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Abstract

A factorial split-plot experiment (2015-17) was carried out in a randomized complete block design with three replications
at Karaj, Iran, to investigate the quantitative and qualitative responses of rapeseed genotypes to the exogenous application
of salicylic acid at various plant densities. Three plant densities (40, 50, and 60 plants m=2) and two levels of application of
salicylic acid (non-application and foliar application) were factorial in the main plots and six rapeseed genotypes (HW118,
WPN6, HL3721, L14, Tassilo, and Natali) were in sub-plots. The number of siliques per plant, number of seeds per silique,
seed yield, and oil yield improved when rapeseed genotypes treated with salicylic acid. The oil quality of studied genotypes
enhanced due to a reduction in erucic acid and glucosinolate contents under the foliar application of salicylic acid. On
average, by foliar application of salicylic acid, the highest seed and oil yields at the density of 40 plants m~ belonged to
the L14 genotype, while the HW118 produced the maximum seed and oil yields at the densities of 50 and 60 plants m.
Generally, rapeseed genotypes should be cultivated at the density of 40 plant m2 and treated with foliar application of
salicylic acid for achieving the maximum seed yield and oil quality.

Keywords Fatty acid profiling - Lodging - Oilseed - Plant growth regulator - Silique

Kornertrag und qualitative Veranderung von Rapsgenotypen als Reaktion auf die exogene
Anwendung von Salicylsdure und die Pflanzdichte

Zusammenfassung

Ein faktorieller Split-Plot-Versuch (2015—-17) wurde in einem randomisierten vollstandigen Blockdesign mit drei Wie-
derholungen in Karaj, Iran, durchgefiihrt, um die quantitativen und qualitativen Reaktionen von Rapsgenotypen auf die
exogene Anwendung von Salicylsdure bei verschiedenen Pflanzdichten zu untersuchen. Drei Pflanzdichten (40, 50 und
60 Pflanzen pro m?) und zwei Arten der Salicylsdureapplikation (keine Applikation und Blattapplikation) waren Faktoren
in den Hauptplots, sechs Rapsgenotypen (HW 118, WPN6, HL3721, L14, Tassilo und Natali) in den Subplots. Die Anzahl
der Schoten pro Pflanze, die Anzahl der Samen pro Schote, der Samenertrag und der Olertrag verbesserten sich, wenn die
Rapsgenotypen mit Salicylsiure behandelt wurden. Die Olqualitit der untersuchten Genotypen verbesserte sich aufgrund
einer Reduzierung des Erucasédure- und Glucosinolatgehalts unter der Blattapplikation von Salicylsdure. Im Durchschnitt
erreichte bei einer Blattapplikation von Salicylsdure der Genotyp L14 bei einer Dichte von 40 Pflanzen pro m? die hochsten
Samen- und Olertréige, wihrend HW118 bei Dichten von 50 und 60 Pflanzen pro m? die hochsten Samen- und Olertri-
ge lieferte. Generell sollten die Rapsgenotypen bei einer Dichte von 40 Pflanzen pro m? angebaut und mit Salicylsdure
behandelt werden, um den maximalen Samenertrag und die beste Olqualitéit zu erreichen.
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Introduction

Rapeseed (Brassica napus L.) has always been considered
as one of the most important oilseed crops in the world
(Confortin et al. 2019; Rahimi-Moghaddam et al. 2020)
and it is the third major oil crop after palm and soybean.
According to the latest report of the Food and Agriculture
Organization (FAO) of the United Nations, total rapeseed
production in the world and Iran is 75 and 0.14 million tons,
respectively. This oilseed crop is mainly considered due to
its high oil content (about 40—45%). Rapeseed oil is one
of the most common edible oils because of low content of
saturated fatty acids (SFA; 7%), high content of monounsat-
urated fatty acids (MUFA; 60%), and sufficient content of
polyunsaturated fatty acids (PUFA; 8-12%) (Starner et al.
1999).

