ARTICLE

ABRATES

Journal of
Seed Science

ISSN 2317-1545
www.abrates.org.br/revista

Biochemical changes stimulated by accelerated aging in
safflower seeds (Carthamus tinctorius L.)

Sercan Onder'* , Muhammet Tongu¢! , Damla Giivercin®> , Yasar Karakurt!

ABSTRACT: Seed vigor tests are used to estimate their quality. One of the most commonly used is
the accelerated aging test (AA). The aim of the present study was to study the biochemical changes
caused in the seeds and to determine their germination status after the AA. Six safflower genotypes
were tested at 43 °C and 45 °C for 0, 48, 72, 96 and 120 h, and germination percentage (GP), mean
germination time (MGT) and normal seedling percentage (NSP) were evaluated to determine the
aging reactions of the genotypes. During the AA at 45 °C, the seeds quickly lost their germination
ability after 48 h; after 120 h, the seeds lost their viability, remaining, however, still viable at 43 °C. Two
genotypes that aged more (Linas and Olas) and less (Bayer-6 and Bayer-12) were chosen to examine
the biochemical changes during the AA at 43 °C. Eleven biochemical analysis were performed to
understand physiological changes associated with the test. Total caratone, xanthophyll, phenolics,
flavonoid, soluble protein, soluble sugars, oil and malondialdehyde contents were lower after 120
h, compared to 0 h. Reducing sugars and free fatty acids contents increased in the least and most
aging genotypes. However, the total tocopherol content increased in the least aging genotypes and
decreased in the most aging genotypes after 120 h, compared to 0 h. The results showed that the
AA at 43 °C was suitable to study the aging process in the safflower seeds. Besides, understanding
the chemical changes was useful to elucidate the physiological basis of seed aging.

Index terms: germination, lipid peroxidation, oil seed, seed deterioration.

Alteragbes bioquimicas estimuladas pelo envelhecimento acelerado
em sementes de cartamo (Carthamus tinctorius L.)

RESUMO: Testes de vigor de sementes sdo usados para estimar sua qualidade. Um dos mais
utilizados é o teste de envelhecimento acelerado (EA). O objetivo do presente estudo foi estudar as
alteragGes biogquimicas provocadas nas sementes e determinar seu status de germinagdo apods o EA.
Seis gendtipos de cartamo foram testados a 43 °C e 45 °C por 0, 48, 72,96 e 120 h, e a porcentagem
de germinagdo (PG), o tempo médio de germinagdo (TMG) e a porcentagem normal de plantulas
(PNP) foram avaliados para determinar as reagGes de envelhecimento dos gendtipos. Durante o EA
a 45 °C, as sementes perderam rapidamente a capacidade de germinagdo apds 48 h; apds 120 h, as
sementes perderam a viabilidade, mantendo-se, porém, ainda vidveis a 43 °C. Dois gendtipos que
envelheceram mais (Linas e Olas) e menos (Bayer-6 e Bayer-12) foram escolhidos para examinar
as alteragGes bioquimicas durante o EA a 43 °C. Onze andlises bioquimicas foram realizadas para
entender as alteragbes fisioldgicas associadas ao teste. Os teores totais de caratona, xantofila,
fendlicos, flavonoides, proteinas soluveis, aglcares soluveis, 6leo e malondialdeido foram menores
ap6s 120 h, em comparagdo a 0 h. O teor de agUcares redutores e de acidos graxos livres aumentou
nos genotipos menos e mais envelhecidos. No entanto, o teor total de tocoferol aumentou nos
genotipos com menor envelhecimento e diminuiu nos gendtipos com maior envelhecimento apos
120 h, em comparagdo a 0 h. Os resultados mostraram que o EA a 43 °C foi adequado para estudar
o processo de envelhecimento nas sementes de cartamo. Além disso, compreender as alteragoes
guimicas foi util para elucidar a base fisioldgica de envelhecimento das sementes.

Termos para indexacdo: germinagdo, peroxidacdo lipidica, oleaginosas, deterioracdo de sementes.

Journal of Seed Science, v.42,
202042015, 2020

http://dx.doi.org/10.1590/2317-
1545v42227873

*Corresponding author
E-mail: sercanonder@outlook.com

Received: 8/25/2019
Accepted: 3/16/2020

YIsparta University of Applied Science,
Faculty of Agricultural, Department of
Agricultural Biotechnology — 32200,
Isparta, Turkey.

