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A b s tr a c t. The investigations consisted in laboratory
simulation of conditions prevailing in the real ecosystem in an
industrial rapeseed storage facility. The aim of the study was to
assess the impact of temperature, moisture, and static pressure on
degradation of tocopherols contained in rapeseed. Rapeseed varie-
ties with high oil content were analysed in the investigations.
Samples of seeds with 7, 10, 13, and 16% moisture levels were
stored at a temperature of 25, 30, and 35°C in specially designed
airtight pressure silos for storage in controlled conditions. During
the storage, the seeds were subjected to overpressure in the range
of 20-60 kPa. The seeds were stored in these conditions for 28
days. It was demonstrated that primarily moisture induced the
greatest loss of the total content of tocopherol and its a-T and
y-T homologues, followed by temperature and, to a lesser extent,
pressure. In addition, the results obtained showed that, in the case
of seeds characterised by higher moisture levels (13 and 16%), an
increase in the storage temperature in the range of 25-30°C rather
than 30-35°C intensified tocopherol loss more efficiently.
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INTRODUCTION

Over the last 20 years, the annual rapeseed production
has increased and reached 72.5 million tons, with 25.5 mil-
lion tons produced in Europe. With the annual production
rates of 2.7 million tons, Poland is one of the leading produ-
cers of rapeseed in Europe (http://www.faostat.fao.org). For
many years, rapeseed has been the object of many research
programmes focused on improvement of the species. The
ongoing research has led to development and introduction
for cultivation of the so-called double-zero varieties with
reduced contents of not only erucic acid (<2%), but also
glucosinolates. The investigations also resulted in deve-
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lopment of varieties with desired proportions of fatty acids
and increased levels of biologically active compounds eg
sterols and tocopherols. Among the available types of oil,
rapeseed oil is characterised by the most optimal proportion
of omega-6 and omega-3 acids recommended by nutritio-
nists (Booth and Gunstone, 2004; Mollers and Gunstone
2004, Rekas et al., 2015). Current technologies of phytos-
terol pathway engineering can provide a two- to threefold
increase in the phytosterol levels of oil seeds (Meyer et al.,
2009). Currently, rapeseed is a valuable raw material for
production of oil (Rusinek et al., 2012; Wroniak, 2012;
Wroniak and Rekas, 2015). The by-products obtained dur-
ing oil production can be used as valuable high-protein feed
(Gornas, 2015).

The quality of rapeseed oil depends primarily on the
condition of seeds used in production; therefore, seeds
should be properly preserved after harvest. Rapeseed har-
vested in Poland usually exhibits a moisture level of 7-17
and 80-90% of the raw materials require cleaning and dry-
ing (Rybacki et al., 2001). In Poland, it is recommended
that rapeseed intended for long-term storage should be dried
to a moisture level of 7% (Kasprzycka et al., 2010). After
the drying process, rapeseed should be cooled down. Next,
seeds should be safely stored in order to ensure continuity
of industrial oil production. Most frequently, rapeseed is
stored in containers and silos, which provide a certain eco-
system. During long-term rapeseed storage, maintenance
of suitable temperature-moisture conditions is essential;
hence, constant monitoring of the rapeseed condition is
very important (Rusinek and Kobytka, 2014). Drying and
cooling of rapeseed does not guarantee safe, long-term
storage thereof, since migration of moisture caused by
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heating of southern silo walls can take place. Consequently,
warmer seed layers are slightly drier while the cooler layers
undergo re-wetting, which may also be related to improp-
er maintenance of the silo air inlet (Ryniecki, 2005). The
increased water content in seeds intensifies seed respira-
tion, enhances the activity of enzymes contained therein,
and promotes growth of microflora, which leads to heating
of the seed mass in some conditions (Pronyk ef al., 2006).
The consequences of a temperature increase comprise
acceleration of the rate of adverse chemical and biochemi-
cal transformations occurring in seeds. A temperature rise
to 30°C increases the content of products of hydrolysis and
lipid oxidation in rapeseed and affects the fatty acid profile
(Krasucki ef al., 2002). In the case of rapeseed, these phe-
nomena are intensified by the high content of fat, which
enhances adverse biological and chemical processes, par-
ticularly in damaged seeds and the more delicate seed coat.
In damaged seeds, increased microbial activity leads to
deterioration of the quality or even destruction of the raw
material. These phenomena are particularly dangerous to
moist and overloaded seeds exposed to excess storage tem-
perature, the local high gradients of which may result from
impaired ventilation (Tys and Rybacki, 2001).

