Industrial Crops & Products 153 (2020) 112605

INDUSTRIAL

CROPS

Contents lists available at ScienceDirect

Industrial Crops & Products

journal homepage: www.elsevier.com/locate/indcrop

Check for
updates

Exogenous y-aminobutyric acid can alleviate the adverse effects of seed
aging on fatty acids composition and heterotrophic seedling growth in
medicinal pumpkin

Reza Tavakkol Afshari*, Seyyed Mohammad Seyyedi

Department of Agrotechnology, Faculty of Agriculture, Ferdowsi University of Mashhad, P.O. Box 91779-48974, Mashhad, Iran

ARTICLE INFO ABSTRACT

Accelerated oil oxidation and degraded fatty acids (FA) composition are considered as well-known consequences
in oilseed crops resulting from the imposed aging conditions. Hence, evaluating the effective techniques and
understanding the biological mechanisms associated to mitigating seed deterioration process in medicinal
pumpkin (Cucurbita pepo subsp. Pepo. Convar. Pepo var. styriaca Greb) may be necessary. In the current study,
different durations of artificial accelerated aging (0, 48, 72, and 96 h) and priming solutions (water priming as
control and y-aminobutyric acid (GABA) priming at 1, 2, and 3 mmol L™ 1) were tested. From the results, a
significant decrease in oil percentage and seedling dry weight was observed with increasing seed aging duration,
whereas malondialdehyde content and electrolyte leakage significantly increased. Moreover, with increasing
seed deterioration severity, percentage of saturated FA (SFA) significantly increased, while mono- and poly-
unsaturated FA (MUFA and PUFA) decreased. In contrast, GABA priming alleviated the deleterious effects of
seed deterioration on seedling growth and FA composition. For instance, after 96-h aging period, GABA priming
at 3mmol L' decreased SFA/MUFA and SFA/PUFA by 14.2 and 13.3%, respectively, compared with control.
Overall, the results obtained here may confirm the crucial role of GABA priming to improve the successful
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establishment of seedlings raised from medicinal pumpkin seeds.

1. Introduction

Medicinal pumpkin (Cucurbita pepo subsp. Pepo. Convar. Pepo var.
styriaca Greb), an annual oilseed crop from the Cucurbitaceae family
(Younis et al., 2000), is mainly cultivated in semi-arid regions char-
acterized by hot and long summer season (Koocheki et al., 2019; Yavuz
et al., 2015). A wide range of bioactive components, including toco-
pherols, phytosterols, and squalene, have been identified from medic-
inal pumpkin seeds (Rabrenovi¢ et al., 2014; Sedghi et al., 2008). As
well as, linoleic and oleic found as dominant fatty acids (FA) in those
seeds (Sabudak, 2007; Younis et al., 2000). The crucial importance of
medicinal pumpkin in pharmaceutical and pharmacological industries
has been reported due to its specific anti-diabetic (Yoshinari et al.,
2009), anti-tumor and (Sim et al., 2008) anti-inflammatory (Karpagam
et al., 2011) activities.

Medicinal pumpkin is known as a relatively compatible plant to
stressful environments (Koocheki et al., 2019). However, the poor es-
tablishment of pumpkin seedlings, especially under adverse soil con-
ditions, is one of the most important limiting factors in achieving
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optimum plant density (Dutra and Vieira, 2006; Ghaderi-Far et al.,
2011). This can emphasize the need for producing certified seed or
improving seed quality to help successful medicinal pumpkin produc-
tion.

Strategies for improving the performance of oilseeds depend on
nutrient reserves (Trawatha et al., 1995), especially FA composition
(Balesevic¢-Tubi¢ et al., 2007; Seyyedi et al., 2018). On the other hand,
the maximum seed vigor index occurs at the maturity stage and then
gradually declines under natural conditions (Ellis et al., 1991; Flakelar
et al., 2018). Accordingly, determining the potential of target seeds,
especially in terms of vigor status, is usually recognized as the first
priority during the crop production cycle.

