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Accelerated aging was performed by incubation of wheat seeds at 40 °C and 100% relative humidity
for 3, 4, 6, 10, and 14 days. The effects of the treatment on seed germinability and on several
biochemical characteristics of flour (carotenoids, free radical and protein contents, and proteolytic
activity) and gluten (free radical content and flexibility) were evaluated. A decrease of germinability
was found during aging, the germination being completely inhibited after 14 days. The lutein content
decreased gradually, without going to zero, while that of free radicals increased. A reduction of soluble
proteins and a degradation of glutenins and gliadins were observed, associated with a substantial
increase of protease activity and a decrease in gluten flexibility. The results were discussed in reference
to those previously obtained by natural aging of wheat seeds of the same species and cultivar.
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INTRODUCTION

Seeds deteriorate and lose their viability during periods of
prolonged storage. The two most important environmental
factors influencing the rate of deteriorative processes in seed
aging are the relative humidity of the air, which controls seed
moisture content, and the temperature (1-4). Considerable
research has occurred to achieve a better understanding of the
physiology of seed deterioration. However, a common inter-
pretation has not been formulated yet, due to many reasons
related to both the complexity of seed physiology and the variety
of methods employed (4). In fact, studies performed on seed
deterioration show that this process has devastating conse-
quences on almost every physiological event in a normally
functioning cell. In particular, DNA and RNA are somehow
degraded leading to impaired transcription and translation,
cellular membranes show an increased permeability, and changes
in carbohydrate reserves and antioxidants occur (1-4). Most

evidence suggests that free radical peroxidative attacks to
membrane lipids could cause these degenerative events (5).
However, at present, this model of seed deterioration remains
speculative (1-4).

Accelerated aging is a method using high temperature and
relative humidity that permits controlled deterioration of seeds,
and is employed to foresee their storage potential (6). However,
this artificial aging process might be physiologically different
from natural aging. In fact, some authors questioned whether
physiological events occurring during accelerated aging reflected
those found during natural aging, whereas others concluded that
physiological changes in seeds subjected to accelerated aging
were the same as natural aging, with the only difference being
the rate at which they occur (see ref4 and references therein).
The answer to this dilemma is further complicated by the fact
that, to the best of our knowledge, only few comparative studies
of natural and accelerated aging of seeds of the same species
and cultivar are reported in the literature.

In a previous study performed by our research group (7), the
effects of natural aging on some physiological and biochemical
properties of wheat (Triticum durumcv. Cappelli) seeds were
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investigated. Germination tests were performed on seeds,
whereas organic free radicals content was measured in flour
and gluten by electron paramagnetic resonance (EPR) and
carotenoids in flour were determined by RP-HPLC. Moreover,
gluten flexibility was investigated using the spin labeling EPR
technique (8, 9), which has been revealed to be particularly
useful for achieving information on the structure and dynamics
of gluten proteins (10-12). In the present work, the same
parameters were measured on wheat seeds of the same cultivar
during accelerated aging and the results were compared to those
previously obtained to assess whether physiological and bio-
chemical processes governing accelerated aging and dry storage
of seeds were identical.

Findings on gluten from accelerated aged seeds prompted us
to better investigate the effects of artificial aging on endosperm
proteins by analyzing both electrophoretic profiles of storage
proteins and proteolytic activities in flour. In particular, we were
interested in understanding whether the changes in proteins and
enzymes of accelerated aged seeds were similar to those
occurring during seed germination as previously stated by
Chauan et al. (13).

MATERIALS AND METHODS

Materials. Seeds of durum wheat (Triticum durumcv. Cappelli)
were cultivated in the experimental fields of the Department of Botanical
Sciences of Pisa University (Italy). Seeds were harvested in 1999 and
stored in sealed glass containers at 10°C in the dark.

trans-Epoxysuccinyl-L-leucylamido-(4-guanidino)butane (E-64),
phenylmethanesulfonyl fluoride (PMSF), pepstatin A, hemoglobin (Hb),
azocasein,N-carbobenzoxy-L-phenylalanyl-L-alanine (CBZ-Phe-Ala),
and 3-maleimidoproxyl (3-MAL) were purchased from Sigma (St.
Louis, MO).

Vitavax 200FF was purchased from Uniroyal Chemical Co. Inc.
(Middlebury, CT).

All reagents and solvents were of analytical grade and used without
further purification.

Accelerated Aging.Accelerated aging was performed by storage
of seeds at 40°C and 100% RH according to Delouche and Baskin
(6). Before treatment, seeds of uniform size were selected by sieving,
surface disinfected in 1% NaClO for 5 min and washed 10 times with
sterile distilled water. A lot of 90 g of seeds (approximately 1400
caryopses) was used for each incubation period. All seeds were surface
treated with fungicide Vitavax 200FF. Every lot was suspended over
3 L of distilled water on a plastic mesh tray within a closed plastic
box (25× 25 × 14 cm). Boxes were maintained at 40°C in a growth
chamber for 3, 4, 6, 10, and 14 days, respectively. After treatment,
seeds were rapidly air-dried under a laminar flow hood until they
reached their original moisture content (10.9%). The moisture content
was controlled by weighing.

Control seeds were subjected to the same treatments except for
accelerated aging.