Rapeseed oil is a rich source of vitamin-E active com-
pounds (Gawrysiak-Witulska et al., 2009). With their pro-
perties, they play an important role in eg prophylaxis of car-
diovascular diseases (Rimm et al., 1993). Tocopherols are
involved in the stability of lipids in stored seeds and deter-
mine the proper nutritional value of extracted oils (Hofius
et al., 2003). Four homologues, a-, -, y-, and -, are dis-
tinguished among rapeseed tocopherols, with a-T and y-T
occurring in the amount of 800 mg kg™ of oil and the other
two present in trace amounts (Ratnayake and Daun, 2004).
During each stage of post-harvest processing (drying and
storage), the content of bioactive compounds is degraded.
The degradation rate depends on the conditions of rapeseed
drying or storage. Investigations conducted by Gawrysiak-
Witulska et al. (2009) showed a significant impact of the
drying conditions, varietal differences, and duration of
storage on the content of tocopherols in the black-seeded
rapeseed variety. The method of low-temperature seed
drying induced a 6-11% decline in the tocopherol content,
whereas drying with temperatures in the range of 60-120°C
yielded a 4-8% decrease. One-year storage of dried seeds
at a temperature of 10°C caused further losses. In investi-
gations concerning drying the seed of the yellow-seeded
variety, tocopherol losses were reported to reach 23% in
the process of air-drying at 120°C (Gawrysiak-Witulska
et al., 2015). Furthermore, there have been investigations
of tocopherol losses caused by improper conditions of rape-
seed storage (moisture 10-15.5% and temperature 25-30°C)
(Gawrysiak-Witulska et al., 2011).

During seed storage in a silo, the lower layers of rape-
seed are under the impact of static pressure exerted by the
upper layers. There are no data about the effect of changes

in this parameter on the content of bioactive compounds
during rapeseed storage. Therefore, the aim of these inves-
tigations was to make a laboratory simulation of a real
ecosystem present inside an industrial facility and assess
the effect of not only temperature and moisture but also
static pressure on degradation of tocopherols contained in
rapeseed during storage.

MATERIALS AND METHODS

In the investigations, high-oil rapeseed suitable for cold
pressing was used. Prior to each experiment, the seeds were
moistened to the predetermined moisture level. To this end,
the seeds were sprayed with a suitable amount of water cal-
culated from the mass balance. Next, the sample was stirred
in a laboratory stirrer for 24 h at a temperature of 8°C in
order to equalise the seed moisture content in the entire vo-
lume. Afterwards, seed moisture was checked twice before
the beginning of the experiment. Four levels of moisture
were tested in the experiments ie 7, 10, 13, and 16%.

After humidification, the seeds were stored in specially
designed airtight pressure silos for rapeseed storage in con-
trolled conditions. The pressure silos allowed storage of
seed samples in a temperature range from 7 to 70°C and
a pressure value up to 400 kPa. The capacity of the silo was
0.23 m® and the weight was 215 kg. The equipment facili-
tated conducting the experiments in aerobic and anaerobic
conditions. The analyses were performed using 0.5 kg
seed samples. Moistened seeds were placed in PVC bags
and transferred to rubber sleeves made of thin latex rub-
ber. The foil layer prevented chemical reactions between
latex and fat. Samples prepared in this way were sealed
hermetically with a Teflon plug with inserted flow tubes,
the outlets of which were placed outside the silo. To meet
the requirements of the investigation programme, there was
a possibility of opening or closing the tubes to provide aero-
bic or anaerobic conditions, respectively. Each sample was
monitored on-line in the silo by means of temperature and
moisture sensors placed in intergranular spaces as well as by
carbondioxidesensors. The samples were transferred into the
container, which was hermetically closed and the predeter-
mined storage parameters were applied. The tested over-
pressure was applied in the range of 20, 40, and 60 kPa
at temperature values of 25, 30, and 35°C. The values of
static pressure affecting the samples in the rubber sleeve
corresponded to actual conditions prevailing in silos.
Calculations of the pressure of the top seed layers were car-
ried out for a typical reinforced concrete silo with capacity
of about 8000 m®. The seeds were stored in anaerobic con-
ditions for 28 days.