2Suleyman Demirel University,
Faculty of Arts and Sciences,
Department of Biology — 32260,
Isparta, Turkey.

Journal of Seed Science, v.42, e202042015, 2020


https://orcid.org/0000-0002-8065-288X
https://orcid.org/0000-0003-1292-2910
https://orcid.org/0000-0002-6639-3818
https://orcid.org/0000-0003-3914-0652
http://dx.doi.org/10.1590/2317-1545v42n1221062
http://dx.doi.org/10.1590/2317-1545v42n1221062

2 S. Onder et al.

INTRODUCTION

Safflower (Carthamus tinctorius L.) is an important oilseed plant belonging to the Asteraceae. Safflower was used to
obtain edible oil, biodiesel production, natural dyes and pharmaceuticals. In recent years, safflower started to become
popular and world safflower acreage reached to 967.742 ha with a total production of 738.477 tons in 2017 (FAO, 2019).

Safflower has a regular flowering pattern with the formation of side branches on the main stem (Baydar and
Ulger, 1998). Flowering period lasts between 10-40 days and, consequently, seeds of different sizes and quality are
obtained from the plant. Since the seeds are stored after harvesting, deterioration and aging events occur within
the seeds (Priestley, 1986). Seed degradation and aging affect their viability and vigor, leading to a decrease in their
guality and even to death.

Seed vigor tests are used to estimate seed quality. One of the most commonly used is the accelerated aging (AA).
In this test, seeds are artificially aged by exposure to high temperatures and high humidity for a certain period of time.
The AA method was useful for estimating the vigor of various plants such as wheat (Ghahfarokhi et al., 2014), maize
(Dias et al., 2015), soybean (Usha and Dadlani, 2015), canola (Yin et al., 2015), safflower (Demir, 2014) and sunflower
(Kibinza et al., 2006; Balesevi¢-Tubié¢ et al., 2007), and the percent of emergence.

The main components of the seeds are lipids, carbohydrates, proteins and vitamins. The existence of these
compounds in the seeds varies according to the plant species, environmental conditions and variety. Seed aging at the
cellular level affects these reserves, resulting in cell membrane degradation, changes in energy metabolism, changes in
the structure of proteins and enzymes, reduction in seed reserve utilization, degradation in lipid and carbohydrates and
production of reactive oxygen species (ROS) and toxic compounds (Priestley, 1986). All these physiological reactions
can lead to the deterioration in DNA structure and to the inhibition of RNA and protein synthesis. The loss of seed
viability is the cumulative result of the deterioration effects in the cell. Components that accumulate in degraded or
aged seeds also negatively affect the germination of non-degraded seeds (Priestley, 1986).

A large proportion of oilseed plants, such as safflower, are at risk of lipid peroxidation. During seed aging, the
lipids in cells are degraded by enzymatic (lipases) lipid peroxidation or non-enzymatic (oxidative peroxidation) lipid
peroxidation (Berger et al., 2001). Free radicals resulting from stress in seeds cause lipid peroxidation by acting on
polyunsaturated fatty acids in membranes. Oxidative peroxidation is observed when the seed moisture content is low,
but the ambient temperature is high. In enzymatic lipid peroxidation, lipases are activated when the water content of
the seed is high and increases the effect of oxidative peroxidation.

Although safflower is becoming an important oilseed species, few studies were conducted to investigate safflower
seed aging, vigor and viability. Although the seeds are classified as high or low vigor by using different vigor tests in seed
groups of some plants, the information published in vigor tests used on safflower is still not enough. In recent years, the
safflower cultivation increased the need of research on this plant.

The aim of the present study was to determine the germination responses of safflower genotypes after the
accelerated aging test (AA), conducted under two different temperatures and periods, and to study the biochemical
changes during the AA to elucidate the physiological basis of the seed aging in this species.