Germination Tests.For germination tests, four replicates of 25 seeds
from each lot were uniformly spread into Petri dishes with filter paper
placed on the top and on the bottom and imbibed with 6 mL of distilled
water. Germination was carried out at 23°C in the dark for 24, 48,
and 72 h. A seed was considered germinated when the primary root
was at least 1-mm long.

Results were expressed by means of two parameters (7), i.e.,
germination capacity, defined as the percentage of completely germi-
nated seeds after 72 h, and germination rate, determined according to
the following equation:

where nt1 is the number of seeds germinated after 24 h, nt2 and nt3 are
the number of seeds germinated between 24 and 48 h and between 48

and 72 h, respectively, andNtot is the number of seeds used in the test.
Coleoptile and primary root were measured after 72 h of seed

incubation in germination conditions.
Preparation of Flour and Gluten. Seeds were ground in a break

roller-mill (Labormill 4 RB, Italy) and flour was stored at-20 °C.
Gluten was manually extracted from flour according to the following
procedure. Three milliliters of distilled water was added to 5 g offlour,
mixed with a glass rod and the so obtained dough was washed drop by
drop with 300 mL of distilled water. Gluten was separated from flour
and water using a thin mesh net, frozen, lyophilized, homogenized in
dry conditions with a pestle and a mortar, and stored at-20 °C. Gluten
had a moisture content of∼6% and reconstituted readily with water at
room temperature. Flour from seeds aged for 14 days was unable to
give gluten.

Extraction of Carotenoids and Determination of Lutein. Caro-
tenoids were extracted from flour with CH3OH following the procedure
of Pinzino et al. (7).

Lutein content in the extracted solutions was determined by isocratic
RP-HPLC using a Water apparatus model 510 equipped with two pumps
and a spectrophotometric detector (Water model 441) and a Nucleosil
300-7 C-18 column (4× 250 mm). Extracts were eluted at 30°C using
96% CH3OH as mobile phase at a flow rate of 0.5 mL/min and detected
at 445 nm. In these conditions, retention time for lutein was 15 min.

Front-Surface Absorbance Measurements.Front-surface absor-
bance spectra of flour samples were obtained following the method of
Zandomeneghi et al. (14). A Jasco FP770 spectrofluorometer was used
in the reflectance experiments. The samples, about 0.6-mm thick, were
enclosed in a homemade cell, suitably designed to avoid specular
reflections in measurements on powder (15). The cell windows were
30° tilted with respect to the incident beam. Powdered BaSO4 was used
as a reference light scatterer (16).

EPR Measurements.EPR measurements were performed using a
Varian (Palo Alto, CA) E112 spectrometer (X-band) equipped with a
Varian E257 temperature control unit. The spectrometer was interfaced
to a 100 MHz personal computer by means of a homemade data
acquisition system consisting of an acquisition board (17) and a software
package especially designed for EPR and ENDOR experiments (18).
The content of free radicals was measured at room temperature on dry
gluten and flour powders inserted in a quartz tube with internal diameter
of 4 mm. Spectra were recorded using a standard EPR cavity, at a
field set of 3265 G, a scan range of 100 G, a microwave power of 10
mW, a time constant of 0.125 s, and a modulation amplitude of 1.25
G. Quantification of organic radicals was performed by comparison of
the double integrals of the spectra with that of the standard Varian
Weak Pitch measured under identical instrumental conditions.

The 3-MAL spin label (Sigma Chemical, St. Louis, MO) was used
to label the sulfydryl groups of cysteine residues in the gluten samples.
Spin labeling was performed following the method reported by
Capocchi et al. (12). For EPR measurements, about 30 mg of the fully
hydrated labeled gluten was inserted into a quartz tube closed at both
ends to avoid sample loss. EPR spectra were recorded between 0 and
50 °C with 5 °C increments using a standard EPR cavity, at a field set
of 3265 G, a scan range of 100 G, a microwave power of 2 mW, a
time constant of 0.125 s, and a modulation amplitude of 1.25 G.

Soluble Proteins Extraction and Evaluation. Albumins and
globulins are commonly referred to as soluble proteins in flour (19).
They were extracted from flour with 0.1 M Tris-HCl buffer (pH 7.4)
(ratio 1:3, w/v). Their concentration in flour was evaluated using the
Lowry method as modified by Besandoun and Weinstein (20). Bovine
serum albumin was used as a standard, and the measurements were
performed in a Perkin-Elmer 550S UV-vis spectrophotometer.

Storage Proteins Extraction and Analysis.Gliadins and glutenins,
the two most abundant classes of storage proteins in wheat seeds were
extracted as reported by Capocchi et al. (21) and freeze-dried.

Analyses were performed by discontinuous SDS-PAGE according
to Laemmli (22), using a 12% resolving gel and a 4% stacking gel.
Freeze-dried proteins were dissolved in 62 mM Tris-HCl buffer (pH
6.8) containing 10% glycerol, 2% SDS, 5% 2-mercaptoethanol, and
0.1% Bromophenol Blue to a final concentration of 1 mg of protein/
mL, boiled for 8 min and loaded (4µL) on SDS gels. Molecular weight

germination rate)
nt1 × 100+ nt2 × 50 + nt3 × 33.3

Ntot
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standards used includedâ-galactosidase (116.3 kDa), phosphorylaseb
(97.4 kDa), ovotransferrin (77.0 kDa), bovine serum albumin (66.25
kDa), glutamate dehydrogenase (55.5 kDa), ovalbumin (42.7 kDa),
carbonic anhydrase (30.0 kDa), myoglobin (17.2 kDa), and cytochrome
c (12.3 kDa). The gels were stained overnight with Coomassie Brilliant
Blue R250 (23), destained with 7% (v/v) acetic acid, scanned and
processed by a digital image analysis program (SigmaGel, Jandel Corp.).