Identifying optimum crop-managing practices for oilseed
crops such as the selection of high-yielding genotypes
(Eyni-Nargeseh et al. 2020a), optimal planting date (Mora-
di-Aghdam et al. 2019), optimal plant density (Li et al.
2014), application of macro and micro elements (Bybordi
2016; Amiri-Darban et al. 2020), and application of plant
growth regulators (PGRs) (Elhamahmy et al. 2016) can lead
to greater seed yield and oil quality as well as expanding
cultivated area. Plant density per unit area has the greatest
effect on yield components and seed yield of individual
plants (Diepenbrock 2000). Optimum plant density depends
on the environment, production system, and genotype (Ozer
2003; Caliskan et al. 2009) and it should be determined by
local researches. If the plant density is considered so high,
it is not properly used from the production capacity of the
crop, and also the competition between plants occurs which
reduces total crop efficiency. Therefore, the maximum yield
is obtained when all production factors are provided for
optimal development and growth of the plant. Caliskan
et al. (2009) in evaluating the effect of different plant den-
sities (15, 20, 25, and 30 plants m2) on yield and yield
components of potato hybrids concluded that the optimal
plant density varied between 25 and 30 plants m= in terms
of total yield, while 20 and 25 plants m? were known as
optimal plant densities with regard to the marketable yield
depending on studied hybrids. Nasiri et al. (2017) evaluated
the response of six canola cultivars (Ahmadi, Okapi, Opera,
L72, Karajl, and SW102) at three plant densities (40, 60,
and 80 plants m~2) and reported that the highest seed yield
was obtained at 40 plants m2.

The exogenous application of PGRs is very useful to
amend crop growth under different conditions (Elhamahmy
et al. 2016; Ijaz et al. 2019). Salicylic acid (SA) or ortho-
hydroxy benzoic acid as a PGR improves photosynthesis,
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growth, and different physiological and biochemical pro-
cesses when its lower concentrations are applied within the
range of 0.1 to 0.5uM. It acts as a potent PGR that can
effectively modulate different plant growth responses. Ex-
ogenous application of SA induces the systemic acquired
resistance in plants, thereby provides considerable protec-
tion against different biotic stress (Hayat et al. 2010). The
effects of application of salicylic acid on plant development
and growth are controversial in various plant species under
different environmental conditions (Janda et al. 2014). Total
chlorophyll content and net photosynthesis could increase
in Brassica family, leading to an increase in seed yield
(Fariduddin et al. 2003; Ullah et al. 2012). Increased seed
yield and oil quality of crops have been reported due to
the foliar application of SA under different environmental
and management conditions such as drought stress (Razmi
et al. 2017), ionic toxicity stress (Metwally et al. 2018),
biotic stress (Elhamahmy et al. 2016), and salt stress (Jini
and Joseph 2017).

Considering the growing importance of rapeseed oil for
edible and industrial purposes, its cultivated area could be
increased if its seed and oil yields as well as oil character-
istics are improved in quality and quantity with better man-
agement strategies. Accordingly, the current study aimed to
elucidate the quantitative and qualitative responses of rape-
seed genotypes to the exogenous application of salicylic
acid at various plant densities.

Materials and Methods

A factorial split-plot experiment (2015-16 and 2016-17)
was carried out in a randomized complete block design
(RCBD) with three replications at Karaj (Research Field
of Seed and Plant Improvement Institute), Iran, to investi-
gate the quantitative and qualitative responses of rapeseed
genotypes to the exogenous application of salicylic acid at
various plant densities. The geographical coordinates of the
experimental site (Karaj) are 35°59’'N latitude and 50°75’ E
longitude at an altitude of 1321 m above sea level. Accord-
ing to long-term climatic data of 30-years (1985-2015), the
average annual rainfall in the studied location is 243 mm.
The meteorology data recorded over the experiment period
in both years are presented in Table 1.

In this study, three plant densities of 40 (PD1), 50 (PD2),
and 60 (PD3) plants m™2 and two levels of exogenous ap-
plication of salicylic acid including non-application (SA0)
and foliar application of 1 uM salicylic acid at two stages of
six-leaf and stem elongation (SA1) were in the main plots
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Table 1 Mean temperatures (°C) and rainfall (mm) during growing period (2015-16 and 2016-17) of rapeseed in Karaj, Iran

2015-16 2016-17 Long-term (1985-2015)
Month Mean temperature Rainfall Mean temperature Rainfall Mean temperature Rainfall

O (mm) O (mm) O (mm)
October 19.55 3.50 18.38 0 16.89 19.11
November  11.03 77.41 13.26 3.73 9.62 31.04
December  4.71 28.61 3.45 7.40 4.45 31.97
January 4.98 15.61 4.56 44.00 2.09 30.53
February 4.85 8.71 2.24 44.82 4.22 29.37
March 11.56 13.81 7.74 19.90 8.89 44.04
April 11.81 77.70 12.79 37.40 14.79 38.67
May 19.9 13.01 19.70 53.90 19.53 18.33
June 23.72 0.02 24.70 0 24.85 2.69

and six rapeseed genotypes of HW118, WPN6, HL3721,
L14, Tassilo, and Natali (Hybrid) were in sub-plots.