MATERIAL AND METHODS

Plant material

Six safflower genotypes (Bayer-6, Bayer-12, Dinger, Montola 2000, Linas, Olas) was kindly provided by Sabri Erbas
from the Department of Field Crops. Seeds of all genotypes were stored at 4 °C until the experiments. 1000-seed
weights and moisture contents (MC) of the genotypes were determined according to ISTA (2009) . Surface sterilization
of the seeds was carried out in 1% sodium hypochlorite for ten minutes.
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Accelerated aging and germination test

The AA was performed as indicated by ISTA (2009) after the MC of all genotypes was adjusted to 12%. Briefly,
the AA was carried out in sealed plastic boxes at 100% relative humidity under five time periods (0, 48, 72, 95 and
120 h) and two different temperatures (43 °C and 45 °C) after the seeds were placed on a sieve. Each plastic box was
used to include only one genotype and a single combination of temperature and time. After the test, two hundred
seeds (50 x 4) from each genotype was put into filter papers, and the standard germination tests was conducted in a
germination cabinet at 25 + 1 °C for fourteen days (ISTA, 2009). The rest of the seeds were stored in the refrigerator at
4 °C for biochemical analyses. Radicle formation of at least 2 mm in length was used as a germination criterion. Seeds
were counted everyday to determine the germination percentage (GP), normal seedling percentage (NSP) and mean
germination time (MGT) for fourteen days (ISTA, 2009). According to the results of the AA, the two most and the least
aging genotypes were chosen and all biochemical analyses were performed using them.

Biochemical analysis

Total amount of carotene and xanthophylls contents were determined according to AOAC (1984). Absorbance
values at 436 nm and 474 nm for carotenes and xanthophylls, respectively, were used to determine the total carotene
and xanthophilic contents of the samples.

The extraction and quantification of total soluble phenolics and flavonoids was done according to Sakanaka
et al. (2005). The absorbance value of the samples for total soluble phenolics was determined at 760 nm, and
0.01-0.02-0.04-0.06-0.08 mM gallic acid standard was used for the standard curve. Absorbance at 510 nm was
measured, and 0.2-0.4-0.6-0.8-1.0 mM (+) - catechin concentrations were used as the standard curve for flavonoid
content determination.

Total soluble protein content was determined by Lowry-Hartree method (Hartree, 1972). 0.03-0.06-0.09-
0.12-0.15 mg.mL* BSA was used to obtain the standard curve, and the absorbance values of the samples were
determined at 650 nm.

Total tocopherol content was determined according to modified Emmerie-Engel method as described in Backer et
al. (1980). The absorbance values of the samples were determined at 522 nm after 60 s, and 0.02-0.04-0.06-0.08-0.1
mM a-tocopherol was used to obtain the standard curve.

Total soluble sugars (TSS) and reducing sugars (RS) extraction was done as described in Tongug et al. (2012). For TSS
determination, phenol sulfiric acid assay (DuBois et al., 1956) and RS Nelson-Somogyi (Somogyi, 1952) methods were
used. Standard curve was prepared using glucose at concentrations of 0.005-0.01-0.015-0.020-0.030 mg.mL™.

Free fatty acids content determination was carried out as recommended by Lowry and Tinsley (1976). The standard
curve was prepared using 2-4-6-8-10 mg.mL* oleic acid, and the absorbance of the samples were read at 715 nm with
a spectrophometre. The total oil content of the genotypes was determined by nuclear magnetic resonance (NMR,
Briikermq_ ), and the results were expressed as %.

Malondialdehyde (MDA) analysis was performed as described by Jiang et al. (2018). Absorbance at 532 nm was
measured and subtracted from the absorbance at 600 nm. The amount of MDA was calculated with an extinction
coefficient of 155 mm.cm™.

Statistical analysis

The transformation was performed to normalize the germination test results. The obtained germination
and biochemical data were analyzed with the Proc GLM procedure using SAS (1999) program. Each analysis was
performed in tree replicates, and Duncan multiple comparison tests (p < 0.05) was used to discriminate the
differences between the means.
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RESULTS AND DISCUSSION

Seed characteristics

There were significant differences between the one thousand seed weight and the initial moisture content of the
seeds (Table 1). 1000 g weight was found to be the highest in Bayer-6, while the lowest seed weight was found in
Bayer-12. Montola 2000 and Dinger had higher MC than the other genotypes. Olas had the lowest MC in the study, but
there was no significant difference with Bayer-12.

