).


Although many studies should still be carried out, the effect of
low doses of gamma irradiation (0.27 ± 0.04 or 0.54 ± 0.04 kGy)
on antioxidant potential of chestnuts was already studied, being
concluded that the application of gamma irradiation showed to
be advantageous for antioxidant activity, independently of the
dose used (Antonio et al., 2011). Nevertheless, the storage time
was more significant to chestnuts antioxidant potential than the
irradiation dose.
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Herein, the study was developed using higher doses (0, 0.5, 1
and 3 kGy) and eliminating the storage time effect (all the samples
were analyzed immediately after irradiation). Furthermore, elec-
tron beam irradiation, a less ionizing radiation, was also tested in
order to compare its effects on chestnuts antioxidant potential
(free radical scavenging activity, reducing power, lipid peroxida-
tion inhibition, total phenolics and flavonoids) with gamma
irradiation.


2. Materials and methods


2.1. Standards and reagents


To prepare the acid aqueous Fricke dosimeter solution the following reagents
were used: ferrous ammonium sulfate(II)hexahydrate, sodium chloride and sulfuric
acid, all of them purchased from Panreac S.A. (Barcelona, Spain) with purity PA
(proanalysis), and water treated in a Milli-Q water purification system (Millipore,
model A10, USA). 2,2-Diphenyl-1-picrylhydrazyl (DPPH) was obtained from Alfa
Aesar (Ward Hill, MA, USA). The standards trolox (6-hydroxy-2,5,7,8-tetrame-
thylchroman-2-carboxylic acid), gallic acid and (+)-catechin were purchased from
Sigma (St. Louis, MO, USA). Methanol and all other chemicals were of analytical
grade and obtained from common sources. Water was treated in a Milli-Q water
purification system (TGI Pure Water Systems, USA).


2.2. Samples


Chestnuts (Castanea sativa Mill.) samples were obtained from Bragança, Trás-
os-Montes (Portugal). For each irradiation procedure, they were divided in four
groups: control (non-irradiated, 0 kGy), sample 1 (0.5 kGy), sample 2 (1 kGy), and
sample 3 (3 kGy) with 15 units per group. An independently control was used for
each irradiation procedure (gamma and electron beam performed in Portugal and
Poland, respectively), in order to guarantee the same conditions for all the samples.
Previous to chestnuts irradiation, a dosimetric study was performed using a chem-
ical solution sensitive to ionizing radiation, called Fricke dosimeter.


2.3. Samples irradiation


2.3.1. Gamma radiation
The irradiation of the samples was performed in a Co-60 experimental chamber


with four sources, a total activity of 267 TBq (6.35 kCi) in November 2011 (Precisa
22, Graviner Manufacturing Company Ltd., U.K.).


After irradiation geometry dose rate estimation, using the Fricke dosimeter and
the procedure described in the standards (ASTM, 1992), the groups for irradiation
were placed in Poly(methyl methacrylate) (PMMA) box, or acrylic glass, and irradi-
ated at ambient atmosphere and temperature (15 �C). During the irradiation pro-
cess, four routine dosimeters were used for each group for the higher dose to
monitor the process (Amber Perspex dosimeters, from Harwell Company, U.K.).
The samples were rotated up-side down (180�) at half of the time, to increase the
dose uniformity. The Amber Perspex dosimeters were read in a UV–VIS Spectropho-
tomer (Shimadzu mini UV 1240 spectrophotometer) at 603 nm, two readings for
each, to estimate the dose according to a previous calibration curve.


The estimated doses after irradiation were 0.6 ± 0.1, 1.1 ± 0.1 and 3 ± 0.3 kGy for
each of the mentioned groups, respectively, at a dose rate of 0.8 ± 0.1 kGyh�1.


For simplicity, from now on, in the tables and graphs we considered the values
0, 0.5, 1 and 3 kGy, for non-irradiated and irradiated samples.


2.3.2. Electron beam radiation
The irradiation with electrons was performed at the INCT – Institute of Nuclear


Chemistry and Technology – in Warsaw, Poland, with an e-beam of 10 MeV of en-
ergy. Pulse duration 5.5 ls, pulse frequency 440 Hz, average beam current 1.1 mA,
scan width of 68 cm, conveyer speed in the range 20–100 cm/min, scan frequency
5 Hz. The absorbed dose was 0.53, 0.83 and 2.91 kGy, with an uncertainty of 20%
for two first doses and 15% for the last dose. To estimate the dose, Amber Perspex
and Gammachrome YR dosimeters (from Harwell Company, U.K.) and a Graphite
Calorimeter were used, depending on the dose level. The procedure to read the Am-
ber and Gammachrome YR dosimeters was the one described above. The electrical
resistance was read for the calorimeter dosimeter and converted in dose according
to a previous calibrated curve.


2.4. Antioxidant activity evaluation


2.4.1. Extraction procedure
After irradiation, all the samples were lyophilized (FreeZone 4.5 model


7750031, Labconco, Kansas, USA), reduced to a fine dried powder (20 mesh) and
mixed to obtain homogenate samples. The lyophilized powder (1 g) was stirred
with methanol (30 mL) at 25 �C at 150 rpm for 1 h and filtered through Whatman
No. 4 paper. The residue was then extracted with an additional portion of methanol.


The combined methanolic extracts were evaporated under reduced pressure (rotary
evaporator Büchi R-210; Flawil, Switzerland), re-dissolved in methanol at 10 mg/
mL (stock solution), and stored at 4 �C for further use. Successive dilutions were
made from the stock solution and submitted to in vitro assays already described
by the authors (Antonio et al., 2011) to evaluate the antioxidant activity of the sam-
ples. The sample concentrations providing 50% of antioxidant activity or 0.5 of
absorbance (EC50) were calculated from the graphs of antioxidant activity percent-
ages (DPPH, b-carotene/linoleate and TBARS assays) or absorbance at 690 nm
(reducing power assay) against sample concentrations. Trolox was used as
standard.


2.4.2. Total phenolics
Phenolics were determined by the Folin–Ciocalteu assay, measuring the absor-


bance at 765 nm. Gallic acid was used to obtain the standard curve (9.4 � 10�3–
1.5 � 10�1 mg/mL), and the results were expressed as mg of gallic acid equivalents
(GAE) per g of extract.


2.4.3. Total flavonoids
Flavonoids were determined by the AlCl3 assay, measuring the absorbance at


510 nm. (+)-Catechin was used to calculate the standard curve (4.5 � 10�3–
2.9 � 10�1 mg/mL) and the results were expressed as mg of (+)-catechin equiva-
lents (CE) per g of extract.


2.4.4. DPPH radical scavenging activity
This methodology was performed by using an ELX800 microplate reader (Bio-


Tek Instruments, Inc.; Winooski, USA), and calculated as a percentage of DPPH dis-
colouration using the formula: [(ADPPH � AS)/ADPPH] � 100, where AS is the absor-
bance of the solution containing the sample at 515 nm, and ADPPH is the
absorbance of the DPPH solution.


2.4.5. Reducing power
This methodology evaluated the capacity to convert Fe3+ into Fe2+, measuring


the absorbance at 690 nm in the microplate reader mentioned above.


2.4.6. Inhibition of b-carotene bleaching
This capacity was evaluated though the b-carotene/linoleate assay; the neutral-


ization of linoleate free radicals avoids b-carotene bleaching, which was measured
by the formula: b-carotene absorbance after 2 h of assay/initial absorbance) � 100.


2.4.7. TBARS assay
Lipid peroxidation inhibition in porcine (Sus scrofa) brain homogenates was


evaluated by the decreasing in thiobarbituric acid reactive substances (TBARS);
the color intensity of the malondialdehyde–thiobarbituric acid (MDA–TBA) was
measured by its absorbance at 532 nm; the inhibition ratio (%) was calculated using
the following formula: [(A � B)/A] � 100%, where A and B were the absorbance of
the control and the sample solution, respectively.


2.5. Statistical analysis


Three replicates of each sample were used and all the assays were carried out in
triplicate. The results are expressed as mean values and standard deviation (SD).
The results were analyzed using one-way analysis of variance (ANOVA) followed
by Tukey’s HSD Test with a = 0.05. This analysis was carried out using SPSS v.
18.0 program.


3. Results and discussion


The antioxidant potential was analyzed through total phenolics
and flavonoids content, as well as DDPH scavenging activity, reduc-
ing power, b-carotene bleaching inhibition and inhibition of lipid
peroxidation using thiobarbituric acid reactive substances (TBARS).
The results obtained for the samples submitted to electron beam
and gamma radiation are presented in Tables 1 and 2, respectively.


Regarding electron beam radiation, it is clear that the best irra-
diation dose was 1 kGy, where the samples revealed the highest
phenolics content (8.16 mg GAE/g extract) and the highest antiox-
idant activity (lowest EC50 values, 1.66–2.81 mg/mL) in general.
Flavonoids were affected by electron beam radiation, since the
highest level was observed in the control sample (2.34 mg CE/g ex-
tract). Therefore, electron beam irradiated samples preserved
phenolics since these samples present higher concentrations of
the mentioned compounds than the control sample (non-irradi-
ated) (Table 1). Moreover, all the irradiated samples (0.5, 1, and
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3 kGy) revealed higher antioxidant activity (lower EC50 values)
than the control sample in all the assayed methods.


Concerning gamma radiation, it is clear that the best dose was
3 kGy; those samples proved to have the highest content in phen-
olics (5.55 mg GAE/g extract; without statistical significant differ-
ences in relation to samples irradiated with 1 kGy) and the
lowest EC50 values for DPPH scavenging activity, b-carotene


bleaching and TBARS inhibition (the last one also without statisti-
cal significant differences in relation to samples irradiated with
1 kGy). Otherwise, control samples gave the highest flavonoids
content (1.21 mg CE/g extract), and the highest reducing power
(lowest EC50 value; 2.81 mg/mL). The obtained results are in agree-
ment with a previous study in chestnuts irradiated with low doses
of gamma radiation (60.5 kGy), where it was concluded that the


Table 1
Phenolics (mg GAE/g extract), flavonoids (mg CE/g extract) and antioxidant activity (EC50 values, mg/mL) of chestnuts submitted to electron beam irradiation. Mean ± SD (n = 9).


Control 0.5 kGy 1 kGy 3 kGy


Phenolics 3.61 ± 0.57d 4.06 ± 0.93c 8.16 ± 0.34a 5.60 ± 0.50b


Flavonoids 2.34 ± 0.25a 0.40 ± 0.05b 0.31 ± 0.06c 0.24 ± 0.06c


DPPH scavenging activity 25.12 ± 1.11a 23.27 ± 2.61b 15.93 ± 0.71c 13.81 ± 1.67d


Reducing power 7.05 ± 0.96a 6.31 ± 0.59b 2.81 ± 0.10d 5.36 ± 0.27c


b-Carotene bleaching inhibition 6.00 ± 0.53b 2.54 ± 0.37c 1.94 ± 0.20d 6.95 ± 1.09a


TBARS inhibition 10.63 ± 1.72a 4.06 ± 1.28c 1.66 ± 0.41d 7.82 ± 2.77b


In each row, different letters mean significant differences between doses (p < 0.05). Concerning the antioxidant activity assays, the results are presented in EC50 values, what
means that higher values correspond to lower reducing power or antioxidant potential. EC50: Extract concentration corresponding to 50% of antioxidant activity or 0.5 of
absorbance for the reducing power assay.


Table 2
Phenolics (mg GAE/g extract), flavonoids (mg CE/g extract) and antioxidant activity (EC50 values, mg/mL) of chestnuts submitted to gamma irradiation. Mean ± SD (n = 9).


Control 0.5 kGy 1 kGy 3 kGy


Phenolics 3.63 ± 0.01c 4.26 ± 0.44b 5.07 ± 0.42a 5.55 ± 1.21a


Flavonoids 1.21 ± 0.00a 1.15 ± 0.11a 0.42 ± 0.04b 0.55 ± 0.05b


DPPH scavenging activity 38.72 ± 0.85b 45.48 ± 2.43a 15.05 ± 0.94c 11.30 ± 0.92d


Reducing power 2.81 ± 0.03c 5.30 ± 0.62a 5.45 ± 0.73a 4.05 ± 0.69b


b-Carotene bleaching inhibition 6.38 ± 0.66b 9.23 ± 1.31a 3.60 ± 0.54c 2.51 ± 0.37d


TBARS inhibition 5.21 ± 0.36b 10.22 ± 1.29a 1.09 ± 0.42c 0.86 ± 0.21c


Fig. 1. DPPH scavenging activity (A), reducing power (B), b-carotene bleaching inhibition (C) and TBARS inhibition (D) of chestnut samples (Mean ± SE; n = 9): submitted to
electron beam- control ( ) and 1 kGy ( ); submitted to gamma radiation-control ( ) and 3 kGy ( ).
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application of gamma irradiation showed to be advantageous for
antioxidant activity, independently of the dose used (Antonio
et al., 2011). Furthermore, the control samples (especially in elec-
tron beam irradiation) revealed very close EC50 values (DDPH scav-
enging activity, reducing power and b-carotene bleaching
inhibition) to a previous study in non-irradiated chestnuts (Barre-
ira et al., 2008).


Fig. 1 represents individually the results obtained in each anti-
oxidant activity assay for the best dose of each radiation type (1
and 3 kGy for electron beam and gamma radiation, respectively),
in comparison with control samples. Irradiated samples showed
higher DPPH scavenging activity, reducing power and b-carotene
bleaching inhibition than control samples. Chestnuts irradiated
with gamma irradiation at 3 kGy revealed the highest DPPH scav-
enging activity (Fig. 1A), while chestnuts irradiated with electron
beam radiation at 1 kGy revealed the highest reducing power
(Fig. 1B), b-carotene bleaching inhibition and TBARS inhibition
(Fig. 1C).


The control samples of both radiations types (gamma and elec-
tron beam) correlated quite well with flavonoids, displaying a R2 of
0.9430, 0.7909 and 0.7426 for DPPH scavenging activity, reducing
power and TBARS inhibition, respectively. These results are once
more in agreement with the results published by Barreira et al.
(2008), proving that flavonoids are a group of polyphenols that
contribute in a great manner for chestnuts antioxidant activity.
In fact, these phenolic compounds are widely found in chestnuts
(Dinis et al., 2012) and, in some cases represent an average of
0.88% of their dry weight (Kapusta et al., 2007). Flavonoids, are
proven to be the major contributor to the scavenging of reactive
oxygen species and to have a potent cell-protective effect (Masaki
et al., 1995). Nevertheless, the correlations between antioxidant
activity of irradiated samples and flavonoids decreased drastically
(R2 < 3.00) revealing that these compounds may be sensitive to
both electron beam and gamma radiation (indicated by the de-
crease in flavonoids content observed in irradiated samples). De-
spite the decrease in flavonoids (a class of phenolic compounds),
total phenolics increased which could be responsible for the
increasing in antioxidant potential of irradiated samples. There-
fore, it can be concluded that other phenolic compounds but not
flavonoids contribute more for antioxidant activity.


Overall, irradiated samples preserved total phenolics content
(certainly other phenolic compounds rather than flavonoids) and
revealed higher antioxidant activity (lower EC50 values) than the
control samples. The most indicated doses to maintain antioxi-
dants content, and to increase antioxidant activity were 1 and
3 kGy for electron beam and gamma radiation, respectively. Future
studies should be performed in order to evaluate the effects of irra-
diation in individual phenolic compounds, using chromatographic
techniques.
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ABSTRACT: Chestnuts are a widely consumed fruit around the world, with Portugal being the fourth biggest producer in
Europe. Storage of these nuts is an important step during processing, and the most widely used fumigant was banned in the
European Union under the Montreal Protocol because of its toxicity. Recently, radiation has been introduced as a cheap and
clean conservation method. Previous studies of our research group proved that γ radiation had no negative effect on the
nutritional value of chestnuts; in fact, storage time had a much bigger influence on the chestnut quality. In the present study, we
report the effect of a less ionizing radiation, electron beam, with doses of 0, 0.5, 1, 3, and 6 kGy in the nutritional value of
chestnuts (ash, energy, fatty acids, sugars, and tocopherols), previously stored at 4 °C for 0, 30, and 60 days. The storage time
seemed to reduce fat and energetic values but reported a tendency for higher values of dry matter. With regard to fatty acids,
there was a higher detected quantity of C20:2 in non-irradiated samples and four fatty acids were only detected in trace quantities
(C6:0, C8:0, C10:0, and C12:0). γ-Tocopherol decreased during storage time but did not alter its quantity for all of the radiation
doses (as like α-, β-, and δ-tocopherol); in fact, these compounds were present in higher concentrations in the irradiated samples.
Sucrose and total sugars were lower in non-irradiated samples, and raffinose was only detected in irradiated samples. Electron-
beam irradiation seems to be a suitable methodology, because the effects on chemical and nutritional composition are very low,
while storage time seems to be quite important in chestnut deterioration.


KEYWORDS: Irradiation, electron beam, chestnuts, nutrients, storage time


■ INTRODUCTION


Chestnuts are one of the oldest consumed fruits in Portugal;
they were consumed many centuries before potatoes and other
tubers became available.1 Recently, the land occupied with
chestnut trees in Europe rose from 81 511 ha (2005) to 87 521
ha (2008).2 The Traś-os-Montes region, in the northeastern
part of Portugal, produces 75% of the nation’s chestnuts, being
one of the region’s main economic resources. Chestnuts
consumption could be stimulated as a result of their antioxidant
potential3−5 and health benefits derived from compounds such
as tocopherols and polyunsaturated fatty acids that have been
found in these nuts,6,7 being described as effective against
cancer, atherosclerosis, and myocardial infarction, among many
other diseases.8,9 Our research group has already studied the
nutritional value of chestnuts, determining that the major fatty
acids were linoleic, linolenic, and palmitic acids.10 γ-Tocopherol
was the most predominant tocopherol,6 while sucrose was the
principal sugar.7


Although chestnuts may seem dry, they are perishable and
have a limited shelf life, because of their high metabolic
activity.11 Also, during harvest period, they could become
infested with two types of insects (Curculio elephas Gyllenhal
and Cydia splendana Hübner) that cause losses for the


producers and the industry, and because a significant part of
the production is to export, it must also fulfill the international
phytosanitary regulations, eliminating the presence of insects.
Until 2010, the most common disinfestation method
(elimination of insects) was methyl bromide, but under the
Montreal Protocol guidelines, the European Union restricted its
use for allegedly being toxic to the operators and polluting the
environment.12 There are several alternative disinfestation
methods, such as temperature treatment, cold or hot water
dip, and other fumigants,13 but they still represent quite a
number of limitations and disadvantages.
Recently, irradiation has become a promising alternative for


chestnut conservation and disinfestation, especially in Korea,
where these nuts are irradiated with a maximum of 0.25 kGy for
sprout inhibition and with 0.50 kGy for insect disinfesta-
tions.14,15 Some research groups are trying different types of
radiation with different doses to guarantee pest-free chestnuts.
Our research group has tested both low doses of γ radiation
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(0.27 and 0.54 kGy)16 and higher doses (1 and 3 kGy),17


concluding that none of the doses altered the nutritional value
of chestnuts. There are available reports regarding the use of
electron-beam radiation on chestnuts to kill Curculio sikkimensis
larvae18 and to destroy yeasts and molds;19 nevertheless, nothing is
known regarding the effects of electron-beam radiation on the
nutritional parameters of these nuts. Herein, we report the
effects of different doses [0 (control), 0.5, 1, 3, and 6 kGy] of
electron-beam radiation and different storage periods [0 (assays
conducted immediately after irradiation), 30, and 60 days] on
the nutritional value of chestnuts and their sugar, fatty acid, and
tocopherol composition.


■ MATERIALS AND METHODS
Standards and Reagents. Acetonitrile (99.9%), n-hexane (95%),


and ethyl acetate (99.8%) were of high-performance liquid
chromatography (HPLC) grade and purchased from Lab-Scan
(Lisbon, Portugal). The fatty acid methyl ester (FAME) reference
standard mixture 37 (standard 47885-U) was purchased from Sigma
(St. Louis, MO), as well as the other individual fatty acid isomer,
tocopherol (α, β, γ, and δ isoforms), and sugar [D(−)-fructose, D(+)-
glucose anhydrous, D(+)-raffinose pentahydrate, D(+)-sucrose, and
D(+)-trehalose] standards. Racemic tocol (50 mg/mL) was purchased
from Matreya (Pleasant Gap, PA). All other chemicals and solvents
were of analytical grade and purchased from common sources. Water
was treated in a Milli-Q water purification system (TGI Pure Water
Systems, Greenville, SC).
Samples and Sample Irradiation. Chestnut samples were


obtained in an industrial unit (Agroaguiar Lda.) of Traś-os-Montes,
northeastern Portugal. The irradiation was performed at the Institute
of Nuclear Chemistry and Technology (INCT) in Warsaw, Poland.
The samples were divided into five groups: control (without
irradiation), sample 1 (0.5 kGy), sample 2 (1 kGy), sample 3 (3
kGy), and sample 4 (6 kGy), with 15 units per group. To estimate the
dose during the irradiation process, three types of dosimeters were
used, a standard dosimeter, a graphite calorimeter, and two routine
Gammachrome YR and Amber Perspex dosimeters, from Harwell
Company (Didcot, U.K.). The irradiation took place in an electron-
beam irradiator of 10 MeV of energy, with a pulse duration of 5.5 μs, a
pulse frequency of 440 Hz, an average beam current of 1.1 mA, a scan
width of 68 cm, a conveyer speed in the range of 20−100 cm/min, and
a scan frequency of 5 Hz. The absorbed dose was 0.53, 0.83, 2.91, and
6.10 kGy, with an uncertainty of 20% for the first two doses, 15% for
the third dose, and 10% for the last dose. To read the Amber and
Gammachrome YR dosimeters, spectrophotometric methods were
used. For the graphite calorimeter dosimeter, the electrical resistance


was read and converted in dose according to a previous calibrated
curve. For simplicity, from now on, we refer only to the exact value for
the dose: 0, 0.5, 1, 3, and 6 kGy.


From each group, three subgroups with five units were randomly
selected: subgroup 1 was promptly analyzed; subgroup 2 was stored at
4 °C (in a refrigerator) for 30 days; and subgroup 3 was stored in the
same conditions for 60 days (period long enough for collection,
storage, calibration, and export to the final destination until further
use). Prior to analysis, all of the samples were lyophilized (FreeZone
4.5 model 7750031, Labconco, Kansas City, MO), reduced to a fine
dried powder (20 mesh), and mixed to obtain homogenate samples.


Energetic Value. The samples were analyzed for proximate
composition (dry matter, proteins, fat, carbohydrates, and ash) using
the Association of Official Analytical Chemists (AOAC) procedures.20


The crude protein content of the samples was estimated by the macro-
Kjeldahl method. The crude fat was determined by extracting a known
weight of powdered sample with petroleum ether, using a Soxhlet
apparatus. The ash content was determined by incineration at 600 ±
15 °C. Total carbohydrates were calculated by difference. The total
energy was calculated according to the following equation: energy
(kcal) = 4(grams of protein) + grams of carbohydrate) + 9(grams of fat).


Analysis of Free Sugars. Free sugars were determined by high-
performance liquid chromatography coupled to a refraction index
detector (HPLC−RI) as described previously by the authors.7 The
equipment consisted of an integrated system with a pump (Knauer,
Smartline System 1000), a degasser system (Smartline Manager 5000),
an autosampler (AS-2057 Jasco) and a RI detector (Knauer Smartline
2300). The data were analyzed using Clarity 2.4 Software (DataApex).
The chromatographic separation was achieved with a Eurospher 100-5
NH2 column (4.6 × 250 mm, 5 mm, Knauer) operating at 30 °C
(7971 R Grace oven). The mobile phase was 7:3 (v/v) acetonitrile/
deionized water, at a flow rate of 1 mL/min. The identification was
made by comparing the relative retention times of sample peaks with
standards. Quantification was made by the internal standard method,
and the results are expressed in grams per 100 g of dry weight (dw).


