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Oil content and fatty acid composition are important traits for assessing and modeling germination in oilseeds.
On the other hand, seed germination and seedling growth are affected by the weight of mobilized seed reserves
and the conversion efficiency ofmobilized seed reserve to seedlings tissues. In order to examine seeds physiolog-
ical aspects and heterotrophic seedlings growth of 12 winter canola cultivars (Fornax, Karaj 1, Karaj 2, Karaj 3,
L73, L201, Licord, Modena, Okapi, Opera, SLM046, and Zarfam) as related to seed reserves, series of laboratory ex-
periments were conducted in Ferdowsi University of Mashhad, Mashhad, Iran. At the first and the second stages
(before and after the performing accelerated aging test), significant differences were found among cultivars in
terms of oil percentage. From the results, N, P and crude protein contents in seeds were decreased due to accel-
erated aging.Moreover, a positive correlationwas found between electrical conductivity (EC) of seed soaking so-
lution andmean germination time (MGT). By contrast, the correlation betweenweight of mobilized seed reserve
(WMSR) and seed reserve utilization efficiency (SRUE) with MGTwere significantly negative. Accelerated aging
in canola seeds increased saturated fatty acids percentage and reduced unsaturated fatty acids percentage. There
was a positive and significant relationship between oleic acid and SRUE. By contrast, the relationship between
linolenic or linoleic acid and SRUE was found to be negative. According to the results, it seems that seed vigor
and heterotrophic seedlings growth in canola highly depends on fatty acids composition.

© 2018 SAAB. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Canola (Brassica napus L.), one of themost important oilseed crops in
the world, is cultivated in many regions of Iran (Mousavi-Avval et al.,
2011). The harvested area and seed production have been estimated
about 40,200 ha and 58,700 tons, respectively (Agricultural statistics,
2016). There are many canola genotypes with different oil content
and fatty acids composition adapted to diverse ecological conditions
(Burton et al., 2004). Depending on the climate conditions and geno-
type, canola oil content varies from 21 to 46% (Sana et al., 2003;
Sharafi et al., 2015).

Despite the relatively widespread cultivation of canola in most
regions of Iran, the canola average yield is relatively low; so that accord-
ing to available statistics, the average yield in irrigated and rainfed fields
have been recorded as 1.53 and 1.09 t. ha−1, respectively (Agricultural
statistics, 2016). In this regard, one of the most important problems in
canola production, especially in arid and semiarid regions, where low
soil moisture is the most serious issue, is poor seedling emergence and
establishment (Zhang et al., 2012; Torabi and Rabii, 2013). Therefore,
i).

hts reserved.
depending on climatic conditions and facilities, desired genotypes
should be selected with higher vigor germination rate. On the other
hand, due to prevailing the arid and semi-arid climate in the most
regions of Iran (Modarres et al., 2007), seed vigor must be considered
as the main criteria for the identification and selection of canola geno-
types under such stressful conditions.

Among factors affecting seed quality, seed vigor and germination are
considered as physiological aspects of seed (Ellis, 1992; Marcos-Filho,
2015). On the other hand, heterotrophic seedling growth is an impor-
tant indicator in determining seed vigor (Seyyedi et al., 2015). Based
on physiological mechanisms during seed germination, heterotrophic
seedling growth can be described by two components: (1) ‘the weight
of mobilized seed reserves, and (2) the conversion efficiency of mobi-
lized seed reserve to seedling tissue, i.e. production of seedling drymat-
ter per unit of usage of seed reserve’ (Soltani et al., 2006). Accordingly,
seed reserves are mainly affected by two factors: initial seed weight
and the fraction of seed reserve which is mobilized (Seyyedi et al.,
2015). Hence, determining seed quality and investigating factors affect-
ing seed vigor are so important.