The decline of seed germination, vigor and viability during AA

The germination tests were performed in seeds exposed to AA for 0, 48, 72, 96 and 120 h, at both 43 °C and 45 °C.
Increased temperature and time led to significant reductions in the GPs of the genotypes (Table 2). Aging at 43 °C for 48 h
only reduced GP of Olas, whereas AA at 45 °C for 48 h reduced GPs of Dinger, Linas and Olas significantly. Exposure to the test
at 43 °C for 72 h reduced GP values of all genotypes, with the exception of Bayer-12, whose GP only declined significantly
after 120 h exposure. On the other hand, exposure to the test at 45 °C after 72 h reduced GP of all genotypes, and after 120
h exposure time, all genotypes lost their germination ability.

The increase in temperature and time during the AA caused increased MGT and decreased NSP values (Table 2).
Regardless of time and temperature, MGT values increased in the test conditions. In all genotypes, the highest MGT
was observed at 43 °C for 120 h. Most of the abnormal seedlings did not have roots, or primary roots were short, or
hypocotyls were deformed. Exposure to 43 °C for 48 h did not significantly affect NSP of the genotypes. However,
exposure to 45 °C temperature for 48 h reduced NSP of Dinger, Olas and Linas. After 48 h duration time, NSP values of
all genotypes reduced significantly for both temperatures.

Due to different MC of the seeds, seed MC was adjusted to approximately 12% to not to cause any difference during
the AA. Seed MC and temperature are the most important factors affecting seed deterioration. As the seed MC and
temperature increase, the rate of deterioration reactions in the seeds increase (McDonald and Kwong, 2005). A 1%
decrease in seed MCincreases the seed life 2-fold, likewise 5 °C reduction at the storage temperature increases the seed
life twice (Harrington, 1972). In the current study, increase in MC of seeds aged at high temperature had a detrimental
effect on germination and viability. High MC together with high temperatures could lead to a faster deterioration of the
seeds during aging, leading to rapid viability decline in safflower (Demir, 2014) and sunflower (Kibinza et al., 2006). Our
results show that as the temperature and time increased in the AA, the seeds’ vigor and viability decreased.

When all germination index data were evaluated, seed vigor and viability were lost very quickly at 45 °C. Therefore,
the AA at 45 °C was not suitable for determining biochemical changes in seeds. All biochemical analyses were performed
on genotypes exposed to the AA at 43 °C. Two genotypes that aged more (Linas and Olas) and less (Bayer-6 and
Bayer-12) were chosen to examine the biochemical changes during the AA at 43 °C.

Table 1. One thousand seeds weight and seeds moisture content of the investigated safflower genotypes.

Genotype 1000 seed weight (g) Seeds MC (%) Seeds MC before AA (%)
Bayer- 6 48.99 a 4.65b 12.00
Bayer-12 34.15e 4.45 cd 11.99

Dinger 40.76 ¢ 4,79 a 11.96
Montola 2000 38.57d 4.81a 12.02
Linas 4432 b 451c 12.06
Olas 37.73d 4.38d 12.00

abcMeans followed by the same letter (s) are not significantly different at p < 0.05.

Journal of Seed Science, v.42, e202042015, 2020



Accelerated aging and accompanied chemical changes in safflower seeds 5

Table 2. Germination percentage (GP, %), mean germination time (MGT, day) and normal seedling percentage (NSP, %)
after accelerated aging test (AA) and standard germination (SG) of safflower genotypes.