The seed moisture content was determined using an
electronic moisture analyser (MA 150 Sartorius Mechatronics,
Poland). The moisture analyser used a reference standard
prepared by drying a 5 g sample to constant mass at a tem-
perature of 105°C. The measuring accuracy of the analyser
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was 0.05% (w.b.). The moisture analyser was calibrated
with the oven method according to the AOCS Official
Method Ba 2a-38 (AOCS Official Method Ba 2a-38, 2007)
using the prepared reference as mentioned above.

Samples of seeds (2 g) were saponified using 60% KOH
(2 ml), ethanol (20 ml) and pyrogallol (0.5 g). Saponification
was carried out at the ethanol boiling point temperature
(78°C) for 30 min. After saponification, unsaponifiable sub-
stances were extracted using 50 ml n-hexane/ethyl acetate
(90:10 v/v). 100 ml of the organic layer (unsaponifiable)
were collected for high-performance liquid chromatogra-
phy (Waters 600 Milford, MA, USA). A LiChrosorb Si60
column (250 x 4.6 mm, 5 pm) was used. The mobile phase
consisted of n-hexane and 1.4-dioxane (96:4 v/v). The flow
rate was 1.0 ml min’'. The fluorometric detector (Waters
474 Milford, MA, USA) worked at excitation at 295 nm
and emission at 330 nm (Gawrysiak-Witulska et al., 2001).
Tocopherols (a-T, B-T, y-T, 6-T) were identified by compa-

41

rison of retention time, and concentrations were calculated
by comparison of the area values with values from exterior
standard tocopherols (Merck, Darmstadt, Germany).

In order to determine the influence of pressure, tempe-
rature, and moisture on tocopherol degradation during stor-
age, a multiple analysis of variance was performed. For the
significance factors, post-hoc tests (Tukey) were addition-
ally performed to determine homogenous groups. All tests
were considered significant at p < 0.05. The analysis was
performed by Statistica V.10 (StatSoft, Inc., USA) package.

RESULTS AND DISCUSSION

Changes in the total content of tocopherol, its homo-
logues, and plastochromanol-8 are presented in Figure 1.
In rapeseed intended for storage (control), the total toco-
pherol content was 460.51 mg kg' (Fig. 1a). As reported
by Dolde et al. (1999), the total tocopherol content in rape-
seed is characterised by great variability and is largely
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Fig. 1. The effects of rapeseed storage conditions on: a — total tocopherol, b — a-T, ¢ —y-T, and d — PC-8 contents.
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Fig. 1. Continuation.

dependent on changes in the environmental conditions.
Its content may vary in the range of 80-1000 mg kg''. The
percent proportion of the tocopherol fraction in the control
sample was characteristic for that in rapeseed oil. The do-
minant tocopherol was the o-T homologue (242.4 mg kg™'),
which constituted 53% of the total content of tocopherols.
The content of y-T was 207.1 mg kg™ (45%). The other toco-
pherol homologues were present in substantially lower
amounts and accounted for up to 2%. Similarly, Marwede
et al. (2004) and Gawrysiak-Witulska ef al. (2011) show-
ed in their papers that the a-T and y-T homologues were the
dominant tocopherols in rapeseed. As shown by Gawrysiak-
Witulska et al. (2011), depending on the variety, a-T con-
stituted 36-41% of the total tocopherol content, while y-T
accounted for 57-62%. In the samples intended for stora-
ge, the o-T to y-T ratio was estimated at 1.17 (Table 1). As
reported by Marwede et al. (2004), the a-T to y-T ratio in

25°C 30°C 35°C

25°C 30°C 35°C 25°C 30°C 35°C

rapeseed ranges from 0.54 to 1.7. Investigations conducted
by Gawrysiak-Witulska et al. (2009, 2011) confirm this
relationship.

During storage in the established overpressure and
temperature conditions, the total tocopherol content in the
seeds characterised by different moisture levels declined
by 3-14%. The greatest loss (13-14%) was noted in seeds
stored at 16% moisture and 35°C. In these seeds, the toco-
pherol content determined after the end of the experiment
was 397.2 (20), 395.6 (40), and 398.9 mg kg (60 kPa).
Seed storage at 16% moisture, temperatures of 25 and
30°C, and 20-60 kPa overpressure resulted in 10-13% loss
of the total tocopherol content. The losses increased with
the increasing storage temperature. The smallest loss of the
total tocopherol content was noted in seeds stored at 7%
moisture and a temperature of 25°C (20-60 kPa). In these
samples, the tocopherol content estimated after the experi-
ment declined to a level of 447.6-448.39 mg kg' (3%).
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Table 1. a-T/y-T ratio for stored rapeseed
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Temperature (°C)