Heterotrophic seedling growth which directly affects seeds vigor
may predict germination and seedling establishment, especially under
stressful environments (Seyyedi et al., 2015). In oilseed crops, seed
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germination and heterotrophic seedling growth are affected by seed
reserves, especially oil content and fatty acid composition (Priestley
and Leopold, 1983; Wang et al., 2001; Parkhey et al., 2012). On the
other hand, the vegetable oils with a higher percentage of polyunsatu-
rated fatty acids, especially linolenic acid, are more sensitive to oxida-
tion (Mohdaly et al., 2011; Rezvani Moghaddam and Seyyedi, 2016).
During germination of oilseeds, storage lipids aremetabolized to supply
the required energy for cell reactions and formation of new structural
constituents (Mostafa et al., 1987; Shi et al., 2010). In this context,
it has been reported that total lipid content of flax (Linum usitatissimum
L.) seeds was reduced four times at the end of the eighth day after
initiation of germination as compared to ungerminated seeds
(Wanasundara et al., 1999).

According to our hypothesis, fatty acid structure would affect canola
seeds vigor through affecting the seed reserve utilization efficiency.
Accordingly, the current experiment was aimed to compare different
canola cultivars in terms of seed oil content, fatty acids composition
and some mineral nutrients such as nitrogen (N) and phosphorus (P).
In addition, the relationship between seed reserves and fatty acids con-
tentwith seed vigor in canola cultivarswere studied. In order to test this
hypothesis, the above-mentioned relationships were evaluated before
and after performing the accelerated aging test.
2. Material and methods

2.1. Experiments layout

The current studywas conducted as series of laboratory experiments
based on completely randomized design with 12 treatments and 4 rep-
licates at Faculty of Agriculture, Ferdowsi University of Mashhad, Iran in
2017. The experimental treatments consisted of 12 winter canola
(Brassica napus L.) cultivars (Fornax, Karaj 1, Karaj 2, Karaj 3, L73,
L201, Licord, Modena, Okapi, Opera, SLM046, and Zarfam).
2.2. Seed materials

The canola seeds were obtained from East Azerbaijan Research
Center for Agriculture and Natural Resources, Tabriz, Iran. The research
center provides optimal seed production conditions for each cultivar.
Seeds of all cultivars were produced in the summer of 2017.
2.3. Determination of N, P, oil and crude protein contents

First, 1000-seed weight, N and P concentrations in the seeds were
determined. Nitrogen content was determined through titration
method by a Kjeltec-PECO-Psu 55 Analyzer (AOAC, 2000). Phosphorus
content was determined by calorimetric method using a spectropho-
tometer, UNICO S-2100-Vis (Murphy and Riley, 1962). Moreover, oil
percentage was measured using soxhlet method (Allen et al., 1986).
2.4. Crude oil extraction and determination of fatty acid composition

In order to determine initial fatty acid composition, the seeds were
ground and then oil extracted with n-hexane (1:4 wt/vol) by agitation
in a dark place at room temperature (25 °C) for 48 h. The solvent was
evaporated in vacuo at 40 °C to dryness (Farhoosh et al., 2009). The
fatty acids composition of the canola oil were determined by gas chro-
matography (YOUNG LIN – Acme 6000 GC, The Republic of Korea)
with the fame-ionization detector and capillary column (60 m ×
0.32mmi.d.;film thicknesswas 0.25 μm). Injector and detector temper-
atures were 300 and 320 °C, respectively. Oven temperature was at 250
°C. Fatty acids composition was calculated from the compound peak
areas (Nzikou et al., 2009).
2.5. Determination of seed physiological quality

In order to evaluate seed physiological quality, germination and
vigor tests were performed (on Whatman filter paper in 9-cm Petri
dishes) using standard germination (ISTA, 2011). The 25 seeds from
each treatment (with four replicates) were germinated at 20 °C in
dark condition. The germinated seeds (with 2 mm radicle growth)
were counted daily for 7 days. Mean germination time (MGT) was
calculated using the following equation (ISTA, 2011):

MGT ¼ Σn:t=Σn ð1Þ

Where n = number of seeds germinated at each day, t = number of
days from the beginning of germination.

After 7 days, seedlings were dried at 70 °C for 48 h to determine
seedling dry weight. Then, the weight of mobilized seed reserve
(WMSR) and seed reserve utilization efficiency (SRUE) were calculated
according to following equations (Soltani et al., 2006):

WMSR mg seed−1
� �

¼ Initial seed dry weight–unutilized seed dry weight

ð2Þ

SRUE %ð Þ ¼ Seedling dry weight=WMSRð Þ � 100 ð3Þ

The unutilized seed dry weight is seed residues dry weight at the
end of germination period. To determine initial seed dry weight, 25
seeds from each treatment (with four replicates) were weighed. Then,
samples (seed fresh weight) were dried at 70 °C for 48 h and weighed
again to calculate seedmoisture content (Eq. 4). In the following, initial
seed dry weight was calculated according to Eq. 5 (Seyyedi et al., 2015).