In general, biochemical processes involved in natural aging occur
over the long-term (Eisvand et al., 2010; Hang et al., 2015). Hence, the
accelerated aging test, described as imposing artificial deterioration at
high temperature and relative humidity (Mavi and Demir, 2007), is
known as an alternative approach to accurately estimate seed perfor-
mance in a wide range of environmental conditions (Demir and Mavi,
2008; Simi¢ et al., 2004). In this regard, destroyed FA structure
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(Seyyedi et al., 2018), accelerated lipid peroxidation (Bailly et al.,
1996; Nazari et al., 2020; Tati¢ et al., 2012), and increased electrolyte
leakage (Gidrol et al., 1989; Mohammadi et al., 2012) are well-known
consequences associated with natural or artificial aging processes in
oilseed crops.

When cellular metabolic functions are exposed to artificial aging,
seed priming by exogenous bioactive compounds, such as y-aminobu-
tyric acid (GABA), can be considered as a practical technique to en-
hance seedling establishment potential (Hu et al., 2015; Vijayakumari
and Puthur, 2016). GABA, a specific plant growth regulator, acts as an
endogenous signal molecule in responses to environmental stresses
(Song et al., 2010). GABA plays a crucial role in alleviating oxidative
damage (Song et al., 2010) and stabilizing cell performance (Hu et al.,
2015; Rezaei-Chiyaneh et al., 2018; Shelp et al., 1999). The positive
effect of GABA-primed seeds on improving germination performance
and emergence rate in white clover (Cheng et al., 2018) and tomato
(Islam et al., 2006) has been previously reported. However, the func-
tional mechanism of GABA priming on aged oilseeds, especially in
terms of FA profile, has not been well understood.

The current research was aimed to investigate how GABA priming
affects germination and emergence performance in deteriorated med-
icinal pumpkin seeds. The induced changes in FA composition were also
investigated to better understand biochemical metabolisms resulting
from GABA-primed seeds.

2. Materials and methods
2.1. Experimental design

The study was conducted as a series of laboratory experiments based
on completely randomized design arranged in factorial with four re-
plicates at Faculty of Agriculture, Ferdowsi University of Mashhad,
Iran, in 2018. Seed exposure for different periods of accelerated aging
(0, 48, 72, and 96 h) and priming solutions (water priming as control
and GABA priming at 1, 2, and 3mmol L™') were considered as ex-
perimental factors, respectively.

2.2. Plant materials

Medicinal pumpkin seeds were obtained from Agricultural Research
Station, Ferdowsi University of Mashhad, Iran. The seeds were pro-
duced in 2018 with standard germination 93%.

2.3. Seed priming technique

Seeds were immersed in Erlenmeyer flask containing different
GABA (Sigma-Aldrich, A2129; NH,(CH,)3COOH; CAS: 56-12-2) solu-
tions (prepared at concentrations of 1, 2, and 3 mmol L™1). The ratio of
seed weight to solution volume was fixed at 1:3 (Jisha and Puthur,
2016). Similarly, distilled water-primed seeds were considered as con-
trol (Shailasree et al., 2001). The Erlenmeyer flasks were sealed with
aluminum foil to prevent evaporation. The solutions, kept at 20 °C
under dark conditions for 12 h, were swirled gently and intermittently
to ensure appropriate aeration (Jisha and Puthur, 2016). Then, the
primed seeds were washed with distilled water, surface dried with ab-
sorbent paper and then placed in an oven at 25 °C for 48 h (Zheng et al.,
2016).

2.4. Accelerated seed aging process

The accelerated aging test was performed after seed priming
(Hacisalihoglu, 2008). Seed samples were placed in plastic mesh boxes
for 0, 48, 72, and 96 h, respectively (Dutra and Vieira, 2006). The aging
process was carried out at 41 °C and 100% relative humidity (Dutra and
Vieira, 2006).
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Table 1
Effects of aging durations and GABA priming on electrical conductivity (EC),
oil, N, and P contents in medicinal pumpkin seeds.