Analysis of Fatty Acids. Fatty acids were determined by gas−
liquid chromatography with flame ionization detection (GC−FID)/
capillary column as described previously by the authors.16 The
equipment was a GC 1000 (DANI) with a split/splitless injector, a
FID, and a Macherey-Nagel column (30 m × 0.32 mm inner diameter
× 0.25 μm film thickness). The oven temperature program was as
follows: the initial temperature of the column was 50 °C, held for 2
min, then a 30 °C/min ramp to 125 °C, a 5 °C/min ramp to 160 °C, a
20 °C/min ramp to 180 °C, a 3 °C/min ramp to 200 °C, a 20 °C/min
ramp to 220 °C, and held for 15 min. The carrier gas (hydrogen) flow
rate was 4.0 mL/min (0.61 bar), measured at 50 °C. Split injection
(1:40) was carried out at 250 °C. Fatty acid identification was made by
comparing the relative retention times of FAME peaks from samples


Table 1. Chestnut Nutritional Parameters and Energetic Values According to ID and ST (Mean ± SD)a


dry matter
(g/100 g of fw)


fat
(g/100 g of dw)


protein
(g/100 g of dw)


ash
(g/100 g of dw)


carbohydrates
(mg/100 g of dw)


energy
(kcal/100 g of dw)


ST


0 days 58 ± 3 3 ± 1 a 6 ± 2 1.8 ± 0.4 89 ± 2 409 ± 4 a
30 days 56 ± 5 3 ± 1 a 6 ± 2 2 ± 3 89 ± 3 408 ± 12 ab
60 days 71 ± 5 2 ± 1 b 5 ± 2 2.0 ± 0.3 91 ± 2 404 ± 4 b
p value
(n = 45)


<0.001 <0.001 0.050 0.949 0.003 0.012


ID


0 kGy 63 ± 7 2.7 ± 0.5 b 5 ± 2 1.8 ± 0.5 90 ± 2 407 ± 4
0.5 kGy 62 ± 9 2.8 ± 0.4 b 5 ± 2 1.7 ± 0.5 90 ± 2 407 ± 6
1 kGy 63 ± 6 3.0 ± 0.5 ab 5 ± 2 1.9 ± 0.3 90 ± 2 408 ± 4
3 kGy 60 ± 7 3.4 ± 0.5 a 5 ± 2 3 ± 4 89 ± 4 406 ± 15
6 kGy 60 ± 10 2.8 ± 0.5 b 5 ± 2 1.6 ± 0.3 90 ± 2 408 ± 5
p value
(n = 27)


0.144 0.011 0.973 0.351 0.391 0.983


ST × ID p value 0.021 0.060 0.023 0.385 0.033 0.478


aResults are reported as the mean value of each ID over the different STs, as well as the mean value of all STs within each ID. Therefore, SD reflects
values in those samples (under different IDs or STs). In each column, different letters mean significant differences.
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with standards. The results were recorded and processed using CSW
1.7 software (DataApex 1.7) and expressed in relative percentage of
each fatty acid.
Analysis of Tocopherols. Tocopherol content was determined


following a procedure previously described by the authors.16 The


HPLC system described above was connected to a fluorescence
detector (FP-2020; Jasco) programmed for excitation at 290 nm and
emission at 330 nm. The chromatographic separation was achieved
with a Polyamide II (250 × 4.6 mm) normal-phase column from YMC
Waters operating at 30 °C. The mobile phase used was a mixture of


Table 3. Composition in Tocopherols (μg/100 g of dw) According to ID and ST (Mean ± SD)a


α-tocopherol γ-tocopherol δ-tocopherol total


ST


0 days 2 ± 2 1192 ± 185 a 19 ± 11 1213 ± 190 a
30 days 2 ± 1 1149 ± 262 a 37 ± 61 1187 ± 255 a
60 days 1.6 ± 0.5 825 ± 224 b 23 ± 17 850 ± 229 b
p value (n = 45) 0.023 <0.001 0.089 <0.001


ID


0 kGy 1.4 ± 0.5 997 ± 265 41 ± 80 1039 ± 265
0.5 kGy 3 ± 3 1121 ± 389 20 ± 12 1144 ± 391
1 kGy 1.6 ± 0.5 1080 ± 198 27 ± 19 1109 ± 204
3 kGy 1.2 ± 0.3 1029 ± 220 21 ± 9 1052 ± 221
6 kGy 1.4 ± 0.5 1049 ± 288 21 ± 9 1072 ± 291
p value (n = 27) 0.001 0.518 0.298 0.611


ST × ID p value 0.003 0.218 <0.001 0.125
aResults are reported as the mean value of each ID over the different STs, as well as the mean value of all STs within each ID. Therefore, SD reflects
values in those samples (under different IDs or STs). In each column, different letters mean significant differences.


Figure 1. Tocopherol profile of (A) non-irradiated samples, after 0 days (- - -) and 60 days () of storage and (B) non-irradiated sample (- - -) and
sample irradiated at 6 kGy () after 60 days of storage. MP, mobile phase; 1, α-tocopherol; 2, γ-tocopherol; 3, δ-tocopherol; and 4, tocol (IS).
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n-hexane and ethyl acetate (70:30, v/v) at a flow rate of 1 mL/min.
The compounds were identified by chromatographic comparisons to
authentic standards. Quantification was based on the fluorescence
signal response, using the internal standard method. Tocopherol
contents in the samples are expressed in milligrams per 100 g of dw.
Statistical Analysis. For each one of the storage times and


irradiation doses, three samples were analyzed, with all of the assays
also being carried out in triplicate. An analysis of variance (ANOVA)
with Type III sums of squares was performed using the general linear
model (GLM) procedure of the SPSS software, version 18.0. The
dependent variables were analyzed using two-way ANOVA, with the
main factors being “irradiation dose” (ID) and “storage time” (ST).
When a (ID × ST) was detected, the two factors were evaluated
simultaneously by the estimated marginal mean plots for all levels of
each single factor. Alternatively, if no statistical significant interaction
was verified, means were compared using Tukey’s honestly significant
difference (HSD) multiple comparison test.
In addition, a linear discriminant analysis (LDA) was used to assess


the influence of either different storage times or irradiation doses on
proximate composition, fatty acid, tocopherol, or sugar profiles. A
stepwise technique, using the Wilks’ λ method with the usual
probabilities of F (3.84 to enter and 2.71 to remove), was applied for
variable selection. This procedure uses a combination of forward
selection and backward elimination procedures, where before a new
variable is selected to be included, it is verified whether all variables
previously selected remain significant.21,22 With this approach, it is


possible to identify the significant variables obtained for each sample.
To verify which canonical discriminant functions were significant, the
Wilks’ λ test was applied. A leaving-one-out cross-validation procedure
was carried out to assess the model performance.


All statistical tests were performed at a 5% significance level. All of
the assays were carried out in triplicate. The results are expressed as
the mean ± standard deviation (SD).


■ RESULTS AND DISCUSSION
The effects of electron-beam irradiation (0, 0.5, 1, 3, and
6 kGy) and storage time (0, 30, and 60 days), as well as the
interaction of both effects, were assessed by evaluating changes
in nutritional composition of selected chestnut samples.
Considering both effects together, it is possible to understand
the influence of irradiation dose (ID) independent of storage
time (ST) and vice versa, an essential requirement to consider
electron-beam irradiation as a feasible conservation technique.
Table 1 shows the proximate composition and energetic


value data reported as the mean value of each ID along the
different storage times, as well as the mean value of each ST for
the five irradiation doses. The ST × ID interaction was a
significant (p < 0.05) source of variation for dry matter, protein,
and carbohydrates. Among the remaining parameters, the effect
of each individual main factor was only significant for fat
content (in both cases) and energy value (only for ST). The
allowed multiple comparisons pointed out a lower fat content
and energy value after 60 days of storage, while the highest
content of fat was quantified in samples irradiated with a 3 kGy
ID. However, from the analysis of the plots (data not shown) of
the estimated margin of the mean (EMM), it was also possible
to identify a marked tendency for a higher dry matter value
after 60 days of storage.
Table 2 shows the fatty acid composition data reported as the


mean value of each ID along the different STs, as well as the
mean value of all STs for the five IDs. Following the same
reasoning, the multiple comparisons could only be performed
on C17:0 (higher for 0 days), C20:0 (higher for 0 days), and
C23:0 (higher for 0 days and 1 kGy). The plots (data not
included) of the EMM also showed an increased value for
C20:2 in the non-stored samples. Besides the 16 tabled fatty
acids, 4 more (C6:0, C8:0, C10:0, and C12:0) were quantified
in trace (<0.10%) quantities.
The results obtained for the tocopherol profile indicate a


significant decrease in γ-tocopherol contents along ST (Table 3
and Figure 1A), which is in agreement with previous results in
chestnuts submitted to γ irradiation (another type of
radiation).17 The applied ID did not cause any significant


Table 4. Composition in Free Sugars (g/100 g of dw) According to ID and ST (Mean ± SD)a


fructose glucose sucrose raffinose total sugars


ST


0 days 0.1 ± 0.1 0.1 ± 0.1 19 ± 2 b 0.1 ± 0.1 19 ± 2 b
30 days 0.1 ± 0.1 0.1 ± 0.1 22 ± 2 a ndb 23 ± 2 a
60 days 0.2 ± 0.4 0.2 ± 0.4 23 ± 3 a nd 23 ± 3 a
p value (n = 45) 0.474 0.654 0.478 0.081 0.440


ID


0 kGy 0.2 ± 0.4 0.2 ± 0.4 22 ± 3 0.1 ± 0.1 22 ± 4
0.5 kGy 0.07 ± 0.05 0.1 ± 0.1 22 ± 3 0.1 ± 0.1 22 ± 3
1 kGy 0.2 ± 0.3 0.2 ± 0.4 21 ± 2 0.04 ± 0.05 21 ± 2
3 kGy 0.1 ± 0.1 0.1 ± 0.1 21 ± 3 0.04 ± 0.05 21 ± 3
6 kGy 0.2 ± 0.2 0.2 ± 0.2 22 ± 3 0.03 ± 0.05 22 ± 3
p value (n = 27) 0.092 0.103 <0.001 <0.001 <0.001


ID × ST p value 0.755 0.532 0.184 0.040 0.168
aResults are reported as the mean value of each ID over the different STs, as well as the mean value of all STs within each ID. Therefore, SD reflects
values in those samples (under different IDs or STs). In each column, different letters mean significant differences. bnd = not detected.


Table 5. LDA Parameters Considering Different Grouping
Variables


correctly classified
cases (%)


grouping
variable


assayed
variables


original
grouped


cross-
validated
grouped


number of
defined
functions selected variables


ST


all


96.7 96.7 2 C6:0, C10:0,
C12:0, C18:2,
C23:0, fructose,
raffinose, dry
matter


ID 36.7 36.7 1 C12:0


ST
nutritional
parameters


66.7 66.7 1 dry matter


ID no variables were
qualified


ST
fatty acids


80.0 76.7 2 C10:0, C12:0,
C17:0, C23:0


ID 36.7 36.7 1 C12:0


ST
tocopherols


50.0 50.0 1 γ-tocopherol


ID 26.7 26.7 1 γ-tocopherol


ST
sugars


64.4 64.4 1 raffinose


ID no variables were
qualified
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change in tocopherol profiles, but the overall content tended to
be higher in irradiated samples (Figure 1B). In another study,16


the use of γ irradiation exerted a protective effect on vitamin E
content that could be associated with the conversion of
molecular to atomic oxygen, decreasing the oxidation of
tocopherol molecules. Furthermore, vitamin E has a well-
known stabilizing effect against oxidation.23


The results obtained for individual sugars are presented in
Table 4. Similar to the former results, STs caused higher
changes than IDs, despite the only statistical significant
differences that might be pointed out were the lower values
obtained for sucrose and total sugars in non-stored samples.
Furthermore, raffinose was only found in non-stored samples,
indicating that trisaccharide might have been hydrolyzed along
time; this hypothesis is reinforced by the slight increase of
fructose and glucose, despite galactose not being detected.
In general, the results are similar to those obtained in previous


studies,1,6,10,24−26 with water and carbohydrates as major
components among nutritional parameters, oleic and linoleic
acids as the main fatty acids, γ-tocopherol as the most abundant
vitamin E isoform, and sucrose as the highest individual sugar.
Generally, the assayed electron-beam ID (0.5−6 kGy)


seemed to produce less obvious effects than ST in all of the
assessed parameters.
To confirm this assumption, the results were evaluated


through a linear discriminant analysis (LDA). All independent
variables selected by the stepwise procedure of the discriminant
analysis were statistically significant according to the Wilks’ λ
test (p < 0.05).
The LDA was performed according with the analyzed groups


of compounds (proximate composition, fatty acids, tocopher-
ols, or individual sugars or all parameters simultaneously), to
find which one permitted the best classification performance.


The main outcomes for each case are presented in Table 5. As
seen, the differences induced by ID showed higher discriminant
ability than those caused by ST. When the results of all assayed
parameters were included in the model, 96.7% of the cases were
correctly classified; i.e., the differences verified among non-
stored samples, samples stored for 30 days, or samples stored
for 60 days were sufficient to separate the obtained values in
distinct groups. In fact, only 3 of the 90 assayed cases were
misclassified (3 non-stored samples were classified as having
been stored for 30 days). The two defined functions (Figure 2)
included 100.0% of the observed variance, with the first
function separating 0 and 30 days from 60 days [means of the
canonical variance (MCV): 0 days = −0.458, 30 days = −2.176,
and 60 days = 4.635] mostly based on C10:0 and dry matter
contents. The second function allowed for the separation of 0
and 30 days of STs (MCV: 0 days = 2.044, 30 days = −2.128,
and 60 days = 0.085), showing a high correlation with raffinose
contents. The model showed a very satisfactory classification
performance, allowing us to correctly classifying 97.0% of the
samples for the original groups and 96.3% for the cross-
validation procedure. As already verified,27 fatty acid profiles are
important to evaluate differences induced by ST in chestnut
samples, because 5 of the 8 selected variables in the analysis
were fatty acids.
The LDA results in Table 5 highlighted the low discriminant


ability of ID. Even with all parameters, the classification
performance reached only 36.7%, the same value as that
obtained for the analysis based only on the fatty acid profile. In
the case of nutritional and sugar profiles, no variable was
qualified for the analysis, proving the high similarity among the
results obtained for different STs.
Overall, considering the effect of either ST or ID, the number


of correctly classified cases in the LDA for fatty acid,


Figure 2. Discriminant score scatter plot of the canonical functions defined for all assayed parameter results.
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tocopherol, sugar, or nutritional parameters was not as high as
in previous studies dealing with the application of γ irradiation
as an alternative conservation methodology.16,17,27 Therefore,
in this particular subject, electron-beam irradiation seems to be
a more adequate methodology, because the effects on chemical
and nutritional composition were less detectable that those
caused by γ irradiation. However, it is mandatory to perform
further studies (for instance, biocide efficacy or food safety
requirements) to consider its application as a useful alternative.
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(14) Chung, H.; Delinceé, H.; Han, S.; Hong, J.; Kim, H.; Kim, M.;
Byun, M.; Kwon, J. Trials to identify irradiated chestnut (Castanea
bungena) with different analytical techniques. Radiat. Phys. Chem.
2004, 71, 179−182.
(15) Kwon, J.-H.; Kwon, Y.-J.; Byun, M.-W.; Kim, K.-S.
Competitiveness of gamma irradiation with fumigation for chestnuts
associated with quarantine and quality security. Radiat. Phys. Chem.
2004, 71, 41−44.
(16) Fernandes, Â.; Antonio, A. L.; Barros, L; Barreira, J. C. M.;
Bento, A.; Botelho, M. L.; Ferreira, I. C. F. R. Low dose γ-irradiation as
a suitable solution for chestnut (Castanea sativa Miller) conservation:
Effects on sugars, fatty acids and tocopherols. J. Agric. Food Chem.
2011, 59, 10028−10033.
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a b s t r a c t


Since 2010, methyl bromide, a widely used fumigant was banned from the European Union under the
Montreal Protocol guidelines, due to its deleterious effects on health and risk to the environment. Since
then, many alternatives for chestnut conservation have been studied (hot water dip treatment being the
most common), among them, electron beam irradiation has been proposed as being a safe, clean and
cheap alternative. Herein, the effects of this radiation at different doses up to 6 kGy and over storage
up to 60 days in the amounts and profile of nutritionally important organic acids were evaluated. Chest-
nuts contained important organic acids with quinic and citric acids as main compounds. Storage time,
which is traditionally well accepted by consumers, caused a slight decrease on quinic (13–9 mg/g), ascor-
bic (1.2–0.8 mg/g), malic (5–4 mg/g), fumaric (0.4–0.3 mg/g) and total organic (33–26 mg/g) acids con-
tent. Otherwise, irradiation dose did not cause appreciable changes, either individually or in total (28–
27 mg/g) organic acid contents. Electron beam irradiation might constitute a valuable alternative for
chestnut conservation.


� 2013 Elsevier Ltd. All rights reserved.


1. Introduction


Organic acids are low weight molecules and are considered to
be any organic carboxylic acids with a general structure R-COOH.
Depending on their dissociation properties and the number of car-
boxylic groups, they can carry varying negative charges, thereby
allowing the complexation of metal cations in solution (Dibner
and Buttin, 2002; Jones, 1998). Citric, succinic, fumaric and malic
acids play an important role in the Krebs cycle, being essential
for human metabolism, but they have much more applications; cit-
ric acid is a crystal thickener in bones (Hu et al., 2010), succinic
acid is known to help on diabetes treatment (Pari and Saravanan,
2007), fumaric acid is effective against psoriasis and inflammation
and can be used as a neuro and chemoprotector (Baati et al., 2011),
and malic acid is reported to have a bactericidal effect (Raybaudi-
Massilia et al., 2009).


Other organic acids, like oxalic and quinic acids are important
metabolites in plants, displaying important roles on their metabo-
lism, nonetheless oxalic acid is part of pharmaceutical preparations
and used for desloughing of wounds and ulcers (Lian et al., 1999),


while quinic acid is a stronger antioxidant than butylated hydroxyl
toluene (BHT) (Hung et al., 2006). Shikimic acid takes part in the
shikimate pathway, being essential for vegetable metabolism
therefore producing L-phenylalanine and L-tryptophane witch are
essential amino acids for humans (Krämer et al., 2003). Finally,
ascorbic acid, one isoform of vitamin C, is a naturally occurring or-
ganic acid which is essential against scurvy, a powerful antioxidant
and quite effective against hypertension (Duffy et al., 1999).


Chestnuts are a widely consumed nut around the world, being
China the biggest producer. Portugal represents 4% of its world-
wide production with a gross weight of 22105 tons of chestnut
in 2010, and an income of 15 M€ (INE, 2011). To maintain the qual-
ity and extend shelf-life of these nuts it is essential to apply ade-
quate conservation methods. Until 2010, fumigation with methyl
bromide (CH3Br) was the most common technique, until the Euro-
pean Union banned its use for allegedly being toxic to operators
and for the negative effects on the environment (Official Journal
of the EU, 2008). Following this decision, many other conservation
techniques have been introduced, for instance, hot water dip, heat
treatment and other fumigants, but they still represent quite a
number of limitations and setbacks (Fields and White, 2002). Irra-
diation is recognized by international organizations as a valid con-
servation alternative and allowing pest free products (Bhat et al.,
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2008; Nagar et al., 2012; World Health Organization, 1991). The
legally recognized ionized irradiation sources include gamma rays
(high-energy photons) emitted by the radioactive elements cobalt-
60 (60Co) or cesium-137 (137Cs) with high penetrating power, high-
energy electron beams with limited penetration depth generated
from electron accelerators operated at or below an energy level
of 10 MeV and X-rays generated from bombardment of a metal tar-
get by electrons at or below an energy level of 5 MeV (Stefanova
et al., 2010).


Our research group has proved that gamma radiation does not
significantly alter the antioxidant, chemical and nutritional param-
eters of chestnuts for the tested doses, typical used for fruit conser-
vation (Antonio et al., 2011; Barreira et al., 2012; Fernandes et al.,
2011a; Fernandes et al., 2011b). Likewise, electron beam radiation
proved to have slight effects on chestnuts antioxidant potential
(Carocho et al., 2012a) and nutritional parameters (Carocho et al.,
2012b). Other authors have studied the influence of irradiation in
diverse food products (Girennavar et al., 2008), analyzing the ef-
fects on different bioactive compounds including organic acids
(Kim et al., 2004; Lisińska and Aniołowski, 1991; Reyes and Cisner-
os-Zevallos, 2007). Nevertheless, to our knowledge, there are no
studies on the effects of electron beam irradiation on chestnuts or-
ganic acids, and given their importance in human nutrition, it
would be beneficial that these compounds would not undergo
any variations. In this study we report the effects of electron beam
irradiation (doses of 0- control, 0.5, 1, 3 and 6 kGy) and storage
time (0- control, 30 and 60 days) on a series of organic acids,
namely oxalic, quinic, malic, ascorbic, citric, fumaric, succinic and
shikimic acid, using Ultra-Fast Liquid Chromatography and Photo-
diode Array detection (UFLC-PDA). The applied doses, which are in
accordance with the legally permitted maximum doses (Stefanova
et al., 2010), have the additional advantage of putatively ensure the
biological safety. In fact, electron beam radiation proved to have an
important effect in destroying the weevil larvae (Todoriki et al.,
2006) reducing also yeast and mold.


2. Materials and methods


2.1. Standards and reagents


The standards of organic acids (L(+)-ascorbic acid; citric acid; malic acid; oxalic
acid; shikimic acid; succinic acid; fumaric acid; quinic acid) were purchased from
Sigma (St. Louis, MO, USA). All other chemicals and solvents were of analytical
grade and purchased from common sources. Water was treated in a Milli-Q water
purification system (TGI Pure Water Systems, USA).


2.2. Samples and samples irradiation


Chestnuts (Castanea sativa Mill.) samples from Longal cultivar belonging to Cas-
tanha da Terra Fria PDO were collected in orchards located in Vinhais (41�500N,
7�000W), Trás-os-Montes, in northeastern Portugal, in the second fortnight of Octo-
ber during the crop year of 2011. Well-formed chestnuts without any physical in-
jury in the outer skin were selected among those collected randomly in the orchard.


They were divided in five groups: control (non-irradiated, 0 kGy), and the other
four to be irradiated at 0.5, 1, 3 and 6 kGy with fifteen units per group.


The irradiation was performed at the INCT – Institute of Nuclear Chemistry and
Technology – in Warsaw, Poland. To estimate the dose during the irradiation pro-
cess three types of dosimeters were used, a graphite calorimeter, and two routine
Gammachrome YR and Amber Perspex dosimeters, from Harwell company (UK).
The irradiation took place in a e-beam irradiator of 10 MeV of energy with a pulse
duration of 5.5 ls, a pulse frequency of 440 Hz, the average beam current was
1.1 mA, the scan width of 68 cm, the conveyer speed in the range 20–100 cm/min
and a scan frequency of 5 Hz. The absorbed dose was 0.53, 0.83, 2.91 kGy and
6.10 kGy, with an uncertainty of 20% for the two first doses, 15% for the third dose
and 10% for the last dose. To read the Amber and Gammachrome YR dosimeters,
spectrophotometric methods were used. For the Graphite calorimeter dosimeter
the electrical resistance was read and converted in dose according to a previous cal-
ibrated curve. For simplicity, from now on we refer only the exact value for the
dose: 0, 0.5, 1, 3 and 6 kGy.


After irradiation the samples were analyzed immediately or stored at 4 �C
(refrigerator) for 30 and 60 days. Before analyses, they were pilled, reduced to pow-
der and lyophilized (FreeZone 4.5 model 7750031, Labconco, Kansas, USA).


2.3. Organic acids extraction and analysis


Samples (�2 g) were extracted by stirring with 25 mL of meta-phosphoric acid
(25 �C at 150 rpm) for 45 min and subsequently filtered through Whatman No. 4
paper. Before analysis by UFLC-PDA, the samples were filtered through 0.2 lm ny-
lon filters (Barros et al., 2013). The analysis was performed using a Shimadzu 20A
series UFLC (Shimadzu Coperation). Separation was achieved on a SphereClone
(Phenomenex) reverse phase C18 column (5 lm, 250 mm � 4.6 mm i.d) thermostat-
ted at 35 �C. The elution was performed with sulfuric acid 3.6 mM using a flow rate
of 0.8 mL/min. Detection was carried out in a PDA, using 215 nm and 245 nm (for
ascorbic acid) as preferred wavelengths. The organic acids found were quantified
by comparison of the area of their peaks recorded at 215 nm with calibration curves
obtained from commercial standards of each compound. The results were ex-
pressed in mg per g of dry weight.


2.4. Statistical analysis


Organic acids extraction was performed in triplicate and each sample was in-
jected two times in UFLC-PAD. The results are expressed as mean values ± standard
deviation (SD).


Analysis of variance (ANOVA). ANOVA with Type III sums of squares was per-
formed using the GLM (General Linear Model) procedure of the SPSS software, ver-
sion 18.0. The dependent variables were analyzed using 2-way ANOVA, with the
main factors ‘‘irradiation dose’’ (ID) and ‘‘storage time’’ (ST). The interaction effect
among the factors (ID � ST) was always significant; thereby, the two factors were
evaluated simultaneously by the estimated marginal means plots for all levels of
each single factor.


Principal components analysis (PCA). PCA was applied as pattern recognition
unsupervised classification method. PCA transforms the original, measured vari-
ables into new uncorrelated variables called principal components. The first princi-
pal component covers as much of the variation in the data as possible. The second
principal component is orthogonal to the first and covers as much of the remaining
variation as possible, and so on (Patras et al., 2011). The number of dimensions to
keep for data analysis was evaluated 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 percentage of variance (that should be as higher as possible)
explained by the number of components selected. The number of dimensions con-
sidered for PCA was chosen in order to allow meaningful interpretations, and by
ensuring their reliability.