Enzymatic Assays.Proteases were extracted from flour following
the procedure reported by Bottari et al. (24) using 2 g of flour and 10
mL of 0.2 M sodium acetate buffer (pH 5) containing 5 mM
2-mercaptoethanol.

The proteinase activity was measured by using 2% (w/v) Hb
dissolved in McIlvaine buffer (pH 3). The flour extract (15-30 µL)
was diluted to 1 mL with McIlvaine buffer (pH 3) and the reaction
was started by adding 1 mL of Hb, incubated at 30°C for 2-24 h and
stopped by adding 1 mL of 24% (w/v) trichloroacetic acid (TCA) and
vortexing. After standing at 4°C for 10 min, the obtained suspension
was cleared by centrifugation (10 min at 4000g) and 0.5 mL of the
supernatant was utilized to determine the TCA-soluble products by the
ninhydrin method (25). The hemoglobinase activity was measured both
in the absence and in the presence of pepstatin A in final concentration
of 1.46 µM.

The proteinase activity was also measured by using 0.2% (w/v)
azocasein dissolved in 0.2 M sodium acetate buffer. The flour extract
(20-100 µL) was diluted to 1 mL with 0.2 M sodium acetate buffer
(pH 5.4) containing 2-mercaptoethanol (final concentration 2.5 mM)
and the reaction was started by adding 1 mL of azocasein, incubated
at 30°C for 2-24 h and stopped by adding 1 mL of 24% (w/v) TCA
and vortexing. After standing at 4°C for 10 min, the obtained
suspension was cleared by centrifugation (20 min at 4000g) and the
supernatant was utilized to measure absorbance at 330 nm. The
azocaseinase activity was measured both in the absence and in the
presence of PMSF, pepstatin A and E-64, utilized in final concentrations
of 1 mM, 1.46µM, and 20µM, respectively. One unit of azocaseinase
activity was defined as the amount of enzyme required to produce an
absorbance change of 1.0 in a 1-cm cuvette under standard assay
conditions (26).

The carboxypeptidase activity was measured with 5 mMN-
carbobenzoxy-L-phenylalanyl-L-alanine (CBZ-Phe-Ala) dissolved in 0.2
M sodium acetate buffer (pH 5). The flour extract (15-30 µL) was
diluted to 1 mL with 0.2 M sodium acetate buffer (pH 5) and the
reaction was started by adding 1 mL of CBZ-Phe-Ala. After 1 h of
incubation at 30°C, the reaction was stopped by adding 1 mL of 24%
(w/v) TCA and vortexing. The TCA-soluble products were determined
by the ninhydrin method (25) as above-described. The activity was
measured both in the absence and in the presence of PMSF in final
concentration of 1 mM.

At least three replicates were performed for each analysis utilized
in this paper.

RESULTS

Germination Tests.Accelerated aging resulted in a decreased
germination capacity. In fact, the percentage of seeds completing
germination after 72 h rapidly decreased when the aging
treatment time was prolonged, reaching∼30% after 6 days and
∼0% after 14 days of treatment (seeTable 1). The germination

rate followed an analogous trend (seeTable 1). The growth of
shoot and primary root was affected by seed aging, the average
length of both organs being∼50% that of the control seeds
after 4 days and∼0% after 14 days of treatment (seeTable 1).
It should be noted that nongerminated seeds were not included
in the mean shoot and root length measurements.

Moreover, it is worth noting that fungi growth was observed
on the surface of seeds treated from 10 to 14 days and the use
of a fungicide (Vitavax 200FF) did not eliminate this problem.
No further treatment with fungicide was performed and visible
damaged seeds were not discarded.

Carotenoids in Flour. As reported inTable 2, lutein content
in flour gradually decreased during the aging treatment, going
from 2.63 ppm in the unaged sample to 1.04 ppm in the sample
treated for 14 days.

These results were consistent with changes observed in the
front-surface UV-Vis absorbance spectra of flours (seeFigure
1). In fact, flours obtained from seeds subjected to aging showed
a progressive loss of the typical vibrational structure of the
absorption band between 430 and 530 nm due to lutein (14).
At 10 and 14 days, the unstructured absorption atλ > 300 nm
that is present in all spectra and that is due to other chromo-
phores, significantly increased, showing a deep change of
chromophores present in flour aged for at least 10 days.