Experimental treatments EC(uscm™! Oil (%) N(gkg™» P(gkg™
g?
Aging durations (h)
0 16.03 38.54 32.54 8.14
48 22.66 36.89 31.56 7.56
72 25.49 34.30 27.70 7.24
96 27.99 30.71 26.04 6.42
LSD (0.05) 0.5453 0.7985  0.5277 0.0777
GABA priming (mmol L")
Control 24.70 33.51 28.10 7.14
1 23.42 34.84 29.73 7.33
2 22.28 35.64 30.26 7.42
3 21.76 36.44 29.75 7.45
LSD (0.05) 0.5453 0.7985 0.5277 0.0777
Aging durations X GABA
priming
0 X control 15.59 38.25 32.67 8.08
0x1 16.36 39.00 32.88 8.19
0Xx2 16.16 38.71 32.40 8.06
0x3 16.01 38.22 32.22 8.22
48 x control 23.89 35.08 28.91 7.31
48 x 1 23.17 36.59 33.42 7.53
48 x 2 21.88 37.08 32.60 7.67
48 x 3 21.72 38.81 31.32 7.71
72 X control 27.20 32.86 26.75 6.93
72 x1 25.79 34.26 27.36 7.25
72 x 2 24.94 34.94 28.49 7.40
72 x 3 24.01 35.13 28.19 7.37
96 x control 32.13 27.86 24.06 6.26
96 x 1 28.37 29.52 25.27 6.38
96 X 2 26.15 31.84 27.57 6.53
96 X 3 25.30 33.61 27.27 6.51
LSD (0.05) 1.0905 1.5969  1.0554 0.1555
Aging durations o o **
GABA priming *k wok *k ok
Aging durations X GABA ok i ok il
priming

**: significant at P < 0.01.
2.5. Crude oil extraction and determination of FA

Following the aging treatments, seed oil percentage was measured
according to soxhlet method (AOAC, 2000). To determine FA, samples
of 5g were ground and mixed with n-hexane (1:4 w/v). The samples
were then placed on a shaker (120 rpm) in a dark place (23 —25 °C) for
48 h. Then, the solvent was subjected to evaporation at 40 °C (Farhoosh
et al., 2011). The FA were determined by gas chromatography (YOUNG
LIN — Acme 6000 GC, The Republic of Korea) equipped with the fame-
ionization detector and capillary column (60m X 0.32mm i.d.; film
thickness was 0.25 pm). Injector, detector, and oven temperatures were
300, 320, and 250 °C, respectively.

2.6. Determination of N and P concentrations

N content was determined through titration method (AOAC, 2000)
using a Kjeltec-PECO-Psu 55 Analyzer. P content was also measured by
colorimetric method (Murphy and Riley, 1962) using a spectro-
photometer (Jenway 6305).

2.7. Determination of electrolyte leakage (EL)

To determine EL, 50 seeds were weighed and then soaked in
Erlenmeyer flask containing 250 mL double-distilled water (Seyyedi
et al., 2018). The samples were kept at 20 °C under dark conditions for
24 h (Seyyedi et al., 2018). As suggested by Hajiabbasi et al. (2015), the
electrical conductivity (EC) of soaked seeds was determined (using a
Jenway 4510 conductivity meter) and expressed as uS cm~!g~! (Eq.
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Table 2
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Effects of aging durations and GABA priming on saturated fatty acids composition in medicinal pumpkin seed.

Experimental treatments SFA (g 100g™ 1)