The experimental plots were 6 m long and consisted of
5 rows, with an inter-row space of 300mm and the inter-
plant spaces of 83, 67, and 55 mm on the rows to achieve the
densities of 40, 50, and 60 plants m2, respectively. A 2m
distance was kept between experimental plots. Soil sam-
ples were taken before sowing to determine physicochem-
ical characteristics at two depths of 0-30 and 30-60cm
(Table 2). Soil texture was clay loam. Consumed fertil-
izers according to the recommendations and soil analysis
were: (i) ammonium sulfate (150kg ha™'), (ii) and ammo-
nium phosphate (150kg ha') at pre-plant, (iii) 350kg ha™!
urea in three splits (100, 150, and 100kg ha™! in four-leaf,
stem elongation, and budding stages, respectively). Irriga-
tion was conducted equally after 80 mm evaporation from
class A evaporation pan.

The final harvest was performed by harvesting four mid-
dle rows from each experimental plot at physiological ma-
turity stage (humidity content of 14%) and weighing using
a digital scale to measure the rapeseed seed yield. Number
of siliques per plant and number of seeds per silique were
counted from 50 randomly selected siliques. The 1000-seed
weight was calculated by measuring the 10 random sam-
ples, each of which consisted of 100 seeds, from each exper-
imental plot and multiplying it by 10, and finally expressed
in 1000-seed weight.

To measure and determine the oil content of rapeseed
seeds, five grams of seeds were chosen from each plot, and
the oil content was estimated by Nuclear Magnetic Reso-

Table 2 Physicochemical properties of soil collected from study site

nance (NMR) German Broker Brand minispec mq20 model
(International standard ISO 1992). After determining the oil
content of rapeseed seed, oil yield was obtained from mul-
tiplying the yield of seed by oil content.

In the present study, rapeseed seed oil was extracted
according to the method described by Azadmard-Damirch
et al. (2005) and Fathi-Achachlouei and Azadmard-Damirchi
(2009). Briefly, rapeseed seed samples were processed with
30ml hexane/isopropanol (3:2, v/v) at room temperature
under vigorous shaking for one hour. To extract oil from
100 g of rapeseed seed, 10 tubes, each tube containing 10g
of rapeseed seed, were utilized. After shaking the samples
for one hour, extracts were filtered through filter paper with
a Buchner funnel under vacuum. The remaining defatted
cake was washed twice with the same solution to extract
the entire oil content. Then, 35ml of sodium sulfate was
added to the oil and was thoroughly mixed. After that, the
organic solvent layers containing the oil were separated and
evaporated at 35°C under reduced pressure. Finally, the
extracted oil was stored at —20 °C for subsequent analyzes.

Fatty acid methyl esters (FAMEs) were prepared from oil
samples according to the method proposed by Savage et al.
(1997). In summary, 2ml of 0.01M NaOH solution were
added to a tube containing oil samples dissolved in 0.5ml
hexane and then were placed in a water bath at 60°C for
10min. After that, boron trifluoride solution in methanol
(20% of BF3 in methanol) was added, and the samples
were kept in a 60°C water bath for 10min. The sample
was cooled under running water, and 2ml of 20% sodium
chloride and 1 ml of hexane were added. After complete

Year Depth EC pH oC N P K Clay Silt Sand
(cm) (dsm™) (%) (%) (ppm) (ppm)

2015-16  0-30 1.49 7.1 0.96 0.07 14.1 189 29 45 26
30-60 1.25 7.2 0.99 0.08 14.8 169 26 47 27

2016-17  0-30 1.52 7.5 0.85 0.08 13.6 214 28 44 28
30-60 1.21 7.7 0.91 0.09 13.9 196 27 46 27

OC Organic carbon, N Nitrogen, P Phosphorus, K Potassium
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mixing, the hexane layer containing fatty acid methyl esters
was separated using centrifugation.

Fatty acid methyl esters were analyzed using gas chro-
matography (GC) based on the method described by Azad-
mard-Damirchi and Dutta (2006). The GC instrument was
equipped with a flame ionization detector and a Split/
Splitless injector. The injector and detector temperatures
were 230 and 250°C, respectively. The oven conditions
were such that the temperature increased by 2°C from
158 to 220°C for over a minute and was maintained at
each temperature for five minutes. Helium was applied as
a carrier gas, and nitrogen was applied as an auxiliary gas
at a flow rate of 30ml/min. The FAMEs were identified
through comparing their retention time with standard fatty
acid methyl esters, and peak areas were reported as the per-
centage of total fatty acids. In the current study, palmitic,
linoleic, linolenic, oleic, and erucic acid were measured.

Rapeseed seed oil glucosinolate was measured by a Var-
ian Cary 100 Spectrophotometer equipped with a 50 m long
CP-Sil 88 capillary, 0.25mm inner diameter, and 0.2 um
static phase thickness (Harinder et al. 2007).