Over- 25 30 35

pressure

(kPa) Moisture (%)

7 10 13 16 7 10 13 16 7 10 13 16

Control 1.17 1.17 1.17 1.17 1.17 1.17 1.17 1.17 1.17 1.17 1.17 1.17
20 1.18 1.17 1.14 1.16 1.18 1.16 1.13 1.09 1.15 1.17 1.13 1.08
40 1.17 1.17 1.14 1.17 1.18 1.15 1.13 1.10 1.16 1.15 1.14 1.08
60 1.17 1.18 1.15 1.16 1.19 1.16 1.13 1.10 1.18 1.15 1.12 1.09

In the same seeds stored at 30 and 35°C, the loss of the inves-
tigated compounds reached 4-5%. After the storage period,
seeds with the moisture level of 10% were characterised by
a 5-8% decrease in the tocopherol content. As in the case of
the seeds with the 16% moisture level, the losses increased
with the rising storage temperature. After storage at 25°C,
seeds with the 13% moisture content exhibited 8-9% deg-
radation of the total tocopherol content; in turn, the loss
reached 10% in seeds stored at 30 and 35°C. Investigations
carried out by Gawrysiak-Witulska et al. (2011) showed
14.4% loss in the tocopherol content after 18-day storage
of rapeseed with a moisture level of 15.5% at a tempera-
ture of 30°C. Storage of seeds with the 10% moisture
content in the same conditions resulted in 4% tocopherol
losses. As reported by Gopalakrishnan et al. (1996), 10 day
storage of crushed rapeseed at room temperature may cause
a 50% reduction of the total tocopherol content. Gawrysiak-
Witulska et al. (2009) showed a 23-30% decline in the
tocopherol level after one-year storage of seeds dried at
10°C. Goffman and Méllers (2000) investigated changes in
the tocopherol content in whole rapeseed stored at 5, 20,
and 40°C. The authors observed a decline in the tocopherol
content only at a temperature of 40°C.

This paper also presents analysis of degradation of
tocopherol homologues induced by storage conditions
(Fig. 1b, c). In the case of a-T, likewise for the total toco-
pherol content, the greatest loss (15-16%) was noted for
seeds with the 16% moisture content stored at a temper-
ature of 35°C. In these samples, there was a decline in
the o-T level from 242.4 to 204.5 mg kg' (20 kPa),
203.6 mg kg (40 kPa), and 205.9 mg kg™ (60 kPa). Storage
of seeds with 16% moisture caused slightly smaller losses
of these compounds at 30°C (14-15%) and substantially
smaller losses at 25°C (9-10%). The smallest a-T loss was
reported during storage of seeds with the 7% moisture level
at 25°C. In these samples, irrespective of the overpressure
applied, the loss was estimated at 2%. During storage of
samples with the 7% moisture level, the a-T loss increased
to 3% at 30°C and to 4% at 35°C regardless of the over-
pressure applied. Degradation of o-T in the seeds with

the 10% moisture content was in the range of 4-8% and
increased with the rising storage temperature. The increase
in the content of the stored seed moisture to 13% resulted in
10-11% loss of the compound. In a previous investigation
by Gawrysiak-Witulska et al. (2011), o-T losses in seeds
with a 10% moisture level stored for 18 days at a tempera-
ture of 25 and 30°C were smaller ie 2-3%. In this study,
elevation of the moisture content in the stored seeds from
10 to 12.5% yielded nearly twofold a-T loss at 25°C and
threefold loss at 30°C.

The losses in the y-T homologue content noted during
storage of seeds with the 7 and 10% moisture levels at dif-
ferent temperature and pressure values were comparable to
the losses noted for the a-T homologue. In the seeds with
the 13% moisture content, the degradation of the y-T homo-
logue in the established storage conditions was slower than
that of a-T and ranged between 5 and 8%. Similar relation-
ships were observed for stored seeds with 16% moisture,
in which 8-10% losses were reported. Similarly, in the
investigations of Gawrysiak-Witulska et al. (2011), during
inappropriate storage of rapeseed, the degradation rate was
lower for the y-T homologue than in the case of a-T. After
18-day storage of seeds with 10% moisture, the losses of
this homologue ranged from 1.5 to 3% (at 25 and 30°C,
respectively). Storage of seeds with a 12.5% moisture le-
vel induced 4-5% losses of this compound, whereas in the
seeds with 15.5% moisture the losses reached 6 and 12%.