Lauric Myristic Palmitic Margaric Stearic Arachidic Behenic Lignoceric
Aging durations
0 0.021 0.091 10.02 0.063 4.46 0.024 0.244 0.113
48 0.023 0.093 13.74 0.071 6.34 0.033 0.342 0.124
72 0.026 0.096 16.19 0.073 6.82 0.036 0.346 0.134
96 0.028 0.098 18.29 0.077 7.34 0.037 0.358 0.137
LSD (0.05) 0.0011 0.0012 0.2732 0.0012 0.2497 0.0011 0.0131 0.0039
GABA priming (mmol L™")
Control 0.024 0.094 15.33 0.073 6.55 0.034 0.330 0.129
1 0.024 0.095 14.84 0.071 6.30 0.033 0.328 0.129
2 0.025 0.094 14.15 0.070 6.07 0.032 0.316 0.126
3 0.025 0.095 13.91 0.070 6.04 0.031 0.316 0.124
LSD (0.05) 0.0011 0.0012 0.2732 0.0012 0.2497 0.0011 0.0131 0.0039
Aging durations X GABA priming
0 X control 10.26 0.062 4.53 0.023 0.234
0x1 10.02 0.064 4.40 0.024 0.253
0x2 9.78 0.064 4.41 0.025 0.257
0x3 10.01 0.062 4.49 0.024 0.233
48 X control 14.92 0.073 6.71 0.035 0.337
48 x 1 14.56 0.072 6.33 0.032 0.357
48 x 2 13.11 0.070 6.09 0.032 0.323
48 x 3 12.37 0.068 6.21 0.031 0.350
72 X control 16.40 0.075 7.43 0.038 0.370
72 x 1 16.21 0.073 7.06 0.037 0.350
72 x 2 16.07 0.073 6.60 0.035 0.333
72 X 3 16.09 0.072 6.19 0.034 0.330
96 X control 19.75 0.081 7.51 0.039 0.380
96 x 1 18.58 0.076 7.42 0.037 0.353
96 x 2 17.65 0.075 7.19 0.037 0.350
96 X 3 17.16 0.076 7.25 0.036 0.350
LSD (0.05) 0.5464 0.0023 0.4993 0.0023 0.0263
Aging durations ok *k *k *% *k *x *k *k
GABA priming NS NS o ok x i o o
Aging durations X GABA priming NS NS * * * NS
**: significant at P < 0.01; *: significant at 0.01 < P < 0.05; NS: non-significant (0.05 < P).
SFA: saturated fatty acids.
(6)). weight 2
EC (uS cm ™! g_l) = EC for each sample (uS cm_l)/weight of seed SRUE (%) = (Seedling dry weight/WMSR) x 100 3)

sample (g) (6)

2.8. Seed vigor-related traits

To determine vigor-related traits, the treated seeds were subjected
to standard germination. The 25 seeds (with 8 replicates) were placed
on Whatman filter paper in 15-cm Petri dishes. Then, the standard
germination test was carried out at 25°C in a germinator. The germi-
nated seeds, defined by 2mm radicle growth, were counted at 24-h
intervals for 8 days (ISTA, 2011). At the end of the germination period,
mean germination time (MGT) was calculated according to the fol-
lowing Eq. (Khajeh-Hosseini et al., 2009):

MGT= Xn.t/ Zn (@]

Where n: number of seeds newly germinated at each day, t: number of
days from sowing.

2.9. Heterotrophic seedling growth (HSG)

Four replicates of each treatment were randomly selected to de-
termine the components of HSG: the weight of mobilized seed reserve
(WMSR) and seed reserve utilization efficiency (SRUE). The calculation
methods were according to Egs. (2) and (3) (Soltani et al., 2006). The
rest of replicates were considered for fresh tissue-related traits.

WMSR (mg seed 1) = Initial seed dry weight — un-utilized seed dry

As described by Seyyedi et al. (2015), initial seed dry weight was
measured. Briefly, the samples were weight and then dried at 70 °C for
48 h. Other dry weight measurements were performed under the same
conditions.

2.10. Determination of malondialdehyde content

Lipid peroxidation was estimated by measuring malondialdehyde
(MDA) concentration. As suggested by Heath and Packer (1968), the
seedlings were randomly selected and MDA content (nmol g ! FW) was
determined using the thiobarbituric acid method.

2.11. Statistical analysis

All the data were analyzed from the analysis of variance using SAS
9.3 (SAS, 2011). To determine the statistical differences between
treatments, the least significant difference (LSD) was performed (P <
0.05).