Finally, after verification of the test assumptions and the
determination of the variances similarity in each year (based
on Bartlett’s test), SAS software, version 9.2 was employed
to do the combined variance analysis. It is worth noting that
the year was considered a random factor. The comparison
of means was conducted by the least significant difference
(LSD) test at p<0.05.

Results

The results indicated that the main effect of year was sta-
tistically significant on number of siliques per plant, 1000-
seed weight, seed yield, oil yield, and palmitic acid. Accord-
ingly, the number of siliques per plant, 1000-seed weight,
seed yield, oil yield, and palmitic acid were 116.8, 3.47 g,
3343kg ha™!, 1386kg ha™!, and 4.06% in the first year, and
were 140.6, 4.02g, 3583kg ha™!, 1526kg ha', and 4.41%
in the second year, respectively.

Combined analysis of variance showed that three-way
interactions between plant density x foliar application of
salicylic acidx genotype were statistically significant for
all studied traits (P<0.01) except for oleic acid (Table 3).
Accordingly, the means comparison of all traits except
for oleic acid were performed based on the three-way
interactions of plant density x foliar application of sali-
cylic acid x genotype. The main effect of plant density was
significant on oleic acid (Table 3).

Seed Yield and Yield Components

Increasing plant density per m? dramatically decreased
rapeseed seed yield and yield components (number of
siliques per plant, number of seeds per silique, and 1000-
seed weight) (Table 4). On average by foliar application
of salicylic acid and genotype treatments, the maximum
seed yield, number of siliques per plant, number of seeds
per silique, and 1000-seed weight were obtained when the

Table3 Summary of combined F significance from analysis of variance on qualitative and quantitative traits of rapeseed as affected by plant
density, foliar application of salicylic acid, and genotype in 2015-16 and 2016—17 growing periods

Sliliques  Seeds 1000- Seed Oil Oil Palmitic Linoleic Linolenic Oleic  Erucic  Gluco-
per per seed yield con- yield  acid acid acid acid acid sino-
plant silique weight tent late
Y 1 Hk ns Hk * ns * * ns ns ns ns ns
Y xPD 2 HE ns ns ns ns ns ns ns ns ns ns ns
SA 1 HE HE ns * ns *k ns ns ns ns * *
Y xSA 1 ns ns ns ns ns ns ns ns ns ns ns ns
PDx SA 2 ns ns ns ns ns ns ns ns ns ns ns ns
Y xPDxSA 2 ns ns ns ns ns ns ns ns ns ns ns ns
G 5 £ £ £ sk ns sk sk sk sk ns sk sk
YxG 5 ns ns ns ns ns ns ns ns ns ns ns ns
PDXG 10 sk sk sk £ ns sk sk * sk ns £ sk
YxPDxG 10 ns ns ns ns ns ns ns ns ns ns ns ns
SAxG 5 HE * ns ns ns ns ns ns ns ns ns ns
YxSAxG 5 ns ns ns ns ns ns ns ns ns ns ns ns
PDXSAXG 10 sksk sksk sksk sksk * ek * ek sksk ns sksk sksk
YxPDxSAxG 10 ns ns ns ns ns ns ns ns ns ns ns ns
CV (%) - 510 5.09 6.36 6.50 5.89 9.38 4.96 6.29 5.34 3.76 5.48 7.94

ns not significant at the 0.05 probability level, DF Degree of freedom, Y Year, PD Plant density, SA Salicylic acid, G Genotype
*Significant at the 0.05 probability level, ** Significant at the 0.01 probability level
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Table4 Mean comparison of three-way interaction between plant density, foliar application of salicylic acid, and genotype on seed yield and
yield components of rapeseed in 2015-16 and 2016—17 growing periods in Karaj, Iran