3. Results and discussion


The effect of electron beam irradiation (ID) (0.0, 0.5, 1.0, 3.0 and
6.0 kGy) and storage time (ST) (0, 30 and 60 days), as well as the
interaction of both factors, were assessed by evaluating changes
in organic acids composition. Studying the combined effect of both
factors (ID and ST), it is possible to understand the influence of
each single factor without having biased results.


Table 1 shows the organic acids composition data reported as
mean value of each irradiation dose (ID) along the different storage
times, as well as mean value of each storage time (ST) for the dif-
ferent irradiation doses.


At the beginning of the experiment, the main organic acids
found in all treatment groups were quinic (13 ± 3 mg/g) and citric
(12 ± 3 mg/g) acids. The obtained profiles were qualitatively simi-
lar to those presented in works dealing with the metabolite com-
position of chestnut upon cooking (Gonçalves et al., 2010;
Ribeiro et al., 2007), despite the absence of cis-aconitic in the pres-
ent samples. Nevertheless, the detected amounts are higher than
those presented in the pointed publications, most likely due to
the applied extraction method. ST � ID interaction was a signifi-
cant (P < 0.001) source of variation for all the assayed compounds.
Accordingly, no multiple comparisons tests could be performed.
Nevertheless, from the analysis of the estimated margins mean
plots some particular tendencies could be identified. For instance,
quinic (Fig. 1a) and ascorbic (Fig. 1b) acids tended to be lower after
60 days of storage, while malic (Fig. 1c) and fumaric (Fig. 1d) acids
leaned toward higher values in samples non-submitted to storage.
The variance caused by the assayed irradiation doses is slighter,
and did not allow indication of any particular tendency. Moreover,
it is known that heat induced reactions between nitrogen-free
carboxylic acids and sugars are the most affecting parameters in
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organic acids, causing important changes in their contents (Piva
et al., 2008; Ribeiro et al., 2007). In fact, neither ID nor ST seemed
to exert high influence over organic acids profile. A similar study
reported very small or no effects on the antioxidant constituents
of mango fruit right after irradiation, despite a decrease in ascorbic
acid levels along storage (Reyes and Cisneros-Zevallos, 2007). Li-
sińska and Aniołowski (1991), observed changes in citric and malic
acid contents of three potato varieties exposed and non-exposed to
gamma irradiation; the irradiated tubers exhibited a markedly in-
creased content of these organic acids. Furthermore, Girennavar
et al. (2008), concluded that low doses of electron beam irradiation
has very little effect on the bioactive compounds and offers a safe
alternative to existing postharvest treatments for the disinfection
and decontamination of grapefruits.


Data obtained in the present study were evaluated through an
unsupervised classification technique, namely principal compo-


nents analysis (PCA). The plot of component loadings (Fig. 2) indi-
cates that the first two dimensions account for most of the variance
of all quantified variables (46.2% and 26.1%, respectively). The
selection of two dimensions was supported by the negative Cron-
bach’s alpha values (�0.078, for the third dimension) and eigen-
values lower than one (0.939, for the third dimension) for higher
dimensions. Regarding the relation between the objects and vari-
ables, it is clear (due to their positive correlation) that non-stored
samples are characterized for having high malic and fumaric acids
contents, while samples stored for 30 days have higher levels of
quinic, ascorbic and citric acids.


However, the markers corresponding to 0, 30 and 60 days were
not separated in well-defined groups. The spatial distribution of
markers resulting from different irradiation doses is even more
entropic with, for instance, samples irradiated with 6 kGy lying
in the same area of non-irradiated samples (dashed lines in Fig. 2).


Table 1
Composition in organic acids (mg/g dw) according with ID and ST (mean ± SDa). In each column, different letters mean significant differences.


IOxalic Quinic Malic Ascorbic Citric Fumaric Total


ST
0 days 0.7 ± 0.1 13 ± 3 5 ± 1 1.2 ± 0.3 12 ± 3 0.4 ± 0.1 33 ± 7
30 days 0.7 ± 0.2 15 ± 2 3 ± 1 1.3 ± 0.3 14 ± 2 0.25 ± 0.05 35 ± 4
60 days 0.7 ± 0.1 9 ± 2 4 ± 1 0.8 ± 0.3 11 ± 3 0.30 ± 0.04 26 ± 4
P-value (n = 30) 0.423 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ID
0 kGy 0.8 ± 0.1 11 ± 4 4 ± 1 1.0 ± 0.5 11 ± 2 0.3 ± 0.1 28 ± 7
0.5 kGy 0.6 ± 0.1 14 ± 4 4 ± 1 1.3 ± 0.5 16 ± 1 0.3 ± 0.1 36 ± 6
1 kGy 0.8 ± 0.1 13 ± 2 4 ± 1 1.2 ± 0.2 13 ± 1 0.3 ± 0.1 32 ± 3
3 kGy 0.7 ± 0.1 12 ± 3 4 ± 1 1.2 ± 0.2 14 ± 2 0.3 ± 0.1 33 ± 5
6 kGy 0.8 ± 0.1 12 ± 5 3.4 ± 0.4 1.0 ± 0.1 10 ± 1 0.26 ± 0.03 27 ± 6
P-value (n = 18) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ID � ST
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001


a Results are reported as mean value of each irradiation dose (ID) over the different storage times (STs) as well as mean value of all ST within each ID. Therefore, SD reflects
values in those samples (under different ID or ST).
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Fig. 1. Interactions between storage time and irradiation dose effects in chestnut samples (bars in each line represent standard deviation). Influence on quinic (a), malic (b),
ascorbic (c) and fumaric (d) acids.
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Overall, from the analysis of the presented results, it was possi-
ble to conclude that organic acids composition was not signifi-
cantly affected by the applied irradiation doses. The maintenance
of organic acid levels is a desirable feature due to their protective
role against various diseases, mainly those with oxidative stress
basis (Silva et al., 2004a). From the conservation point of view,
these are interesting results since the nature and concentration
of organic acids are important factors influencing the organoleptic
quality of fruit and vegetables, namely their flavor (Vaughan and
Geissler, 1997) and constituting also important conservation indi-
cators to evaluate food processing (Silva et al., 2004b). Further-
more, our previous reports also proved that electron beam kept
other chestnuts quality parameters such as antioxidant levels (Car-
ocho et al., 2012a) and nutritional compounds (Carocho et al.,
2012b).
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a  b  s  t  r  a  c  t


The  present  chestnut  (Castanea  sativa  Miller)  commercialization  process,  including  distribution  to  novel
markets,  demands  suitable  preservation  technologies.  Irradiation  has  been  considered  a promising  alter-
native to chemical  fumigation  (legally  forbidden  and  harmful  for human  health  and  environment)  or
heat  treatments  (technological  difficulties  and low  efficiency).  Following  previous  studies  on  the effects
of  irradiation  in  different  chemical  parameters,  the  present  work  aimed  to  evaluate  the  effects  of elec-
tron beam  and  �-irradiation  on  the  triacylglycerol  profiles  of  fresh  and  stored  chestnuts.  An  analysis  of
variance  with  type  III sums  of squares  was  performed  using  the  general  linear  model  procedure.  As  a
classification  technique,  a linear  discriminant  analysis  using  the  stepwise  procedure  was  also  applied.
Independently  of  irradiation  type,  samples  irradiated  with  higher  doses  showed  higher  modifications  in
triacylglycerol  profiles.  Samples  irradiated  with 1  and  3 kGy  were  clearly  separated  from  the remaining
groups  in  the linear  discriminant  analysis.  The  results  highlight  the  potential  of triacylglycerol  profiles  as
indicators  of  chestnut  irradiation.  Irradiation  might  be  recommended  as a suitable  method  for chestnut
preservation.


© 2013  Elsevier  B.V.  All rights  reserved.


1. Introduction


Chestnut quality is measured by external factors such as color,
shape, size, surface blemishes and molds, which are very impor-
tant for consumer acceptance. Internal disorders may  result from
anatomical or physiological changes such as moisture loss, chem-
ical conversion, discoloration, senescence, microorganism attack,
cell breakdown (physiological decay) and insect injury (Upchurch
et al., 1993). Weight losses due to dehydration and infestation
by insects and microorganisms are the two main problems in
chestnut preservation, and neither chemical fumigants, nor heat
treatments, represent an effective solution (Pinto et al., 2007).
Furthermore, chemical fumigation is harmful to human health
and to the environment (UNEP, 2006), while heat treatments do
not prevent mold growth (Jermini et al., 2006). Quality require-
ments demand enhanced preservation techniques for chestnuts
and related products. In this context, decontamination methods
based on high-energy electrons or �-ray irradiation are being


∗ Corresponding author. Tel.: +351 273303219; fax: +351 273325405.
E-mail address: iferreira@ipb.pt (I.C.F.R. Ferreira).


studied as alternatives. Arici et al. (2007) irradiated black cumin
with 2.5–10 kGy for the purpose of microorganism elimination,
while studying the effects on physico-chemical properties and
on fatty acids profiles. Beneficial effects of irradiation include
reduction of storage loss, shelf-life extension, and improvement
of microbiological and parasitological safety of foods, while being
safe to the environment. Hence, irradiation might be considered a
promising preservation technology, bearing in mind that the doses
applied on fresh fruit and processed fruit products are limited by
the impact on their quality (Arvanitoyannis et al., 2009). Particu-
larly, gamma-irradiation has already been applied to diverse food
products such as tuber and bulb crops, stored grains, dried ingredi-
ents, meat, poultry and fish, and fruit (Farkas, 2006). It can also be
applied to chestnuts which contain only 1% of fat, overcoming the
production of off-odor compounds due to the radiation-induced
breakdown of lipids common in high-fat-containing foods (Niyas
et al., 2003).


Electron beam irradiation is also widely applied to improve food
quality and safety. The use of electron accelerators as source of
radiation has technological advantages such as higher throughput,
wider flexibility and more potential to overcome public objections
to radioactive isotopic sources (Supriya et al., 2012). Nevertheless,
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the irradiation efficacy is highly dependent on intrinsic factors of
each food product, requiring continuous studies of exposure time
(doses) and geometry (dose uniformity) (Belchior et al., 2007; Kim
et al., 2007). The effects of radiation on chestnut composition have
been progressively studied, either using electron beam treatment
(Carocho et al., 2012) or �-irradiation (Antonio et al., 2012a). Yet,
the effects of these irradiations on chestnut triacylglycerol (TAG)
profiles have not been evaluated. TAG profile is specific of each
natural product and has been used for studying crystallization
phenomena, detecting adulteration of specialty fats and oils, and
recognition of oil origins, being one of the prime determinants in
the study of oil oxidation (Zeb, 2012).


The evaporative light-scattering detector (ELSD) is a suitable
solution for TAG analysis, since it is a mass-sensitive detector
that responds to any analyte less volatile than the mobile phase.
Furthermore, ELSD has a low background signal, a non-specific
response (unlike a flame ionization detector), compatibility with
gradient elution (dissimilarly to the refraction index detector) and
with a broad range of solvents, besides having a signal independent
of the degree of saturation and chain length (unlike an ultraviolet
detector) (Rombaut et al., 2009). Hence, this parameter might be a
good indicator of the effects of irradiation on natural food matrices.
In the present study, the main purpose was to evaluate alter-
ations in the TAG profiles of chestnuts submitted to electron beam
or �-irradiation (0, 0.5, 1 and 3 kGy), analyzed immediately after
irradiation or after 30 d storage, assessing its potential use as an
irradiation marker. Furthermore, the data obtained constitute com-
plementary information to previous results regarding irradiation
effects on the chemical composition and bioactivity of chestnuts
(Fernandes et al., 2011a,b; Antonio et al., 2012a,b; Carocho et al.,
2012).


2. Materials and methods


2.1. Standards and reagents


Triacylglycerols 1,2,3-tripalmitoylglycerol (PPP), 1,2,3-tristea-
roylglycerol (SSS), 1,2,3-trilinolenoylglycerol (LnLnLn), and
1,2,3-tripalmitoleoylglycerol (PoPoPo), of purity > 98%, and 1,2,3-
trioleoylglycerol (OOO), 1,2,3-trilinoleoylglycerol (LLL), 1,2-dilin-
oleoyl-3-palmitoyl-rac-glycerol (PLL), 1,2-dilinoleoyl-3-oleoyl-
rac-glycerol (OLL), 1,2-dipalmitoyl-3-oleoyl-rac-glycerol (PPO),
1,2-dioleoyl-3-stearoyl-rac-glycerol (OOS), 1-palmitoyl-2-oleoyl-
3-linoleoylglycerol (POL), and 1,2-dioleoyl-3-palmitoyl-rac-
glycerol (POO), of ≈99% purity, were purchased from Sigma
(St. Louis, MO,  USA). Petroleum ether was analytical grade and
obtained from Fisher Scientific (Leicestershire, UK). Acetonitrile
and acetone were HPLC grade and obtained from Merck (Darm-
stadt, Germany). The code letters used for the fatty acids are:
Po, palmitoleic; L, linoleic; Ln, linolenic; M,  myristic; O, oleic; P,
palmitic; S, stearic.


2.2. Samples


The chestnut samples, previously studied for their nutritional
value (Fernandes et al., 2011b; Carocho et al., 2012), were obtained
in Braganç a, Trás-os-Montes (Portugal). All the samples belong to
the Longal cultivar from Protected Designation of Origin (PDO)
“Castanha da Terra Fria”. This PDO was created in 1994, with the
normative decree 44/94 from February 3rd, where it is defined
as the fruit obtained from Castanea sativa,  including the varieties
Longal, Judia, Amarelal, Lamela, Aveleira, Boaventura, Trigueira,
Martainha and Negral (Portuguese Government Legislation, 1994:
Decreto Normativo 44/94). For each irradiation procedure, chest-
nuts were divided into four groups: control (non-irradiated, 0 kGy),


sample 1 (0.5 kGy), sample 2 (1 kGy), and sample 3 (3 kGy) with
fifteen units per group. An independent control was used for
each irradiation procedure (gamma  irradiation was performed
in Portugal, while electron beam irradiation was conducted in
Poland), in order to guarantee the same conditions for all the sam-
ples avoiding a biased effect that might have been induced by
potential differences among the two  control samples.


2.3. Sample irradiation


2.3.1. Electron beam radiation
The irradiation with electrons was performed at the INCT (Insti-


tute of Nuclear Chemistry and Technology), Warsaw, Poland, with
an e-beam of 10 MeV  of energy. Pulse duration 5.5 �s, pulse fre-
quency 440 Hz, average beam current 1.1 mA, scan width of 68 cm,
conveyer speed in the range 20–100 cm/min, scan frequency 5 Hz.
The absorbed dose was 0.53, 0.83 and 2.91 kGy, with an uncertainty
of 20% for two first doses and 15% for the last dose. To estimate
the dose, Amber Perspex and Gammachrome YR dosimeters (from
Harwell Company, U.K.) and a Graphite Calorimeter were used,
depending on the dose level. The electrical resistance was read for
the calorimeter dosimeter and converted according to a previous
calibrated curve.


2.3.2. Gamma radiation
The irradiation of the samples was  performed in a Co-60 exper-


imental chamber with four sources, a total activity of 267 TBq
(6.35 kCi) in November 2011 (Precisa 22, Graviner Manufacturing
Company Ltd., U.K.). After irradiation geometry dose rate estima-
tion, using the Fricke dosimeter and the procedure described in the
standards (ASTM, 1992), each group of fruit samples for irradiation
was placed in a PMMA  (polymethyl methacrylate) box to be irradi-
ated at the predicted dose, at ambient atmosphere and temperature
(15 ◦C). During the irradiation process, 4 routine dosimeters were
used for each group for the higher dose to monitor the process
(Amber Perspex dosimeters, from Harwell Company, U.K.). The
samples were rotated up-side down (180◦) at half of the time, to
increase the dose uniformity. The Amber Perspex dosimeters were
read in a UV-VIS Spectrophotomer (Shimadzu mini UV 1240 spec-
trophotometer) at 603 nm,  two  readings for each, to estimate the
dose according to a previous calibration curve. The estimated doses
after irradiation were 0.6 ± 0.1 kGy, 1.1 ± 0.1 kGy  and 3 ± 0.3 kGy
for each of the mentioned groups, respectively, at a dose rate of
0.8 ± 0.1 kGy h−1.


For simplicity, from now on, in the tables and graphs we refer
to the values 0, 0.5, 1 and 3 kGy, for non-irradiated and irradiated
samples.


2.4. Triacylglycerol analysis


Before the extraction procedure, each sample was  man-
ually peeled (inner and outer skins), milled to obtain a
dried powder (20 mesh) and lyophilized (Free Zone 4.5, Lab-
conco, Kansas, MO). Each sample (50 g) was  then submitted
to an extraction with petroleum ether (40–60 ◦C) performed in
Soxhlet apparatus for 1.5 h. The chromatographic analyses were
carried out according to the procedure previously described
(Barreira et al., 2009), with a Jasco (Tokyo, Japan) HPLC sys-
tem, equipped with a PU-1580 quaternary pump and a Jasco
AS-950 automatic sampler with a 10 �L loop. Detection was
performed with an evaporative light-scattering detector (ELSD)
(model 75-Sedere, Alfortville, France). The chromatographic sep-
aration of the compounds was  achieved with a Kromasil 100 C18
(5 �m;  250 mm × 4.6 mm)  column (Teknokroma, Barcelona, Spain)
operating at room temperature (≈20 ◦C). The mobile phase was a
mixture of acetone and acetonitrile (70:30), in an isocratic mode,
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Table  1
Chestnut triacylglycerol profiles (%) according to irradiation treatment (electron beam or �-irradiation) and storage time (ST) (mean ± SD). In each column, different letters
mean  significant differences (n = 32).


LLLn LLL OLLn PLLn OLL PLL OOL POL PLP OOO POO PPO


Electron beam
ST


0 d 0.9 ± 0.3 5 ± 1 2.0 ± 0.2 2.0 ± 0.3 21 ± 1 21 ± 3 16 ± 2 17 ± 1 1.7 ± 0.2 7 ± 2 6 ± 1 0.3 ± 0.1
30  d 0.8 ± 0.3 5 ± 1 2.3 ± 0.5 1.8 ± 0.3 21 ± 2 20 ± 1 17 ± 1 16 ± 1 1.6 ± 0.3 8 ± 1 6 ± 1 0.3 ± 0.1
p-Value 0.375 0.011 0.060 <0.001 0.304 0.064 <0.001 0.017 0.033 <0.001 0.487 0.903


EBD
0  kGy 0.9 ± 0.3 ab 5 ± 1 2.0 ± 0.3 1.7 ± 0.3 20 ± 1 19 ± 1 18 ± 1 17 ± 1 1.6 ± 0.2 8.8 ± 0.3 6 ± 1 0.3 ± 0.1
0.5  kGy 1.2 ± 0.4 a 6 ± 2 2.4 ± 0.5 2.3 ± 0.4 21 ± 3 23 ± 3 15 ± 2 16 ± 1 1.5 ± 0.1 7 ± 3 5 ± 2 0.3 ± 0.1
1  kGy 0.8 ± 0.1 b 6 ± 1 2.2 ± 0.5 1.8 ± 0.3 22 ± 2 20.1 ± 0.6 16.3 ± 0.5 16 ± 2 1.5 ± 0.3 7.4 ± 0.4 5 ± 1 0.2 ± 0.1
3  kGy 0.62 ± 0.03 b 4.1 ± 0.4 2.2 ± 0.1 1.9 ± 0.1 20.0 ± 0.3 19.4 ± 0.5 15.8 ± 0.2 18.0 ± 0.3 2.0 ± 0.1 8.8 ± 0.3 6.6 ± 0.2 0.55 ± 0.05
p-Value 0.001 <0.001 0.187 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001


ST  × EBD
p-Value 0.365 <0.001 0.092 0.002 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 0.001


�-Irradiation
ST


0  d 3 ± 1 11 ± 2 2 ± 1 2.1 ± 0.5 24 ± 3 19 ± 4 12 ± 2 12 ± 2 1.0 ± 0.4 8 ± 4 6 ± 3 0.6 ± 0.5
30  d 3 ± 1 11 ± 2 2 ± 1 2.7 ± 0.5 23 ± 2 24 ± 2 11 ± 1 13 ± 2 1.4 ± 0.4 5 ± 1 4 ± 1 0.2 ± 0.1
p-Value 0.020 0.107 0.954 <0.001 0.019 <0.001 0.017 0.011 <0.001 <0.001 <0.001 <0.001


GID
0  kGy 3.0 ± 0.4 b 11 ± 1 2 ± 1 b 2.3 ± 0.5 20 ± 1 19 ± 5 10.6 ± 0.3 12 ± 2 1.2 ± 0.5 9 ± 4 8 ± 4 0.5 ± 0.3
0.5  kGy 1.7 ± 0.4 c 7 ± 1 1.9 ± 0.3 b 2.0 ± 0.5 22 ± 2 23 ± 3 13 ± 2 15 ± 1 1.6 ± 0.1 6 ± 2 5 ± 1 0.9 ± 0.5
1  kGy 3.1 ± 0.3 b 11.5 ± 0.4 2 ± 1 b 2.9 ± 0.3 24 ± 1 24 ± 1 11.0 ± 0.5 12.0 ± 0.5 1.2 ± 0.1 4.4 ± 0.3 3.5 ± 0.2 0.14 ± 0.03
3  kGy 4.0 ± 0.4 a 12 ± 1 3.6 ± 0.5 a 2.5 ± 0.5 25 ± 1 21 ± 4 12 ± 2 9.9 ± 0.4 0.8 ± 0.1 5 ± 1 3.4 ± 0.5 0.19 ± 0.02
p-Value <0.001 <0.001 0.001 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001


ST  × GID
p-Value 0.169 0.002 0.079 0.014 0.011 <0.001 0.003 <0.001 <0.001 <0.001 <0.001 <0.001


at an elution rate of 1 mL/min. Detection was performed with
an evaporative light-scattering detector (ELSD) (model 75-Sedere,
Alfortville, France) with the following settings: evaporator temper-
ature 40 ◦C, air pressure 3.5 bar and photomultiplier sensitivity 6.
Taking into account the selectivities (R, relative retention times to
LLL), peaks were identified according to the logarithms of R in rela-
tion to homogeneous TAG standards. Quantification of the peaks
was made by internal normalization of chromatographic peak area,
and the results were expressed in relative percentage, assuming
that the detector response was the same for all the compounds
within each analysis. Data were analyzed using the Borwin-PDA
Controller Software (JMBS, France).


2.5. Statistical analysis


Four levels (0, 0.5, 1.0 and 3.0 kGy) of irradiation were assayed
in each case (electron beam and �-irradiation), considering sam-
ples stored for 30 d (4 ◦C, with a relative humidity close to 92%) or
immediately analyzed in compliance with the EN8417 guideline.
In each sample, two extractions were performed, and each extract
was injected twice into the HPLC system. Data were expressed as
means ± standard deviations. All statistical tests were performed
at a 5% significance level using the SPSS software, version 18.0.


An analysis of variance (ANOVA) with type III sums of squares
was performed using the GLM (General Linear Model) procedure
of the SPSS software. The dependent variables were analyzed using
2-way ANOVA, with the factors “electron beam irradiation dose”
(EBD) or “�-irradiation dose” (GID) and “storage time” (ST). The
effects of each type of irradiation were evaluated individually,
considering stored and non-stored samples. The interaction of both
factors, storage time (ST), and irradiation (EBD or GID) was  also
tested. When a statistically significant interaction (EBD × ST or
GID × ST) was detected, the two factors were evaluated simulta-
neously by the estimated marginal means plots for all levels of
each single factor. Alternatively, if no statistical significant inter-
action was verified, means were compared using Tukey’s honestly
significant difference (HSD) multiple comparison test.


In addition, a linear discriminant analysis (LDA) was  used to
assess the influence of different irradiation doses on TAG profile.
Two different sets of data were constructed: the first with vary-
ing doses of �-irradiation and different storage times; the second
with varying doses of electron beam irradiation and different stor-
age times. A stepwise technique, using the Wilks’ � method with
the usual probabilities of F (3.84 to enter and 2.71 to remove),
was applied for variable selection. This procedure uses a combi-
nation of forward selection and backward elimination procedures,
where before selecting a new variable to be included, it is veri-
fied whether all variables previously selected remain significant
(Bosque-Sendra et al., 2012). With this approach, it is possible to
identify the significant variables obtained for each sample. To verify
which canonical discriminant functions were significant, the Wilks’
� test was  applied. A leaving-one-out cross-validation procedure
was carried out to assess the model performance.


3. Results and discussion


In food irradiation, the minimum absorbed dose should guaran-
tee consumer safety, while the maximum absorbed dose should
not compromise wholesomeness, structural integrity, functional
properties, or sensory attributes (EC, 2003). Chestnut physical
parameters were negatively affected (softening of texture) by doses
higher than 3 kGy (Antonio et al., 2012b).  Accordingly, in the
present research, doses were restricted to a 3 kGy maximum.