3. Results
3.1. Electrolyte leakage, oil percentage and N and P contents
The individual effects of aging durations and GABA priming were

significant on electrolyte leakage, oil percentage and N and P contents
(Table 1). Also, the interaction of experimental factors was found to be
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Table 3

Effects of aging durations and GABA priming on mono and polyunsaturated fatty acids composition in medicinal pumpkin seed.
Experimental treatments MUFA (g 100g™1) PUFA (g 100g™ 1) SFA /MUFA  SFA /PUFA  SFA / UFA

Myristoleic Palmitoleic Oleic Paullinic Erucic Linoleic Linolenic

Aging durations (h)
0 0.169 0.143 36.72 0.110 0.074 47.45 0.308 0.404 0.315 0.177
48 0.151 0.137 33.39 0.107 0.059 45.13 0.272 0.614 0.458 0.263
72 0.143 0.129 32.91 0.096 0.051 42.71 0.234 0.712 0.553 0.311
96 0.135 0.122 31.39 0.092 0.050 41.66 0.191 0.830 0.631 0.358
LSD (0.05) 0.0027 0.0022 0.3405 0.0010 0.0010 0.3013 0.0074 0.0183 0.0117 0.0070
GABA priming (mmol L™")
Control 0.147 0.130 33.37 0.099 0.056 43.40 0.235 0.679 0.525 0.296
1 0.149 0.132 33.43 0.101 0.058 44.06 0.250 0.654 0.499 0.283
2 0.150 0.135 33.52 0.103 0.060 44.88 0.260 0.624 0.468 0.267
3 0.152 0.134 34.08 0.102 0.060 44.60 0.260 0.604 0.464 0.263
LSD (0.05) 0.0027 0.0022 0.3405 0.0010 0.0010 0.3013 0.0074 0.0183 0.0117 0.0070
Aging durations X GABA priming
0 x control 0.165 0.144 36.68 0.110 0.073 47.20 0.309 0.412 0.323 0.181
0x1 0.171 0.144 36.47 0.110 0.075 47.73 0.307 0.406 0.312 0.177
0x2 0.168 0.147 36.68 0.111 0.074 47.75 0.309 0.397 0.307 0.173
0x3 0.171 0.138 37.05 0.109 0.073 47.11 0.309 0.401 0.317 0.177
48 x control 0.151 0.133 33.13 0.103 0.053 43.87 0.238 0.666 0.506 0.288
48 x 1 0.145 0.135 33.25 0.107 0.057 44.44 0.277 0.641 0.483 0.276
48 x 2 0.153 0.140 33.23 0.109 0.062 46.16 0.290 0.590 0.428 0.248
48 x 3 0.157 0.141 33.93 0.109 0.063 46.04 0.285 0.561 0.416 0.239
72 X control 0.139 0.124 32.91 0.093 0.049 41.90 0.215 0.738 0.583 0.326
72 x 1 0.144 0.127 32.98 0.095 0.051 42.38 0.234 0.718 0.563 0.316
72 X 2 0.144 0.131 32.56 0.097 0.053 43.39 0.241 0.709 0.536 0.305
72 X 3 0.143 0.132 33.17 0.097 0.052 43.18 0.247 0.684 0.529 0.298
96 X control 0.132 0.117 30.76 0.090 0.047 40.65 0.180 0.900 0.686 0.390
96 x 1 0.135 0.122 31.01 0.091 0.050 41.69 0.183 0.851 0.638 0.365
96 x 2 0.136 0.124 31.60 0.094 0.051 42.23 0.201 0.799 0.603 0.344
96 X 3 0.138 0.124 32.18 0.094 0.051 42.08 0.201 0.772 0.595 0.336
LSD (0.05) 0.0055 0.0044 0.6810 0.0020 0.0020 0.6026 0.0147 0.0367 0.0234 0.0139
Aging durations ok *x ok ik *x ok *k *x *% *k
GABA prlmlng dek Fk ek dedke ok dek Hk ek dedke Fk

Aging durations X GABA priming o o * Hx

**: significant at P < 0.01; *: significant at 0.01 < P < 0.05.

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; UFA: unsaturated fatty acids.

significant for these traits (Table 1).

Regardless of GABA priming, a significant decrease in oil percentage
and N and P contents was observed with increasing seed aging dura-
tions, whereas electrolyte leakage significantly increased (Table 1). For
instance, in 96-h-aged seeds, electrolyte leakage was up to 23.5%
higher than 48-h-aged seeds (Table 1).

After imposing the artificial aging durations, GABA priming was
considered as an effective technique to protect the nutrient reserves in
aged seeds. For example, when 96-h-aged seeds were primed with
3mmol L™! GABA, oil percentage was 20.6% higher than the same
seeds primed with water (Table 1). Similarly, a significant increase in N
contents by 13.3% as well as a significant decrease in electrolyte
leakage by 21.3% were observed (Table 1).