Seed moisture content ¼ seed fresh weight−seed dry weight ð4Þ

Initial seed dry weight ¼ seed fresh weight–seed moisture contentð5Þ

2.6. Electrical conductivity (EC) test

For EC measurement, 4 replicates of 50 pre-weighed seeds were
soaked in Erlenmeyer flask containing 250 mL distilled water at 20 °C
in the dark for 24 h. The EC soaked seeds was measured using an EC
meter (JENWAY, 4510 Conductivity Meter) and expressed as μS cm−1

g−1 according to Eq. 6. (Hajiabbasi et al., 2015).

EC μS cm−1 g−1� �
¼ EC for each sample μS cm−1� �

=weight of seed sample gð Þ ð6Þ

2.7. Accelerated aging test

Appropriate temperature and time for an accelerated aging testwere
set by utilizing the procedure suggested by Abdolahi et al. (2012): an
aging temperature of 40 °C and 100% relative humidity for 96 h. After
performing the accelerated aging test, all traits have been determined
again.

2.8. Statistical analyses

The data were subjected to analysis of variance using SAS 9.3 soft-
ware (SAS, 2011). To determine the difference among means, the least
significant difference (LSD) was used at 0.05 probability level. The first
and second stage data (before and after aging, respectively) were sepa-
rately analyzed. After determining the significant level, a linear equation
was fit to the data using Microsoft Excel 2013 Software.



Table 1
Mean comparison of some physical and chemical characteristics of seed in winter canola cultivars.

Winter canola cultivars 100 seed weight (g) Oil percentage N content (g 100 g−1) Crude protein content (%) P content (g 100 g−1)

Before aging After aging Before aging After aging Before aging After aging Before aging After aging

Fornax 4.83 51.82 46.71 3.32 2.85 20.72 17.82 0.38 0.34
Karaj 1 4.15 56.14 50.77 3.33 2.77 20.81 17.30 0.37 0.32
Karaj 2 3.64 34.72 31.06 3.30 2.74 20.61 17.11 0.39 0.34
Karaj 3 3.85 59.88 54.51 3.33 2.64 20.83 16.49 0.38 0.32
L73 3.35 39.91 36.07 3.32 2.73 20.73 17.03 0.40 0.34
L201 3.35 38.80 35.08 3.28 2.62 20.50 16.40 0.38 0.32
Licord 4.66 43.68 39.63 3.30 2.82 20.64 17.64 0.40 0.37
Modena 3.79 42.37 38.04 3.29 2.72 20.58 16.99 0.38 0.32
Okapi 4.25 41.25 37.15 3.34 2.78 20.85 17.39 0.40 0.34
Opera 4.36 48.51 43.64 3.29 2.79 20.56 17.44 0.39 0.34
SLM046 3.35 62.69 56.96 3.30 2.67 20.63 16.70 0.39 0.33
Zarfam 4.46 38.22 34.18 3.29 2.81 20.56 17.53 0.37 0.33
LSD (0.05) 0.140 3.979 4.235 – – – – – –
Treatment ** ** ** ns ns ns ns ns ns

**and ns are significant at the 0.01 and 0.05 levels of probability and no significant, respectively.
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3. Results

Therewere significant differences among canola cultivars in terms of
1000-seed weight (Table 1). For instance, Fornax, Licord and Zarfam
showed the highest 1000-seed weight. By contrast, the lowest 1000-
seed weight (3.35 g) was related to L73, L201 and SLM046 cultivars
(Table 1).

At the first and the second stages (before and after performing the
accelerated aging test), there were significant differences among culti-
vars in terms of oil percentage. At both stages, the highest and the low-
est oil percentage were achieved from SLM046 and K2 cultivars,
respectively (Table 1).

At the first and the second stages, therewas no significant difference
among cultivars in terms of N, P and crude protein contents. However,
all these traits decreased when accelerated aging test was performed
(Table 1). For instance, after performing accelerated seed aging, seed
N and P loss in SLM046 cultivar were recorded as 19.09 and 15.39%,
respectively (Table 1).