The mean values obtained for TAG profiles of each sample are
shown in Table 1. Besides the tabled compounds, LLnLn was also
detected in vestigial amounts (<0.1%). The values are presented
in relative percentages, due to the limited number of available
high purity standards. Furthermore, the diversity of TAGs in
each oil would make it difficult to construct a calibration curve
for each one. The relative peak areas might be converted into
relative TAG concentration, assuming linearity and uniformity of
the detector signal, regardless of the TAG species and absolute
concentration (Rombaut et al., 2009). Regarding elution order, and
denoting S = saturated, M = monoenoic, D = dienoic and T = trienoic
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Fig. 1. Chromatograms of TAG profile in chestnut samples used as control (A) and irradiated with 3.0 kGy (B) in the evaluation of electron beam irradiation. 1 – LLnLn; 2 –
LLLn;  3 – LLL; 4 – OLLn; 5 – PLLn; 6 – OLL; 7 – PLL; 8 – OOL; 9 – POL; 10 – PLP; 11 – OOO; 12 – POO; 13 – PPO.


acids, the chromatographic separation is, in terms of retention
time, defined as: SSS > SSM > SMM  > SSD > MMM  > SMD  > MMD  >
SDD > SST > MDD  > SMT  > MMT  > DDD > SDT > MDT  > DDT > STT >
MTT  > DTT > TTT (Fuchs et al., 2011). The tabled TAG followed
this theoretical order: PPO(SSM) > POO(SMM) > OOO(MMM)  >


PLP(SDS) > POL(SMD) > OOL(MMD) > PLL(SDD) > OLL(MDD) >
PLLn(SDT) > OLLn(MDT) > LLL(DDD) > LLLn(DDT) > LLnLn(DTT),
except in the cases of PLP and LLL. The detected abundances are in
agreement with previous results (Barreira et al., 2009, 2012a; Lísa
et al., 2009), with OLL, PLL, OOL and POL as the major compounds,
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followed by LLL, OOO and POO. The differences observed in both
(electron beam and �-irradiation) controls (those without irradi-
ation or storage) might be explained by slight different times of
evaluation.


Despite the differences found for individual TAG, which had sta-
tistical significance (signalized by different letters in each column)
only in the case of LLLn (Table 1) for both irradiations and OLLn
for �-irradiation, the chromatographic outputs were similar for all
samples. As an example, the HPLC-ELSD TAG profile of control (A)
and samples irradiated with 3 kGy (B) used in electron beam stud-
ies can be observed in Fig. 1 (the chromatograms corresponding to
control and �-irradiated samples were highly similar to those pre-
sented in Fig. 1, hence, are not shown). The interaction effects of ST
and electron beam dose (EBD) was significant (p ≤ 0.002) in all cases
except LLLn (p = 0.365) and OLLn (p = 0.365). The individual effect of
each factor was also significant in most cases. A similar result was
obtained for the interaction among ST and �-irradiation dose (GID),
which was significant (p < 0.014) for all TAG except LLLn (p = 0.169)
and OLLn (p = 0.079). In general, and despite that multiple compar-
isons could not be performed in most cases (due to the significant
interaction among factors, ST × EBD and ST × GID), neither EBD nor
GID seemed to induce appreciable changes in TAG profiles. In the
cases where multiple comparisons could not be performed, the
plotted estimated marginal means (data not shown), did not allow
the identification of particular differences or tendencies. Even so,
in order to obtain a more realistic idea about the influence of irra-
diation treatments, the results were scrutinized through a linear
discriminant analysis (LDA).


The application of chemometric methods is a common and effec-
tive way to classify food materials (Bosque-Sendra et al., 2012;
Zhang et al., 2012). LDA, for instance, was used to exploit invisi-
ble changes of the internal characteristics of blanched sweet corn
yielding satisfactory classification rate of 94.3% and performed well
in firmness prediction of processed sweet corn (Shao and Li, 2012).


The analysis was performed considering the applied irradiation
dose. In opposition to what could be expected from the mean values
presented in Table 1, the differences in TAG profiles allowed correct
classification of 100.0% of the samples for the originally grouped
cases either in EBD as in GID; regarding cross-validated cases, 100%
of the samples were correctly classified for GID, while 96.9% (one
sample irradiated with 0.5 kGy was classified as non-irradiated)
were correctly classified for EBD.


Regarding EBD, the three plotted functions (Fig. 2A) integrated
100.0% of the observed variance (first: 78.7%; second: 16.8%; third:
4.5%). The model selected 10 of the 12 inserted TAG (OLL and
OOO were rejected). The first function separated primarily 3 kGy
and 1 kGy from 0.5 kGy and non-irradiated samples (means of
the canonical variance, MCV: 0 kGy = −15.493; 0.5 kGy = −19.529;
1 kGy = 8.300; 3 kGy = 26.723) being more correlated with LLL
and LLLn, while the second function was mainly responsible
for separating samples submitted to 0.5 kGy and non-irradiated
samples (MCV: 0 kGy = 4.797; 0.5 kGy = −3.601; 1 kGy = −1.950;
3 kGy = 0.755).


The effect of ST was also appreciable, since 93.8% (two non-
stored samples were classified as being stored during 30 d) of the
originally grouped cases and 90.6% (three non-stored samples were
classified as being stored during 30 d) of the cross-validated cases
were correctly classified. All stored samples were correctly classi-
fied.


In the case of GID, the three plotted functions (Fig. 2B) also
comprised 100.0% of the observed variance (first: 96.5%; sec-
ond: 2.8%; third: 0.7%). The model selected 7 of the 12 inserted
TAG (LLL, PLLn, OLL, OOO and POO were rejected). The first
function separated primarily 3 and 1 kGy from 0.5 kGy and
non-irradiated samples (MCV: 0 kGy = 0.950; 0.5 kGy = 6.602;
1 kGy = −2.715; 3 kGy = −4.837), while the second function


Fig. 2. Canonical analysis of irradiation doses based on triacylglycerols profiles. A –
electron beam irradiation; B – �-irradiation.


separated mostly samples submitted to 0.5 kGy and non-irradiated
samples (MCV: 0 kGy = −2.285; 0.5 kGy = 1.458; 1 kGy = −1.630;
3 kGy = 2.457).


ST had also a marked effect: 90.6% (three samples stored during
30 d were classified as non-stored) of the originally grouped cases
and 84.4% (five samples stored during 30 d were classified as non-
stored) of the cross-validated cases were correctly classified. All
non-stored samples were correctly classified.


The differences found in TAG profiles might result from oxida-
tive processes (Zeb, 2012) or chemical bond cleavage in primary
and secondary reactions during irradiation (Al-Bachir, 2004). The
disruption of ester bonds between fatty acids and glycerol occurs
mainly in � and � positions with respect to the carbonyl groups,
resulting in the respective Cn−1 and Cn−2 compounds (EN 1784,
2003). The changes in TAG profiles were mostly qualitative, which is
in agreement with previous studies with similar irradiation doses,
reporting that fatty acid profiles remained unaffected (Fernandes
et al., 2011a,b; Barreira et al., 2012b); i.e. a decrease in fatty acids
was not observed, but rather a rearrangement within the glyc-
erol molecule. These changes, however, are not likely to affect the
organoleptic characteristics of chestnuts, since the fat content is
usually lower than 1% (Barreira et al., 2009).
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4. Conclusions


A significant interaction was detected among GID and ST, and
also among EBD and ST. In fact, ST is always a critical condition in
the assessment of chestnut chemical quality (Cecchini et al., 2011).
The significant interactions did not allow relevant conclusions in
the analysis of Table 1. Hence, a linear discriminant analysis was
performed in order to verify significant differences in triacylglyc-
erol profiles among irradiated and non-irradiated samples for both
types of radiation. The internal validation procedure confirmed the
discriminant models obtained. In fact, and independent of irra-
diation type, samples irradiated with higher doses (1 and 3 kGy)
were clearly individualized. The discriminant functions obtained
allowed for good classification performances, indicating that a TAG
profile might be an indicator of chestnut irradiation. Even so, irra-
diation can be looked up as a relevant method for protection and
prevention of infection in chestnuts, since changes observed in TAG
profiles are not likely to affect chestnut quality.
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Abstract Chestnuts are widely consumed around the world,
especially in China, which is the major producer. Portugal is
the fifth biggest producer, reaching an income of 17M €, with
particular relevance for Trás-os-Montes region, which is re-
sponsible for 81 % of Portuguese production. During
postharvest storage, a number of pests tend to attack chestnuts,
contributing to high economic losses. Since 2010, the most
effective postharvest treatment, i.e., fumigation with methyl
bromide, was banned in the European Union, urging pro-
ducers to seek effective and reasonable alternatives. One
alternative could be irradiation with gamma rays or electron
beam, which is used in food commodities, legally regulated
and allows outstanding results. Our research group has tested
both irradiation types in chestnuts and studied the nutritional,
antioxidant, and other chemical parameters, obtaining prom-
ising results. Herein, we extended these studies to selected


cultivars from Portugal and Italy in order to validate this
technique as a viable alternative to fumigation. The selected
irradiation dose (1 kGy) was chosen following previous re-
sults where it proved to be effective without causing remark-
able changes in chemical or antioxidant profiles. To obtain a
global knowledge about how each cultivar reacts to irradia-
tion, principal component analysis was performed using all
the measured parameters. Despite the detected differences
among cultivars, which differentiated particularly Palummina
andCota , it was verified that irradiation did not cause changes
in chemical and antioxidant parameters that could enable
defining distinctive features among irradiated and non-
irradiated chestnuts. Hence, the results herein reported might
be seen as a new step toward the completion of irradiation as
feasible conservation technology, independently of chestnuts
origin.


Keywords Chestnuts . European cultivars . Irradiation .


Chemometric validation


Introduction


Among the 12 chestnut species, worldwide production is ruled
by China, which contributed with 84.4 % of the total produc-
tion in 2010. However, the major producers of Castanea
sativa Miller, the European chestnut, are Turkey, Italy,
Greece, and Portugal, representing, respectively, 34, 32, 13,
and 12 % of global production of this species (FAOSTAT
2011). In Portugal, 81 % of all chestnut production is located
in the North region, especially in Trás-os-Montes,
representing about 17 M € of income in 2011 (INE 2011).
During the last 30 years, chestnut is gaining wider interest
(Míguelez et al. 2004), promoting their export to a broader
range of countries.
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Chestnuts are prone to rot due to high amounts of sugars
and water activity in their composition (Nazzaro et al. 2011).
Furthermore, fungi like Penicillium and Aspergillus or insects
like the Curculio sikkimensis bug and the larvae of
Dichocrocis punctiferalis are responsible for deterioration
and destruction of chestnuts if not properly sanitized (Kwon
et al. 2004; Overy et al. 2003). Until recently, the main
postharvest treatment applied to chestnuts and other fruits
was fumigation with various chemicals like carbon sulfide
(CS2), phosphine (PH3), and more commonly, methyl bro-
mide (CH3Br). However, methyl bromide started being
phased out around the world due to heavy ozone depleting
properties and toxicity to operators (UNEP 2006), being
banned within the European Union by 2010 (EU Comission
Decision 2008). Some alternatives, such as low temperature,
controlled atmosphere storage and submerging in icy water
for peeled chestnuts (Kwon et al. 2004) are far from ideal.
Low temperature conservation is expensive and harmful to
the stored goods, and the adequate temperature depends on
their mass (Roy et al. 2008). On the other hand, while hot
water treatments waste considerable amounts of energy and
might only be employed for immediate consumption, cold
water depends on the effectiveness of anaerobic biological
processes. Controlled atmosphere is a clean technology, but
its application for long periods can be quite expensive
(Cecchini et al. 2011).


In 1981, the Food and Agriculture Organization (FAO),
International Atomic Energy Agency (IAEA), and the World
Health Organization (WHO) approved food irradiation as a
clean and safe technique, defining a maximum dose of 10 kGy
(Lacroix and Ouattara 2000). In addition, food irradiation
research has surpassed all other postharvest alternatives in
recent decades. Chestnuts were previously irradiated at
0.25 kGy to inhibit sprouting (Mangiacotti et al. 2009) and
to prevent contamination with C . sikkimensis and other pests
with satisfactory results, even at doses under 1 kGy (Todoriki
et al. 2006).


Our research group has thoroughly studied chestnuts in the
past (Barreira et al. 2008, 2009, 2010, 2012a), and in 2011,
research started on the effects of irradiation along different
storage times. The nutritional profile on irradiated chestnuts
was established for both gamma and electron beam (Carocho
et al. 2012a; Fernandes et al. 2011a, b), and although slight
variations were induced by irradiation, the storage time caused
higher changes on nutritional parameters. The nutritional val-
ue of Turkish chestnut cultivars (CC) was also studied, con-
cluding that their behavior toward gamma radiation was in
line with the Portuguese cultivars (Barreira et al. 2012b). The
antioxidant activity of chestnuts and chestnut skin was also
evaluated by our research group for both gamma and electron
beam, with a slight preservation of antioxidants at specific
doses and a reduction at increasing storage times (Antonio
et al. 2011; Carocho et al. 2012b). The impact of irradiation in


specific groups of molecules like organic acids and triacyl-
glycerol has also been investigated (Barreira et al. 2013;
Carocho et al. 2013). Finally, in order to gather all the infor-
mation regarding gamma irradiation (GI) and its influence on
various parameters of chestnuts and its pests, a state of the art
review was published (Antonio et al. 2012). Herein, the above
studies were extended to Portuguese (Cota , Judia and
Longal) and Italian (Palummina) cultivars, as a validation
step, in order to assess the different response to both irradia-
tion types (gamma and electron beam) at 1 kGy, the most
suitable dose in our previous studies. Storage time was elim-
inated from this study, as its influence is by now, well-known.


Materials and Methods


Samples and Samples Irradiation


The Portuguese chestnut cultivars (Cota , Judia , and Longal ),
belonging to Castanha da Terra Fria PDO (protected designa-
tion of origin), were obtained in October, 2012 from Trás-os-
Montes orchards, while the Italian cultivar Palummina , be-
longing to Castagna di Montella PGI (protected geographical
indication), was obtained in October, 2012 from orchards
located in the Provincia di Salerno. After dividing each culti-
var in two groups (with 15 units per group), the chestnuts were
promptly irradiated.


Gamma irradiation took place at the Portuguese Nuclear
and Technologic Institute (ITN) in Lisbon, at the Physics and
Accelerator department, on the fourth level of a Cobalt-60
Gammacell (Precisa 22, Graviner Manufacturing Company
Ltd., Gosport, UK). The 60Co irradiation facility consisted of a
rectangular cavity with 65×50×20 cm (h×d×w) surrounded
with a lead protection barrier. Four 60Co sources, with a total
activity of 198 TBq (5.355 kCi) in November 2012, were
positioned in stainless-steel tubes located in the lateral walls
of the chamber, in positions directly facing each other, about
30 cm above the chamber floor. The movement of the sources
in the 50-cm long tubes was controlled by an automatic
mechanism. Fricke dosimeters were placed at the corners
and center of a rectangle in an area approximately equal to
the sample bag. After irradiation, the absorbance of the
irradiated solution was determined (Shimadzu mini UV
1240 spectrophotometer, Kyoto, Japan) set at 305 nm to
estimate the dose rate. The estimated dose after irradiation
was 1.16±0.05 kGy.


Electron beam irradiation (EB) was performed in Warsaw,
Poland at the Institute of Nuclear Chemistry and Technology
(INCT) in an electron beam irradiator of 10 MeVof energy, a
pulse duration of 5.5 μs, a pulse frequency of 440 Hz, an
average beam current of 1.1 mA, a scan width of 68 cm, a
conveyer speed ranging from 20 to 100 cm/min, and a scan
frequency of 5 Hz. To estimate the dose during the irradiation
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process, three types of dosimeters were used: a standard
dosimeter, a graphite calorimeter, and two routine
Gammachrome YR and Amber Perspex dosimeters (Harwell
Company, UK). The estimated dose after irradiation was
1.04 kGy, with an uncertainty of 20 %.


Along the text, for simplicity, we refer only the value 1 kGy
for both type of irradiation. After irradiation, the chestnuts
were milled down, lyophilized, and frozen until further
analyses.


Standards and Reagents


Ferrous ammonium sulfate(II)hexahydrate, sodium chloride,
and sulfuric acid were purchased from Panreac S.A. (Barce-
lona, Spain) with purity proanalysis (PA), and water was
treated in a Milli-Q water purification system (Millipore,
model A10, MA, USA). Acetonitrile (99.9 %), n -hexane
(95 %), and ethyl acetate (99.8 %) were of high-performance
liquid chromatography (HPLC) grade and purchased from
Lab-Scan (Lisbon, Portugal). The fatty acid methyl ester
(FAME) reference standard mixture 37 (standard 47885-U)
was purchased from Sigma (St. Louis, MO, USA), as well as
the other individual fatty acid isomers, tocopherol, sugar and
organic acid standards, trolox (6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid), and gallic acid. Racemic tocol
(50 mg/mL) was purchased from Matreya (Pleasant Gap, PA,
USA). 2,2-Diphenyl-1-picrylhydrazyl (DPPH) was obtained
from Alfa Aesar (Ward Hill, MA, USA). All other chemicals
and solvents were of analytical grade and purchased from
common sources.


Nutritional Composition


The samples were analyzed for proximate composition (dry
matter, proteins, fat, carbohydrates, and ash) using the Asso-
ciation of Official Analytical Chemists (AOAC) procedures
(AOAC 1995). The crude protein content of the samples was
estimated by the macro-Kjeldahl method. The crude fat was
determined by extracting approximately 3 g of powdered
sample with petroleum ether, using a Soxhlet apparatus. The
ash content was determined by incineration at 600±15 °C.
Total carbohydrates were calculated by difference. The total
energy was calculated according to the following equation:
energy (kcal)=4(grams of protein)+4 (grams of carbohy-
drates)+9 (grams of fat).


Free Sugars Analysis


Free sugars were determined by high-performance liquid
chromatography coupled to a refraction index detector
(HPLC-RI) as described previously by the authors (Barreira
et al. 2010). The equipment consisted of an integrated system
with a pump (Knauer, Smartline System 1000, Berlin,


Germany), a degasser system (Smartline Manager 5000), an
autosampler (AS-2057 Jasco, MD, USA), and a RI detector
(Knauer Smartline 2300, Berlin, Germany). The data were
analyzed using Clarity 2.4 Software (DataApex). The chro-
matographic separation was achieved with a Eurospher 100–5
NH2 column (4.6×250 mm, 5 mm, Knauer, Berlin, Germany)
operating at 30 °C (7971 R Grace oven). The mobile phase
was 70:30 (v /v ) acetonitrile/deionized water, at a flow rate of
1 mL/min. The identification was made by comparing the
relative retention times of sample peaks with commercially
available standards. Quantification was made by the internal
standard method, and the results are expressed in grams per
100 g of dry weight (dw).


Fatty Acids Analysis


Fatty acids were determined by gas–liquid chromatography
coupled to a flame ionization detector (GC-FID)/capillary
column. The equipment was a GC 1000 (DANI, Milan, Italy)
with a split/splitless injector, a FID, and a Macherey-Nagel
column (30 m×0.32 mm inner diameter×0.25 μm film thick-
ness). The oven temperature programwas as follows: the initial
temperature of the column was 50 °C, held for 2 min, then a
30 °C/min ramp to 125 °C, a 5 °C/min ramp to 160 °C, a
20 °C/min ramp to 180 °C, a 3 °C/min ramp to 200 °C, a
20 °C/min ramp to 220 °C, and held for 15min. The carrier gas
(hydrogen) flow rate was 4.0 mL/min (0.61 bar), measured at
50 °C. Split injection (1:40) was carried out at 250 °C. Fatty
acid identification was made by comparing the relative reten-
tion times of FAME peaks from standards, as described previ-
ously by the authors (Fernandes et al. 2011a). The results were
recorded and processed using CSW 1.7 software (DataApex
1.7) and expressed in relative percentage of each fatty acid.


Organic Acids Analysis


Organic acids were determined by high-performance liquid
chromatography coupled to a photodiode array detector
(HPLC-PDA) as described previously by the authors
(Carocho et al. 2013). The analysis was performed using a
Shimadzu 20A series (Shimadzu Corperation, Kyoto, Japan).
Separation was achieved on a SphereClone (Phenomenex,
CA, USA) reverse phase C18 column (5 μm, 250×4.6 mm
i.d) thermostated at 35 °C. The elution was performed with
sulphuric acid 3.6 mM using a flow rate of 0.8 mL/min.
Detection was carried out in a PDA, using 215 and 245 nm
(for ascorbic acid) as preferred wavelengths. The organic
acids found were quantified by comparison of the area of their
peaks recorded at 215 nm with calibration curves obtained
from commercial standards of each compound. The results
were expressed in grams per 100 g of dw.
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Tocopherol Analysis


Tocopherol content was determined following a procedure
previously described by the authors (Fernandes et al. 2011a).
The HPLC system described for sugars analysis was
connected to a fluorescence detector (FP-2020; Jasco, MD,
USA) programmed for excitation at 290 nm and emission at
330 nm. The chromatographic separation was achieved with a
Polyamide II (250×4.6 mm) normal-phase column from
YMC Waters (Dinslaken, Germany) operating at 30 °C. The
mobile phase used was a mixture of n -hexane and ethyl
acetate (70:30, v /v ) at a flow rate of 1 mL/min. The com-
pounds were identified by chromatographic comparisons to
authentic standards. Quantification was based on the fluores-
cence signal response, using the internal standardmethod. The
results were expressed in milligrams per 100 g of dw.


Antioxidant Activity Evaluation


Each sample (1 g) was extracted by stirring with 25 mL of
methanol (25 °C at 150 rpm) for 1 h and subsequently filtered
throughWhatman No. 4 paper. The residue was then extracted
with 25 mL of methanol (25 °C at 150 rpm) for 1 h. The
combined methanolic extracts were evaporated at 40 °C (ro-
tary evaporator Büchi R-210, Flawil, Switzerland) to dryness.
The extracts were redissolved inmethanol (final concentration
20 mg/mL) and further diluted to different concentrations in
order to obtain EC50 values (sample concentration providing
50 % of antioxidant activity or 0.5 of absorbance in the
reducing power assay). Trolox was used as positive control.


DPPH radical-scavenging activity was evaluated by using
an ELX800 microplate reader (Bio-Tek Instruments, Inc.; VT,
USA) and calculated as a percentage of DPPH discoloration
using the formula: [(ADPPH-AS)/ADPPH]×100, where AS is the
absorbance of the solution containing the sample at 515 nm
and ADPPH is the absorbance of the DPPH solution. Reducing
power was evaluated by the Folin–Ciocalteu assay (FCA) and
Prussian blue assay (capacity to convert Fe3+ into Fe2+, mea-
suring the absorbance at 690 nm in the microplate reader
mentioned above). Inhibition of β-carotene bleaching was
evaluated though the β-carotene/linoleate assay; the neutrali-
zation of linoleate free radicals avoids β-carotene bleaching,
which is measured by the formula: β-carotene absorbance
after 2 h of assay/initial absorbance)×100. Lipid peroxidation
inhibition in porcine (Sus scrofa ) brain homogenates was
evaluated by the decreasing in thiobarbituric acid reactive
substances (TBARS); the color intensity of the malondial-
dehyde–thiobarbituric acid (MDA-TBA) was measured by
its absorbance at 532 nm; the inhibition ratio (%) was calcu-
lated using the following formula: [(A −B)/A ]×100 %, where
A and B were the absorbance of the control and the sample
solution, respectively (Antonio et al. 2011).


Statistical Analysis


All the extractions were performed in triplicate; each repli-
cate was also measured in triplicate. Data were expressed as
means ± standard deviations.


An analysis of variance (ANOVA) with type III sums of
squares was performed using the General Linear Model
(GLM) procedure of the SPSS software. The dependent var-
iables were analyzed using two-way ANOVA, with the factors
“CC” and “EB” or “GI”. When a statistically significant
interaction (CC×EB or CC×GI) was detected, the two factors
were evaluated simultaneously by the estimated marginal
means (EMM) plots for all levels of each single factor. Alter-
natively, if no statistical significant interaction was verified,
means were compared using Tukey's honestly significant
difference (HSD) multiple comparison test.


Principal components analysis (PCA) was applied as pat-
tern recognition unsupervised classification method. The
number of dimensions to keep for data analysis was evaluated
by the respective eigenvalues (which should be greater than
one), by the Cronbach's alpha parameter (that must be posi-
tive) and also by the total percentage of variance (that should
be as higher as possible) explained by the number of compo-
nents selected. The number of dimensions considered for PCA
was chosen in order to allowmeaningful interpretations and to
ensure their reliability.


All statistical tests were performed at a 5 % significance
level using the SPSS software, version 18.0 (SPSS Inc).