3.2. FA-related traits

Saturated, monounsaturated, and polyunsaturated FA (SFA, MUFA,
and PUFA) accounted for 21.5, 34.0, and 44.5% of total FA, respec-
tively. Moreover, linoleic and oleic acids, which constituted 44.2 and
33.6% of total FA, respectively, were identified as the most important
FA in medicinal pumpkin seeds (Tables 2 and 3).

Aging periods showed a significant effect on all SFA, MUFA, and
PUFA (Tables 2 and 3). GABA priming showed significant influence on
these traits, except for lauric and myristic acids. Moreover, the inter-
action between experimental factors was not statistically significant on
lauric, myristic, and lignoceric acids (Table 3).

With increasing the intensity of seed deterioration severity, SFA
percentage significantly increased, while MUFA and PUFA percentage
decreased. Moreover, SFA/MUFA, SFA/PUFA, and SFA/UFA

significantly increased due to accelerated aging process (Tables 2 and
3). For instance, when the aging duration increased from 0 to 96 h, oleic
and linoleic acids decreased by 14.5 and 12.2%, respectively (Table 3).

Considering the accelerated aging, GABA priming alleviated the
negative effects of seed deterioration on FA composition. For instance,
under 96-h aging duration, GABA priming at 2mmol L.~" decreased
SFA/MUF, SFA/PUFA, and SFA/UFA by 11.2, 12.1, and 11.8%, re-
spectively, compared with control (Table 3). Similarly, the values were
14.2, 13.3, and 13.9%, respectively, when 3mmol L™ GABA was ap-
plied.

3.3. Seedling-related traits

The individual and interaction effects of aging duration and GABA
priming were significant on all seedling traits except for germination
percentage (Table 4).

Irrespective of priming treatment, an increase in aging durations
significantly increased MGT and MDA content, while seedling dry
weight, WMSR, and SRUE decreased (Table 4). For instance, MGT in-
creased by 11.3% after imposing 96-h artificial aging, compared with
48-h artificial aging. Under similar conditions, WMSR and SRUE re-
duced by 13.4 and 20.2%, respectively (Table 4).

Despite the harmful effects of seed deterioration on seedling-related
indices, GABA priming mitigated these effects. For example, after the
seeds were aged for 96 h, GABA priming at 3 mmol L' decreased MDA
content by 22.3% and increased seedling dry weight by 41.1%, com-
pared with water priming (Table 4). Similarly, a considerable increase
in SRUE (up to 39.1%) was recorded (Table 4).
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Table 4
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Effects of aging durations and GABA priming on seedling-related traits in medicinal pumpkin.

Experimental treatments Germination (%) MGT (day) Seedling dry weight (mg) WMSR (mg seed ™) SRUE (%) MDA content (nmol g~* FW)
Aging durations (h)

0 91.38 4.18 111.56 122.55 91.02 11.31
48 92.13 4.32 101.59 120.98 83.95 12.84
72 91.50 4.60 87.92 119.66 73.44 14.33
96 91.13 4.81 73.10 118.88 61.46 15.29
LSD (0.05) 1.4034 0.1582 1.1880 0.2091 0.9676 0.7021
GABA priming (mmol L™YH

Control 91.63 4.59 86.42 119.66 72.05 15.05
1 91.63 4.52 91.23 120.36 75.66 13.99
2 91.38 4.41 95.38 120.64 78.95 12.47
3 91.50 4.39 101.14 121.41 83.22 12.26
LSD (0.05) 1.4034 0.1582 1.1880 0.2091 0.9676 0.7021
Aging durations X GABA priming