Table 1. Germination Parameters of Unaged and Aged Wheat Seeds

duration of
accelerated

aging
(days)

germination
capacity

(%)
germination

rate
root length

(mm)
shoot length

(mm)

0 98 ± 2 76 ± 4 31 ± 1 15 ± 1
3 82 ± 3 50 ± 9 24 ± 1 12 ± 1
4 42 ± 4 41 ± 6 15 ± 3 7 ± 1
6 26 ± 6 13 ± 4 13 ± 2 6 ± 1

10 6 ± 3 2 ± 2 4 ± 1 3 ± 1
14 0 0 0 0

Table 2. Lutein, Free Radicals and Soluble Protein Content in Flour
and Free Radicals Content in Gluten from Unaged and Aged Wheat
Seeds

duration of
accelerated

aging
(days)

lutein in
flour (ppm)

protein
in flour
(mg/g)

free
radicals
in flour

(spins/g)

free
radicals
in gluten
(spins/g)

0 2.6 ± 0.1 3.48 ± 0.08 (3 ± 1) × 1014 (4 ± 1) × 1015

3 2.28 ± 0.05 3.1 ± 0.1 (3 ± 1) × 1014 (7 ± 1) × 1015

4 2.04 ± 0.06 2.14 ± 0.08 (3 ± 1) × 1014 (7 ± 1) × 1015

6 1.59 ± 0.03 2.11 ± 0.03 (3 ± 1) × 1014 (8 ± 1) × 1015

10 1.25 ± 0.08 1.62 ± 0.02 (4 ± 1) × 1014 (11 ± 1) × 1015

14 1.04 ± 0.03 1.34 ± 0.01 (8 ± 1) × 1014

Figure 1. Front-surface absorbance spectra of flour from seeds of durum
wheat unaged or aged for 3, 4, 6, 10, and 14 days.
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Free Radicals in Flour and Gluten. EPR spectra of flour
samples were quite weak. They showed a signal withg value
of 2.004-2.005 and peak to peak line width of 9-12 G, which
can be attributed to organic free radicals. As reported inTable
2, levels of free radicals in the examined samples were in the
order of 1014/g. When radical contents in flour obtained from
aged and control seeds were compared, no appreciable changes
were found up to 6 days of treatment, while the radical content
slightly increased after 10 days and was 2.5 times that of the
control after 14 days.

Organic free radicals in gluten samples showed EPR spectra
in which a main signal withg = 2.006 and peak to peak line
width from 7 to 9 G was present, with a shoulder on the left
(data not shown). Radical levels were in the order of 1015/g
and, as reported inTable 2, increased with seed aging duration,
becoming almost 3 times higher than that of the gluten from
unaged seeds after 10 days of treatment.

Proteins and Protease Activities in Flour. The soluble
protein content in flour showed a progressive decrease during
the aging treatment (seeTable 2); after 14 days, the content
was almost half of that of the control.

Among proteins extracted from flours, three proteolytic
activities were detected by utilizing exogenous substrates, i.e.,
Hb, CBZ-Phe-Ala, and azocasein (seeFigure 2). The activity
degrading CBZ-Phe-Ala was strongly inhibited by PMSF, while
that hydrolyzing hemoglobin was inhibited by pepstatin A. The
azocaseinase activity was inhibited by pepstatin A and PMSF
for samples aged up to 6 days and only by PMSF for samples
aged for 10 and 14 days (seeTable 3). E-64 had no effect on
azocaseinase activity indicating that no proteinase activity of
cysteine type was present in artificially aged seeds. These

properties allowed to assign the proteolytic enzymes degrading
Hb and CBZ-Phe-Ala as the aspartic proteinase and carbox-
ypeptidase previously isolated from wheat seeds (27, 28). As
far as enzymes degrading azocasein are concerned, they could
be identified as aspartic and serine proteinases. The last activity
was observed in germinating soybean (29) and mungbean (30)
seeds, and its involvement in the first step of storage protein
degradation is a common feature in germinating legume seeds
(30). On the other hand, to the best of our knowledge this
activity is here observed for the first time in wheat seeds.

As shown inFigure 2, for all the proteolytic activities an
increase occurred with prolonging the duration of seed aging,
especially marked for the azocaseinase one after 10 and 14 days.
In particular, after 14 days of treatment, the specific activity of
carboxypeptidase, aspartic proteinase and serine proteinase
reached values about 5, 22 and 328 times higher than that of
the control.

SDS-PAGE analysis of seed storage proteins extracted from
flour (21) revealed that high and low molecular weight glutenin
subunits (HMW-GS and LMW-GS) disappeared almost com-
pletely after 10 days of aging (seeFigure 3b), while gliadins,
present at least in traces up to 10 days, reduced dramatically
after 14 days of treatment (seeFigure 3a). These changes were
accompanied by the appearance, between 10 and 14 days, of
bands due to low molecular weight (lower than 17.2 kDa)
proteins.

Spin Labeling EPR of Gluten.Gluten obtained from flours
of seeds unaged or aged for 3-4 days was yellow and abundant
(at least 0.1 g of dry gluten per g of flour). On the other hand,
less colored gluten was obtained from flour of seeds aged for
10 days, with yields decreasing by increasing the aging time
(down to 0.02 g of dry gluten per g of flour). Flour from seeds
aged for 14 days did not give gluten.

EPR spectra of fully hydrated spin labeled gluten were of a
composite type with line shapes resulting from the superposition
of at least two sub-spectra each belonging to spin labels differing
in their mobility (seeFigure 4), as observed in previous studies
(7, 10-12). Slow moving spin labels (immobile) gave broad
lines in the spectra, while sharp lines were attributed to fast
moving spin labels (mobile), the mobility of spin labels being
determined by the flexibility of the protein segments to which
they are bound and the steric hindrance of their environments
(8). The mobile component could be thus attributed to spin labels
bound to sulfhydryl groups which allow the labels to retain a
high degree of rotational freedom, i.e., shallow, solvent-exposed
protein groups. On the other hand, the slow moving component
was due to labels bound to sulfhydryl groups localized in
somewhat restrictive, crevice-like regions of the proteins.