Results and Discussion


Effects on Nutritional, Chemical, and Antioxidant Parameters


The effects of electron beam and gamma irradiation were
previously assayed by using different doses (0, 0.5, 1, 3, and
6 kGy) as well as their interaction with storage time (Antonio
et al. 2011; Barreira et al. 2013; Carocho et al. 2012a, b, 2013;
Fernandes et al. 2011a, b). With no exception, storage time
caused higher changes than irradiation treatment, and we were
able to accurately define its true effect. Furthermore, according
to the cited studies, 1 kGy seemed to be the most suitable
irradiation dose for both types of irradiation. Accordingly, we
extended our research by performing a comparative study with
Portuguese (Cota , Judia , Longal) and Italian (Palummina)
cultivars, using fresh, gamma-irradiated, and electron beam-
irradiated samples, both at 1 kGy. Assaying irradiation in
several cultivars is a mandatory task to validate irradiation as
a conservation technology applicable to chestnuts.


The interaction effect among irradiation and chestnut cul-
tivar was also evaluated to understand if changes in chemical
and antioxidant profiles may vary as function of a specific
chestnut cultivar. The reported values are presented as the
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mean value of each irradiation among the assayed cultivars
(CC), as well as the mean value of each cultivar within each
type of irradiation dose (EB dose, GI dose). Every time the
interaction among factors (CC×EB or CC×GI) was significant
(p <0.05), acting itself as a source of variability, multiple
comparison tests could not be performed. In these cases, the
presented conclusions were drawn from the EMM plots
obtained in each case. Furthermore, results obtained for EB
and GI were classified using a simple t test for equality of
means (after checking the equality of variances through a
Levene's test) since there were fewer than three groups.


Table 1 shows the nutritional composition and energetic
value and also sucrose content (the only detected free sugar).
The CC×EB interaction was significant in all cases, except dry
matter, which was statistically higher in non-irradiated sam-
ples. Regarding differences among cultivars, the EMM plots
(data not shown), Judia presented a lower content in fat and
carbohydrates, as also a lower energetic value, while Longal
showed the lowest ash content. The highest protein content
was detected for Judia cultivar, although ash and sucrose were
higher for Palummina and Cota , respectively. Changes
caused by EB irradiation were less obvious, except for the
higher content in proteins and sucrose in non-irradiated sam-
ples, which also tended to have lower carbohydrates.


The interaction CC×GI was also significant in all cases, not
allowing any multiple comparison tests. Nevertheless, some
conclusions were drawn from the correspondent EMM plots.
Regarding differences among cultivars, Palummina presented
the highest content in dry matter, fat, and ash, while Judia
gave the lowest values in these parameters (together with
Longal , for ash content). No particular differences were found
among control and gamma-irradiated samples, except for a
higher content in dry matter for non-irradiated samples.


In general, the obtained profiles are similar to those
presented in previous studies (Carocho et al. 2012a;
Fernandes et al. 2011b), despite the lower number of individ-
ual free sugars reported in this work.


The results obtained for fatty acid profile are shown in
Table 2. Besides the tabled fatty acids, C6:0, C8:0, C10:0,
C12:0, C14:0, C15:0, C20:2, C20:3, and C23:0 were quanti-
fied in trace (<0.2 %) amounts. The interaction among factors
was significant in all cases; thereby, the following observa-
tions were drawn from the EMM plots (data not shown).


Regarding CC×EB interaction, Judia presented the lowest
content in C17:0 (together with Palummina ), C18:1, and
monounsaturated fatty acids (MUFA) and the highest content
in C18:2, C18:3, C22:0, C24:0, and polyunsaturated fatty
acids (PUFA); Cota had the lowest contents in C18:0,


Table 1 Proximate composition, sucrose content, and energetic value of chestnut cultivars (CC) submitted to electron beam (EB) or gamma irradiation
(GI). The results are presented as mean ± SD


Dry matter
(g/100 g fw)


Fat
(g/100 g dw)


Proteins
(g/100 g dw)


Ash
(g/100 g dw)


Carbohydrates
(g/100 g dw)


Sucrose
(g/100 g dw)


Energy
(kcal/100 g dw)


Electron beam irradiation


CC Cota 54±3 3.3±0.4 10±1 1.6±0.1 85±1 23±2 410±2


Judia 50±1 2.0±0.5 16±3 1.8±0.2 80±3 18±1 403±2


Longal 51±2 2.8±0.3 12±3 1.3±0.2 84±3 16.9±0.4 409±2


Palummina 52±8 3.2±0.3 9±4 2.1±0.1 85±4 16±4 408±1


p value (n =18) 0.143 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001


EB 0 kGy 54±6a 3±1 13±3 1.7±0.3 82±2 20±3 407±4


1 kGy 50±1b 2.9±0.3 10±4 1.7±0.3 85±4 17±3 407±3


p value (n =36) 0.002 0.827 <0.001 0.488 <0.001 <0.001 0.835


CC×EB p value (n =72) 0.395 <0.001 0.004 <0.001 0.002 <0.001 <0.001


Gamma irradiation


CC Cota 51±1 2.4±0.2 8±3 1.8±0.1 87±3 21±3 405±1


Judia 46.8±0.5 2.2±0.4 11±6 1.4±0.2 85±6 14±2 405±2


Longal 49.2±0.5 2.6±0.2 10±4 1.3±0.3 87±4 15±3 408±2


Palummina 52±1 2.8±0.2 12±1 2.0±0.1 83±1 20±2 406±1


p value (n =18) <0.001 <0.001 0.005 <0.001 0.001 <0.001 <0.001


GI 0 kGy 50±2 2.4±0.4 10±2 1.6±0.3 86±3 20±3 406±2


1 kGy 49±2 2.6±0.3 11±5 1.7±0.3 85±5 17±3 406±2


p value (n =36) <0.001 <0.001 0.177 0.012 0.072 0.001 0.003


CC×GI p value (n =72) <0.001 <0.001 0.004 <0.001 <0.001 <0.001 <0.001


Means within a column with different letters differ significantly (p<0.05)
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C20:0, C22:0, C24:0, and SFA. On the other hand, EB did not
cause noticeable effects in any of the quantified fatty acids.


In the case of CC×GI, CC induced once again the main
observed changes: Longal showed the highest content in
C16:0 and C17:0 and the lowest content in C16:1, C18:3,
and C20:0; Palummina presented higher amounts of C16:1,
C18:0, C18:1, C20:0, and MUFA and lower amounts of
C18:2 and PUFA; Cota had the lowest values for C18:0,
C20:1, and SFA and the highest for C18:2; finally, Judia
stands as having lower C18:1 and MUFA and higher C20:1,
C22:0, and C24:0. The higher content in C18:3 percentage in
non-irradiated samples was the only evident change caused by
GI. Despite these differences, the results are in agreement with
previous results (Carocho et al. 2012a; Fernandes et al. 2011a,
b), with C16:0, C18:1, and C18:2 as the major fatty acids.


The interaction CC×EB had also a significant effect in the
organic acids profile (except inmalic acid, p =0.142) (Table 3).
Concerning differences verified in CC, the most evident dif-
ferences were the higher amounts of oxalic and ascorbic acids
in Judia , citric acid and total organic acids for Palummina ,
and the lower content of fumaric acid in Longal . The only
differences among irradiated and non-irradiated samples were
observed in ascorbic acid and fumaric acid.


Concerning GI, Judia presented the highest content in
malic and ascorbic acids, while Palummina and Cota had
the lowest values in ascorbic and oxalic acids, respectively. In


addition, total organic acids tended to be higher in irradiated
samples. The obtained profiles are also similar to previously
reported results (despite being expressed in different units)
assessing the effect of EB and storage time (Carocho et al.
2013).


The results for tocopherol profile (Table 4) showed also a
significant interaction among factors for both types of irradi-
ation (except CC×GI in δ-tocopherol, p =0.332). Palummina
was the cultivar with the highest content in α-tocopherol and
especially δ-tocopherol, among samples used to study the
effect of EB; the only evident difference among irradiated
and non-irradiated samples was the higher content of α-
tocopherol in the former.


In the case of GI, Palummina showed less γ-tocopherol
content while Longal tended to have higher total tocopherols;
there were no differences among irradiated and non-irradiated
samples (Carocho et al. 2012a; Fernandes et al. 2011a, b).


The assayed chestnut extracts showed antioxidant activity
in all the performed assays, with EC50 results in the same
range as those obtained in previous studies (Antonio et al.
2011; Carocho et al. 2012b), except for the lower EC50 values
for TBARS formation inhibition. The interaction among fac-
tors was significant in all cases (Table 5), but the analysis of
the EMMplots allowed some conclusions. In what regards EB
effect, Cota extracts presented the lowest DPPH scavenging
activity and reducing power (in both assays); Palummina was


Table 3 Organic acids composition (g 100 g/dw) of chestnut cultivars (CC) submitted to electron beam (EB) or gamma irradiation (GI). The results are
presented as mean ± SD


Oxalic acid Quinic acid Malic acid Ascorbic acid Citric acid Succinic acid Fumaric acid Total organic acids


Electron beam irradiation


CC Cota 0.03±0.03 0.13±0.05 0.44±0.05 b 0.07±0.01 0.7±0.3 0.1±0.1 0.024±0.003 1.6±0.04


Judia 0.08±0.02 0.17±0.04 0.37±0.04c 0.10±0.01 0.74±0.03 0.18±0.04 0.05±0.05 1.7±0.1


Longal 0.03±0.01 0.17±0.02 0.37±0.05c 0.09±0.01 0.9±0.1 0.17±0.01 0.016±0.004 1.8±0.1


Palummina 0.04±0.03 0.14±0.05 0.54±0.05a 0.06±0.03 1.22±0.05 0.24±0.04 0.03±0.01 2.3±0.1


p value (n=18) <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001


EB 0 kGy 0.04±0.03 0.16±0.02 0.4±0.1b 0.09±0.01 1.0±0.2 0.19±0.04 0.019±0.005 1.9±0.2


1 kGy 0.05±0.03 0.15±0.05 0.5±0.1a 0.07±0.03 0.8±0.3 0.2±0.1 0.04±0.04 1.8±0.4


p value (n=36) 0.412 0.289 <0.001 <0.001 <0.001 0.024 0.001 0.005


CC×EB p value (n=72) <0.001 <0.001 0.142 <0.001 <0.001 <0.001 <0.001 <0.001


Gamma irradiation


CC Cota 0.010±0.005 0.10±0.03 0.53±0.05 0.086±0.004 1.8±0.1 0.45±0.05 0.014±0.002 3.0±0.2


Judia 0.05±0.02 0.13±0.03 0.62±0.04 0.11±0.01 1.6±0.2 0.35±0.05 0.027±0.002 2.9±0.2


Longal 0.09±0.05 0.15±0.05 0.4±0.1 0.10±0.01 1.8±0.2 0.4±0.1 0.022±0.005 3.0±0.4


Palummina 0.04±0.02 0.10±0.04 0.5±0.1 0.05±0.01 1.7±0.1 0.5±0.1 0.05±0.05 2.9±0.2


p value (n=18) <0.001 0.001 <0.001 <0.001 <0.001 <0.001 0.010 0.159


GI 0 kGy 0.05±0.02 0.10±0.04 0.5±0.1 0.09±0.02 1.7±0.1 0.4±0.1 0.02±0.01 2.8±0.1


1 kGy 0.04±0.04 0.14±0.04 0.6±0.1 0.09±0.03 1.8±0.2 0.4±0.1 0.03±0.03 3.1±0.3


p value (n=36) 0.005 0.001 <0.001 0.056 <0.001 <0.001 0.047 0.005


CC×GI p value (n=72) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001


Means within a column with different letters differ significantly (p<0.05)
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Table 4 Tocopherols composi-
tion (μg 100 g/dw) of chestnut
cultivars (CC) submitted to elec-
tron beam (EB) or gamma irradi-
ation (GI). The results are
presented as mean ± SD


Means within a column with dif-
ferent letters differ significantly
(p <0.05). Results are reported as
mean value of each irradiation
dose (EB or GI) over the different
chestnuts cultivars (CC) as well as
mean value of all CC within each
EB or GI. Therefore, SD reflects
values in those samples (under
different EB/GI or CC)


α-Tocopherol γ-Tocopherol δ-Tocopherol Total tocopherols


Electron beam irradiation


CC Cota 1.1±0.5 764±78 15±3 780±79


Judia 1.2±0.5 672±93 11±01 683±93


Longal 0.8±0.4 797±134 19±2 817±134


Palummina 1.5±0.5 778±136 150±24 930±119


p value (n =18) <0.001 <0.001 <0.001 <0.001


EB 0 kGy 0.7±0.1 685±16 54±70 739±61


1 kGy 1.5±0.5 821±141 43±49 865±164


p value (n =36) <0.001 <0.001 <0.001 <0.001


CC×EB p value (n =72) <0.001 <0.001 <0.001 <0.001


CC Cota 2±2 867±75 18±3b 887±75


Judia 2±1 858±56 15±5b 875±57


Longal 1.1±0.3 915±74 23±3b 939±76


Palummina 1.6±0.2 722±140 109±51a 833±135


p value (n =18) <0.001 <0.001 <0.001 0.003


GI 0 kGy 2±1 808±107 45±45 854±69


1 kGy 2±1 873±117 40±40 913±111


p value (n =36) 0.787 0.001 0.239 0.004


CC×GI p value (n =72) <0.001 0.008 0.332 0.028


Table 5 Antioxidant properties obtained for the extracts of chestnut cultivars (CC) submitted to electron beam (EB) or gamma irradiation (GI). The
results are presented as mean ± SD. Values are presented as EC50 values (mg/mL) for all assays except Folin–Ciocalteau, expressed as mgGAE/g extract


Reducing power Lipid peroxidation inhibition


DPPH-scavenging
activity


Prussian blue
assay


Folin–Ciocalteu
assay


TBARS formation
inhibition


β-Carotene bleaching
inhibition


Electron beam irradiation


CC Cota 22±2 1.7±0.1 3.4±0.2 1.2±0.1 3±1


Judia 12±2 2.5±0.3 9±1 0.6±0.1 1.8±0.1


Longal 9.2±0.2 2.5±0.2 8±1 0.63±0.03 2.6±0.4


Palummina 11±3 0.9±0.3 10±1 0.53±0.03 2±1


p value (n=18) <0.001 <0.001 <0.001 <0.001 <0.001


EB 0 kGy 13±4 1.8±0.4 8±3 0.7±0.2 199±42


1 kGy 13±6 2±1 7±3 0.7±0.3 3±1


p value (n=36) 0.646 <0.001 <0.001 0.692 <0.001


CC×EB p value (n=72) <0.001 <0.001 <0.001 <0.001 <0.001


Gamma irradiation


CC Cota 10.9±0.4 2.63±0.04 4.6±0.3 1.1±0.2 1.2±0.1


Judia 7±1 2.0±0.4 10±3 1.2±0.2 0.9±0.4


Longal 7±1 1.6±0.2 9±1 0.8±0.4 2±1


Palummina 5.4±0.5 2.1±0.3 13±1 0.5±0.1 1.8±0.1


p value (n=18) <0.001 <0.001 <0.001 <0.001 <0.001


GI 0 kGy 8±2 2.0±0.4 9±3 0.7±0.3 2±1


1 kGy 8±2 2.1±0.4 8±3 1.1±0.3 1.2±0.4


p value (n=36) <0.001 <0.001 <0.001 <0.001 <0.001


CC×GI p value (n=72) <0.001 <0.001 <0.001 <0.001 <0.001
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the best TBARS formation inhibitor and DPPH scavenger. In
addition, irradiated samples showed lower ability to inhibit
TBARS formation.


The samples used in GI study showed some specific trends:
Cota presented once again the lowest DPPH scavenging
activity, reducing power (in Folin–Ciocalteu assay), TBARS
formation inhibition and β-carotene bleaching inhibition. On
the other hand, Palummina showed higher reducing power
(assayed through Prussian blue assay) and TBARS formation


inhibition, while Longal extracts stand as the strongest DPPH
scavengers. There were no differences among irradiated and
non-irradiated samples.


Overall, the intrinsic variability (among different cultivars)
overcame differences caused by both types of irradiation.
Furthermore, the interaction among irradiation and cultivar
(CC×EB and CC×GI) was significant in most cases, indicat-
ing that the effects caused by each irradiation type might
depend on the assayed chestnut cultivars.


A B
Fig. 1 Biplot of objects (a chestnut cultivars; b irradiation doses) and component loadings (evaluated parameters) for electron beam study


A B
Fig. 2 Biplot of objects (a chestnut cultivars; b irradiation doses) and component loadings (evaluated parameters) for gamma irradiation study
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Principal Component Analysis


After separately analyzing each group of assayed parameters,
PCAwas applied to obtain an overview of profiling changes
caused by each type of irradiation, as well as to find similar-
ities among the assayed cultivars. The plot of component
loadings for EB study was obtained with the first two dimen-
sions (first: Cronbach's α, 0.980; eigenvalue, 24.793; second:
Cronbach's α, 0.962; eigenvalue, 17.447), which included
most variance of data (first: 46.5 %; second: 27.3 %). Object
distribution (Fig. 1a) indicates clearly the separation of
Palummina and Cota , while Judia and Longal revealed very
similar profiles. Group corresponding to Palummina was
more positively correlated (i.e., it presented higher values in
the correspondent results) to ash, C16:0, malic, succinic and
citric acids, and δ-tocopherol and more negatively correlated
(i.e., it presented low values in the correspondent results) to
C12:0, C20:1, C20:2, and reducing power (PBA). Cota , in
turn, presented the most positive correlations to sucrose,
C17:0, β-carotene bleaching inhibition, DPPH-scavenging
activity, and TBARS formation inhibition; on the other hand,
this group presented minimum values of C8:0, C16:1, C18:0,
C20:0, SFA, and reducing power (FCA). Objects correspond-
ing to Judia were mostly characterized by high contents in
C12:0, C14:0, C15:0, C18:3, C20:2, C20:3, C23:0, C24:0,
PUFA, and reducing power (PBA) and low contents in carbo-
hydrates, fat, energetic value, C18:1, MUFA, and malic acid.
Finally, Longal presented high positive correlations to C16:1,
C18:0, and C20:0 and strong negative correlations to sucrose,
C17:0, β-carotene bleaching inhibition, DPPH-scavenging
activity, and TBARS formation inhibition. As it can be con-
cluded from Fig. 1b, objects correspondent to 0 and 1 kGy
were not separated at all, proving that EB did not cause
remarkable changes on the chemical profiles of the assayed
chestnut cultivars.


Concerning GI, objects corresponding to each chestnut
cultivar were once again clearly separated. The plot was
limited to the first two dimensions (first: Cronbach's α,
0.986; eigenvalue, 28.386; second: Cronbach's α, 0.907; ei-
genvalue, 8.855) to allow a meaningful interpretation of the
results. First two dimensions also included most of the ob-
served variance (first: 36.9 %, second: 27.1 %). In this case
(Fig. 2a), the proximity among Judia and Longal cultivars
was even clearer, indicating that these cultivars have very
similar chemical profiles. The group corresponding to
Palummina had high positive correlations to fat, C20:0, citric
acid, and δ-tocopherol and high negative correlations to
C12:0, C24:0, ascorbic acid, malic acids, and γ-tocopherol;
Judia in turn was characterized as having high contents in
carbohydrates, C12:0, C22:0, C24:0, ascorbic acid, malic
acid, and γ-tocopherol and low contents of fat, C20:0, and
δ-tocopherol; Longal showed high positive correlations with
energetic value, C15:0, C16:0, SFA, and oxalic acid and


strong negative correlations with sucrose, C18:3, and reducing
power (PBA). Finally, Cota was characterized by their high
amounts of C18:3, and high DPPH-scavenging and reducing
power (PBA) EC50 values; in the negative correlations branch,
energetic value, C16:0, SFA, and reducing power (FCA) were
the most correlated objects. It should be noted that a low value
in reducing power measured by FCA is equivalent to a high
value in reducing power assayed by PBA. Once again, it was
not possible to define distinctive features (in line with EB
results) for non-irradiated samples and samples irradiated with
1 kGy (Fig. 2b), indicating low remarkable differences among
the two groups of samples.


Conclusions


Both types of irradiation seem to constitute suitable solutions
for chestnut postharvest treatments. The main differences
found in chestnut chemical profiles were related to the cultivar
instead of irradiation treatment, as indicated by the correla-
tions of markers and objects in PCA. Furthermore, both kinds
of irradiation seemed to attenuate chemical differences
existing among Judia and Longal cultivars. This might be
considered as a useful result for application of irradiation on
an industrial scale because Judia and Longal are the cultivars
with the highest production levels in Portuguese orchards.
Moreover, the present study is an important step toward the
completion of irradiation as feasible conservation technology,
as confirmed by the absence of evident changes in the chem-
ical and antioxidant profiles of chestnuts from different geo-
graphical origin.
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a b s t r a c t


Gamma radiation has been used as a post-harvest food preservation process for many years. Chestnuts
are a seasonal product consumed fresh or processed, and gamma irradiation emerged recently as a pos-
sible alternative technology for their post-harvest processing, to fulfil the requirements of international
phytosanitary trade laws. After harvest and storage, several problems may occur, such as the presence of
infestations and development of microorganisms, namely rotting and fungi. These diminish the quality
and safety of the product, decreasing the yield along the production chain. In fruits, gamma irradiation
treatment is for two main purposes: conservation (ripening delay) and insect disinfestation (phytosani-
tary treatment). In this review, the application of gamma irradiation to chestnuts is discussed, including
production data, the irradiated species and the effects on biological (sprouting, rotting, respiration rate,
insects, worms and fungi), physico-chemical (color, texture, and drying rate), nutritional (energetic value,
proteins, sugars and fatty acids) and antioxidant (tocopherols, ascorbic acid, phenolics, flavonoids and
antioxidant activity) parameters. These changes are the basis for detecting if the food product has been
irradiated or not. The validation of standards used for detection of food irradiation, as applied to chest-
nuts, is also discussed.
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1. Introduction


1.1. Chestnuts world production and main species


The chestnut tree is typically found in the south of Europe, in
mountain areas of Mediterranean countries, and in Asia, mainly
in China. The main region for production of chestnuts is Asia
(85%), followed by Europe (12%), and they were only recently intro-
duced in some countries of the Southern hemisphere such as
Chile, Argentina, Australia and New Zealand (remaining 3%)
(Pereira-Lorenzo et al., 2006). China leads the production of Asian
varieties, with 1 620 000 tons, and for European varieties the main
producer is Turkey, with 59 171 tons (Fig. 1). In Asia there are dif-
ferent varieties, with the common name of Chinese chestnuts (Cas-
tanea mollissima Blume), Korean chestnuts (Castanea bungena
Blume) and Japanese chestnuts (Castanea crenata Siebold and
Zucc.), with different cultivars. In Europe, the variety produced is
Castanea sativa Miller, with different cultivars and, like Asian vari-
eties, with different characteristics, namely size, ability to peel and
taste (Barreira et al., 2009).


1.2. Infestations in chestnuts and post-harvest treatments


Chestnuts are infested by larvae of different species, depending
on the region of the world. Curculio sikkimensis Heller, Curculio ele-
phas Gyllenhal and Cydia splendana Hübner are being cited as the
main infestations, causing rotting and loss of income for the pro-
ducers and for the food industry (Kwon et al., 2001, 2004). At har-
vest time, up to 20% or more of the crop could be infected by one or
two of these species, and with one or several larvae (Vinghes and
Ducom, 2001). Larvae consume the product and, since there is an
international market for chestnuts, the international phytosanitary
regulations impose quarantine rules whenever there is a threat of
the infestanting species to the local ecosystem. Several methods
are used to meet quarantine safety rules; chemical fumigation with
methyl bromide, a broad spectrum fumigant, has been the most
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. 1. Chestnuts main country producers (www.faostat.com.; year 2010).

efficient method to treat stored food products, including chestnuts
(Ahmed, 2001; Kwon et al., 2004). Following the Montreal Protocol
(UNEP, 2006), the European Union (EU) banned its use after March
2010 and updated the decision in 2011 (EU, 2008, 2011). There are
also other possible post-harvest treatments, like submerging in ice,
controlled atmospheres and hot water dip treatment (Kwon et al.,
2001; UNEP, 1995). Hot water dip treatment is recognized as a va-
lid treatment but with ‘‘possible damage to the flesh of some fresh
fruits, which may compromise the fruit quality’’ (Aegerter and
Folwell, 2000).


To assure quarantine security, defined ‘‘in a way that the insect
infestations cannot establish in an area where they do not exist’’
using the concept of probit-9 (mortality of 99.9968%) (Aegerter
and Folwell, 2000), this target was easily reached with fumigation
but with some limitations when irradiation was used (Marcotte,
1998). This is mainly because it does not cause the immediate
death of the larvae, and the absence of trained quarantine officials
for checking irradiated food. International organizations are putt-
ing some efforts into encourage adoption of international stan-
dards for phytosanitary measures, namely for the use of
irradiation to prevent the introduction or spread of pests (ISPM
18, 2003). Gamma irradiation appears as a safe quarantine post-
harvest treatment for disinfestations (elimination of insects), being
now validated for different species of insects (IAEA, 2004; IDIDAS,
2012; ISPM 28, 2007). The Codex Alimentarius also has a recom-
mendation for the use of irradiation in disinfestations of food
and agricultural products (ICGFI, 1998) and this post-harvest treat-
ment is approved by several countries to treat different food prod-
ucts to meet the quarantine regulations during exportation (USA
Federal Register, 1996; Food Standards Australia New Zealand,
2003; USDA-APHIS, 1989), with some countries establishing a min-
imum dose for different classes of insects (USA Federal Register,
2006).