Plant density Salicylic acid Genotype  Sliliques per plant Seeds per silique 1000-seed weight (g)  Seed yield
(kg ha™")
PDI1 SA0 HW118 192.4a 24.3a 4.9a 5204a
WPN6 162.0b 21.9b 4.3b 4475b
HL3721 155.1b 21.3b 4.2b 4238b
L14 205.5a 25.4a 5.2a 5526a
Tassilo 152.4b 21.0b 4.1b 4098b
Natali 198.3a 24.8a 5.0a 5370a
SAl HWI118 194.3ab 24.6ab 5.0abc 5242ab
WPN6 178.8bc 23.4bc 4.7bcd 4912bc
HL3721 173.1bc 22.8¢ 4.5¢cd 4753bc
L14 209.8a 25.6a 5.3a 5629a
Tassilo 169.4c 22.5¢ 4.4d 4649c
Natali 202.5a 25.1a 5.1ab 5448a
PD2 SA0 HWI118 145.4a 20.4a 4.0a 3931a
WPN6 102.8d 14.7¢ 3.2b 2804c
HL3721 105.4cd 15.1¢c 3.2b 2837c
L14 139.9ab 19.7a 3.9a 3785a
Tassilo 99.9d 14.4c 3.1b 2723c
Natali 123.5bc 17.6b 3.5ab 3191b
SAl HW118 149.2a 20.7a 4.1a 3986a
WPN6 114.4c 16.4¢c 3.3¢c 3025¢
HL3721 116.9¢c 16.9bc 3.4bc 3055¢
L14 142.2ab 20.0a 3.9ab 3860a
Tassilo 111.5¢ 15.9¢ 3.3c 2984c
Natali 127.1bc 18.0b 3.6abc 3346b
PD3 SA0 HWI118 95.7a 13.6a 3.1a 2594a
WPN6 80.8bc 11.7bc 2.8ab 2211b
HL3721 72.4cd 10.4d 2.7ab 1822¢
L14 62.9d 9.0e 2.5b 1515d
Tassilo 76.5bc 11.1cd 2.8ab 2006¢
Natali 85.6ab 12.4b 2.9a 2338b
SAl HWI118 97.9a 13.9a 3.1a 2690a
WPN6 83.3bc 12.0bc 2.9ab 2297bc
HL3721 74.1cd 10.7d 2.7ab 1925d
L14 65.3d 9.4e 2.5b 1630e
Tassilo 78.8bc 11.3cd 2.8ab 2135cd
Natali 88.2ab 12.6b 2.9ab 2435b

Any two means sharing a common letter do not differ significantly from each other at 5% probability. PD1, PD2, and PD3 are densities of 40, 50,
and 60 plants m~2. SAQ and SA1 are non-application and foliar application of salicylic acid

rapeseed was planted at the PD1 treatment (40 plants m2)
and these traits were decreased by 33.6, 32.6, 25.7, and
25.0% at the PD2 treatment (50 plants m2) and by 57.0,
56.2,51.2, and 40.7% at the PD3 treatment (60 plants m2),
respectively (Table 4).

Averaged across plant density and genotype treatments,
the highest seed yield, number of siliques per plant, number
of seeds per silique, and 1000-seed weight were observed in
the SA1 treatment (foliar application of salicylic acid) with
the averages of 3577kg ha™!, 132.0, 17.9, and 3.75¢g, and

decreased by 6.1, 5.3, 4.2, and 3.3% in the SAQ treatment
(non-application of salicylic acid), respectively (Table 4).

There was a significant difference between studied geno-
types in terms of seed yield and yield components. On av-
erage across plant density and foliar application of salicylic
acid treatments, the HW 118 genotype produced the highest
seed yield, number of siliques per plant, number of seeds
per silique, and 1000-seed weight with averages of 3941kg
ha™!, 145.8, 19.6, and 4.0 g, respectively (Table 4).
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Oil Content and Yield

The results indicated that rapeseed genotypes responded
differently to the plant density and foliar application of
salicylic acid in terms of oil content and yield (Table 5).
When averaged across foliar application of salicylic acid
and genotype treatments, the highest oil content and yield
were detected at the PD1 treatment with the averages of
42.9% and 2127kg ha™! and decreased by 2.8 and 33.5% at

the PD2 treatment, and by 5.0 and 59.2% at the PD3 treat-
ment, respectively (Table 5). The oil content and yield of
rapeseed were boosted by 0.3 and 5.8% (on average across
plant density and genotype) when the SA1 treatment was
applied in comparison with the SAQ treatment (Table 5).
The results of the mean comparison showed that the oil con-
tent and yield of rapeseed genotypes responded differently
to plant density and foliar application of salicylic acid treat-
ments so that the HW 118 genotype (on average across plant

Table 5 Mean comparison of three-way interaction between plant density, foliar application of salicylic acid, and genotype on some qualitative