Small but significant differences were observed between the
EPR spectra recorded at the same temperature on gluten obtained
from control and aged seeds (seeFigure 4). At different
temperatures similar spectra, but with different intensity and
mobility of the two components, were observed (seeFigure
4). Two parameters were calculated from the spectra to obtain
quantitative information on spin labels dynamics and, in turn,
on gluten flexibility. The first one is the rotational correlation
time (τ) of the mobile spin labels, determined according to the
Freed and Fraenkel equation (31):

where∆h+1 is the peak-to-peak width of the low-field line, in
Gauss, andI+1 andI-1 are the amplitudes of the low- and high-

Figure 2. Proteolytic activities in flour from unaged and aged wheat seeds.
Each value is an average of three replicates of at least two extractions.

Table 3. Inhibition Percentages of Proteolytic Activities

CBZ-Phe-Ala haemoglobin azocasein
duration of
accelerated
aging (days) PMSF pepstatin A E-64 pepstatin A PMSF

0 92 97 42 23
3 97 93 47 23
4 91 84 39 32
6 97 81 36 46

10 86 72 88
14 89 74 95

τ ) (6.65× 10-10)∆h+1[(I+1/I-1)
1/2 - 1] (1)
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field lines, respectively. The second parameter that can be
calculated from the EPR spectra isR (10, 11), defined as the
ratio

wherei andm are the amplitudes of the low-field peaks of the
slow moving and fast moving spin labels, respectively (see
Figure 4). R reflects the ratio between slow and fast moving
spin labels populations. BothRandτ decreased with increasing
the temperature (seeFigures 5 and 6), indicating that a
progressive transfer of less mobile radicals to a more mobile
population occurs and that the rotational diffusion of mobile
spin labels becomes faster. The trends ofR andτ as a function
of temperature were described in terms of the Arrhenius equation
and activation energies were determined. As shown inTable
4, very small differences were found between values determined
in the different samples.

Slightly higher values ofR were found at each temperature
for gluten from artificially aged seeds with respect to gluten
from unaged ones (seeFigure 5). On the other hand,τ values
were similar in samples treated up to 4 days, whereas lower
values were found for sample treated for periods of 6 and 10
days (seeFigure 6).

DISCUSSION

Accelerated aging finally resulted in a loss of seed viability
preceded by a progressive reduction of both germination ability
and root and shoot growth (32-34). Comparing the present
results with that obtained by Pinzino et al. (7) on naturally aged
wheat seeds of the same cultivar, we found that seeds artificially
aged for 3, 4, 6, 10, and 14 days have germination capacities
similar to those of seeds naturally aged for about 15, 30, 33,

Figure 3. SDS−PAGE of gliadins (a) and glutenins (b) extracted from flour of control seeds (lanes 0) and seeds aged for 3, 4, 6, 10, and 14 days. S
represents molecular weight standards.

Figure 4. EPR spectra of fully hydrated gluten spin labeled with 3-MAL.
(a) Spectra recorded at 25 °C on gluten from seeds unaged and aged
for 3, 4, 6, and 10 days; (b) Spectra recorded on gluten from control
seeds at the indicated temperatures. “i” and “m” indicate slow and fast
moving spin label lines, respectively.

R ) i/m (2)

Figure 5. R ratios vs 1000/T. Lines represent fits of experimental values
in terms of the Arrhenius equation.

Figure 6. Rotational correlation time τ vs 1000/T. Lines represent fits of
experimental values in terms of the Arrhenius equation.

5454 J. Agric. Food Chem., Vol. 50, No. 19, 2002 Galleschi et al.



35, and 36 years, respectively. However, different correlations
between germinability and lutein content in flour were found
for artificially aged seeds with respect to naturally aged ones.
In fact, the content of lutein was almost zero in flour from wheat
seeds naturally aged for more than 30 years, whereas the lowest
content observed in accelerated aging experiments for unviable
seeds was about 1 ppm. Anyway, during the accelerated aging
treatment a gradual reduction of lutein content in flour was
revealed by HPLC measurements. In addition, front-surface
absorbance spectra of flour samples showed the progressive loss
of vibrational structure in the 430-530 nm spectral region, a
feature ascribable to a decrease of lutein content, and a dramatic
increase in the absorbance of samples aged for 10 and 14 days
at λ > 300 nm, where measured variations are significant.
Reasonably, this increase can be connected to the appearance
of new compounds resulting from molecular degradation
processes.