0 x control 4.22 109.53 121.99 89.79 12.30
0x1 4.18 110.75 122.40 90.48 11.24
0x2 4.17 112.40 122.62 91.67 11.12
0x3 4.15 113.54 123.20 92.15 10.59
48 x control 4.46 96.72 119.94 80.64 14.16
48 x 1 4.38 99.36 120.81 82.24 14.01
48 x 2 4.26 103.78 121.08 85.72 11.38
48 x 3 4.19 106.49 122.10 87.21 11.79
72 X control 4.70 77.89 118.74 65.59 16.13
72 x 1 4.61 85.23 119.43 71.37 15.09
72 % 2 4.55 90.85 119.79 75.84 13.09
72 x 3 4.55 97.72 120.70 80.96 13.01
96 X control 4.98 61.54 117.98 52.17 17.60
96 x 1 4.89 69.58 118.81 58.56 15.63
96 x 2 4.68 74.48 119.06 62.55 14.30
96 X 3 4.68 86.81 119.64 72.55 13.65
LSD (0.05) 0.3163 2.3759 0.4182 1.9352 1.4041
Aging durations NS b ok i i i
GABA priming NS * ok ok i i

Aging durations X GABA priming NS

**: significant at P < 0.01; *: significant at 0.01 < P < 0.05; NS: non-significant (0.05 < P).
MGT: mean germination time; WMSR: weight of mobilized seed reserve; SRUE: seed reserve utilization efficiency; MDA: malondialdehyde.

3.4. Correlation between biochemical parameters

According to Fig. 1, there was a significant correlation between
SFA/MUFA with MGT (r* = 0.90), WMSR (r* = 0.92), and SRUE
(r? = 0.87). The same response was also observed between SFA/PUFA
with MGT (r* = 0.93), WMSR (r* = 0.93), and SRUE (r* = 0.89).
Moreover, the correlation between oleic or linoleic acid with MGT
(r* = 0.77 and 0.93) was found to be negative (Fig. 2).

Based on the results, EC of soaked seeds showed a negative corre-
lation with oleic (7 = 0.93) or linoleic (72 = 0.92) acid. The same
correlation was observed between MDA content with oleic (% = 0.63)
or linoleic (r* = 0.82) acid (Fig. 3).

4. Discussion

Seed aging, as a relatively progressive and irreversible process
(Hajiabbasi et al., 2020; Mohaddes Ardebili et al., 2019), involves a
series of biochemical mechanisms that considerably reduces seedling
establishment potential (Demir and Mavi, 2008; Oenel et al., 2017). On
the other hand, due to the poor accuracy of standard germination test to
evaluate seedling performance, especially under adverse soil conditions
(Noli et al., 2008; Seyyedi et al., 2017), the importance of seed vigor
tests such as accelerated aging are particularly emphasized (Eisvand
et al., 2010; Woltz and TeKrony, 2001).

The accelerated aging test is one of the specialized techniques used
to estimate seedling vigor potential in response to different environ-
mental conditions and provide important information related to adap-
tation mechanisms (Mavi and Demir, 2007; Oenel et al., 2017). In this
regard, a significant reduction in seedling dry weight, WMSR, and SRUE
has been observed due to artificially accelerated aging (Seyyedi et al.,
2018). Similarly, degraded cell membrane (Hwangbo et al., 2003) and

impaired FA structure (Balesevi¢-Tubi¢ et al., 2007) have been ob-
served.

When plants are exposed to unfavorable environmental conditions,
self-adaptive mechanisms are induced by endogenous signals to stabi-
lize cellular processes (Chen et al., 2009; He et al., 2019; Koocheki and
Seyyedi, 2019). However, the higher intensity of abiotic stresses may
lead to a gradual decrease in the efficiency of molecular signals
(Ebrahimian et al., 2019; Tamas et al., 2006). On the other hand, the
deleterious effects of environmental stresses, especially heat and
drought, can be simultaneously exacerbated by oxidative stresses
(Sharma and Dubey, 2005; Talaat et al., 2015). This can be recognized
as one of the main mechanisms associated with seed deterioration
caused by prolonged aging. In this context, MDA, a molecular marker of
seed aging, is known as a lipid peroxidation product that seriously af-
fects seed vigor and viability (Parkhey et al., 2012). It has been found
that prolonging the aging process significantly increased MGT and MDA
content in sunflower (Bailly et al., 1996).