Temp. Time Bayer-6 Bayer-12 Dinger
(hour) GP MGT NSP GP MGT NSP GP MGT NSP
48 88.0a 212 cd 78.0a 88.0a 211c 81.0a 94.0a 1.84d 86.5a
43°C 72 70.5b 2.20cd 55.5 bc 80.0a 2.14c 720b 80.5b 1.52d 57.5d
96 62.0c 3.62b 52.0¢c 78.0a 3.65b 69.5b 73.5¢ 2.99b 67.5¢
120 39.0e 4.38 ab 31.5d 435c 50a 35.0¢c 39.5d 3.13b 215e
48 80.5a 2.24 cd 73.0a 88.0a 2.08 cd 77.5 ab 86 b 1.47d 79.5b
45 °C 72 53.25d 3.07 bc 38.0d 60.0 b 3.22b 38.5¢ 42d 2.29¢ 175e
96 16.5f 5.00 a 7.0e 8.0d 5.46 a 3.0d 35e 39a 0.0f
120 05¢g 1.5d 0.0e 0.0d 0.0d 0.0d 0.0e 0.0e 0.0f
Control 0 89.5a 1.96d 79.0a 89.0a 1.80 ¢ 82.5a 94.0a 1.58d 87.0a
Temp. Time Montola 2000 Linas Olas
(hour) GP MGT NSP GP MGT NSP GP MGT NSP
48 91.0a 2.10 bc 86.0a 825a 2.36cd 71.0a 87.0b 24cd 77.0 ab
43°c 72 79.0b 1.86 bc 67.5b 67.0b 2.61cd 54.5b 78.5¢ 2.7cd 72.0b
96 79.0b 3.16b 72.5b 50.5c 3.74b 450c 47.0e 4.7b 42.5d
120 36.0d 3.79b 26.0c 19.0e 6.02 a 95e 155¢g 6.03 a 125f
48 92.0a 1.91 bc 81.5a 69.0 b 2.54 cd 58.5b 67.5d 2.88¢c 59.5¢c
45 °C 72 46.5c 3.25b 27.5¢ 41.0d 3.2 bc 21.0d 33.0f 414 b 22.0e
96 135e 5.61a 5.5d 45f 5.45a 1.0f 5.5h 6.06 a 35¢g
120 0.5f 15¢c 0.0d 0.0f 0.0e 0.0f 0.0h 0.0e 0.0g
Control 0 93.0a 147 c 86.5a 83.0a 1.71d 71.0a 93.0a 1.86d 81.5a

abcMeans followed by the same letter (s) are not significantly different at p < 0.05.

Biochemical analysis in relation to seed deterioration

Total carotene content of the seeds of the least and most aging genotypes decreased during the test compared to
control. Carotene content of Bayer-6 and Bayer-12 decreased steadily until 96 h of aging, but increased at 120 h of aging
(Table 3). In Linas and Olas, the decrease in carotene content during aging was not regular compared to control. Total
carotene content in the Bayer-6 and Bayer-12 decreased by 47 and 32%, respectively, after 120 h of aging, compared to
control. In Linas and Olas, the decrease in carotene content was 37 and 23%, respectively.

Biochemical changes in the seeds at the molecular level are related to seed degradation (Rejeendran et al., 2018).
Seed aging causes production of ROS, enzyme inactivation, degradation of cell membranes and genetic changes.
Seeds have non-enzymatic defense mechanisms to reduce the effect of ROS species. The non-enzymatic detoxifying
compounds in the seeds are carotenes, vitamins and phenolic substances.

Carotenoids contribute to antioxidant systems to prevent production of free radicals, leading to membrane
degradation and seed aging. In addition, carotenoids protect the seed oil against oxidation. Smolikova and Medvedev
(2015) reported a 2.5-fold increase in carotenoid level, after aging for six days at 40 °C in cabbage seeds. Carotene
content gradually decreased in seeds aged in 100% relative humidity at 40 °C, ROS level increased 2.5 times, and
wheat seeds lost their germination ability completely (Galleschi et al., 2002). In this study, carotenoid contents in four
genotypes decreased gradually after the AA, showing that the carotenoid levels in safflower seeds contribute to protect
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seeds from degradation and to prevent the loss of seed viability.

Xanthophylls are the oxygen carrying forms of carotenes, and significant decreasesin the total amount of xanthophylls
were also observed along with carotenes. The change in the total xanthophyll content of the least and most aging
genotypes was different from the change in carotene content, and the xanthophyll content decreased at different rates
in different aging times compared to the control. The total xanthophyll content of the genotypes decreased, but there
was a burst in the total amounts of xanthophyll after 96 h or 120 h of aging. Bayer-6 and Linas decreased by 49 and 53%,
respectively, compared to control after 96 h of aging. A correlation between xanthophyll content and aging in wheat
seeds was reported: the determination of carotene and xanthophyll content can be effective in rapidly evaluating the
aging of wheat seeds (Pinzino et al., 1999).

The total soluble phenolics content of the genotypes after 0 h was highest, phenolics content decreased in various
amounts during AA, and it was the lowest at 120 h. The phenolics content in Bayer-12, Linas and Olas decreased regularly
until 72 h, but increased after 96 h. Reduction of phenolics content in Bayer-6 during the AA was not regular. After 120 h of
aging, the highest reduction in the total phenolics content was observed in Bayer-12 (33%), and the lowest in the Bayer-6
(12%) (Table 3). The total flavonoid content of the genotypes decreased regularly during the AA. The total flavonoid
content of the Bayer-6 and Bayer-12 genotypes decreased by 8% and 14%, respectively, after 120 h of aging, compared to
the control. In Linas and Olas, the decrease in flavonoid content was 12% and 11%, respectively (Table 3).