traits of rapeseed in 2015-16 and 2016-17 growing periods in Karaj, Iran

Plant density Salicylic Genotype Oil con- Oil yield Palmitic Linoleic Linolenic Erucic Glucosinolate
(plant m=2) acid tent (kg ha 1) acid acid acid acid content
(%) (%) (%) (%) (%) (umolg™)
PD1 SA0 HWI118 43.0la 2234a 4.90ab 21.29ab 4.28b 0.224c¢ 8.41b
WPN6  42.42b 1895b 4.64ab 20.37ab 4.79a 0.278b 10.09a
HL3721 42.29b 1788b 4.60ab 20.16b 491a 0.291ab 10.48a
L14 43.36a 2392a 5.03a 21.84a 4.02b 0.197d 7.73b
Tassilo  42.21b 1727b 4.57b 20.07b 5.01a 0.299a 10.67a
Natali  43.20a 2329a 4.97ab 21.49ab 4.12b 0.211cd 8.08b
SAl HW118 43.09a 2268ab 493 a 21.41a 4.21bc 0.218b 8.23bc
WPN6  42.71ab 2107bc 4.79a 20.92a 4.51ab 0.251a 9.14ab
HL3721 42.59% 2020c 474 a 20.69a 4.62a 0.263a 9.49a
L14 43.52a 2444a 5.07a 22.00a 3.95¢ 0.191c 7.66¢
Tassilo  42.53b 1971c 4.70a 20.60a 4.69a 0.268a 9.70a
Natali  43.29a 2352a 4.99a 21.66a 4.09c 0.205bc 7.93¢
PD2 SAO HW118 42.09a 1656a 4.52a 19.86a 5.14c 0.310c 11.06¢
WPN6  41.21b 1159¢ 3.94b 18.27b 6.21a 0.388a 13.87ab
HL3721 41.30b 1171bc 4.01b 18.35ab 6.17a 0.382a 13.71ab
L14 41.99a 1588a 4.48a 19.68ab 5.26¢ 0.318¢ 11.47¢
Tassilo  41.17b 1118c 3.91b 18.17b 6.26a 0.394a 14.14a
Natali ~ 41.60ab 1329b 4.25ab 19.03ab 5.77b 0.351b 12.72b
SAl HWI118 42.15a 1681a 4.55a 19.95a 5.09d 0.303¢ 10.85b
WPN6  41.48b 1255b 4.13c 18.68a 5.96ab 0.369ab 13.17a
HL3721 41.52b 1265b 4.17bc 18.78a 5.89ab 0.364ab 13.02a
L14 42.03a 1626a 4.50ab 19.78a 5.18cd 0.314c 11.27b
Tassilo  41.42b 1238b 4.09¢ 18.58a 6.04a 0.373a 13.36a
Natali  41.68ab 1390b 4.33abc 19.15a 5.58bc 0.345b 12.51a
PD3 SAO HW118 41.06a 1064a 3.85a 17.96a 6.41c 0.404c 14.53¢
WPN6  40.76a 901bc 3.66abc 17.41ab 6.82bc 0.439b 15.78abc
HL3721 40.54ab 739d 3.53bc 17.03ab 7.07ab 0.459ab 16.46ab
L14 40.28b 609e 3.39¢ 16.57b 7.38a 0.481a 16.82a
Tassilo  40.63a 814cd 3.59abc 17.19ab 6.96ab 0.449ab 16.16ab
Natali ~ 40.86a 956ab 3.72ab 17.59ab 6.67bc 0.427bc 15.30bc
SAl HW118 4l.11a 1103a 3.88a 18.05a 6.33c 0.397d 14.36¢
WPN6  40.81a 935bc 3.69ab 17.49ab 6.76abc 0.432bc 15.51abc
HL3721 40.58ab 779d 3.55bc 17.12ab 7.03ab 0.454ab 16.31ab
L14 40.36b 656e 3.41c 16.69b 7.29a 0.476a 16.73a
Tassilo  40.67ab 868 cd 3.62bc 17.30ab 6.89ab 0.442bc 15.93ab
Natali ~ 40.94a 994b 3.76ab 17.65ab 6.60bc 0.419cd 15.11bc

Any two means sharing a common letter do not differ significantly from each other at 5% probability. PD1, PD2, and PD3 are densities of 40, 50,

and 60 plants m~2. SA0 and SA1 are non-application and foliar application of salicylic acid
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100

80+

Oleic acid (%)

PDI1 PD2 PD3

Plant density

Fig. 1 Simple effect of plant density on oleic acid content. Note: PD1,
PD2, and PD3 are 40, 50, and 60 plants m2, respectively. Any two
means sharing a common letter do not differ significantly from each
other at 5% probability

density and foliar application of salicylic acid treatments)
had the highest oil content and yield with the averages of
42.1% and 1667.7kg ha™!, respectively (Table 5).

Oil Compositions

The amount of palmitic acid, linoleic acid, linolenic acid
(Table 5), and oleic acid (Fig. 1) at the plant density treat-
ments was significantly different. Mean comparison of sim-
ple effect of plant density showed that the highest oleic
acid content was detected at the PD1 with an average of
62.8% and decreased by 3.02 and 5.66% at the PD2 and
PD3 treatments, respectively (Fig. 1). On average, by foliar
application of salicylic acid and genotype treatments, the
palmitic acid and linoleic acid contents were decreased by
12.2 and 9.6% at the PD2, and by 24.7 and 17.6% at the
PD3 in comparison with the PD1, respectively (Table 5). By
contrast, the PD1 produced the lowest linolenic acid con-
tent (on average across foliar application of salicylic acid
and genotype treatments) with an average of 4.43% and in-
creased by 28.9 and 54.5% when rapeseeds were planted at
the PD2 and PD2 treatments (Table 5).