1.3. Gamma radiation


The possibility of using ionizing radiation to treat foodstuffs
was cited in the literature in 1896, 1 year after the discovery of
X-rays by Molins (2001). Gamma radiation, more energetic than
X-rays, is used from sources of radioactive isotopes, cesium-137
or cobalt-60, and it is recognized by the World Health Organization
as a food preservation technique that improves food safety without
altering the toxicological, biological or nutritional quality of the
food (WHO, 1981). Internationally, there is a code of good prac-
tices, General Standard for Irradiated Foods, to process food products
with ionizing radiation (Codex, 2003). In Europe, food irradiation is
used in different countries for several food products (EU, 2009) and
is regulated by the Directive 1999/2/EC (EU, 1999). The relevant
codes or legislation make recommendations concerning the type
of radiation authorized (Gamma, X-rays, E-beam), energies (5
and 10 MeV for X-rays and E-beam, respectively) and recom-
mended doses (in kilogray, Joule per kilogram). The typical doses
for sprout inhibition are lower than 0.5 kGy for delaying ripening,







Table 1
Gamma irradiated chestnut species and doses.


Species Dose* References


Castanea crenata Siebold &
Zucc. (Japanese chestnuts)


0.03, 0.07, 0.12 kGy at
0.7 Gy s–1


Iwata and
Ogata (1959)


0.25, 0.5, 1, 10 kGy Kwon et al.
(2004)


0.05, 0.1, 0.2, 0.3, 0.4, 0.5,
1 kGy at 0.40 kGy h–1


Imamura et al.
(2004)


Castanea mollissima Blume 0.1, 0.15, 0.2 kGy Iwata and
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equal or lower than 1 kGy for insect disinfestations, 3–5 kGy to ex-
tend shelf-life and for pathogen elimination (fungi, etc.), 5 kGy or
higher if the food product supports it without losing the main char-
acteristics (EPA, 1996; EU, 2009; IAEA, 2002).


Gamma radiation can be used to treat sealed containers or large
volumes of food products. Each irradiation process must be vali-
dated, since fruits have different characteristics, size, water con-
tent, nutritional composition, etc. Therefore, there are several
studies testing this post-harvest treatment in chestnuts.

(Chinese chestnuts) Ogata (1959)
0.3, 0.6, 0.9, 1.2 kGy
0.25, 0.5, 1 kGy


Guo-xin et al.
(1980)


Castanea bungena Blume
(Korean chestnuts)


0.1, 0.15, 0.25, 0.5 kGy Chung et al.
(2004)


Castanea sativa Miller
(European chestnuts)


0.15, 0.25, 0.35, 0.50,
1 kGy at 16 Gy min–1


Mangiacotti
et al. (2009)


0.27, 0.54 kGy at
0.27 kGy h–1


0.5, 1.0, 3.0, 6.0 kGy at
0.8 kGy h–1


Antonio et al.
(2011a,b,c)


0.27, 0.54 kGy at
0.27 kGy h–1


0.25, 0.5, 1.0, 3.0 kGy


Fernandes
et al. (2011a,b)


0.25, 0.5, 3.0, 10 kGy Calado et al.
(2011)


0.5, 3.0 kGy at 1.13 kGy h–


1
Barreira et al.
(2012)


1.0, 3.0, 6.0 kGy at
2.5 kGy h–1


Antonio et al.
(2012)


* Not all the authors described the used dose rate.

2. Gamma irradiation of chestnuts


Gamma irradiation of fruit has been widely studied on vegeta-
bles and fruits for many years, and the results of this sterilization
treatment are very interesting. Arvanitoyannis et al. (2009) com-
piled all the research in vegetable and fruit irradiation and re-
ported that it could prolong shelf-life, had no effect on physical
and organoleptic properties and was a cheap alternative to other
conventional conservation methods. Regarding chestnuts, gamma
radiation has been applied on them, mainly in Asian varieties
(Chung et al., 2004; Imamura et al., 2004; Iwata and Ogata, 1959;
Guo-xin et al., 1980; Kwon et al., 2004) and recently in European
varieties (Antonio et al., 2011a,b,c; Barreira et al., 2012; Calado
et al., 2011; Fernandes et al., 2011a,b; Mangiacotti et al., 2009)
(Table 1). It has been already approved as a commercial technique
in South Korea, for sprouting or rooting inhibition (0.25 kGy)
(Chung et al., 2004) and for quarantine disinfestations (0.50 kGy)
(Kwon et al., 2004). Nevertheless, it is important to evaluate the
effects of gamma radiation on biological, physico-chemical,
nutritional and antioxidant parameters, and also the application
of standards to detect if a food product was irradiated or not.

2.1. Effects on biological parameters


2.1.1. Sprouting, rotting and respiration rate
Iwata and Ogata (1959) conducted a study to determine the ef-


fect of gamma radiation on sprouting, rotting and respiration rate
of C. crenata and C. molissima (Table 2). In the first assays, C. crenata
was irradiated with 0.07 kGy, and this dose completely inhibited
sprouting, even after 60 days of storage. Nevertheless, the irradi-
ated samples had a slightly higher percentage of rotting. In the sec-
ond assay, C. crenata was irradiated with different doses (0.03, 0.07
and 0.12 kGy), and the authors reported that after 10 days no rot-
ting was visible for all the irradiation doses when compared with
the 4% of rotting in the control samples. After 26 days, the rotting
percentage was 6%, 7%, 3% and 1% for control, 0.03, 0.07 and
0.12 kGy irradiated samples, respectively. No sprouting was ob-
served for 0.07 and 0.12 kGy, while 0.03 kGy gave 30% of sprouting
after the same storage time. Regarding C. molissima, these samples
were irradiated with doses of 0.1, 0.15 and 0.2 kGy, and the results
were very similar to the previous assay, where the irradiated chest-
nuts showed always less sprouting and rotting. Concerning the res-
piration rate of C. molissima submitted to irradiation doses ranging
from 0.10 to 0.20 kGy, there were no statistical differences in car-
bon dioxide release.


Guo-xin et al. (1980) also conducted inhibition of sprouting as-
says with gamma radiation on C. molissima using doses of 0.3–
1.2 kGy, and reported no sprouting in all the irradiated samples
for storage times of 86 and 108 days. Recently, Kwon et al.
(2004) carried out a comparative assay on rotting between gamma
irradiated (doses of 0.25; 0.5; 1 and 10 kGy) and fumigated (methyl
bromide) chestnuts (C. crenata). They reported that after 6 months
of storage only the dose of 0.25 had lower rotting levels when com-
pared to the control (no treatment) and that higher doses of radi-
ation revealed higher rotting levels when compared to the control.

Overall, the optimal irradiation dose was 0.5 kGy, but all doses re-
vealed lower rotting levels than the samples fumigated with
methyl bromide.


2.1.2. Insects, worms and fungi
Insects are pests that induce great losses in chestnut conserva-


tion, and a very efficient way to control them is radiation. The most
important pests are C. sikkimensis (Heller) and Dichocrocis punctif-
eralis (Guenee), a coleopter and a worm, respectively (Table 2).
Kwon et al. (2004) compared the effects of methyl bromide and
gamma irradiation (doses between 0 and 10 kGy) on these pests
in C. crenata and determined that 100% of the pests perished in
the fumigated samples and in irradiated samples with a dose of
least 0.5 kGy. Imamura et al. (2004) studied the effects of gamma
irradiation for C. crenata (0.05, 0.1, 0.2, 0.3, 0.4, 0.5 and 1 kGy) on
the mortality of Cydia kurkoi (Amsel), and C. sikkimensis (Heller).
They reported that doses of 0.3 kGy and higher displayed a mortal-
ity rate of 100% for C. kurokoi, and, 0.4 kGy and higher killed all C.
sikkimensis.


Regarding fungi, Calado et al. (2011) studied the effect of gam-
ma radiation (doses of 0.25–10 kGy) on the survival of yeasts and
Aspergillus parasiticus, one of the most ubiquitous and toxigenic
fungi. The authors reported that both yeasts and A. parasiticus load
decreased with at least 3 kGy, and did not survive at all when irra-
diated with a dose of 10 kGy.


2.2. Effects on physico-chemical parameters


2.2.1. Color
Although chestnuts are legally irradiated in Korea (Chung et al.,


2004), the public still has reservations in consuming irradiated
chestnuts due to misconceptions about the alterations that gamma
rays induce in color and texture of these fruits. Kwon et al. (2004)
studied the comparative color alteration in the internal and exter-
nal flesh of chestnuts irradiated with doses of 0.25, 0.5, 1 and
10 kGy and fumigated (methyl bromide). They reported that







Table 2
Studies reporting effects of gamma radiation on biological parameters of chestnuts.


Parammeter Chestnut sp. Radiation dose Main results References


Sprouting Castanea
crenata


0.03, 0.07, 0.12 kGy at 0.7 Gy s–1 Inhibition of sprouting even after 60 days Iwata and
Ogata (1959)


Castanea
mollissima


0.1, 0.15, 0.2 kGy Inhibition of sprouting even after 60 days Iwata and
Ogata (1959)


0.3, 0.6, 0.9, 1.2 kGy No sprouting for all irradiated samples even after 86 and 108 days Guo-xin et al.
(1980)


Rotting Castanea
mollissima


0.1, 0.15, 0.2 kGy Less rotting in the irradiated samples Iwata and
Ogata (1959)


Castanea
crenata


0.03, 0.07, 0.12 kGy at 0.7 Gy s–1 Higher percentage of rotting in the irradiated samples Iwata and
Ogata (1959)


0.25, 0.5, 1, 10 kGy Irradiated samples with lower rotting percentage when compared to
fumigated samples


Kwon et al.
(2004)


Respiration rate Castanea
mollissima


0.1, 0.15, 0.2 kGy No statistical difference between irradiated and non-irradiated samples Iwata and
Ogata (1959)


Curculio sikkimensis
Heller


Castanea
crenata


0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 1 kGy
at 0.40 kGy h–1


100% of the pests perished in fumigated and irradiated samples from
0.4 kGy onwards


Imamura et al.
(2004)


0.25, 0.5, 1, 10 kGy 100% of the pest perished in fumigated and irradiated samples from
0.3 kGy onwards


Kwon et al.
(2004)


Dichrocis
punctiferalis
Guenee


Castanea
crenata


0.25, 0.5, 1, 10 kGy 100% of the pest perished in fumigated and irradiated samples from
0.5 kGy onwards


Kwon et al.
(2004)


Cydia kurokoi
Amsell


0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 1 kGy
at 0.40 kGy h–1


The dose of 0.3 kGy and onwards displayed a mortality rate of 100% Imamura et al.
(2004)


Fungi (Aspergillus
arasiticus)


Castanea
sativa


0.25, 0.5, 3.0, 10 kGy For 3 kGy the microbiologic load was reduced. One hundred percent of
the fungi were eradicated at 10 kGy


Calado et al.
(2011)


All the authors included in the analysis non-irradiated samples, 0 kGy (control).
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Hunters ‘‘L’’ (Hunter values indicate the reflected and transmitted
light color of food; ‘‘L’’ represents the lightness axis; ‘‘a’’ represents
the red-green axis and ‘‘b’’ the yellow blue axis-yellowness) value
only changed significantly at 10 kGy, but this alteration also took
place for the fumigated chestnuts, and that doses under 1 kGy
did not have any effect either on Hunters ‘‘L’’ and ‘‘b’’ values. Anto-
nio et al. (2011a) compared Portuguese and Turkish irradiated
chestnuts (0.5 and 3 kGy) on the outer and inner color, reporting
that Hunters ‘‘L’’ and ‘‘a’’ values did not vary independently of
the irradiation dose and storage time (0 and 30 days) for the outer
flesh. Regarding Hunters ‘‘b’’ value, it rose during the storage time
for both Portuguese and Turkish chestnuts for the control and
0.5 kGy. The highest ‘‘b’’ value was reported at 3 kGy for Portu-
guese chestnuts independently of the storage time. Regarding the
inner flesh, the Turkish chestnuts reported lower values of ‘‘L’’
and ‘‘a’’ than the Portuguese ones. The authors also concluded that
there were no significant differences between doses and storage
time for these values. In relation to the ‘‘b’’ value, it seemed to in-
crease during storage time for the Turkish fruits. Finally, they re-
ported, after comparing all the doses and storage times that
radiation up to 3 kGy does not seem to induce yellowing of the
fruit flesh (Table 3).

2.2.2. Texture
Another parameter that is important to analyze in irradiated


foods is alteration in texture. Antonio et al. (2011b) compared this
parameter in irradiated chestnuts (0.5, 3 and 6 kGy) during
30 days, and reported a decrease in the texture with higher doses
and for 30 days of storage (Table 3).

2.2.3. Drying rate
Antonio et al. (2012) reported that chestnuts irradiated with


1, 3 and 6 kGy only had slight changes in moisture ratio and dry-
ing rates when compared to the control in a drying process at
50 �C (Table 3). The changes increased with increasing radiation
dose.

2.3. Effects on nutritional parameters


2.3.1. Macronutrients and nutritional value
Fernandes et al. (2011a) studied the effects of radiation doses


(0.25, 0.5, 1 and 3 kGy) and storage times of 30 and 60 days on
the nutritional value of chestnuts. The authors reported that dry
matter, protein and ash contents were higher for 30 days of storage
time, while carbohydrates, fat and energy contents were superior
in samples with no storage time. These conclusions confirm that
radiation at these doses did not affect the chestnut quality. These
same parameters were also studied by Barreira et al. (2012) for
Turkish chestnuts (C. sativa), also submitted to gamma radiation
(0.5 and 3 kGy) and storage time of 15 and 30 days. The conclu-
sions stated that the radiation was not a source of variation in
these parameters, while storage time was. Guo-xin et al. (1980) re-
ported a study on gamma irradiated chestnuts (C. mollissima) with
doses ranging from 0.25 to 1 kGy, in which a decrease in the per-
centage of total proteins was observed as the dose of radiation in-
creased (Table 3).

2.3.2. Individual sugars
Sugars are the main storage quality indicator (Kazantzis et al.,


2003) and are usually during a long storage time. Iwata and Ogata
(1959) reported that irradiation of chestnuts with doses of 0.1,
0.15 and 0.2 kGy did not significantly alter the content of reducing
and total sugars, even after 14 days of storage in moist sawdust.
Some years later, Guo-xin et al. (1980) came to the same conclusion
(variation between 14.53% and 20.38% of total sugars, but using
doses ranging from 0.3 to 1.2 kGy). Recently, Fernandes et al.
(2011a) carried out an extensive study on individual sugars, namely
fructose, glucose, sucrose, trehalose and raffinose, using High Per-
formance Liquid Chromatography coupled to a Refraction Index
detector (HPLC–RI) in order to understand in detail the effect of
radiation (doses of 0.27 and 0.54 kGy) on these molecules. The
authors concluded that regardless of the radiation dose, no signifi-
cant changes were observed in the content of sugars, but the storage
time seemed to reduce the quantity of total sugars. Another study,







Table 3
Studies reporting effects of gamma radiation on physico-chemical, nutritional and antioxidant parameters of chestnuts.


Parameter Chestnut
sp.


Radiation dose Main results Reference


Color Castanea
crenata


0.25, 0.5, 1, 10 kGy Hunters values only changed at 10 kGy. No change until
1 kGy


Kwon et al.
(2004)


Castanea
sativa


0.5, 3.0, 6.0 kGy at 0.8 kGy h–1 (Portuguese
varieties) and 0.5, 3.0 kGy at 1.13 kGy h–1


(Turkish varieties)


No variation for ‘‘L’’ and ‘‘a’’ Hunters values in irradiated
samples. ‘‘b’’ Hunters values increased during storage
time


Antonio
et al.
(2011a)


Texture Castanea
sativa


0.5, 3.0, 6.0 kGy at 0.8 kGy h–1 Decrease in texture for higher doses after 30 days of
storage


Antonio
et al.
(2011b)


Drying rate Castanea
sativa


1.0, 3.0, 6.0 kGy at 2.5 kGy h–1 Slight changes in moisture and drying rate for irradiated
samples


Antonio
et al.
(2012)


Nutritional value (dry matter
ash, fat, protein,
carbohydrates)


Castanea
sativa


0.25, 0.5, 1.0, 3.0 kGy Radiation does not affect nutritional value Fernandes
et al.
(2011b)


0.5, 3.0 kGy at 1.13 kGy h–1 Radiation was not a source of variation Barreira
et al.
(2012)


Proteins Castanea
mollissima


0.25, 0.5, 1 kGy Decrease of total proteins with increase of doses Guo-xin
et al.
(1980)


Reducing and total sugars Castanea
mollissima


0.1, 0.15, 0.2 kGy No changes in reducing and total sugars in irradiated
samples after 14 days


Iwata and
Ogata
(1959)


0.25, 0.5, 1 kGy No changes in sugar content for irradiated samples Guo-xin
et al.
(1980)


0.3, 0.6, 0.9, 1.2 kGy No changes in sugar content for irradiated samples


Fructose, glucose, sucrose,
trehalose, raffinose, total
sugars


Castanea
sativa


0.27, 0.54 kGy at 0.27 kGy h–1 No significant changes in sugar content regardless of
dose. Decrease in quantity over time


Fernandes
et al.
(2011a)


Sucrose Castanea
sativa


0.5, 3.0 kGy at 1.13 kGy h–1 No significant changes in sugar content regardless of the
radiation dose


Barreira
et al.
(2012)


Amylase 0.1, 0.2, 0.3 kGy At 0.3 kGy high activity in amylase with decrease over
time. Catalase activity decreased over storage period


Guo-xin
et al.
(1980)


Catalase Castanea
mollissima


Starch Castanea
mollissima


0.25, 0.5, 1 kGy No significant change in starch quantity for all doses
0.3, 0.6, 0.9, 1.2 kGy Guo-xin


et al.
(1980)


Fatty acids (including SFA,
MUFA, PUFA, and total
Fat)


Castanea
sativa


0.27, 0.54 kGy at 0.27 kGy h–1 Some fatty acids lowered their quantity, others raised Fernandes
et al.
(2011a)


Fatty acids (palmitic, oleic,
linoleic and linolenic
acids)


Castanea
sativa


0.25, 0.5, 1.0, 3.0 kGy Radiation did not affect the fatty acids Fernandes
et al.
(2011b)


Fatty acids (SFA, MUFA,
PUFA)


Castanea
sativa


0.5, 3.0 kGy at 1.13 kGy h–1 Doses between 0.5 and 3 kGy did not alter fatty acids Barreira
et al.
(2012)


Tocopherols (a, d, c and
total)


Castanea
sativa


0.27, 0.54 kGy at 0.27 kGy h–1 At higher doses tocopherols were maintained. Quantity
decreased during storage


Fernandes
et al.
(2011a)


c-tocopherol Castanea
sativa


0.25, 0.5, 1.0, 3.0 kGy Minimal effects for all doses Fernandes
et al.
(2011b)


Ascorbic acid Castanea
mollissima


0.1, 0.15, 0.2 kGy Most affected by storage time than radiation Iwata and
Ogata
(1959)


Phenolics Flavonoids
Antioxidant activity


Castanea
sativa


0.27, 0.54 kGy at 0.27 kGy h–1 Phenolics and flavonoids were more influenced by
storage time than radiation. Antioxidant activity favored
with higher doses


Antonio
et al.
(2011c)


All the authors included in the analysis non-irradiated samples, 0 kGy (control).
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carried out by Barreira et al. (2012) on chestnuts (C. sativa) from Tur-
key, reported the same findings in relation to sucrose, demonstrat-
ing that the storage time alters this parameter more than radiation.


The effect of radiation on starch quantities was also studied by
Guo-xin et al. (1980) and they reported that doses of 0.1, 0.2 and
0.3 kGy did not significantly alter the quantity of starch in chest-
nuts (C. mollissima). The same authors extended the study to the

activity of amylase and catalase after 27 days of storage time; cat-
alase activity decreased during storage time in the control samples
and in samples irradiated with 0.1 and 0.2 kGy; furthermore, the
irradiated samples also maintained a lower activity when com-
pared with the control. Catalase is known to be a powerful endog-
enous antioxidant defense when combined with superoxide
dismutase (Ferreira et al., 2009), and this property might be related
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to the increase in its activity at a dose of 30 kGy, where the radia-
tion might have triggered oxidative stress in the chestnuts. Regard-
ing amylase, Guo-xin et al. (1980) reported that a dose of 0.3 kGy
raised the activity considerably after 0 days, but during the storage
period the activity decreased. Doses of 0.1 and 0.2 kGy seem to
maintain the activity of this enzyme relatively low when compared
to the control for 21 days, but after that period, the activity in-
creases (Table 3). These are encouraging results because amylase
breaks down starch into simpler sugars, altering the chestnut com-
position, and these doses of radiation seem to reduce this
phenomenon.


2.3.3. Individual fatty acids
Fatty acids are important in chestnuts, mainly for their nutri-


tional quality. Fernandes et al. (2011a) examined the alterations
produced by gamma irradiation (doses of 0.27 and 0.54 kGy) on
chestnut storage for 0, 30 and 60 days. The authors found 17 fatty
acids and another 5 in trace quantities. C14:0, C16, C16:1, C18 and
C23 were higher in irradiated samples; C18:0, C20:0, C20:1, and
C23:0 were favored by storage time, particularly 60 days, while
C16:1, C18:1 and C24:0 decreased with storage. No major differ-
ences were detected with the increase of the radiation dose. This
study is in line with another study from the same authors (Fernan-
des et al., 2011b), where they only quantified the main fatty acids
in chestnuts: palmitic (C16:0), oleic (C18:1 cis-9), linoleic (C18:2)
and linolenic acids (C18:3), using higher irradiation doses (be-
tween 0.25 and 3 kGy) for the same storage periods. Control sam-
ples had higher values of palmitic acid, but lower linoleic and
linolenic acids and the radiation once again did not induce any sig-
nificant alteration. Another study that corroborates these findings
is the one of Barreira et al. (2012) where once again they reported
that radiation doses between 0.5 and 3 kGy do not induce any dif-
ferences on monounsaturated (MUFA) and polyunsaturated (PUFA)
fatty acids (Table 3).


2.4. Effects on antioxidant parameters


2.4.1. Vitamins
Tocopherols are isoforms of vitamin E and have important


health benefits (Benatti et al., 2004; Hensley et al., 2004). Fernan-
des et al. (2011a) studied these vitamers in gamma irradiated
chestnuts (0.27 and 0.54 kGy) for storage periods of 0, 30 and
60 days. The authors reported that the main isoform was c-tocoph-
erol for all samples, followed by d-tocopherol and finally a-tocoph-
erol, while b-tocopherol was not detected at all. The amounts of c,
d and total tocopherols were maintained at higher levels in the
irradiated samples, revealing a higher degradation of these com-
pounds in the control samples (non-irradiated), probably due to
a higher quantity of molecular oxygen in their sample bags.
Regarding storage time, the amount of tocopherols increased dur-
ing the first 30 days, but then started decreasing from there on-
wards, implying once again that storage time had more effects
on the chestnuts than radiation. These results are agreement with
another study carried out by the same authors, Fernandes et al.
(2011b), where they used higher doses of gamma radiation (0.25,
0.5, 1, 3 and 6 kGy), observing that even at these doses, radiation
had minimal effects on c-tocopherol.


Iwata and Ogata (1959) reported that ascorbic acid (vitamin C)
present in chestnuts seemed to be more affected by storage time
(10 days) than by irradiation doses of 0.1, 0.15 and 0.2 kGy
(Table 3).


2.4.2. Phenolics, flavonoids and antioxidant activity
An extensive study was carried out by Antonio et al. (2011c)


regarding the effects of gamma radiation on phenolics, flavonoids
and antioxidant activity on Portuguese chestnuts (C. sativa) fruits

and skins. The authors used doses of 0.27 and 0.54 kGy and storage
times of 0, 30 and 60 days. For all the studied parameters, they re-
ported that storage time has a much greater influence on the var-
iation, radiation being a minor contributor to the increases in
phenolics and flavonoids during the storage period. In regard to
the antioxidant activity (measured by radical scavenging activity,
reducing power and lipid peroxidation inhibition), the higher dose
of radiation seemed to preserve this activity when compared to the
control (Table 3).


2.5. Identification of irradiated chestnuts


Irradiation processing meets several food safety requirements,
by lowering or eliminating the presence of biological contami-
nants. In this way, techniques that allow the adequate checking
of whether or not a food product has been adequately irradiated
are welcome.


The correct identification of an irradiated product is part of the
proceedings of the Codex Alimentarius, to check if the product was
processed in a way that fulfils the HACCP analysis (Codex, 2003).
Its acceptance by the ‘‘quarantine inspectors’’ requires special
training and regulations since irradiation, unlike fumigation, does
not always cause immediate mortality of the insects or larvae,
sometimes only sterilizing or dying after several days (EPA,
1996; Marcotte, 1998).