The loss of antioxidants was accompanied by an increase of
organic free radicals in flour and gluten, in agreement with the
findings of Priestley et al. (35) and of Buchvarov and Gantcheff
(36) in the axes of soybean seeds subjected to accelerated aging.
The content of organic radicals in gluten obtained from seeds
artificially aged for 6 days was comparable with that of gluten
from seeds naturally aged for 15 years (7), corresponding to
the highest radical content found in natural aging experiments.
In fact, after 20 years of natural aging the content of free radicals
progressively decreased reaching the lowest value after 35 years
(7). On the contrary, the free radical level in gluten and flour
from accelerated aged seeds progressively increased with
prolonging the treatment time. These differences indicate that
no relationship can be found between the quantity of free
radicals and germination capacity during natural and accelerated
aging, as previously stated by Girard and Le Meste (37),
probably due to the recombination of free radicals into
substances undetectable by EPR analysis. Moreover, it must be
noticed that radical level in gluten is 1 order of magnitude higher
than in the corresponding flour, indicating that free radicals are
mainly associated with flour protein, whereas starch molecules
do not undergo aging induced scissions or produce radicals that
decay or react too rapidly for detection by EPR. In agreement
with these findings, the dominant feature of the EPR spectra of
gluten samples (data not shown) was a line withg value typical
of nitrogen-centered radicals delocalized on proteins (38);
shoulders were observed to the left of the peak ascribable to
peroxyl radicals (39). This suggests that bond breakage has
occurred in endosperm proteins during seed aging and predicts
the likelihood of molecular degradation or cross-linking.

Other findings support the involvement of proteins in seed
deterioration. In particular, a decline in soluble protein content
of flour was observed during accelerated aging (seeTable 2),
in agreement with the results found in pigeonpea (40), bamboo
(41), tomato (42), sal (43), watermelon (44), maize (45), French
bean (46), soybean and barley (13) and, in particular, in wheat
(47) seeds. Moreover, a degradation of wheat storage proteins

was observed during accelerated aging (seeFigure 3), which
resulted in a loss of the capability of flour to form gluten and
in a decrease in gluten flexibility, as observed by spin labeling
EPR (seeFigures 4 and 5). These findings, similar to those
obtained during in vitro gluten degradation by proteases from
dry and germinating wheat seeds (12), confirm the hypothesis
that macromolecules essential for seed germination are degraded
during aging (3-4). In this regard, a marked increase of three
proteolytic enzymes (i.e., carboxypeptidase, aspartic and serine
proteinase) of dry wheat seeds was found in the present study
during accelerated aging (seeFigure 2). A rise in proteinase
activity during accelerated aging of seeds was also reported by
other authors in sorghum (48), maize (45), pigeonpea (40),
barley, and wheat (49).

All together, our results indicate that biochemical events
produced by accelerated aging seem not to be the same occurring
in wheat seeds during natural aging. Our findings suggest that
accelerated aged seeds underwent some biochemical changes
needed for the process of germination and resulted in the loss
of their viability. Nevertheless, we cannot agree with Chauan
et al. (13) statement that seed deterioration biochemically mimics
seed germination because fundamental biochemical changes
undergoing during wheat seed germination, such as synthesis
of cysteine proteinase (50, 51), were not observed during
accelerated aging.

Finally, the contribution of microorganisms to the deteriora-
tion of seeds artificially aged for 10 and 14 days cannot be ruled
out. In fact, pathogens produce different classes of proteases
(i.e., aspartic proteinases, aminopeptidases, carboxypeptidases,
and prolyl dipeptidyl peptidases) (52) that greatly increase the
rate of deterioration of the host’s cellular structures. Unfortu-
nately, the fact that conditions which favor seed deterioration
(i.e., high moisture content and temperature used in accelerated
aging) also favor microbial growth makes difficult to ascertain
which aspects of deterioration are microbially induced and which
are self-inflicted by seeds (1).

ABBREVIATIONS USED

EPR, electron paramagnetic spectroscopy; 3-MAL, 3-male-
imidoproxyl; CBZ-Phe-Ala,N-carbobenzoxy-L-phenylalanyl-
L-alanine; E-64,trans-epoxysuccinyl-L-leucylamido-(4-guanidino)-
butane; Hb, hemoglobin; PAGE, polyacrylamide gel electro-
phoresis; SDS, sodium dodecyl sulfate; PMSF, phenylmethane-
sulfonyl fluoride; TCA, trichloroacetic acid.

SAFETY

Precautions were taken to prevent any contact of 3-MAL and
labeled gluten with skin and eyes.

ACKNOWLEDGMENT

We are grateful to P. Meletti for providing the plant material.

LITERATURE CITED

(1) Physiology of Seed Deterioration; McDonald, M. B., Nelson,
C. J., Eds.; CSSA Spec. Pub. No. 11, Crop Science Society of
America, Inc.: Madison, WI, 1986.

(2) Smith, M. T.; Berjac, P. Deteriorative changes associated with
the loss of viability of stored desiccation-tolerant and desiccation-
sensitive seeds. InSeed DeVelopment and Germination; Kigel,
J., Galili, G., Eds.; Dekker: New York, 1995; pp 701-746.

Table 4. Activation Energy of R (Ea
R) and τ (Ea

τ) in Gluten from
Unaged and Aged Wheat Seeds

duration of accelerated
aging (days) Ea

R (kJ/mol) Ea
τ (kJ/mol)

0 36.8 ± 1.3 20.2 ± 0.9
3 36.2 ± 0.4 15.2 ± 0.8
4 32.6 ± 1.0 15.3 ± 1.4
6 34.0 ± 0.5 9.6 ± 0.8

10 39.0 ± 2.0 16.5 ± 2.4

Accelerated Aging of Wheat Seeds J. Agric. Food Chem., Vol. 50, No. 19, 2002 5455



(3) McDonald, M. B. Seed quality assessment.Seed Sci. Res.1998,
8, 265-275.