According to Table 2, there was a significant difference among culti-
vars for all physiological seed traits, except for germination percentage
at the first stage.

At the first stage, germination percentage in all studied cultivarswas
found to be 100%. However, there was a significant difference between
cultivars in terms of germination percentage when the accelerated
Table 2
Mean comparison of some physiological aspects of seed in winter canola cultivars.

Winter
canola
cultivars

Germination (%) MGT (day) Seedling dry
weight
(mg)

Before
aging

After
aging

Before
aging

After
aging

Before
aging

Aft
agi

Fornax 100.00 96.00 3.74 4.33 3.17 2.9
Karaj 1 100.00 76.00 4.03 4.99 2.58 2.0
Karaj 2 100.00 74.00 4.58 5.16 1.81 1.7
Karaj 3 100.00 70.00 4.10 5.20 1.62 1.3
L73 100.00 75.00 4.06 5.19 2.09 1.7
L201 100.00 72.00 4.07 5.17 2.17 1.7
Licord 100.00 92.00 3.86 4.47 2.76 2.5
Modena 100.00 74.00 4.06 5.18 1.89 1.7
Okapi 100.00 78.00 3.98 4.72 2.45 2.0
Opera 100.00 81.00 3.94 4.69 2.26 2.0
SLM046 100.00 75.00 4.07 5.17 1.88 1.7
Zarfam 100.00 86.00 3.91 4.59 2.97 2.3
LSD (0.05) – 9.412 0.351 0.138 0.315 0.2
Treatment ns * * * ** **

*, ** and ns are significant at the 0.01 and 0.05 levels of probability and no significant, respecti
aging test was performed (Table 2). At this time, the highest and lowest
germination percentages were obtained in Fornax and K3 cultivars,
respectively. Furthermore, before and after performing the accelerated
aging test, the lowest MGT and highest seedlings dry weight were
related to Fornax cultivar (Table 2).

At the second stage, the highest WMSR was related to Fornax and
Licord cultivars. Interestingly, WMSR in Fornax cultivar was higher
(63.7%) thanK3 cultivarwhen the accelerated aging test was performed
(Table 2). Furthermore, at the second stage, the highest and lowest
SRUE were achieved from Fornax and K3 cultivars, respectively
(Table 2).

As mentioned already, at the second stage, there was no significant
difference between cultivars in terms of seed N, P and crude protein
contents. However, there was a positive and significant correlation
between seed crude protein, N and P loss with MGT (Fig. 1A,C,D).
Moreover, a strong positive correlation was found between EC of the
seed soaking solution with MGT (Fig. 2). By contrast, the correlation
between WMSR and SRUE with MGT (Fig. 3) and between EC of the
seed soaking solution with WMSR and SRUE (Fig. 4) were significantly
negative.

At both stages, therewas no significant difference among cultivars in
terms of saturated fatty acids (Table 3). However, therewas a significant
difference among cultivars for unsaturated fatty acids, except for
palmitoleic and heptadecenoic acids (Table 4). The highest oleic
Weight of
mobilized
seed reserve
(mg seed −1)

Seed reserve
utilization
efficiency (%)

EC test
(μS cm−1 g−1)

er
ng

Before
aging

After
aging

Before
aging

After
aging

Before
aging

After
aging

4 3.54 3.41 89.62 86.28 11.47 22.57
0 3.44 2.93 75.17 69.20 14.33 34.37
7 2.74 2.71 65.70 65.28 18.35 29.20
4 2.98 2.56 54.63 52.70 16.80 39.70
2 2.84 2.60 73.96 67.09 15.83 34.63
6 2.93 2.64 74.39 67.12 15.63 33.70
2 3.37 3.33 82.50 75.66 13.50 29.87
9 2.87 2.76 65.21 64.67 16.13 37.23
7 3.22 3.00 76.01 69.61 15.60 32.17
9 2.89 2.81 78.08 74.28 14.33 34.67
3 2.61 2.59 71.89 66.72 16.00 36.60
7 3.62 3.20 82.13 74.05 11.60 25.60
71 0.278 0.304 11.421 12.800 0.320 4.142

** ** ** ** ** **

vely.