International organizations and the scientific community have
undertaken standardization of the procedures to detect if a food
product has been irradiated or not (CEN, 2012; IAEA, 1991).


2.5.1. European and international standards
Some countries and regions, EU included, impose the correct


labeling of irradiated food (Arvanitoyannis, 2010; EU, 1999). Also,
quarantine officials need reliable methods to check if a food prod-
uct has been adequately irradiated or not.


To meet these requirements several standards are established,
to detect if a product has been irradiated or not, based on some
biological, physical or chemical residual alterations of the pro-
cessed product.


Depending on the type of food and the parameter analyzed, one
or several detection methods, discussed further below, can be used,
grouped in physical, chemical, biological and DNA methods
(Stewart, 2001). Ten European Standards have been adopted by
the Codex Alimentarius and are included in the Codex of General
Standard for Irradiated Foods (EN 1784, 1996, EN 1785, 2003, EN
1786, 1996, EN 1787, 2000; EN 1788, 2001, EN 13708, 2001, EN
13751, 2002, EN 13783, 2001, EN 13784, 2001, and EN 14569,
2004) (CEN, 2012).


2.5.2. Techniques
Electron Paramagnetic Resonance Spectroscopy (ESR or EPR), is


the base for European norms EN 1786, 2001, EN 1787, 2000, and
EN 13708, 2001. These analyses involve detection of free radicals
containing unpaired electrons, which are paramagnetic in an ap-
plied external magnetic field. The limitation of the technique is
the lifetime of the radicals that are more stable in solid, dry food
or foodstuffs with lower water content (Stefanova, 2010).


In the thermoluminescence method (TL, EN 1788, 2001), the sil-
icate minerals isolated from the sample, in a sufficient amount, are
thermally stimulated and electron–hole pairs induced by the radi-
ation, trapped in the minerals, are released resulting in a recombi-
nation and in an emission of light that is measured as a function of
temperature. The signal is compared with the re-irradiated miner-
als with 1 kGy and if the ratio is higher than 0.1 the material is con-
sidered irradiated. This technique is laborious, limited by the
quantity of extracted minerals, and cannot provide the value of
the original dose (Arvanitoyannis, 2010; Stefanova, 2010).







Table 4
Identification of irradiated chestnuts.


Method


Species ESR TL PSL DNA Dose and dose rate Reference


Castanea bungena x v x x 0.1, 0.15, 0.25, 0.5 kGy Chung et al. (2004)
Castanea sativa x v y — 0.15, 0.25, 0.35, 0.50, 1 kGy at 16 Gy min–1 Mangiacotti et al. (2009)


X – tested but not validated; y – partially validated; v – tested and validated. ESR – electron paramagnetic resonance spectroscopy; TL – thermoluminescence method; PSL –
photostimulated luminescence.
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Photostimulated luminescence (PSL, EN 13751, 2002) is based
on the recombination of electron–hole pairs induced by the radia-
tion, as for the TL technique, but in this case using optical radiation,
pulsed infrared light, to excite the sample and stimulating the
recombination of electrons with holes with the consequent emis-
sion of light, that is the measured signal. Contrary to TL, no mineral
extraction is needed but the results of these simple and fast tech-
niques must be confirmed by another standard and are limited to
the presence and composition of minerals (Stefanova, 2010).


DNA methods (‘‘Comet Assay’’ screening method, EN 13784,
2001) are based on the radiation induced damage in the DNA of
the food that causes chain breakage, double-strand breaks, sin-
gle-strand breaks and base damage. This technique is also useful
in the case of presence of live pests in the irradiated food product
(Stewart, 2001). Microgel electrophoresis techniques are used to
observe and quantify the damage by microscopy. The results are
compared with non-irradiated samples. This method is considered
rapid, sensitive, and simple to perform and inexpensive, limited to
food products that have not been submitted to other process, like
cooking or freezing that causes similar damages (Stefanova, 2010).


For detection of irradiated food containing cellulose the stan-
dard is the use of ESR Spectroscopy (EN 1787, 2000). When silicate
minerals from irradiated food can be isolated, the standard is the
use of TL techniques (EN 1788, 2001). ESR spectroscopy is used
for food containing crystalline sugar (EN 13708, 2002). In other
cases, PSL spectroscopy techniques are used, regulated by the stan-
dard (EN 13751, 2002).


In general, two or more methods are simultaneously applied to
check if a food product has been irradiated or not. From the differ-
ent studies, Arvanitoyannis (2010) has concluded that ‘‘methods
such as electron spin resonance, thermoluminescence, and DNA
comet assay are the most reliable, rapid, and promising’’.

2.5.3. Validation
Since the different standards have specific particularities and


limitations, they must be validated for the irradiated food product
to which they are intended to be applied (Table 4).


ESR, TL, PSL and DNA methods were tested by Chung et al.
(2004) to identify irradiated Korean chestnuts, C. bungena. The
samples were gamma irradiated with 0.5 kGy and with different
detection methods; only the TL technique was adequate to distin-
guish irradiated from non-irradiated samples. For PSL measures,
the signal was too low to distinguish the samples; with the DNA
Comet method, no difference was observed between irradiated
and non-irradiated samples; with ESR spectroscopy, no radiation-
induced cellulose radicals were observed in the harder outer shells.
The authors concluded that this low dose of radiation induces
small changes that are not easily detectable by the available tech-
niques, but TL technique could be applied to get unequivocal re-
sults to discriminate irradiated from non-irradiated samples if
both shape and position of the glow curve was used.


Mangiacotti et al. (2009) tested ESR, TL and PSL standards on
irradiated European chestnuts, C. sativa. Based on the presence of
cellulose on the outer shell and crystalline sugar in the pulp, they

tested the standards EN 1787, 2000 and EN 13708, 2001 for ESR
spectroscopy on irradiated chestnuts. Also, due to the presence of
silicates on the outer shells, the authors considered the possibility
of application of standards EN 1788, 2001 (TL method) and EN
13751, 2002 (PSL method). The samples were gamma irradiated
at different doses in the range 0.1–1 kGy (0.15, 0.25, 0.35, 0.50,
1 kGy) and analyzed by ESR spectroscopy, TL and PSL methods.
TL and PSL measures revealed low signal, low luminescence sensi-
tivity of chestnuts. With the TL technique it was possible to cor-
rectly identify the irradiated samples even at a low dose of
0.15 kGy. The PSL signal was only just above the negative threshold
for all doses, except for the lower dose of 0.15 kGy. With ESR spec-
troscopic methods, no radio-induced signal was observed for
chestnut shell or pulp. Based on these results the authors con-
cluded that EN Standards based on ESR technique are not useful
for the correct identification of this food product. Only the PSL
and TL techniques could be useful for detecting irradiated fresh
chestnuts.

3. Conclusions


Food irradiation technology has been so well documented and
scrutinized by the scientific community for more than half a cen-
tury that some authors refuse to continue to debate the issues of
food safety and wholesomeness of the processed product (Molins,
2001). It is also considered that the risk of exposure to food borne
pathogens is substantially reduced with the use of irradiation (EPA,
1996). Other food processes (curing, roasting or boiling) also
cause changes in nutritional composition (Gonçalves et al., 2010;
Nazzaro et al., 2011) and make it non-viable to apply the standards
for detection of irradiation (Stefanova et al., 2010).


The most effective method for disinfestation is chemical fumi-
gation, but it is environmentally aggressive and can be toxic for
the operators and is being banned. Irradiation is considered a more
environmentally friendly technology, meeting the food safety
requirements. The dose validated for quarantine disinfestation of
Korean chestnuts (0.50 kGy) is also effective in sprout inhibition
(Kwon et al., 2004). The results described in this review show that
irradiation with gamma rays is a safe, clean and cheap alternative
to methyl bromide when the concern is biological pests.


Furthermore, gamma irradiation seems not to affect the nutri-
tional value and individual nutritional molecules (e.g. sugars,
starch and fatty acids) in chestnuts, whereas the storage time does.
Moreover, it protects antioxidants such as tocopherols and pheno-
lics, and preserves higher antioxidant activity compared with non-
irradiated samples.


Proper identification of the irradiated food product contributes
to the confidence of the consumer. The validation of standards for
irradiated food detection on chestnuts presented in this review
contributes to this goal. The growing demand for chestnuts world-
wide will push the processing companies to find safe, reliable,
cheap and environment friendly methodologies to ensure the qual-
ity of chestnuts. In line with this, many more studies should still be
carried out to overcome the fear of irradiated food by consumers
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worldwide, especially European. The next steps in this field would
be to find other radiation techniques (X-rays, electron beam) and
verify their effects on chestnuts, as well as find a specific dose that
would free the fruit from pests and contaminants as well as con-
serve the benefits and not alter the organoleptic and visual
properties.

Conflict of Interest


The authors declare that there are no conflicts of interest.

Acknowledgements


The authors thank ON.2/QREN/EU Project no.13198/2010 for
financial support of this work, to Fundação para a Ciência e a Tecn-
ologia (FCT, Portugal) and COMPETE/QREN/EU for financial support
to CIMO (strategic project PEst-OE/AGR/UI0690/2011). A.L. Antonio
also thanks to FCT, POPH-QREN and FSE for his grant (SFRH/PRO-
TEC/67398/2010).

References


Aegerter, A.F., Folwell, R.J., 2000. Economic aspects of alternatives to methyl
bromide in the postharvest and quarantine treatment of selected fresh fruits.
Crop. Prot. 19, 161–168.


Ahmed, M., 2001. Disinfestation of stored grains, pulses, dried fruit and nuts, and
other dried foods. In: Molins, R. (Ed.), Food Irradiation – Principles and
Applications. Wiley Interscience, New York, pp. 77–112.


Antonio, A.L., Ramalhosa, E., Botelho, M.L., Quintana, B., Trigo, M.J., Ferreira, A.,
Bento, A., 2011a. Irradiação gama de Castanhas Calibradas Provenientes de Uma
Unidade Industrial: cor e Textura. VI Congresso Ibérico de Agro-Engenharia, 5–7
Setembro (ISBN 978-972-778-113-3).


Antonio, A.L., Ramalhosa, E., Fernandes, A., Barreira, J.C.M., Botelho, M.L., Günaydi,
T., Alkan, H., Quintana, B., Bento, A., 2011b. Influência da dose de Radiação gama
na cor de Castanhas de Origem Portuguesa e Turca (Castanea sativa Mill.). VI
Congresso Ibérico de Agro-Engenharia, 5–7 Setembro (ISBN 978-972-778-113-
3).


Antonio, A.L., Fernandes, A., Barreira, J.C.M., Bento, A., Botelho, M.L., Ferreira, I.C.F.R.,
2011c. Influence of gamma irradiation in the antioxidant potential of chestnuts
(Castanea sativa Mill.) fruits and skins. Food Chem. Toxicol. 49, 1918–1923.


Antonio, A.L., Botelho, M.L., Quintana, B., Bento, A., Ramalhosa, E., 2012. Gamma
Irradiation of Chestnuts: Dosimetric Study and its Influence in Drying. 1st North
European Congress on Food, 22–24 April, St. Petersburg, Russia.


Arvanitoyannis, I.S., Stratakos, A.C., Tsarouhas, P., 2009. Irradiation applications in
vegetables and fruits: A review. Crit. Rev. Food Sci. 49, 427–462.


Arvanitoyannis, I.S., 2010. Irradiation of Food Commodities: Techniques,
Applications, Detection, Legislation, Safety and Consumer Opinion. Academic
Press, Elsevier Publisher, USA.


Barreira, J.C.M., Casal, S., Ferreira, I.C.F.R., Oliveira, M.B.P.P., Pereira, J.A., 2009.
Nutritional, fatty acid and triacylglycerol profiles of Castanea sativa Mill.
cultivars: a compositional and chemometric approach. J. Agric. Food Chem. 57,
2836–2842.


Barreira, J.C.M., Antonio, A.L., Günaydi, T., Alkan, H., Bento, A., Botelho, M.L., Ferreira,
I.C.F.R., 2012. Chemometric characterization of gamma irradiated chestnuts
from Turkey. Radiat. Phys. Chem.. http://dx.doi.org/10.1016/j.radphyschem.
2012.01.005.


Benatti, P., Peluso, G., Nicolai, R., Calvani, M., 2004. Polyunsaturated fatty acids:
biochemical, nutritional and epigenic properties. J. Am. Coll. Nut. 4, 281–302.


Calado, T., Antonio, A., Rodrigues, P., Venâncio, A. 2011. Effect of Radiation in the
Survival of Aspergillus parasiticus in Chestnuts. ISM Conference, Mendoza –
Argentina, 15–18 November. Available from: <http://hdl.handle.net/10198/
6531>.


CEN European Committee for Standardisation, 2012. European Standards Adopted
as CODEX Methods.


Chung, H.-W., Delincée, H., Han, S.-B., Hong, J.-H., Kim, H.-Y., Kim, M.-C., Kwon, J.-H.,
2004. Trials to identify irradiated chestnut (Castanea bungena) with different
analytical techniques. Radiat. Phys. Chem. 71, 179–182.


Codex, 2003. CODEX STAN 106–1983, REV.1-2003, General Standard for Irradiated
Foods Codex Commission. Available from: <http://www.codexalimentarius.
net>.


EN 1784, 2003. Foodstuffs - Detection of irradiated food containing fat - Gas
chromatographic analysis of hydrocarbons. Brussels: European Committee for
Standardization, pp.2.


EN 1785, 2003. Foodstuffs - Detection of irradiated food containing fat - Gas
chromatographic/mass spectrometric analysis of 2 alkylcyclobutanones.
Brussels: European Committee for Standardization, pp.2.


EN 1786, 1996. Detection of irradiated food containing bone - Method by ESR
spectroscopy. Brussels: European Union Committee for Standardization.

EN 13708, 2001. Foodstuffs - Detection of irradiated food containing crystalline
sugar by ESR spectroscopy. Brussels: European Committee for Standardization,
pp. 2.


EN 13783, 2001. Foodstuffs - Detectiodiated food using Direct Epifluorescent Filter
Technique/Aerobic Plate Count (DEFT/APC) – Screening method. Brussels:
European Committee for Standardization, pp. 2.


EPA, 1996. Methyl bromide Alternative Case Study. The Use of Irradiation for Post-
harvest and Quarantine Commodity Control, vol. 2. Part of EPA 430-R-96-021,
10 Case Studies.


European Standard EN 1787, 2000. Foodstuffs – Detection of Irradiated Food
Containing Cellulose by ESR Spectroscopy. European Committee for
Standardization, Brussels, Belgium.


European Standard EN 1788, 2001. Foodstuffs – Thermoluminescence Detection of
Irradiated Food from Which Silicate Minerals can be Isolated. European
Committee for Standardization, Brussels, Belgium.


European Standard EN 13784, 2001. Foodstuffs – DNA Comet Assay for the
Detection of Irradiated Foodstuffs – Screening Method. European Committee for
Standardization, Brussels, Belgium.


European Standard EN 13751, 2002. Foodstuffs – Detection of Irradiated Food using
Photostimulated Luminescence. European Committee for Standardization,
Brussels, Belgium.


EU, 1999 Directive 1999/2/EC. On the Approximation of the Laws of the Member
States Concerning Foods and Food Ingredients Treated with Ionizing Radiation
(Annex III). Official Journal of the European Communities, L66. pp 0016–0023.


EU, 2008. Commission Decision of 18 September 2008 Concerning the Non-
inclusion of Methyl Bromide in Annex I to Council Directive 91/414/EEC and the
Withdrawal of Authorisations for Plant Protection Products Containing that
Substance. Official Journal of the European Union, L 258/68, 26 September.


EU, 2009. List of Member States’ Authorisations of Food and Food Ingredients Which
May be Treated with Ionising Radiation. Official Journal of the European Union
C 283, 24 November.


EU, 2011. Commission Decision Concerning the Non-inclusion of Methyl Bromide in
Annex I to Council Directive 91/414/EEC. Official Journal of the European Union
L 47, 22 February.


Fernandes, A., Antonio, A.L., Barros, L., Barreira, J.C.M., Bento, A., Botelho, M.L.,
Ferreira, I.C.F.R., 2011a. Low dose c-irradiation as a suitable solution for
chestnut (Castanea sativa Miller) conservation: effects on sugars, fatty acids and
tocopherols. J. Agric. Food Chem. 59, 10028–10033.


Fernandes, A., Barreira, J.C.M., Antonio, A.L., Bento, A., Botelho, M.L., Ferreira, I.C.F.R.,
2011b. Assessing the effects of gamma irradiation and storage time in energetic
value and in major individual nutrients of chestnuts. Food Chem. Toxicol. 49,
2429–2432.


Ferreira, I.C.F.R., Barros, L., Abreu, R.M.V., 2009. Antioxidants in wild mushrooms.
Curr. Med. Chem. 18, 1543–1560.


Food Standards Australia New Zealand, 2003. Application A443, Irradiation of
Tropical Fruits.


Gonçalves, B., Borges, O., Costa, H.S., Bennet, R., Santos, M., Silva, A.P., 2010.
Metabolite composition of chestnut (Castanea sativa Mill.) upon cooking:
proximate analysis, fibre, organic acids and phenolics. Food Chem. 122, 154–
160.


Guo-xin, Z., Qiong-ling, D., Yao-chang, X., Si-lian, L., 1980. Effect of 60Co gamma
irradiation on the storage of Chinese chestnut fruits. Acta Bot. Sin. 22, 404–
406.


Hensley, K., Benaksas, E.J., Bolli, R., Comp, P., Grammas, P., Hamdheydari, L., Mou, S.,
Pye, Q.N., Stoddard, M.F., Wallis, G., Williamson, K.S., West, M., Wechter, W.J.,
Floyd, R.A., 2004. New perspectives on vitamin E: c-tocopherol and
carboxyethylhydroxychroman metabolites in biology and medicine. Free Rad.
Biol. Med. 36, 1–15.


IAEA, 1991. Analytical Detection Methods for Irradiated Foods. A Review of Current
Literature IAEA-TECDOC-587, p. 172.


IAEA, 2002. Dosimetry for Food Irradiation. International Atomic Energy Agency,
Vienna – Austria.


IAEA, 2004. Irradiation as a Phytosanitary Treatment of Food and Agricultural
Commodities. TecDoc 1427. Food and Environmental Protection Section,
International Atomic Energy Agency.


ICGFI, 1998. Irradiation and Trade in Food and Agriculture Products. International
Consultative Group on Food Irradiation. Joint FAO/IAEA Division of Nuclear
Techniques.


IDIDAS, 2012. International Database on Insect Disinfestation and Sterilization. Joint
FAO/IAEA Programme. Available from: <http://ididas.iaea.org>.


Imamura, T., Todoriki, S., Miyanoshita, A., Hayashi, T., 2004. Effects of gamma
irradiation on the emergence of larvae of Curculio sikkimensis (Heller)
(Coleoptera: Curculionidae) and Cydia kurokoi (Amsel) (Lepidoptera:
Tortricidae). Food Irrad. 39, 5–7.


ISPM 18, 2003. Guidelines for the Use of Irradiation as a Phytosanitary Measure.
Food and Agriculture Organization of the United Nations, Rome, 2003.


ISPM 28, 2007. Phytosanitary Treatments for Regulated Pests. Food and Agriculture
Organization of the United Nations, Rome, (updated, August 2011).


Iwata, T., Ogata, K., 1959. Studies on the storage of chestnuts treated with gamma
radiation. Bull. Univ. Osaka Pref. 59, 59–65.


Kazantzis, I., Nanos, G.D., Stavroulakis, G., 2003. Effect of harvest time and storage
condition almond kerneloil and sugar composition. J. Sci. Food Agric. 83, 354–
359.


Kwon, J.H., Lee, J., Lee, S.B., Chung, H.S., Choi, J.U., 2001. Effects of water soaking and
gamma irradiation on storage quality of chestnuts. Korean J. Postharvest Sci.
Technol. 89, 9–15.



http://dx.doi.org/10.1016/j.radphyschem.2012.01.005

http://dx.doi.org/10.1016/j.radphyschem.2012.01.005

http://hdl.handle.net/10198/6531

http://hdl.handle.net/10198/6531

http://www.codexalimentarius.net

http://www.codexalimentarius.net

http://ididas.iaea.org





3242 A.L. Antonio et al. / Food and Chemical Toxicology 50 (2012) 3234–3242

Kwon, J.-H., Kwon, Y.-J., Byun, M.-W., Kim, K.-S., 2004. Competitiveness of gamma
irradiation with fumigation for chestnuts associated with quarantine and
quality security. Radiat. Phys. Chem. 71, 41–44.


Mangiacotti, M., Chiaravalle, A.E., Marchesani, G., De Sio, A., Boniglia, C., Bortolin, E.,
Onori, S., 2009. Detection of irradiated chestnuts: preliminary study using three
analytical techniques. Radiat. Phys. Chem. 78, 695–698.


Marcotte, M., 1998. Irradiation as a disinfestation method – update on methyl
bromide phase out, regulatory action and emerging opportunities. Radiat. Phys.
Chem. 52, 85–90.


Molins, R., 2001. Food Irradiation – Principles and Applications. Wiley Interscience,
New York, pp. 1–21.


Nazzaro, M., Barbarisi, C., La Cara, F., Volpe, M.G., 2011. Chemical and biochemical
characterisation of an IGP ecotype chestnut subjected to different treatments.
Food Chem. 128, 930–936.


Pereira-Lorenzo, S., Ramos-Cabrera, A.M., Díaz-Hernández, M.B., Ciordia-Ara, M.,
Ríos-Mesa, D., 2006. Chemical composition of chestnut cultivars from Spain. Sci.
Hortic. 107, 306–314.


Stefanova, R., Vasilev, Nikola.V., Spassov, Stefan.L., 2010. Irradiation of food, current
legislation framework, and detection of irradiated foods. Food Anal. Meth. 3,
225–252.

Stewart, E.M., 2001. Detection methods for irradiated foods. In: Molins, R. (Ed.),
Food Irradiation – Principles and Applications. Wiley Interscience, New York,
pp. 347–386.


UNEP, 1995. Montreal Protocol on Substances that Deplete the Ozone Layer. Report
of the Methyl Bromide Technical Options Committee. United Nations
Environment Programme, p. 294.


UNEP, 2006. Report of the Methyl Bromide Technical Options Committee. United
Nations Environment Programme.


USA Federal Register, 1996. The Application of Irradiation to Phytosanitary
Problems. 7 CFR Part 319. Animal and Plant Health Inspection Service.


USA, 2006. Federal Register, vol. 71, No. 18, January 27. Rules and Regulations.
USDA-APHIS, 1989. Use of Irradiation as a Quarantine Treatment for Fresh Fruits of


Papaya from Hawaii. Animal and Plant Health Inspection Service (APHIS), vol.
54. Final Rule. Federal Register, pp. 387–393.


Vinghes, C., Ducom, P. 2001. Preliminary study on chestnut insect disinfestation
with sulfuryl fluoride. Proceedings of the International Conference on
Controlled Atmosphere and Fumigation in Stored Products, Fresno, USA, 2000.


WHO, 1981. Wholesomeness of Irradiated Food. Joint Report FAO/IAEA/WHO Expert
Committee. World Health Organization (WHO Technical Report Series, No. 659).





		Effects of gamma radiation on the biological, physico-chemical, nutritional  and antioxidant parameters of chestnuts – A review

		1 Introduction

		1.1 Chestnuts world production and main species

		1.2 Infestations in chestnuts and post-harvest treatments

		1.3 Gamma radiation



		2 Gamma irradiation of chestnuts

		2.1 Effects on biological parameters

		2.1.1 Sprouting, rotting and respiration rate

		2.1.2 Insects, worms and fungi



		2.2 Effects on physico-chemical parameters

		2.2.1 Color

		2.2.2 Texture

		2.2.3 Drying rate



		2.3 Effects on nutritional parameters

		2.3.1 Macronutrients and nutritional value

		2.3.2 Individual sugars

		2.3.3 Individual fatty acids



		2.4 Effects on antioxidant parameters

		2.4.1 Vitamins

		2.4.2 Phenolics, flavonoids and antioxidant activity



		2.5 Identification of irradiated chestnuts

		2.5.1 European and international standards

		2.5.2 Techniques

		2.5.3 Validation





		3 Conclusions

		Conflict of Interest

		Acknowledgements

		References








Author's personal copy


Influence of gamma irradiation in the antioxidant potential of chestnuts
(Castanea sativa Mill.) fruits and skins


Amilcar L. Antonio a,b,⇑, Ângela Fernandes a, João C.M. Barreira a,c, Albino Bento a,
M. Luisa Botelho b, Isabel C.F.R. Ferreira a,⇑
a CIMO/Escola Superior Agrária, Instituto Politécnico de Bragança, Apartado 1172, 5301-855 Bragança, Portugal
b GTRPP/Unidade de Física e Aceleradores, Instituto Tecnológico e Nuclear, Estrada Nacional 10, 2686-953 Sacavém, Portugal
c REQUIMTE/Departamento de Ciências Químicas, Faculdade de Farmácia da Universidade do Porto, Rua Aníbal Cunha, 164, 4099-030 Porto, Portugal


a r t i c l e i n f o


Article history:
Received 5 January 2011
Accepted 23 February 2011
Available online 1 March 2011


Keywords:
Irradiated chestnuts
Gamma irradiation
Antioxidant activity
Phenolics/flavonoids


a b s t r a c t


As seasonal products chestnuts have to be post-harvest treated to increase their shelf-life. The most com-
mon preservation method for chestnuts is the chemical fumigation with methyl bromide, a toxic agent
that is under strictly Montreal Protocol due to its adverse effects on human health and environment. Food
irradiation is a possible feasible alternative to substitute the traditional quarantine chemical fumigation
treatment. This preliminary study evaluated the influence of gamma irradiation in the antioxidant poten-
tial of chestnut fruits and skins, through several chemical and biochemical parameters. The bioactive
compounds (phenolics and flavonoids) and DPPH (2,2-diphenyl-1-picrylhydrazyl) radical-scavenging
activity, reducing power and inhibition of b-carotene bleaching capacity were determined. The obtained
results seem to indicate that the storage favoured chestnuts antioxidant potential. Furthermore, the
application of gamma irradiation also seems to be advantageous for antioxidant activity, independently
of the dose used (0.27 ± 0.04 kGy or 0.54 ± 0.04 kGy).