The results showed that the rapeseed genotypes re-
sponded differently to the foliar application of salicylic
acid at three plant densities in terms of oleic acid, linoleic
acid, and linolenic acid contents (Table 5). When averaged
across plant density and foliar application of salicylic acid
treatments, HW 118 genotype had the highest palmitic acid
and linoleic acid contents with the averages of 4.43 and
19.75%, while the maximum linolenic acid content was
observed in Tassilo genotype with an average of 5.97%
(Table 5).

In comparison with PD1, the erucic acid and glucosino-
late contents of rapeseed over foliar application of salicylic
acid and genotype were enhanced on average by 45.4 and
40.5% at PD2, and by 82.3 and 75.6% at PD3, respectively
(Table 5). A slight decrease was observed in terms of erucic
acid and glucosinolate contents by those rapeseed plants
treated with SA1 (0.33% and 12.2 umolg, respectively)
compared with SAO treatment (0.35% and 12.6 umolg,
respectively) (Table 5). The response of studied genotypes
was different in terms of erucic acid and glucosinolate
contents. The results of means comparison indicated that
HW 118 genotype had the lowest erucic acid and glucosino-
late contents with the averages of 0.30% and 11.24 pmolg™
(on average across plant density and foliar application of
salicylic acid treatments) (Table 5).

Discussion

The difference between two years (2015-16 and 2016-17)
in terms of number of siliques per plant, 1000-seed weight,
seed yield, oil yield, and palmitic acid might be attributed
to the weather conditions including rainfall distribution and
the mean temperature, especially at the end of the growing
period (April, May, and June) in studied years (Table 2).

Seed Yield and Yield Components

Plant density is one of the most important factors affecting
crops yield. Crop yields respond to increased plant den-
sity as a parabolic curve if other factors are supplied at an
optimal level (Shirani Rad et al. 2011; Guo-zheng et al.
2014). Our findings clearly indicated that the amounts of
seed yield and yield components substantially decreased
when rapeseed genotypes were planted at higher plant den-
sities. This might mainly be attributed to greater competi-
tion of rapeseed plants to use resources such as light, wa-
ter, and nutrients at both the intra-specific and the inter-
specific levels (Kuai et al. 2015). These results are similar
to those of Nasiri et al. (2017) who reported that the seed
yield significantly decreased when rapeseeds were planted
at densities of 60 and 80 plants m~2 by 33.2 and 57.7%
compared with 40 plants m~2, respectively. By contrast, Li
et al. (2014) concluded that the rapeseed had a slight in-
crease in seed yield when plant density increases from 15 to
45 plants m=2. In the current study, lodging also occurred
when density was increased from 40 to 50 and 60 plants m2,
and lower seed yield and yield components were obtained
under these conditions. In fact, reduction in light intercep-
tion and photosynthesis in lodged plants might be possible
reasons underlying rapeseed seed yield losses as well as
yield components. This finding is corroborated by Khan
et al. (2018) who reported that the lodging significantly de-
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creased rapeseed seed yield, number of silique per plant,
silique weight per plant, and seed weight per plant. They
stated that in lodged plants, more yield loss was detected
at higher densities (45 plants m~ compared with 15 and
30 plants m2).

The results of this research revealed that the exogenous
application of salicylic acid improved the seed yield of
rapeseed genotypes by increasing the number of silique per
plant and the number of seeds per silique. It could be largely
attributed to the beneficial effects of foliar application of
salicylic acid, which promotes a wide range of metabolic
and physiological functions, thereby contributing to en-
hanced plant productivity and growth (Askari and Ehsan-
zadeh 2015a). Yousefzadeh Najafabadi and Ehsanzadeh
(2017a) reported that carotenoid concentration, ascorbate
peroxidase activity, peroxidase activity, superoxide dismu-
tase activity, and photosynthesis rate were increased when
the sesame (Sesamum indicum L.) genotypes treated with
salicylic acid, leading an increase in seed and oil yields.
Moreover, the exogenous application of salicylic acid
boosts crop yield by improving root properties (e.g. root
length, root diameter, root dry mass, root length density,
and root/shoot ratio) and yield components (Askari and
Ehsanzadeh 2015b). Our findings are in agreement with
those of Yousefzadeh Najafabadi and Ehsanzadeh (2017b)
who found that the exogenous application of salicylic acid
has a positive effect on development and growth of sesame
genotypes and seed yield due mainly to increases in number
of seed/m?, number of capsules/plant, and number of seeds/
capsule when sesames treated with salicylic acid compared
with control treatment.