Fig. 1. Relationship between N loss in seed withMGT (A), oil loss in seedwithMGT (B), crude protein loss in seed withMGT (C), and P loss in seed withMGT (D). The asterisks ** indicate
statistical differences at P ≤ .01. MGT was determined after aging.
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percentage and lowest linoleic and linolenic percentages were obtained
in Fornax cultivars. Furthermore, before and after performing the accel-
erated aging test, the highest linoleic and linolenic percentages were
related to Karaj 3 cultivar (Table 4).

In general, accelerated aging in canola seeds increased saturated
fatty acids percentage and reduced unsaturated fatty acids percent-
age (Tables 3 and 4). For example, at the first stage (before acceler-
ated aging), the average saturated and unsaturated fatty acids
constitute 8.69 and 91.31%, respectively, whereas at the second
stage (after accelerated aging), the average values were found to
be 26.76 and 73.23%, respectively. Furthermore, at the first stage,
oleic acid, linoleic acid, and linolenic acid constitute 63.14, 20.65
and 7.20% of the oil, respectively. At the second stage, the average
values of these fatty acids were found to be 56.93, 12.86 and
Fig. 2. Relationship between EC test with MGT. The asterisks ** indicate statistical differen
3.28%, respectively (Tables 3 and 4). Moreover, in all canola culti-
vars, the unsaturated to saturated fatty acid ratio decreased due to
accelerated aging test (Fig. 5).

At both stages, there was a positive and significant relationship
between oleic acid and SRUE (Fig. 6A). By contrast, the relationship
between linolenic or linoleic acid and SRUE was found to be negative
(Fig. 6B,C).

4. Discussion

In addition to soil conditions, germination and seedling growth de-
pend on seed reserves (Elamrani et al., 1992; Peltonen-Sainio et al.,
2006; Faize et al., 2015). On the other hand, 1000-seed weight, which
represents seed size, directly affects seed reserves content, germination
ces at P ≤ .01. First stage (triangle): before aging; second stage (square): after aging.

Image of Fig. 1
Image of Fig. 2


Fig. 3. Relationship betweenweight of mobilized seed reservewithMGT (A), and seed reserve utilization efficiencywithMGT (B). The asterisks ** indicate statistical differences at P ≤ .01.
MGT, weight of mobilized seed reserve and seed reserve utilization efficiency were determined after aging.

Fig. 4. Relationship between EC test with weight of mobilized seed reserve (A), and seed reserve utilization efficiency (B). The asterisks ** indicate statistical differences at P ≤ .01. EC test,
weight of mobilized seed reserve and seed reserve utilization efficiency were determined after aging.
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rate, and seedling growth rate (Liao and Yan, 1999). In this regard, a
positive relationship between seedling vigor and seed size in cotton
(Gossypium hirsutum) cultivars has been reported by Snider et al.
(2014). Therefore, it can be concluded that higher 1000-seed weight
in Fornax cultivar has a reason for its more seed vigor, as compared to
other cultivars.
Table 3
Mean comparison of saturated fatty acids of seed in winter canola cultivars.

Winter
canola
cultivars

Lauric (%) Myristic (%) Palmitic (%) Margaric (%)

Before
aging

After
aging

Before
aging

After
aging

Before
aging

After
aging

Before
aging

Af
ag

Fornax 0.022 0.130 0.163 0.213 6.24 19.68 0.042 0.0
Karaj 1 0.022 0.123 0.130 0.230 6.14 20.36 0.044 0.0
Karaj 2 0.023 0.130 0.140 0.230 6.22 20.45 0.044 0.0
Karaj 3 0.024 0.127 0.157 0.220 6.28 20.47 0.042 0.0
L73 0.022 0.127 0.163 0.240 6.20 20.58 0.043 0.0
L201 0.025 0.137 0.150 0.223 6.22 20.68 0.044 0.0
Licord 0.025 0.137 0.157 0.217 6.26 20.38 0.042 0.0
Modena 0.024 0.123 0.167 0.220 6.16 20.68 0.043 0.0
Okapi 0.024 0.123 0.167 0.223 6.27 20.26 0.044 0.0
Opera 0.022 0.127 0.147 0.213 6.23 19.95 0.045 0.0
SLM046 0.024 0.127 0.150 0.223 6.31 20.07 0.044 0.0
Zarfam 0.023 0.120 0.153 0.223 6.22 20.50 0.043 0.0