Phenolics and flavonoids prevent lipid peroxidation by giving electrons to ROS species, which are formed due to

Table 3. Effect of accelerated aging on carotene, xanthophyll, total phenolic, total flavonoid, total soluble protein and
tocopherol content in safflower seeds.

Total soluble

oo S8 AT G ek’ UM e R
0 (Control) 7.02a 6.65 a 0.807 a 0.734 a 5.20a 0.654 ab
48 3.69 bc 3.72¢c 0.653 ¢ 0.736 ab 5.03a 0.636 b
Bayer-6 72 3.57b 3.44d 0.724 b 0.739 ab 473b 0.625b
96 3.49¢c 3.39d 0.611d 0.718 b 4.06c 0.683 a
120 3.72b 414 b 0.712 b 0.680 ¢ 3.41d 0.688 a
0 (Control) 6.19a 5.49 a 0.865 a 0.782 a 4.89a 0.581 ba
48 4.24b 4.22b 0.606 b 0.703 b 4.19b 0.544 bc
Bayer-12 72 3.90c 3.70b 0.547 b 0.697 b 3.99¢c 0.538 ¢
96 3.84 cd 397¢c 0.588 b 0.680 bc 39¢c 0.613a
120 4.22b 3.69b 0.576 b 0.668 ¢ 381c 0.619a
0 (Control) 7.32a 6.69 a 0.736a 0.739a 4.44 a 0.694 a
48 4.80c 3.62b 0.626 ¢ 0.711b 4.21b 0.688 a
Linas 72 4.55d 3.52b 0.591¢c 0.712 b 4.07b 0.685a
96 5.10b 3.12¢ 0.686 b 0.699 bc 4.03 b 0.678 ab
120 4.64d 3.54b 0.526d 0.647 c 3.83¢c 0.653 b
0 (Control) 6.24a 5.35a 0.855a 0.728 a 458 a 0.675a
48 4.29c 3.39d 0.754 b 0.724 a 4.53 a 0.587 b
Olas 72 4.67 b 3.72¢ 0.561d 0.714 a 4.45 ab 0.584 bc
96 440c 3.89¢ 0.668 ¢ 0.657 b 4.39b 0.545c
120 477 b 4.25b 0.579d 0.647 b 3.90¢c 0.528 ¢

abcMeans followed by the same letter (s) are not significantly different at p < 0.05.
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aging, and found in testa, endosperm and embryo. There is a high correlation between total phenolic content and seed
viability, and phenolic substances play an important role in preventing seed aging processes (Debeaujon et al., 2000;
Pukacka and Ratajczak, 2007). Total phenolic content of the clover seeds aged 42 years under natural conditions was
greatly reduced compared to the control seeds (Cakmak et al., 2010). Storing Fagus sylvatica L. seeds for 2, 5, 7 and
10 years at -10 °C reduced the total phenolics content of cotyledon and embryonic axes, as the storage time increased
(Pukacka and Ratajczak, 2007).

Total soluble protein content decreased regularly during the AA (Table 3). Reduction in soluble protein content
started after 48 h in Bayer-12 and Linas, and after 72 h in Bayer-6 and Olas. After 120 h, the highest decrease in protein
content was in Bayer-6 (34%), while the lowest decrease was in Linas (14%).

High protein content in the seeds helps to support vigor and viability (Rejeendran et al., 2018). The oxidation in
proteins contribute to the decrease in the seeds’ germination rate (Sano et al., 2016). Decrease in protein content
is considered as a common indicator and index of oxidative stress. Moori and Eisvand (2017) reported that seed
degradation after AA is an indicator of the decrease in enzymatic activity and in total soluble protein content in wheat.
The total soluble protein content decrease dependend on storage period in Jatropha curcas seeds (Silva et al., 2018).
Safflower seeds contained 4.44-5.20 mg.g? protein. Bayer-6 and Bayer-12 had higher soluble protein content. In the
present study, the total soluble protein content in all genotypes decreased regularly during the AA, but reduction in
soluble protein content was higher in Bayer-6 and Bayer-12.