Multivariate analysis revealed the greatest impact of
moisture followed by temperature and a slight effect of
pressure on the losses of the total tocopherol content and the
a-T and y-T homologue levels. Additionally, it showed an
interaction between temperature and moisture. An increase
in the moisture content intensified the losses caused by the
increasing temperature. Simultaneously, the temperature
rise enhanced the increase in the loss levels induced by the
increase in the moisture content. Furthermore, at the low
seed moisture level (7%), a statistically significant effect of
the higher pressure on y-T degradation was observed. The
investigation results also demonstrated that, in the case of
rapeseed with the higher moisture contents (13 and 16%),
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the increase in the storage temperature from 25 to 30°C
enhanced tocopherol loss more efficiently than the temper-
ature rise from 30 to 35°C.

The higher rate of a-T homologue degradation, compa-
red with that of y-T, is clearly indicated by the change in
the a-T/y-T ratio value (Table 1). The largest decrease in its
value ie from 1.17 to 1.08-1.1, was observed during storage
of the seeds with 16% moisture at 30 and 35°C (20-60 kPa).
The investigations conducted by Gawrysiak-Witulska et al.
(2009) indicated a faster rate of degradation of the y-T than
o-T homologue during one-year storage of seeds with 7%
moisture (recommended for long-term storage) at a tem-
perature of 10+2°C, which resulted in an increase in the
o-T/y-T ratio from 0.7 to 1.0, depending on the variety and
the drying method employed. In further research of tocoph-
erol degradation caused by improper storage of rapeseed,
Gawrysiak-Witulska et al. (2011) reported a higher rate of
the a-T homologue, compared with y-T.

Rapeseed also contains PC-8, which has a chromanol
ring identical to the y-T homologue, although it has a longer
side chain (8 isoprene units) and, as such, is classified as
a derivative of gamma-tocotrienol (y-T3) (Przybylski and
Mag, 2002). The initial content of this compound in the
rapeseed was 53.4 mg kg!. The level of the compound
assessed after the storage period is presented in Fig. lc.
The increased seed moisture and storage temperature con-
tributed to losses of the content of this compound, which
proved to be less stable in the experimental conditions than
tocopherols. The greatest PC-8 losses (16-19%) were noted
for seeds with the 16% moisture level stored at the temper-
ature range of 25-35°C. The smallest PC-8 losses (7-8%)
were observed in seeds with the 7% moisture level stored
at 25°C (20-60 kPa). In these samples, the content of PC-8
estimated after the storage process declined to the level
of 49.09-49.6 mg kg'. In the same rapeseed stored at 30
and 35°C, the losses of the investigated compound reached
7-11%. After the storage period, seeds with the 10% mois-
ture level exhibited an 8-14% decrease in the PC-8 content.
In previous studies, Gawrysiak-Witulska et al. (2011) show-
ed that PC-8 losses were higher than the losses of the to-
tal tocopherol content after 18-day storage of rapeseed
at a moisture level of 10, 12.5, and 15.5% and a tempe-
rature of 25 and 30°C. Similarly, research conducted by
Goffman and Mbdllers (2000) demonstrated that PC-8
was degraded more readily than tocopherols during sto-
rage of whole rapeseed. PC-8 losses have also been not-
ed during the process of yellow-seeded rapeseed drying
(Gawrysiak-Witulska et al., 2015). However, detailed
analysis showed that PC-8 losses induced by air-drying
at a temperature of 40-60°C were greater than those of total
tocopherols; in turn, at 100-120°C drying, the losses were
smaller than those found for total tocopherols. In the analy-
sed rapeseed, there were no tocotrienols, which have equal
or higher antioxidant activity but lower vitamin E activity
than tocopherols, as reported by Rippert et al. (2004).

CONCLUSIONS

1. The results have shown that inadequate conditions
of storage of rape seed for oil production can significantly
reduce the value of nutritional compounds — tocopherols in
the rapeseed and, hence, in the end product.

2. The greatest impact of moisture followed by tempe-
rature and a slight effect of pressure on the losses of the
total tocopherol content as well as the a-T and g-T homo-
logues have been demonstrated.

3. The results have also revealed that, in the case of seeds
with the higher moisture levels (13 and 16%), the 25-30°C
rise in storage temperature intensifies tocopherol loss more
efficiently than the 30-35°C temperature increase.
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