Average 0.02 0.13 0.15 0.22 6.23 20.34 0.04 0.0
LSD
(0.05)

– – – – – – – –

Treatment ns ns ns ns ns ns ns ns

*, ** and ns are significant at the 0.01 and 0.05 levels of probability and no significant, respecti
As mentioned already, seed vigor and seedling establishment in oil-
seeds are strongly affected by seed reserves including carbohydrate,
proteins, and fat (Soltani et al., 2006; Nonogaki, 2008). On the other
hand, chemical composition and quality of these compounds are deter-
mined bymineral nutrient contents such asN and P (Naegle et al., 2005;
Lamont and Groom, 2013). Nitrogen is considered as an essential
Stearic (%) Arachidic (%) Behenic (%) Lignoceric (%)

ter
ing

Before
aging

After
aging

Before
aging

After
aging

Before
aging

After
aging

Before
aging

After
aging

85 0.437 1.27 1.22 3.63 0.223 0.517 0.313 0.587
82 0.450 1.27 1.23 3.64 0.243 0.563 0.353 0.550
78 0.443 1.27 1.24 3.66 0.233 0.537 0.320 0.550
83 0.430 1.27 1.22 3.62 0.233 0.550 0.397 0.580
81 0.443 1.27 1.22 3.62 0.233 0.527 0.340 0.507
76 0.427 1.27 1.24 3.65 0.253 0.570 0.320 0.550
84 0.433 1.29 1.24 3.64 0.230 0.533 0.340 0.550
81 0.430 1.28 1.24 3.63 0.237 0.550 0.333 0.540
83 0.413 1.27 1.23 3.62 0.237 0.540 0.273 0.547
86 0.450 1.27 1.23 3.64 0.240 0.543 0.373 0.523
82 0.440 1.28 1.23 3.61 0.247 0.557 0.320 0.533
83 0.450 1.29 1.22 3.57 0.243 0.553 0.327 0.530

8 0.44 1.28 1.23 3.63 0.24 0.55 0.33 0.55
– – – – – – – –

ns ns ns ns ns ns ns ns

vely.

Image of Fig. 3
Image of Fig. 4


Table 4
Mean comparison of unsaturated fatty acid of seed in winter canola cultivars.

Winter
canola
cultivars

Palmitoleic (%) Heptadecenoic (%) Oleic (%) Linoleic (%) Linolenic (%) Erucic (%)

Before
aging

After
aging

Before
aging

After
aging

Before
aging

After
aging

Before
aging

After
aging

Before
aging

After
aging

Before
aging

After
aging

Fornax 0.194 0.111 0.051 0.038 66.79 60.97 18.30 10.85 5.93 1.90 0.073 0.011
Karaj 1 0.193 0.109 0.057 0.044 62.94 57.51 20.90 12.70 7.21 2.81 0.093 0.011
Karaj 2 0.195 0.112 0.056 0.043 62.30 55.82 21.35 13.42 7.38 3.70 0.061 0.011
Karaj 3 0.190 0.115 0.053 0.037 60.63 53.26 21.87 14.12 8.38 5.54 0.096 0.010
L73 0.196 0.113 0.050 0.040 60.99 54.19 21.84 14.07 8.18 4.61 0.083 0.011
L201 0.192 0.116 0.056 0.043 62.00 55.04 21.36 13.77 7.67 3.86 0.054 0.009
Licord 0.193 0.118 0.055 0.042 66.11 59.55 18.59 11.35 6.26 2.10 0.065 0.009
Modena 0.192 0.115 0.052 0.041 61.33 54.88 21.78 13.78 7.95 4.06 0.059 0.011
Okapi 0.190 0.121 0.053 0.041 62.89 57.87 20.99 12.66 7.15 2.62 0.074 0.009
Opera 0.190 0.114 0.053 0.039 64.53 58.73 19.92 12.40 6.50 2.35 0.065 0.008
SLM046 0.197 0.118 0.051 0.047 62.07 56.02 21.31 13.72 7.50 3.60 0.096 0.011
Zarfam 0.194 0.117 0.054 0.033 65.15 59.31 19.59 11.49 6.28 2.16 0.053 0.010
Average 0.19 0.11 0.05 0.04 63.14 56.93 20.65 12.86 7.20 3.28 0.07 0.01
LSD (0.05) – – – – 0.561 1.040 0.578 0.505 0.220 0.550 0.0042 0.0017
Treatment ns ns ns ns ** ** ** ** ** ** ** **