� 2011 Elsevier Ltd. All rights reserved.


1. Introduction


Portugal is one of the most important chestnut producers with
nearly 25% of European production. Trás-os-Montes region repre-
sent 75.8% of Portuguese chestnut crops and 84.9% of chestnut
orchards area (23,338 ha). The best development conditions are
found at altitudes higher than 500 m and winter low temperatures,
as in the ‘‘Terra Fria Transmontana’’ region (Northeast of Portugal)
in which 12,500 ha are used for chestnut cultivation (Portuguese
Agricultural Statistics, 2009).


There are two main problems related to chestnuts preservation:
weight losses due to dehydration and development of insects and
microorganisms. Methyl Bromide (MeBr) fumigation has been used
traditionally for chestnuts preservation. However, according to
Montreal Protocol it will be banned due to its harmful environment
and health effects. Another conservation process is heat treatment,
but it is time consuming and has a low efficiency. Therefore, an
alternative conservation process is urgently needed. Food irradia-


tion has been successfully used for fruit disinfestations (CAC/RCP,
2003; UNEP, 2006; Pinto et al., 2007). This technique has recently
been considered as an alternative to fumigation, as it reduces
considerably the amount of product lost during post-harvest peri-
od due to rotting, resulting from the development of fungi and
molds. Furthermore, this technology is environmentally friendly,
in contrast to the traditional use of fumigants (e.g., methyl bro-
mide), not leaving any type of chemical residues on fruits or envi-
ronment. Nevertheless, irradiation is a method that must be
studied in detail, since the results vary significantly within differ-
ent fruit species, exposure time (doses) and geometry (dose unifor-
mity) (Belchior et al., 2007; Kim et al., 2007).


Chestnuts are important sources of polyphenolic antioxidants
that have high free radical scavenging properties being associated
to protective effects against coronary heart disease (Engler and
Engler, 2006), cancer (Nichenametla et al., 2006), neurodegenera-
tive diseases (Lau et al., 2005) and osteoporosis (Weaver and
Cheong, 2005). Particularly chestnut fruits (Ribeiro et al., 2007)
and chestnut leaves (Calliste et al., 2005) contain those compounds.


Our research group has reported the antioxidant potential of
different extracts of Castanea sativa Mill. (flowers, leaves, skins
and fruits) (Barreira et al., 2008). Nevertheless, little research has
been done in the influence of irradiation on antioxidant properties
of chestnuts, and particularly on Portuguese varieties nothing has
been reported.


0278-6915/$ - see front matter � 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.fct.2011.02.016
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Herein, we describe the influence of irradiation process (at two
different doses and along storage time) in antioxidant properties
(radical-scavenging activity, reducing power and inhibition of
b-carotene bleaching) and antioxidants contents (phenolics and
flavonoids) of fruits and skins stored at 4 �C for 2 months.


2. Materials and methods


2.1. Standards and reagents


To prepare the acid aqueous Fricke dosimeter solution the following reagents
were used: ferrous ammonium sulfate(II)hexahydrate, sodium chloride and sulfuric
acid, all of them purchased from Panreac S.A. (Barcelona, Spain) with purity pa (pro-
analysis), and water treated in a Milli-Q water purification system (Millipore, model
A10, USA).


For antioxidant potential analysis, 2,2-diphenyl-1-picrylhydrazyl (DPPH) was
obtained from Alfa Aesar (Ward Hill, MA, USA). Standards trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid), gallic acid and (+)-catechin were
purchase from Sigma (St. Louis, MO, USA). Methanol and all other chemicals were
obtained from Sigma Chemical Co. (St. Louis, MO, USA). Water was treated in a
Mili-Q water purification system (TGI Pure Water Systems, USA).


2.2. Samples and samples irradiation


Chestnuts cv. Longal samples were obtained from Trás-os-Montes, in the North-
east of Portugal. They were divided in three samples (control, sample 1, and sample
2) with fifteen units per sample.


Previous to chestnuts irradiation, a dosimetric study was performed using a
chemical solution sensitive to ionizing radiation, called Fricke dosimeter.


2.2.1. Preparation of dosimeters
To estimate the doses it was used a chemical solution sensitive to ionizing radi-


ation, Fricke dosimeter, which is a reference standard dosimeter within the range
40–400 Gy. The Fricke dosimeter is widely used in the calibration of radiation pro-
cessing and provides a reliable means of absorbed doses measurement in water,
based on an oxidation process of ferrous ions to ferric ions in acidic aqueous solu-
tion by ionizing radiation.


The glass lab material used to prepare the solution and the flasks for Fricke were
washed with RBS solution, then well rinsed with distilled water and used when
were well dried.


Following the standard (ASTM E1026, 1992), 0.392 g of ferrous ammonium sul-
fate and 0.058 g of sodium chloride was dissolved in 12.5 mL of 0.4 mol L�1 sulfuric
acid diluted to 1 L in a volumetric flask with 0.4 mol L�1 sulfuric acid at 25 �C. The
resultant dosimetric solution has the following composition: 1 � 10–3 mol L–1 fer-
rous ammonium sulfate; 1 � 10�3 mol L�1 sodium chloride and 0.4 mol L�1 sulfuric
acid.


The solution was then air saturated, bubbled with pure oxygen during 10 min,
and the flask covered with aluminum foil and kept in the dark till the irradiation
process. Before filling the ampoules to irradiate they were rinsed three times with
the unirradiated solution.


Five dosimeters of Pyrex� glass tubes were filled with 15 mL of Fricke solution.
This dosimeter volume was chosen in accordance with the thickness of chestnut
fruit samples. Irradiations were performed on the 4th level of the Cobalt-60 Gam-
macell (Precisa 22, Graviner Manufacturing Company Ltd). The 60Co irradiation


facility, shown in Fig. 1A, consists of a rectangular cavity with the following dimen-
sion: 65 cm � 50 cm � 20 cm (h � d �w) and surrounded with a lead protection
barrier. Four 60Co sources, with a total activity of 305 TBq (8.233 kCi) in November
2009, are positioned in stainless-steel tubes located in the lateral walls of the cham-
ber, in positions directly facing each other, about 30 cm above the chamber floor.
The movement of the sources in the 50 cm long tubes is controlled by an automatic
mechanism.


Fricke dosimeters were placed at the corners and center of a rectangle in a area
approximately equal to the sample bag, as shown in Fig. 1B.


After irradiation, the absorbance (Ai) of the irradiated solution was determined
by a spectrophotometer (Shimadzu mini UV 1240) set at 305 nm wavelength.


The equation used to estimate the absorbed dose, D, was (ASTM E1026, 1992;
IAEA, 2002):


DFricke ¼ ð278DAÞ=ð½1þ 0:007ðT � 25Þ�½1þ 0:0015ðT 0 � 25Þ�Þ;


where DA is the difference in absorbance measured at 305 nm, between irradiated
and non-irradiated solution; T is the solution temperature (�C) during the spectro-
photometric measurements and T0 is the irradiation temperature (�C).


The temperature of the irradiated dosimeter solution during spectroscopic mea-
surement was measured with a thermocouple and a digital multimeter (Fluke,
model 179, with a resolution of 0.1 �C). The temperature T0 is the ambient temper-
ature inside the chamber and was measured with a thermocouple during the
irradiation.


2.2.2. Chestnuts irradiation
After irradiation geometry dose rate estimation, the samples 1 and 2, each one


with fifteen chestnuts, were placed into polyethylene plastic bags and irradiated for
1 h and 2 h, respectively.


The irradiations were performed in a 60Co experimental equipment described
above.


2.3. Antioxidant activity assays


The samples were stored at 4 �C for 0 days, 30 days and 60 days. A sub-sample
from each of the treatments was obtained at each time point and analyzed (control,
sample 1, sample 2 – Fig. 2A).


Fruits were separated from the skins (Fig. 2B) and the samples were dried in an
oven at �30 �C. A fine dried powder (20 mesh) (1.5 g) was extracted twice with
methanol (30 mL) for 1 h. After filtration and evaporation of the methanol, the
extracts were re-dissolved in methanol at a concentration of 20 mg mL�1 and ana-
lyzed for phenolics and flavonoids contents, DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical-scavenging activity, reducing power and inhibition of b-carotene bleaching,
following previously described procedures (Barros et al., 2010).


2.3.1. Determination of antioxidants content
For phenolics, an aliquot of the extract solution (1 mL) was mixed with


Folin–Ciocalteu reagent (5 mL, previously diluted with water 1:10 v/v) and sodium
carbonate (75 g L�1, 4 mL). The tubes were vortexed for 15 s and allowed to stand
for 30 min at 40 �C for color development. Absorbance was then measured at
765 nm (AnalytikJena 200-2004 spectrophotometer). Gallic acid was used to calcu-
late the standard curve (9.4 � 10�3–1.5 10�1 mg mL�1), and the results were ex-
pressed as mg of gallic acid equivalents (GAE) per g of extract.


For flavonoids, an aliquot (0.5 mL) of the extract solution was mixed with dis-
tilled water (2 mL) and subsequently with NaNO2 solution (5%, 0.15 mL). After
6 min, AlCl3 solution (10%, 0.15 mL) was added and allowed to stand further


Fig. 1. (A) Irradiation chamber: activity of sources and dimensions (Belchior et al., 2007); (B) irradiated area and dosimeter positions.
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6 min, thereafter, NaOH solution (4%, 2 mL) was added to the mixture. Immediately,
distilled water was added to bring the final volume to 5 mL. Then the mixture was
properly mixed and allowed to stand for 15 min. The intensity of pink color was
measured at 510 nm. (+)-Catechin was used to calculate the standard curve
(4.5 � 10�3–2.9 � 10�1 mg mL–1) and the results were expressed as mg of (+)-cate-
chin equivalents (CE) per g of extract.


2.3.2. DPPH radical-scavenging activity
This methodology was performed using an ELX800 Microplate Reader (Bio-Tek


Instruments, Inc.). The reaction mixture in each one of the 96-wells consisted of one
of the different concentrations of the extracts (30 lL) and aqueous methanolic solu-
tion (80:20 v/v, 270 lL) containing DPPH radicals (6 � 10�5 mol L�1). The mixture
was left to stand for 60 min in the dark. The reduction of the DPPH radical was
determined by measuring the absorption at 515 nm. The radical-scavenging activity
(RSA) was calculated as a percentage of DPPH discoloration using the equation: %
RSA = [(ADPPH � AS)/ADPPH] � 100, where AS is the absorbance of the solution when
the sample extract has been added at a particular level, and ADPPH is the absorbance
of the DPPH solution. The extract concentration providing 50% of radicals scaveng-
ing activity (EC50) was calculated from the graph of RSA percentage against extract
concentration. Trolox was used as standard.


2.3.3. Reducing power
The different concentrations of the extracts (0.5 mL) were mixed with sodium


phosphate buffer (200 mmol L�1, pH 6.6, 0.5 mL) and potassium ferricyanide (1%
w/v, 0.5 mL). The mixture was incubated at 50 �C for 20 min, and trichloroacetic
acid (10% w/v, 0.5 mL) was added. The mixture (0.8 mL) was poured in the 48-wells,
as also deionised water (0.8 mL) and ferric chloride (0.1% w/v, 0.16 mL), and the
absorbance was measured at 690 nm in the Microplate Reader described above.
The extract concentration providing 0.5 of absorbance (EC50) was calculated from
the graph of absorbance at 690 nm against extract concentration. Trolox was used
as standard.


2.3.4. Inhibition of b-carotene bleaching
A solution of b-carotene was prepared by dissolving b-carotene (2 mg) in


chloroform (10 mL). Two milliliters of this solution were pipetted into a round-
bottom flask. After the chloroform was removed at 40 �C under vacuum, linoleic
acid (40 mg), Tween 80 emulsifier (400 mg), and distilled water (100 mL) were
added to the flask with vigorous shaking. Aliquots (4.8 mL) of this emulsion were
transferred into different test tubes containing different concentrations of the
extracts (0.2 mL). The tubes were shaken and incubated at 50 �C in a water bath.
As soon as the emulsion was added to each tube, the zero time absorbance was
measured at 470 nm. b-Carotene bleaching inhibition was calculated using the
following equation: (b-carotene content after 2 h of assay/initial b-carotene con-
tent) � 100. The extract concentration providing 50% antioxidant activity (EC50)
was calculated by interpolation from the graph of b-carotene bleaching inhibition
percentage against extract concentration. Trolox was used as standard.


2.4. Statistical analysis


An analysis of variance (ANOVA) with Type III sums of squares was performed
using the GLM (General Linear Model) procedure of the SPSS software, version 18.0
(SPSS Inc.). The dependent variables were analyzed using 2-way ANOVA, with the
main factors ‘‘irradiation dose’’ (ID) and ‘‘storage time’’ (ST). When a (ID � ST)
was detected, the two factors were evaluated simultaneously by the estimated mar-
ginal means plots for all levels of each single factor. Alternatively, if no statistical
significant interaction was verified, means were compared using Tukey’s honestly
significant difference (HSD) multiple comparison test.


Furthermore, a linear discriminant analysis (LDA) was used to assess the classi-
fication of different storage times and irradiation doses in different groups accord-
ing with antioxidant activity assays results and phenols and flavonoids contents. A
stepwise technique, using the Wilks’ k method with the usual probabilities of F
(3.84 to enter and 2.71 to remove), was applied for variable selection. This proce-
dure uses a combination of forward selection and backward elimination proce-
dures, where before selecting a new variable to be included, it is verified whether
all variables previously selected remain significant (Maroco, 2003; López et al.,
2008). With this approach, it is possible to identify the significant variables ob-
tained for each sample. To verify which canonical discriminant functions were sig-
nificant, the Wilks’ k test was applied. A leaving-one-out cross-validation procedure
was carried out to assess the model performance.


All statistical tests were performed at a 5% significance level. All the assays were
carried out in triplicate. The results are expressed as mean values with standard
deviation (SD).


3. Results and discussion


3.1. Irradiation studies


An estimation of dose was performed using Fricke chemical
dosimeter solution as described above. The estimated values for
the different positions are presented in Table 1.


In food irradiation the dose distribution inside the chamber and
the dose uniformity ratio must be well characterized to control the
irradiation process.


The results highlighted that the material could be rotated to ob-
tain a better uniform dose, as is a standard practice in commercial
units. However, the dose uniformity ratio obtained is in conformity
with the good practices for food irradiation (Directive 1999/2/EC,
1999).


In this experimental setup the dose uniformity ratio, the ratio of
maximum to minimum absorbed dose in the production lot, ob-
tained is similar to one (Dmax/Dmin = 1.3).


Samples were exposed to 1 and 2 h of irradiation, therefore,
using the average dose rate this would equivalent to 0.27 and
0.54 kGy, respectively.


3.2. Antioxidant potential


Figs. 3 and 4 give the phenolic and flavonoid contents in irradi-
ated chestnut fruits and skins, after different storage times (0, 30
and 60 days). Tables 2 (fruit) and 3 (skins) show the antioxidant
activity EC50 values data reported as mean value of each irradiation


Table 1
Dose rate distribution in irradiated samples area.


Dosemeter position 1 2 3 4 5


Dose rate (kGy h�1) 0.30 0.29 0.29 0.23 0.23
Dmean (kGy h�1) 0.27 ± 0.04


Fig. 2. (A) Chestnuts: control (without irradiation), sample 1 (0.27 kGy), sample 2 (0.54 kGy). (B) Chestnuts after peeling (fruits and skins): Control, Sample 1, Sample 2.
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dose over three different storage times, as well as mean value of all
irradiation doses within each storage time. The antioxidant activity
was measured by different biochemical assays: scavenging activity
on DPPH radicals (measuring the decrease in DPPH radical
absorption after exposure to radical scavengers), reducing power
(measuring the conversion of a Fe3+/ferricyanide complex to the
ferrous form) and inhibition of b-carotene bleaching (by neutraliz-
ing the linoleate-free radical and other free radicals formed in the
system which attack the highly unsaturated b-carotene models).


Irradiated chestnut skins showed higher phenolic and flavonoid
contents (Figs. 3 and 4), as well as higher antioxidant activity (low-
er EC50 values; Tables 2 and 3) than chestnut fruits, which is in
agreement to our previous results in non-irradiated samples
(Barreira et al., 2008).


The results in Table 2 show that storage time � irradiation dose
interaction was a significant (P < 0.001) source of variation for all
the performed antioxidant activity assays. Therefore, although
the least squares means are presented for the main effects, no
multiple comparisons were performed.


Moreover, both main factors (storage time and irradiation dose)
show a significant effect (P < 0.001). Nevertheless, from the analy-
sis of the plots of the estimated margins means, for each antioxi-
dant assay, some general conclusions can be pointed out. For
instance, EC50 values were higher for all the assayed antioxidant
activity methods (except for inhibition b-carotene bleaching in
chestnut skins) when samples were analyzed promptly (0 days of
storage). In other way, the samples irradiated with 0.54 kGy
demonstrated the lowest EC50 values for reducing power in chest-
nut fruits and scavenging activity on DPPH radicals, reducing
power and inhibition of b-carotene bleaching in chestnut skins.


The results indicate that the use of gamma irradiation seemed to
increase antioxidant potential of fruits and skins. Nevertheless,
the acquired results showed that the dose used (0.27 ± 0.04 kGy
or 0.54 ± 0.04 kGy) did not show significant influence in those
parameters. Along storage (up to 60 days) the studied parameters
followed the same tendency in control and irradiated sample fruits.
The phenolic and flavonoid contents of both skins and fruits
increased with storage, which seems to exert a more significant
effect than the irradiation dose.


Fig. 4. Flavonoids content in chestnut fruits (A) and skins (B).
Fig. 3. Phenolics content in chestnut fruits (A) and skins (B).


Table 2
Chestnut fruits antioxidant activity (EC50 values, mg mL�1) according with irradiation
dose (ID) and storage time (ST).


DPPH scavenging
activity


Reducing
power


b-Carotene bleaching
inhibition


ST
0 days 45.38 ± 9.36 8.59 ± 1.10 2.18 ± 0.94
30 days 16.67 ± 1.18 3.44 ± 0.08 1.74 ± 0.43
60 days 14.96 ± 2.43 3.60 ± 0.12 1.20 ± 0.03
P-value


(n = 27)
<0.001 <0.001 <0.001


ID
0 kGy 20.95 ± 9.08 4.71 ± 1.85 1.23 ± 0.04
0.27 kGy 26.61 ± 18.12 5.20 ± 2.42 2.21 ± 0.96
0.54 kGy 29.45 ± 18.12 5.72 ± 3.03 1.68 ± 0.37
P-value


(n = 27)
<0.001 <0.001 <0.001


ST � ID
P-value <0.001 <0.001 <0.001
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The results were evaluated through linear discriminant analysis
(LDA) to evaluate which were the most discriminative variables
regarding antioxidant potential and bioactive compounds con-
tents. All independent variables selected by the stepwise proce-
dure were statistically significant according to the Wilks’ k test
(P < 0.05).


The LDA was performed using the results of the antioxidant
activity assays and those obtained from phenolic and flavonoid
contents. Considering chestnut fruits and antioxidant activity as-
says, the stepwise LDA resulted in a discriminant model with
two significant (P < 0.001 for the Wilks’ k test) discriminant func-
tions. These two functions explained 100.0% of the variance of
the experimental data (the first explained 99.2% and the second
0.8%) (Fig. 5A).


The first function separates primarily 0 days from 30 and
60 days (means of the canonical variance (MCV): 0 days = 6.344,
30 days = �3.662, 60 days = �2.682), and revealed to be more pow-
erfully correlated with reducing power. The second function had
low discriminant ability, and did not reach a clear separation
among 30 and 60 days (MCV: 0 days = 0.052, 30 days = 0.474,
60 days = �0.526), showing to be more correlated with DPPH scav-
enging activity. The model demonstrated a good classification per-
formance, allowing to correctly classifying 86.4% of the samples for
the original groups, as well as for the cross-validation procedure.


Similar results were obtained with different sets of parameters
(data not shown), proving the high influence of storage time on
antioxidant activity and bioactive compounds availability. Satisfac-
tory classification performances were always achieved: 85.2% for
the original groups, as well as for the cross-validation procedure,
with chestnut fruits and phenolic and flavonoid contents; 77.8%
for the original groups and 75.3% for the cross-validation proce-
dure, with chestnut skins and antioxidant activity assays; 100%
for the original groups, as well as for the cross-validation proce-
dure, with chestnut skins and phenolic and flavonoid contents.


Otherwise, the irradiation dose presented much lower discrim-
inant power. Considering chestnut fruit and antioxidant activity
assays, the stepwise LDA resulted in a discriminant model with
two significant (P < 0.001 for the Wilks’ k test) discriminant func-
tions. These two functions explained 100.0% of the variance of
the experimental data (the first explained 83.9% and the second
016.1%) (Fig. 5B).


The similarity among results was reflected in the MCV proxim-
ity, either for function 1 (MCV: 0 kGy = �0.913, 0.27 kGy = 1.005,
0.54 kGy = �0.092) and function 2 (MCV: 0 kGy = �0.278,
0.27 kGy = �0.208, 0.54 kGy = 0.485). The model demonstrated a
weak classification performance, allowing to correctly classifying


55.6% of the samples for the original groups, as well as for the
cross-validation procedure. This lack of effectiveness was also ob-
served in the other LDA tests regarding irradiation doses: no vari-
ables were qualified for the analysis with chestnut fruit and
phenolic and flavonoid contents; 55.6% for the original groups
and for the cross-validation procedure, with chestnut skins and
antioxidant activity assays; 46.9% for the original groups, as well
as for the cross-validation procedure, with chestnut skins and phe-
nolic and flavonoid contents.


These results highlight the higher influence of storage time over
antioxidant activity and bioactive compound availability when
compared with the irradiation dose used.


A


B


Fig. 5. Canonical analysis of (A) storage times influence on antioxidant activity of
chestnut fruits and (B) irradiation doses influence on antioxidant activity of
chestnut fruits.


Table 3
Chestnut skins antioxidant activity (EC50 values, lg L�1) according with irradiation
dose (ID) and storage time (ST).


DPPH scavenging
activity


Reducing
power


b-Carotene bleaching
inhibition


ST
0 days 66.98 ± 22.57 38.07 ± 11.40 59.00 ± 14.46
30 days 43.60 ± 5.04 25.65 ± 2.76 161.90 ± 86.99
60 days 32.20 ± 2.54 22.58 ± 0.79 72.94 ± 20.68
P-value


(n = 27)
<0.001 <0.001 <0.001


ID
0 kGy 44.87 ± 10.29 27.69 ± 4.63 137.88 ± 75.29
0.27 kGy 60.07 ± 27.67 34.68 ± 13.74 105.75 ± 69.78
0.54 kGy 37.84 ± 7.41 23.93 ± 2.40 50.21 ± 7.33
P-value


(n = 27)
<0.001 <0.001 <0.001


ST � ID
P-value <0.001 <0.001 <0.001
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Overall, the storage time was more significant to chestnuts
antioxidant potential than the irradiation dose. The activity of
some antioxidant defences (non-enzymatic or enzymatic) present
in chestnuts apparently increased along the storage time, in re-
sponse to the oxidative stress inherent to the storage process.
The application of gamma irradiation proved to be advantageous
for the assayed antioxidant methods, probably due to an increase
in the availability of antioxidant compounds such as polyphenols
previously linked to the cell wall.


Further studies will be done in order to elucidate the interac-
tions herein reported and also the influence of irradiation in chem-
ical composition and nutritional value of chestnuts fruits. The
study will be extended to include more positions in the chamber
and to consider other irradiation doses.
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