Oil Content and Compositions

Although oil content and compositions are genetically de-
termined, both are significantly influenced by environmen-
tal conditions such as water deficit stress (Eyni-Nargeseh
et al. 2020b), fertilization (Amiri-Darban et al. 2020), plant
density (Khan et al. 2018), exogenous application of PGRs
(Ijaz et al. 2019; Estaji and Niknam 2020), and sowing date
(Moradi Aghdam et al. 2019). In this study, oil content and
yield negatively responded to the increasing plant density.
Seed filling is a vital stage in rapeseed growth, and the
oil quality, stability, composition, and content might be af-
fected by increasing plant density as well as lodging at this
stage. A tendency to decrease in rapeseed oil content may
be linked with reduced silique photosynthesis (Khan et al.
2018). In fact, increasing plant density per unit area resulted
in more lodging. When lodging occurs, the penetration of
light in the lodged crop canopy decreases, the siliques re-
ceive low light levels, and ultimately the photosynthesis
rate of siliques decreases (Khan et al. 2018). Momoh and
Zhou (2001) concluded that the seed oil content of winter
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rapeseed was significantly decreased with the plant densi-
ties increased from 6.75 to 9.75 and 12.75 plants m~ by
1.5 and 3.2%, respectively. By contrast, Zhang et al. (2012)
reported that the oil content of rapeseed genotypes signifi-
cantly enhanced with increasing plant density.

Oil quality is related with fatty acid compositions,
mainly the oleic, linoleic, and linolenic acids. Photosyn-
thetic assimilates such as sucrose are converted into dif-
ferent fatty acids over the lipid biosynthesis (Faraji 2014).
Thus, changes in the photosynthesis function or converting
carbohydrates into lipids negatively affect the fatty acids
biosynthesis and accumulation (Khan et al. 2018). Our re-
sults indicated that the oleic acid, linoleic acid, and palmitic
acid contents were decreased, while a slight increase were
detected in linolenic acid when plant density was increased
from 40 to 50 and 60 plants m™. In this regard, Khan et al.
(2018) found that erucic acid and arachidic acid contents
were significantly reduced at high plant densities (30 and
45 plants m2) compared with those at low plant densi-
ties (15 plants m=2). However, the stearic acid, palmitic
acid, linoleic acid, and linolenic acid contents were not
significantly affected by plant density. Ruuska et al. (2004)
concluded that seeds produced by rapeseeds and soybeans
grown under shaded conditions had a lower fatty acid
content as compared with that in seeds of plants fully
exposed to sunlight, and therefore, shading due to lodging
may affect fatty acid composition. Although erucic acid
and glucosinolate contents were increased at the PD2 and
PD3 in comparison with the PD1, the values were within
the safe limit. This finding is corroborated by Nasiri et al.
(2017), who reported that the glucosinolate content was
increased in rapeseed when an increase occurred at plant
density.

There was a statistically significant difference between
studied genotypes in terms of oil content and compositions,
indicating different genetic makeup among them. Similar
findings have been reported in rapeseed by Confortin et al.
(2019) and Eyni-Nargeseh et al. (2020b). In the current
study, the seed oil quality of treated genotypes with salicylic
acid was improved through a slight reduction in erucic acid
and glucosinolate contents. Genetic, management, and envi-
ronmental factors could affect erucic acid and glucosinolate
contents in Brassica family (Moradi Aghdam et al. 2019;
Amiri-Darban et al. 2020; Ashkiani et al. 2020). In this
study, erucic acid and glucosinolate contents were within
the safe limit under foliar application and non-foliar appli-
cation of salicylic acid.

Conclusion

When compared with the plant density of 40 plants m
(PD1), it was observed that the yield components, seed
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yield, and oil yield and content of rapeseed genotypes
were considerably decreased at plant density of 50 and
60 plants m™! (PD2 and PD3, respectively). Owing to the
importance of oleic and linoleic fatty acids in improving
the quality of rapeseed oil regarding edible uses high plant
densities caused a reduction in oil quality by reducing these
traits. A slight increase was detected in seed and oil yields
of rapeseed genotypes when salicylic acid was applied in
comparison with non-application treatment. Oil quality im-
proved mainly due to a slight reduction in erucic acid and
glucosinolate contents when rapeseed genotypes treated
with foliar application of salicylic acid compared with
non-application treatment. In general, rapeseed genotypes
sown at the density of 40 plants m? and treated with foliar
application of salicylic acid had the maximum seed and
oil yields, linoleic acid, and oleic acid and the minimum
erucic acid and glucosinolate contents; and this practice is
recommended for achieving the maximum seed yield and
oil quality.
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