(4) McDonald, M. B. Seed deterioration: physiology, repair and
assessment.Seed Sci. Technol.1999, 27, 177-237.

(5) Wilson, D. O.; McDonald, M. B. The lipid peroxidation model
of seed aging.Seed Sci. Technol.1986, 14, 269-300.

(6) Delouche, J. C.; Baskin, C. C. Accelerated aging techniques for
predicting the relative storability of seed lots.Seed Sci. Technol.
1973, 1, 427-452.

(7) Pinzino, C.; Capocchi, A.; Galleschi, L.; Saviozzi, F.; Nanni,
B.; Zandomeneghi, M. Aging, free radicals, and antioxidants in
wheat seeds.J. Agric. Food Chem.1999, 47, 1333-1339.

(8) Freed, J. H. Theory of slow tumbling ESR spectra for nitroxides.
In Spin Labeling: Theory and Applications; Berliner, L. J., Ed.;
Academic Press: New York, 1976; pp 53-132.

(9) Schneider, D. J.; Freed, J. H. Calculating slow motional magnetic
resonance spectra: a user’s guide. InBiological Magnetic
Resonance; Berliner, L. J., Reuben, L. J., Eds.; Plenum Press:
New York, 1989; pp 1-76.

(10) Hargreaves, J.; Le Meste, M.; Cornec, M.; Popineau, Y. Electron
spin resonance studies of wheat protein fractions.J. Agric. Food
Chem.1994, 42, 2698-2702.

(11) Hargreaves, J.; Popineau, Y.; Le Meste, M.; Hemminga, M. A.
Molecular flexibility in wheat gluten proteins submitted to
heating.FEBS Lett.1995, 372, 103-107.

(12) Capocchi, A.; Cinollo, M.; Galleschi, L.; Saviozzi, F.; Calucci,
L.; Pinzino, C.; Zandomeneghi, M. Degradation of gluten from
dry and germinating wheat (Triticum durum) seeds: anin Vitro
approach to storage proteins mobilization.J. Agric. Food. Chem.
2000, 48, 6271-6279.

(13) Chauhan, K. P. S.; Gopinathan, M. C.; Babu, C. R. Electro-
phoretic variations of proteins and enzymes in relation to seed
quality. Seed Sci. Technol.1985, 13, 629-641.

(14) Zandomeneghi, M.; Festa, C.; Carbonaro, L.; Galleschi, L.; Lenzi,
A.; Calucci, L. Front-surface absorbance of wheat flour: deter-
mination of carotenoids.J. Agric. Food Chem.2000, 48, 2216-
2221.

(15) Zandomeneghi, M. Fluorescence of cereal flour.J. Agric. Food
Chem.1999, 47, 878-882.

(16) Hapke, B. InTheory of Reflectance and Emittance Spectroscopy;
Arvidson, R. E., Rycroft, M. J., Eds.; Cambridge University
Press: Cambridge, UK, 1993; Chapters 10-11.

(17) Ambrosetti, R.; Ricci, D. A fast time averaging data acquisition
system for the PC-AT bus.ReV. Sci. Instrum.1991, 62, 2281-
2287.

(18) Pinzino, C.; Forte, C.ESR-Endor; ICQEM-CNR: Pisa, Italy,
1992.

(19) Kent, N. L. Chemical composition of cereals. InTechnology of
Cereals, 3rd ed.; Pergamon Press: Oxford, U.K., 1990; pp 27-
48.

(20) Besandoun, A.; Weinstein, D. Assay of proteins in the presence
of interfering materials.Anal. Biochem. 1976, 70, 241-250.

(21) Capocchi, A.; Galleschi, L.; Saviozzi, F. Isolation of wheat high
molecular weight glutenin subunits fromdurumwheat.Cereal
Chem. 2000, 77, 105-106.

(22) Laemmli, U.K. Cleavage of structural proteins during the
assembly of the head of the bacteriophage T4.Nature1970, 227,
680-685.

(23) Koenig, R.; Stegemann, H.; Francksen, H.; Paul, H. L. Protein
subunits in the potato virus X group. Determination of the
molecular weights by polyacrilamide electrophoresis.Biochim.
Biophys. Acta1970, 207, 184-189.

(24) Bottari, A.; Capocchi, A.; Fontanini, D.; Galleschi, L. Major
proteinase hydrolyzing gliadin during wheat germination.Phy-
tochemistry1996, 43, 39-44.

(25) Yemm, E.; Cocking, E. C. The determination of amino acids
with ninhydrin.Analyst1955, 80, 209-213.

(26) Sarath, G.; De La Motte, R. S.; Wagner, F. W. InProteolytic
Enzymes. A Practical Approach; Beynon, R. J., Bond, J. S., Eds.;
IRL Press at Oxford University Press: Oxford, UK, 1989;
Chapter 3.

(27) Belozersky, M. A.; Sarbakanova, S. T.; Dunaevsky, Y. E.
Aspartic proteinase from wheat seeds: isolation, properties and
action on gliadin.Planta 1989, 177, 321-326.

(28) Sarbakanova, S. T.; Dunaevsky, Y. E.; Belozersky, M. A.;
Rudenskaya, G. N. Carboxypeptidase from wheat seeds: isola-
tion by affinity chromatography and some properties.Biokhimiya
1987, 52, 1236-1269.