Changes in the total tocopherol content between the genotypes were different throughout the test. The tocopherol
content of Bayer-6 and Bayer-12 decreased until 72 h of aging, but increased after 96 h of aging. The tocopherol content
was higher after 120 h, compared to 0 h. On the other hand, Linas and Olas did not show an increase in tocopherol
content, and its level dropped untill 120 h (Table 3).

One of the most important antioxidants stored in seeds is tocopherol. Tocopherols are considered the most important
non-enzymatic inhibitors of lipid peroxidation. The main function of tocopherols in seeds is to remove ROS resulting
from lipid peroxidation during aging, storage, germination and seedling development (Sattler et al., 2004). Decrease
in germination was related to the decrease in the total tocopherol content in the seeds of Pinus sylvestris L.
(Tammela et al., 2005), Fagus sylvatica L. (Pukacka and Ratajczak, 2007), Suaeda maritima L. (Seal et al., 2010)
and sunflower (Draganic et al., 2011). Arabidopsis mutants deficient in tocopherol synthesis showed decreased
GP when exposed for 72 h at 40 °C (Sattler et al., 2004). In addition, the tocopherol deficiency caused lipid
peroxidation in mutant lines during seed aging. These studies confirmed that tocopherols prolonged seed life.
In the present study, the total tocopherol content in the most aging genotypes decreased dramatically. The total
tocopherol content increased after aging for 96 and 120 h in the least aging genotypes. It was observed that
tocopherol content in safflower seeds prolongs seed life during the AA.

While the total soluble sugars content decreased, reducing sugars content increased during the AA period for all
genotypes. Changes in total soluble sugar content between the genotypes differed depending on aging times. Just as
the changes in tocopherol content, the soluble sugar content in Bayer-6 and Bayer-12 decreased steadily until 72 h of
aging, but increased after 96 h of aging. Linas and Olas also showed decrease in the soluble sugars content, but it was
not regular with AA time (Table 4). The reducing sugars content in Bayer-6, Bayer-12, Linas and Olas increased by 63%,
47%, 77% and 59%, respectively, after 120 h of aging (Table 4).

Sugars are usually stored as starch. In the seeds, the soluble sugars are used for respiration, followed by lipids or
starches. During the storage and AA, the starch content of the seeds decreases at different rates, while the amounts
of monosaccharides and disaccharides increase (Murthy et al., 2003). Monosaccharides are combined with aldehyde,
ketone, and amino group of proteins, and are converted into reducing sugars. Reducing sugars can cause damage to DNA,
RNA and changes the structure of proteins, reducing the viability (McDonald, 1999; Sun and Leopold, 1995). Reduction in
the total soluble sugar content and increase in the reducing sugars content was reported for different species during the
aging, such as mung bean (Murthy et al., 2003), canola (Wang et al., 2018) and Brassica campestris (Jiang et al., 2018).
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Table 4. Effect of AA on total reducing sugars, total soluble sugars, oil content, total free acids, and malondialdehyde
content in safflower seeds.

Genotype Ageing time  Total reducirLg sugars Total solubl_e1 Oil content Tot_al free fa'_rlty Malondialdt_elhyde
(h) (mg.g?) sugars (mg.g?) (%) Acids (mg.g™) (nmol.g?)
0 (Control) 0.30c 1.16a 30.80 a 0.68 ¢ 31.52a
48 0.40b 0.62 b 30.53 a 0.85b 28.73 b
Bayer-6 72 0.41b 0.46 de 29.72 ab 0.98 a 19.07 c
96 0.48a 0.54c 29.27 ab 0.68 ¢ 17.83 ¢
120 0.49 a 0.50d 28.15b 0.69c 14.36d
0 (Control) 0.38¢ 1.12a 32.86a 0.49d 41.59 a
48 0.39c 0.55b 32.80 ab 0.78 b 39.52a
Bayer-12 72 0.48b 0.49c 31.70b 1.11a 37.07b
96 0.55a 0.55b 31.69b 0.69c 31.77 ¢
120 0.56 a 0.52 bc 31.25b 0.79b 31.65¢
0 (Control) 0.34d 1.23a 35.31ab 0.50d 35.50 a
48 0.44c 0.47c 35.02 ab 0.66c 26.40b
Linas 72 0.48b 0.61b 3448 b 0.89a 24.34 bc
96 0.50b 0.34d 34.21 bc 0.67c 23.30¢c
120 0.60 a 0.14 e 32.72 ¢ 0.77b 17.93d
0 (Control) 0.34d 1.38a 36.37 a 0.52d 37.85a
48 0.39¢c 0.49 bc 36.18 a 0.94 a 28.67 b
Olas 72 0.46 b 0.54b 35.63a 0.83b 27.25 bc
96 0.48 b 0.51b 34.44 b 0.59 cd 25.70 c
120 0.54 a 0.45c 33.94b 0.65c¢c 22.86d