*, ** and ns are significant at the 0.01 and 0.05 levels of probability and no significant, respectively.
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element for formation of amino acids, the building blocks of protein,
plant cell division, energy reactions and seedling growth (Hara and
Toriyama, 1998; Monaco et al., 2003). Phosphorus is also one of the
major macronutrients and plays a crucial role in energy transfer and is
an essential component of phospholipids and proteins (Nicanuzia Dos
Prazeres et al., 2004; White and Veneklaas, 2012). Hence, seed N and
P concentration are among the most important factors affecting
seed germination, seedling growth and establishment (Modi,
2002; Peltonen-Sainio, et al., 2006; Seyyedi et al., 2015). In this
context, the importance of these elements in improving seeds
vigor in soybean (Glycine max L.), common bean (Phaseolus vulgaris
L.) and cotton has been previously reported (Bishnoi et al., 2007;
Sawan et al., 2009, 2011; Pacheco et al., 2012). Therefore, a positive
correlation between seed N and P loss with MGT represents the im-
portance of N and P in increasing canola seed vigor. In other words,
the loss of these elements during accelerated seed aging process
means reducing the possibility of normal seedling establishment
in the soil.

In general, standard germination test is not able to predict seeds
vigor accurately, especially in unfavorable conditions (Noli et al.,
2008), therefore, EC and accelerated aging tests are among themost im-
portant indexes in predicting seeds vigor and seedlings emergence
(Wang et al., 1996; Vieira et al., 2004; Abdolahi et al., 2012). On the
other hand, seed aging often reduces water absorption and germination
capacity and increases lipid peroxidation, deformation of themembrane
structure and cellular secretions (Gidrol et al., 1989; Basra et al., 2003;
Fig. 5. Unsaturated to saturated fatty acid ratio in winter canola cultivars. First stage
(triangle): before aging; second stage (square): after aging.

Fig. 6. Relationship between oleic acidwith seed reserve utilization efficiency (A), linoleic
acid with seed reserve utilization efficiency (B), and linolenic acid with seed reserve
utilization efficiency (C). The asterisks ** indicate statistical differences at P ≤ .01. First
stage (triangle): before aging; second stage (square): after aging.

Image of Fig. 5
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Fig. 7. Relationship between oleic acid with linoleic acid (A) and oleic acid with linolenic acid (B). The asterisks ** indicate statistical differences at P ≤ .01. First stage (triangle): before
aging; second stage (square): after aging.
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Hsu et al., 2003; Balešević-Tubić et al., 2005; Veselovsky and Veselova,
2012), so that it can greatly increase the vulnerability of seedlings
against environmental stresses (Hailstones and Smith, 1988;
Khaliliaqdam et al., 2013). Accordingly, the imposition of artificial stress
on the seeds as a result of the implementation of accelerated aging test
can predict successful establishment of seedlings under unfavorable
conditions.

During the accelerated aging process, part of the seed reserves may
be oxidized and destroyed (Gidrol et al., 1989; Pinzino, 1999; Tatić
et al., 2012). For instance, a significant reduction in phospholipids in
soybean seeds during accelerated aging process was observed by
Priestley and Leopold (1979). In this regard, a strong correlation be-
tween seed N and P loss with MGT and between EC test with MGT rep-
resents accelerated aging and EC test importance in assessing seed vigor
and successful establishment of canola seedlings. Such results, not only
indicate crucial effects of nutrient reserves on seed vigor but also dem-
onstrate that reduction inWMSRduring seed aging process plays an im-
portant role in improving seeds vigor and heterotrophic seedling
growth, especially under unfavorable conditions.

Upon water uptake and activation of enzymes, seeds reserves are
hydrolyzed during biochemical processes (Muccifora and Bellani,
2013). In the next phase, quick transfer of energy and nutrients to rad-
icles leads to successful completion of seedling emergence (Welbaum
et al., 1998; Nonogaki et al., 2010). Accordingly, reduction in WMSR
during germination affect normal emergence through an effect on het-
erotrophic seedling growth.