GABA, a four-carbon non-protein amino acid (Hu et al., 2015) is
endogenously synthesized in plants to activate the defense responses
and regulate the biochemical functions, especially under stressful con-
ditions (Bor et al., 2009; Malekzadeh et al., 2014; Serraj et al., 1998).
After exposure to salinity stress, increasing GABA accumulation in
medicinal pumpkin leaves significantly reduced lipid peroxidation and
improved antioxidant enzymes activities (Nejad-Alimoradi et al., 2019).
The positive role of GABA priming in enhancing tolerance to osmotic
stress in black pepper varieties has been observed (Vijayakumari and
Puthur, 2016). As reported by Cheng et al. (2018), the exogenous ap-
plication of GABA alleviated salt-induced damage during the germi-
nation process in white clover trough activating antioxidant defense
and reducing oxidative stress. Similarly, GABA priming has been con-
sidered as an efficient technique to mitigate the negative effects of heat
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Fig. 1. Correlation between SFA/MUFA with MGT (A), WMSR (B), and SRUE (C), and between SFA/PUFA with MGT (D), WMSR (E), and SRUE (F) after performing
the accelerated aging test. **: statistical differences at P < 0.01.
SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; MGT: mean germination time; WMSR: weight of mobilized seed
reserve; SRUE: seed reserve utilization efficiency.
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and drought stresses (Krishnan et al., 2013; Li et al., 2016).

Oil content and FA composition are found to be the most important
factors for assessing seedling vigor in oilseeds (Gonzéilez Belo et al.,
2014; Seyyedi et al., 2015). Considering the high oil content in med-
icinal pumpkin seeds up to 45.40 (Lazos, 1986) or 48.15% (Habibi
et al., 2014), it seems that seed germination and seedling growth are
highly dependent on oil quality and FA profile.

As mentioned already, SFA/MUFA, SFA/PUFA, and SFA/UFA sig-
nificantly increased as a result of prolonged aging. Moreover, with in-
creasing MDA content, oleic and linoleic acids considerably decreased.
The oxidized seed reserves are recognized as one of the most important
consequences associated with accelerated seed aging process (Oenel
et al., 2017; Seyyedi et al., 2018). Accordingly, reducing the oil per-
centage after imposing a 96-h aging duration, compared to a 48-h aging
duration, can justify the mechanism of reserves oxidation. On the other
hand, the oil content considerably reduced along with the destruction
of SFA, MUFA, and PUFA structure. But it is noteworthy that SFA is
probably less oxidized than MUFA and PUFA. This may be considered
as one reason why SFA/MUFA or SFA/PUFA gradually increases as a
result of the accelerated aging process.

From the results obtained here, SFA/MUFA showed a negative
correlation with WMSR and SRUE. The same response was found be-
tween SFA/PUFA with WMSR and SRUE. HSG, which depends on the
quality of seed reserves (Brown and Huber, 1988; Erbas et al., 2016;
Seyyedi et al., 2018), is defined by two functionally different compo-
nents: WMSR and SRUE (Soltani et al., 2006). Understanding the bio-
chemical mechanisms during the heterotrophic growth process can be
useful in predicting successful seedling establishment, especially under
adverse environmental conditions (Elamrani et al., 1992; Seyyedi et al.,
2015). Therefore, it seems that after decreasing oil content and in-
creasing SFA/MUFA or SFA/PUFA, seed reserve depletion percentage
declines during the germination process, which eventually leads to

reduced SRUE and weakened seedling vigor.
5. Conclusion

According to the results, the increase in accelerated aging durations
significantly increased MGT, MDA, electrolyte leakage, and SFA/UFA,
while WMSR and SRUE decreased. Nonetheless, GABA priming miti-
gated the harmful effects of seed aging on HSG through decreasing
MDA content and increasing oil percentage. These results may highlight
the crucial role of exogenous GABA as a cellular regulator through
activating the defense-related responses and regulating the biochemical
metabolisms. Furthermore, a positive correlation between SFA/MUFA
or SFA/PUFA with MGT, as well as a negative correlation between MDA
content with oleic or linoleic acid can confirm the crucial importance of
FA composition in controlling seed deterioration. The findings suggest
SFA/MUFA and SFA/PUFA as important biochemical traits for assessing
the seed vigor of medicinal pumpkin and other oilseed crops.
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