ab<Means followed by the same letter (s) are not significantly different at p < 0.05.

The oil content of the genotypes decreased regularly during the AA (Table 4). The oil content in Bayer-6 and Bayer-12
decreased by 9 and 5%, respectively, compared to the control after 120 h of aging. The decrease in oil content was
7% in both Linas and Olas. The total free fatty acids content was the lowest at the beginning of the experiment for all
genotypes, and free fatty acids in the seeds of the least and most aging genotypes increased at different rates. Free
fatty acids contents in Bayer-6, Bayer-12, and Linas increased until 72 h of aging, but decreased after 96 h of aging.
Olas had the highest free fatty acids content at 48 h aging (Table 4). Oilferous seeds age very rapidly due to their high
content of polyunsaturated fatty acids. The oil content in the seeds had a significant effect on the seeds’ storage life,
and it was significantly affected by the storage conditions. It was reported that oil content in the seeds of Jatropha
curcas (Lozano-lIsla et al., 2018), Arabidopsis thaliana (Oenel et al., 2017) and sunflower (BaleSevi¢-Tubic et al., 2007)
decreased during storage and AA.

Free fatty acids are formed as a result of the triacylglycerols degradation in the seeds. Free fatty acids accumulation
in the cytoplasm reduces pH of the oil and conversion of free fatty acids to different molecules, and the permeability
of the membranes increase (Tammela et al., 2005). Free fatty acids are formed during the storage of seeds and AA, and
the oil quality and germination rate decreases depending on the amount of free fatty acids formed (BaleSevi¢-Tubi¢ et
al., 2007). The total free fatty acids content in the seeds of Jatropha curcas (Akowuah et al., 2012), Arabidopsis (Oenel
etal., 2017), sesame (Kavitha et al., 2017) and cotton (Nik et al., 2011) increased as the aging or storage time increased.

Studies on MDA level after aging or during storage showed that MDA accumulation varies in plant species. It was
suggested that lipid peroxidation in oilseed plants is an important factor in seed degradation, and MDA level could be
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used as an indicator of lipid peroxidation in seeds during aging. MDA amount increased in plant species such as: wheat
(Moori and Eisvand., 2017), oat (Xia et al., 2015), canola (Yin et al., 2015), soybean (Sharma et al., 2013), Arabidopsis
(Devaiah et al., 2007), and sunflower (Kibinza et al., 2006), during aging. Despite these assumptions, Lehner et al.
(2008) reported that the amount of MDA decreased after AA in two wheat varieties, and MDA levels in Jatropha curcas
decreased after storage (Silva et al., 2018). MDA levels after AA decreased in four different species of Brassicaceae,
and lipid peroxidation was not the main cause of seed degradation (Mira et al., 2011). The MDA content was higher at
0 h for all genotypes than the AA applied seeds. The MDA content of the genotypes after AA decreased regularly with
increased aging time. The MDA content in Bayer-6, Bayer-12, Linas and Olas decreased by 54%, 24%, 50% and 40%,
respectively, after 120 h of aging, indicating that lipid peroxidation was not the main cause of seed aging in safflower
during the AA (Table 4).

CONCLUSIONS

Safflower genotypes showed different responses to AA, and the AA at 43 °C was suitable to asses effects of aging in
safflower. Carotene, xanthophyll, soluble phenolics, flavonoid, soluble protein, soluble sugars, oil contents and MDA levels
decreased, and reducing sugars and total free fatty acids increased varying amounts among the genotypes during the AA.
The total tocopherol content increased in aging resistant genotypes and decreased in aging sensitive genotypes. The lipid
peroxidation as indicated by the MDA levels in safflower seeds was not the main cause of seed degradation during the AA.
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