From the results, the negative and significant correlation be-
tween WMSR and MGT and also between SRUE and MGT can justify
the above-mentioned description. In other words, canola cultivars
with a smaller percentage of nutrients lost during the accelerated
aging process have likely higher WMSR and SRUE. Therefore, it
seems that canola seeds vigor highly depends on heterotrophic
seedling growth.

Oleic, linoleic and linolenic acids were found to be the most im-
portant unsaturated fatty acids found in canola seeds because, at
the first stage, these fatty acids constituted 91% of the total fatty
acids. Hence, it is likely that these fatty acids play a key role in seed
vigor in canola cultivars. In addition, it can be concluded that seed
vigor in canola is more affected by unsaturated fatty acids than satu-
rated ones.

The response of seed vigor to fatty acids composition is not clearly
known. Generally, oilseeds with high lipids content have lower seed
longevity (Balešević-Tubić et al., 2010). Besides, with increasing the de-
gree of unsaturation, the fatty acid resistance usually decreases. Since
oils with higher linoleic and linolenic acids and lower oleic acid content
are oxidized more quickly (Yun and Surh, 2012; Seyyedi et al., 2015),
higher linoleic and linolenic acids content might affect oil quality and
lead to reduce seed vigor in canola cultivars.
As mentioned before, accelerated aging in canola seeds increases
saturated fatty acid percentage, decreases unsaturated fatty acid per-
centage, oil percentage and unsaturated to saturated fatty acid ratio. It
seems that accelerated aging causes oil oxidation by destroying unsatu-
rated and saturated fatty acids structure. But the important point is that
probably unsaturated fatty acids are more likely to be degraded than
saturated fatty acids that is why unsaturated-to-saturated fatty acid
ratio would decrease due to accelerated aging processes. Similar results
were foundwhen sunflower (Helianthus annuus L.) cultivars were stud-
ied in order to increase oleic acid and decrease linoleic acid content
(González Belo et al., 2014). As reported by Balešević-Tubić et al.
(2007), the severity of seed deterioration in sunflower is influenced
by the degree of fatty acid unsaturation; so that oleic acid was more re-
sistant to oxidation than linoleic acid. According to Seyyedi et al. (2015),
among black seed fatty acids, linolenic acid showed the highest correla-
tion with seed vigor, so that seed vigor significantly decreased with in-
creasing seeds linolenic acid percentage. Moreover, due to a negative
correlation between oleic and linoleic acids (Fig. 7A) and also between
oleic and linolenic acids (Fig. 7B), it seems that any environmental fac-
tors that could lead to an increase in oleic acid percentage, possibly
could increase seed vigor. In this regard, a negative correlation between
linolenic and oleic acids percentage was reported byWere et al. (2006).
Similarly, Rezvani Moghaddam and Seyyedi (2016) have reported that
MGT decreased with increasing oleic acid percentage in sesame culti-
vars, however, increase in linoleic or linolenic acid percentage was par-
allel with the increase in MGT.

A negative correlation between linolenic acid and SRUE, as well as
between linoleic acid and SRUE and also a positive correlation between
oleic acid and SRUE represent this fact that unsaturated fatty acids con-
tent strongly affect heterotrophic seedling growth in canola. In other
words, cultivars with high oleic acid content and low linoleic and
linolenic acids content showed lower MGT and higher seeds vigor. As
reported by González Belo et al. (2014), breeding for higher oleic acid
and lower linoleic acid content in sunflower can improve seed vigor.

5. Conclusions

It can be concluded that seed reserves play a crucial role in in-
creasing canola seed vigor. In fact, MGT decreases when nutrient re-
serves are less impacted and destroyed by an accelerated aging
process which finally increases successful establishment of normal
seedlings. On the other hand, negative correlations between EC of
the seed soaking solution with SRUE and between SRUE with MGT
suggest this fact that decrease in losses ofWMSR strongly affects het-
erotrophic seedling growth in canola cultivars. Moreover, a strong
correlation was found between oleic, linoleic and linolenic acids con-
tent and SRUE; therefore, it seems that canola seed vigor highly de-
pends on fatty acids composition.

Image of Fig. 7
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