(29) Qi, X.; Wilson, K. A.; Tan-Wilson, A. L. Characterization of
the major protease involved in the soybeanâ-conglycinin storage
protein mobilization.Plant Physiol.1992, 99, 725-733.

(30) Hosokawa, T.; Okamoto, T.; Minamikawa, T. Characterization
of serine endopeptidases in cotyledons of germinatedVigna
mungoseeds.J. Plant Res.1999, 112, 217-221.

(31) Freed, J. H.; Fraenkel, J. Theory of line widths in electron spin
resonance.J. Chem. Phys.1963, 39, 326-348.

(32) Ellis R. H.; Roberts E. H. The quantification of aging and survival
in orthodox seeds.Seed Sci. Technol. 1982, 9, 373-409.

(33) Roberts E. H. Quantifying seed deterioration. InPhysiology of
Seed Deterioration; CSSA: 1986; Vol. 11, pp 101-123.

(34) Stoyanova, S. D. Genetic shifts and variations of gliadins induced
by seed aging.Seed Sci. Technol.1991, 19, 363-371.

(35) Priestley, A.; Werner, B. G.; Leopold, A. C.; McBride, M.
Organic free radical levels in seeds and pollen: the effect of
hydratation and aging.Physiol. Plant.1985, 64, 88-94.

(36) Buchvarov, P.; Gantcheff, T. S. Influence of accelerated and
natural aging on free radical levels in soybean seeds.Physiol.
Plant. 1984, 60, 53-56.

(37) Girard, J.; Le Meste, M. Lack of relationship between free radical
levels determined by ESR technique and viability of wheat seeds.
C. R. Acad. Sci. Paris1992, 314, 417-422.

(38) Bolton, J. R. Electron spin resonance theory. InBiological
Applications of Electron Spin Resonance; Swartz, H. M., Bolton,
J. R., Borg, D. C., Eds.; Wiley-Interscience: New York, 1972;
pp 11-62.

(39) Bersohn, M.; Thomas, J. R. Identification of peroxyl radicals
by EPR.J. Am. Chem. Soc.1964, 86, 959.

(40) Kalpana, R.; Madhava Rao, K. V. Absence of the role of lipid
peroxidation during accelerated aging of seeds of pigeonpea
(Cajanus cajan[L] Millsp.). Seed Sci. Technol.1994, 22, 253-
260.

(41) Ravikumar, R.; Ananthakrishnan, G.; Ganapathi, A.; Appasamy,
T. Biochemical changes induced by accelerated aging inBam-
busa bambosseeds.Biol. Plant. 1998, 40, 459-464.

(42) Coolbear, P.; Francis, A.; Grierson, D. The effect of low
temperature pre-sowing treatment on the germination perfor-
mance and membrane integrity of artificially aged tomato seeds.
J. Exp. Bot.1984, 35, 1609-1617.

(43) Nautiyal, A. R.; Thapliyal, A. P.; Purohit, A. N. Seed viability
in Sal. IV. Protein changes accompanying loss of viability in
Shorea robusta. Seed Sci. Technol.1985, 13, 83-86.

(44) Chiu, K. Y.; Wang, C. S.; Sung, J. M. Lipid peroxidation and
peroxide-scavenging enzymes associated with accelerated aging
and hydration of watermelon seeds differing in ploidy.Physiol.
Plant. 1995, 94, 441-446.

(45) Basavarajappa, B. S.; Shetty, H. S.; Prakash, H. S. Membrane
deterioration and other biochemical changes, associated with
accelerated aging of maize seeds.Seed Sci. Technol.1991, 19,
279-286.

(46) Begnami, C. N.; Cortelazzo, A. L. Cellular alteration during
accelerated aging of French bean seeds.Seed Sci. Technol.1996,
24, 295-303.

(47) Dell’Aquila, A. Wheat seed aging and embryo protein degrada-
tion. Seed Sci. Res.1994, 4, 293-298.

5456 J. Agric. Food Chem., Vol. 50, No. 19, 2002 Galleschi et al.



(48) Perl, M.; Luria, I.; Gelmond, H. Biochemical changes in sorghum
seeds affected by accelerated aging.J. Exp. Bot.1978, 29, 497-
509.

(49) Abdul-Baki, A. A. Relationship of glucose metabolism and
vigour in barley and wheat seeds.Crop Sci.1969, 9, 732-737.

(50) Galleschi, L. Proteolysis in germinating cereal grains.Recent
Res. DeV. Phytochem.1998, 2, 95-106.

(51) Sutoh, K.; Kato, H.; Minamikawa, T. Identification and possible
roles of three types of endopeptidases from germinated wheat
seeds.J. Biochem.1999, 126, 700-707.

(52) Doumas, A.; Van Den Broek, P.; Affolter, M.; Monod, M.
Characterization of the prolyl dipeptidyl peptidase gene (dppIV)
from the koji moldAspergillus oryzae. Appl. EnViron. Microbiol.
1998, 64, 4809-4815.

Received for review February 4, 2002. Revised manuscript received
June 13, 2002. Accepted June 13, 2002.

JF0201430

Accelerated Aging of Wheat Seeds J. Agric. Food Chem., Vol. 50, No. 19, 2002 5457


